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Abstract

This review by Working Group 1 of the RILEM TC 309-MCP discusses recent advances in the beneficial
carbonation treatment of recycled concrete aggregates (RCA). The impact of carbonation on RCA
properties as well as the microstructure and performance of concrete and other construction
materials made thereof is critically reviewed. The increasing focus on environmentally friendly
building practices has led to a greater interest in the CO, uptake associated with carbonation
processing. Furthermore, emphasis is placed on the importance of adopting tailored strategies to
optimise the carbonation process based on the quality and type of RCA. Evidence in the literature
highlights the beneficiation potential of carbonation processing in improving RCA properties and
performance, which translates in variable degrees of enhancement of the performance of concrete or
other applications made thereof. The review concludes that, to date, significant techno-economic
challenges remain to be addressed to improve the competitiveness of the technology, notably in terms
of upscaling and refining life cycle assessment data.

1. Introduction

Enforced carbonation of recycled concrete aggregate (RCA) is a growing technology with enormous
potential. This carbonation treatment uses CO, to improve the properties of cement-bearing RCA and
make it more suitable for use in construction applications. While carbonation occurs naturally over
the course of years to decades, carbonated RCA (cRCA) for construction is intentionally produced by
tailored processes, intensifying the treatment over several hours or days. During the carbonation
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process, RCA is subjected to increased CO, concentration, which expedites the precipitation of the
carbonatable phases as solid carbonates.

Intensive research into cRCA has identified and optimised the main parameters that control the
process. These specific values for the parameters depend on whether the target is to enhance RCA
properties or maximise CO, uptake, which are the two main advantages of RCA carbonation. Initially,
most attention was directed to the property enhancement of coarser RCA fractions (>2-4 mm). Fine
fractions (<2-4 mm) were overlooked due to their more restricted market acceptance and use in
concrete production (1, 2). The interest in fine fractions progressively grew as enforced carbonation
gained relevance in terms of its carbon capture and utilization (CCU) (3-5). While early studies
indicated that CO, uptake of RCA was of the order of 5-11 kg/ton of RCA (6, 7), with a surprisingly
unmarked contrast between natural carbonation and enforced carbonation (even at 5 bar pressure),
more recent research (8) reports more promising values of 10-50 kg/ton of RCA. Recycled concrete
fines have a higher content of carbonatable phases (9) and can carbonate faster than the coarse
fraction, resulting in greater CO, uptake potential and improved properties that enable easier use in
concrete. Consequently, there is significant interest in carbonation treatment, regardless of the
particle size of RCA.

Through subsequent validation of the technology, extensive research into the effects of cRCA on
concrete performance has also been conducted. These findings pertain mainly to coarse RCA fractions,
while only in recent years have fine fractions started to receive comparable attention.

Beyond concrete applications, cRCA can serve various other applications, e.g., screed, mortar, road
construction, and soil stabilisation. The low price of aggregates for these applications can hardly make
cRCA sufficiently competitive. However, carbonation can add value due to the CO, uptake itself (8).
The CO; capture can be monetized when coming from industrial emitters through mechanisms such
as ETS credits.

Despite the extensive research, cRCA has yet to gain substantial market uptake. Most of the pending
work lies in upscaling, demonstration, and economic feasibility studies, which are uncommon in
existing literature (10, 11). Refining production costs and deriving benefits from carbon pricing may
contribute in this regard. Barriers are not limited to economical feasibility, but also cultural obstacles
have slowed down implementation in some cases (12) (including lack of awareness, rigid production
methods, and restrictive regulation).

This paper offers a critical review of recent advances in enforced carbonation of RCA, addressing
processing developments, aggregate property modification, and effects on concrete performance and
other types of construction applications. In addition, specific attention is directed to practical
implementation aspects in terms of upscaling, cost-benefit analysis, and life cycle analysis. On this
basis, pending research needs and general guidelines for using cRCA in construction applications are
provided.

2. Advances in RCA carbonation processing

The main process parameters for optimising the carbonation treatment of RCA include temperature,
water content, CO, concentration, pressure, duration of exposure, and particle size fraction. These
factors vary depending on the method of carbonation, which can be broadly divided into moist or
aqueous carbonation (13) (Figure 1). Many examples of optimized parameters for the various enforced
carbonation methods are compiled in the annex with Supplementary Information. In moist (or semi-
dry) carbonation, static, dynamic, or rolling methods (14) allow continuous contact of a CO,-enriched
gas, though other process parameters like pressure, temperature, relative humidity (moisture in the
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air or carbonation environment), and moisture content (water content in the sample), can still be
tuned to achieve better results. For example, typical ranges of parameters adopted for a carbonation
treatment are (20£2)% CO, concentration, (60+5)% RH, and (20+2) °C temperature (15, 16). In aqueous
carbonation, the liquid-solid phase interaction is promoted (Figure 1, c), facilitating the reaction
between hydration products, CO,, and water. This method claims to be more efficient than moist
carbonation in terms of the carbonation conversion rate or CO; uptake. These optimal conditions for
maximum CO; uptake do not necessarily match those for optimal RCA property enhancement (17-21).
In aqueous carbonation, there is a possibility that the carbonation products can precipitate in the
solution and render the residual aggregate more porous. For example, it is reported that floating
process conditions during carbonation can lead to suboptimal results and diminish the desired effects
(15, 16). Nevertheless, recycled concrete fines would be the most suitable candidate for the aqueous
carbonation method owing to the presence of more hydrated phases on the surface (18).

The pretreatment of the RCA greatly impacts the efficiency of the carbonation treatment. In most
cases, semi-dried RCA is used in cases of semi-dry carbonation, whereas RCA is soaked in water for
aqueous carbonation scenarios. Previous studies indicated that appropriate drying decreased the
saturation degree of the RCA porosity and hence promoted the diffusion of CO; through the gas phase
(22, 23). Similarly, agueous carbonation may improve with pretreatment using magnesium or calcium
solutions instead of water soaking (17, 24, 25).

Other than the carbonation methods and pretreatment conditions, influential parameters (e.g.,
pressure, temperature, relative humidity, moisture content, CO, concentration, duration of exposure),
and their interaction effects are to be considered to attain the maximum efficiency of the carbonation
treatment of RCA. The size of the RCA has a great impact on the CO; uptake capacity during both moist
and aqueous carbonation (18, 23, 26), though greater influence is observed in the latter method
(Figure 2, a). The finer the RCA, the higher the CO, uptake. Fine RCA usually contains a higher hardened
cement paste content, hence a higher carbonation potential. A larger specific surface area with
decreasing aggregate size is an additional benefit for enhanced reactivity. Despite the natural
carbonation that occurs during storage, the CO, uptake by RCA piles is low compared to subsequent
enforced carbonation, and it only reaches the most superficial layers of the stockpiles (27).

In moist carbonation, there is an “optimum effect” considering the influence of relative humidity
(Figure 2, b) (28). Most of the studies adopted a relative humidity value in the range of 50 to 70% as
being optimal (see examples in the annex with Supplementary Information). This phenomenon is
related to the facilitation of the transportation of CO; into the RCA pore structure. Intermediate
moisture levels provide transport pathways through the non-saturated porosity, while at the same
time enabling the dissolution of CO, and hydration products in moisture-filled fine porosity, thereby
accelerating the carbonation process. In contrast, water lacks as a dissolution and reaction medium at
very low moisture levels, while excessive moisture would hinder the gas-phase diffusion of CO,, and
hence the CO; uptake of RCAs is reduced or limited to the exposed surface (28, 29). The issue of
maintaining optimal internal saturation levels does not play a role in the aqueous carbonation
methods (Figure 2, c). In agqueous carbonation, the CO; is already dissolved in the water, so the gas-
phase diffusion process is not involved. On the other hand, in aqueous carbonation Ca and Mg may
leach from the RCA and precipitate in the aqueous reaction medium, hence increasing the porosity of
the RCA and deteriorating its performance.
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(a) moist (or semi-dry) flow-through method (adapted from (30))
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(d) moist rotating drum method (adapted from (14))
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Figure 1. Methods of carbonation.
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Figure 2. Influence of different parameters on the CO, uptake potential (reproduced from (28)).

Temperature increases carbonation reaction rates yet decreases CO; solubility in water. Temperature
also influences the formation of different polymorphs of calcium carbonate (35). While calcite is the
most commonly formed and most stable polymorph, a combination of a low temperature (20+5°C,
room temperature) and a high CO, concentration (>10%) can result in aragonite formation. At high
temperatures (7045 °C), faster carbonation (12 hours) results in vaterite, whereas with an increase in
carbonation time to 24 hours, more stable calcite is formed. Considering the CO, concentration for
the treatment of RCA, 20% is considered the preferable input in most of the cases (22, 23, 35, 36).
There is no substantial improvement observed at high concentrations of CO, (Figure 2, c). This
behaviour at high CO; concentrations is attributed to the formation of solid carbonation products on
the RCA surface and pore space, hindering further diffusion of CO; (37). However, enforced
carbonation with a higher CO; concentration is reported to be beneficial in pressurized and/or
aqueous conditions (26, 28). Higher CO, concentrations coupled with pressurized conditions could
help in further diffusion and thereby increase CO; uptake to a certain extent. For example, pressurized
methods could give almost twice the sequestration compared to flow through (20 g/kg vs. 12 g/kg)
(28).

The CO, uptake of RCAs increases with the duration of carbonation. After a certain period of time, the
pores will be filled with carbonation products, and the path for diffusion will be blocked. Generally,
24-72 h of pressurized carbonation is sufficient for moist carbonation, while it only needs 6 h for
aqueous carbonation (22, 32). Still, long-term stability is assured in moist pressurized carbonation, as
the liquid-solid method results in dissolution of the products at later stages (21). Considering the moist
carbonation process, the pH of the system is identified as an important factor. High pH (alkaline)
increases the solubility of CO, and the precipitation of carbonated products. On the other hand, low
pH (acidic) could accelerate the dissolution of Ca and Mg from the carbonatable phases but is not
beneficial for the precipitation of carbonates. Given the important Ca concentration of cement,
prohibitively large amounts of acid would be required to reach a low pH, rendering pH-swing
approaches impractical (38).

3. Property modification of cRCA

Carbonation has shown promising potential for enhancing certain RCA properties relevant to the
production of new concrete (39-41). The influence of various RCA material and carbonation processing
parameters on the physical properties of RCA has been a subject of significant research efforts. This
section first presents an overview of the underlying chemical reactions, followed by a comprehensive
discussion of the modifications in physical properties and microstructure.

3.1. Chemical changes
In RCA, carbonation involves the chemical reaction of CO; with calcium-rich cement hydrates. This
reaction primarily leads to the formation of calcium carbonate and an array of residual phases
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comprising silica, alumina, and sulfate. Among cement hydrates, calcium hydroxide (CH) exhibits the
highest susceptibility to carbonation, followed by C-S-H and, eventually, ettringite, and AFm hydrates.
Hydrotalcite appears not to be susceptible to carbonation (42, 43). As hydrates are converted into
carbonates, bound water is released while CO, is taken up. Reported CO, uptake for RCA carbonation
varies considerably, spanning from approximately 5 to 50 kilograms of CO, per tonne of RCA (8, 15,
16, 28, 44, 45). This broad range reflects dependencies on various factors, including particle size (15,
16, 28) and ageing (44) but also recycling and carbonation process parameters (10, 20, 32). The solid
volume change brought about by carbonation is contingent upon the individual reactions involved.
For instance, the carbonation of calcium hydroxide (CH) to calcite unequivocally leads to an increase
in solid volume of about 12%. However, as shown in Equations 1-3, for other conversions the solid
volume change would not always be positive. In the case of ettringite, carbonation results in a
substantial reduction in solid volume, while the outcome for C-S-H remains unsettled due to the yet
inconclusive understanding of the density of the resulting silica gel product (46).

CH+c = Cc+H (AVspiqg = 12 vol. %) Equation 1
Ce¢AszHzy + 3¢ = 3Cc + AH; + 3CsH, + 23H (AViyiqa = —48 vol. %) Equation 2
Ci7SHy, +1.7¢ - 1.7Cc + SHy + (x — t)H (AVgp1iq = —13 (?) vol. %) Equation 3

The equations above adopt phase properties according to (47) and consider the formation of calcite
(molar volume of 36.9 cm3/mol). Most authors confirm calcite as main RCA carbonate product;
however, for carbonation at higher temperatures and lower relative humidities, also vaterite (molar
volume of 37.7 cm3/mol) and, more rarely, aragonite (with a molar volume of 34.2 cm3/mol) have
been reported (48). The type of carbonate polymorphs formed has minor yet noticeable effects on
the overall change in solid volume (41). The implication of the above is that achieving maximum CO,
uptake does not necessarily align with optimal enhancement of RCA properties. In fact, minimal
porosity and optimal property improvements may be reached at lower carbonation degrees.

3.2. Physical properties

There is growing consensus and evidence that, when implemented under suitable processing
conditions, carbonation effectively enhances the properties of RCA for utilization in new concrete (41).
Particularly, it demonstrates positive impacts on density, porosity, water absorption, and resistance
to crushing or wear (15, 45).

Regarding density, carbonation results in an increase in the apparent density of RCA, with the extent
of the increase varying based on factors such as particle size and the characteristics of the parent
concrete (16). The observed range of increase falls between 0.5% and 5% for optimized conditions
(20, 39, 41, 45). Examples of optimized conditions in the literature can be found in the annex with
Supplementary Information. Porosity, closely associated with density, exhibits a consistent reduction
as carbonation progresses. The decrease in porosity aligns with the increase in density and typically
ranges from 20% to 30% (15, 41). RCA water absorption experiences a notable reduction as well, that
range under optimal carbonation conditions (see section 2 for examples) from around 10% to 40% (in
relative terms) or between 1 to 3 wt% (in absolute terms) (7, 24, 45, 49). The extent of reduction can
be more significant for stronger parent concrete and smaller RCA particle sizes. Pre-soaking in lime as
a pre-treatment measure can even lead to reductions of up to 65% (50).

In terms of crushing and wear resistance, carbonation contributes to an improvement in properties.
Under optimal conditions, a decrease of approximately 20% to 40% in crushing or wear is observed
(15, 45). On the other hand, carbonation may lead to an increase in RCA stiffness and shrinkage
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through porosity refinement and drying. This could result in microcracking and eventual RCA property
degradation (43).

3.3. Microstructural changes

Microstructure modifications are at the base of the enhancement of RCA macroscale properties by
carbonation. Carbonation, as a reactive transport process, triggers the redistribution of solids within
the RCA as CO; enters and water is expelled. This process commonly leads to a reduction in porosity
at the surface of the RCA due to carbonate precipitation (Figure 3) (49). This reduction in surface
porosity leads to a decrease in water absorption and improved crushing resistance. While coarse and
mesopores (>50 nm) are filled by carbonation (51), the smallest gel porosity generally tends to
increase and coarsen (52). More porous parent concrete tends to carbonate more readily than less
porous, stronger concrete. For instance, Thiery et al. (40) reported that C-S-H can be fully carbonated
at a w/c ratio of 0.6 and 50% CO,, while, for a w/c ratio of 0.8, a 10% CO, treatment sufficed. Also,
other authors found that less porous, higher strength parent concrete translates into cRCA having
lower water absorption and higher density (45, 53). This clearly correlates with a higher carbonatable
cement content and a lower porosity of the parent concrete. Interestingly, the change in porosity or
water absorption is less than can be expected from a mass balance perspective, which is tentatively
explained by slower carbonation kinetics and a lower carbonation degree for RCA deriving from
higher-strength, denser parent concrete.
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Figure 3. RCA surface porosity reduction by carbonation treatment as measured by electron
microscopy (49).

4. Effect of RCA carbonation treatment on the interfacial transition zone (ITZ) and
concrete performance

4.1. The properties of ITZs in the concrete with cRCA

The ITZ forming between the aggregates and mortar (54, 55) is crucial to concrete performance. Since
RCAs are multiphasic, additional ITZ types (to that forming between new natural aggregates (NA) and
new mortar) are present in RCA concrete (31, 56). These include the old ITZ between old NA and old
mortar and the new ITZs between old mortar or old NA and new mortar. The carbonation treatment
will impact both the extent to which it modifies the pore structure and the texture of the RCA particles.

4.1.1. The old ITZ in the cRCA

Table 1 summarizes how carbonation affects the micromechanical properties and thickness of the old
ITZ within the cRCA. Enforced carbonation increases the microhardness of old ITZ (e.g., by up to 41.7%
(57)) and decreases its thickness (e.g., by up to 85% (58)). The relative enhancement in microhardness
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of old ITZ increases with carbonation time but decreases with the increase in the strength class of the
parent concrete (i.e., the relative improvement of already very dense ITZ is more moderate).
Carbonation pressure, time, and initial moisture affect the average elastic modulus and thickness of
the old ITZ. Higher carbonation pressure and longer duration boost elastic modulus and reduce old ITZ
thickness. The best results (25% thickness reduction to 45 um and 35% increase in elastic modulus to
33 GPa) were obtained with 12 hours of carbonation at 1 bar. These improvements partially explain
the improved mechanical properties of concrete (59). After 3 h of carbonation at 1 bar pressure,
further improvement in the properties of the old ITZ becomes less significant. The optimal RCA
moisture content to improve the old ITZ was reported in the range of 1.0 to 1.81% (the maximum
improvement at 1.81% decreased ITZ thickness by 16.7% and increased modulus by 29.1%). However,
the opposite trend was observed with a moisture content of 3.0%.

Table 1. The micromechanical properties of old ITZ under different carbonation conditions in
moist carbonation method.

= _ Carbonation parameters Enhancement rate of
(9] = O — :
g £ °§ -é T %0 o properties of ITZ (%) Ref.
sy £823° cC IMC cp t RH T Thickn Microha Modulus
. (%) (%) (bar) (%) (°C) ess rdness
1.18 0.5 1h -8.3 10.2
1.18 1 1h -16.7 18.8
1.18 2 1h -16.7 24.5
5-20 33.33 n/a 99.99 1'121; i' 1 : n/a 30 Z_Zg n/a igi (59)
3 1 1h 0.0 9.0
1.18 1 3h -16.7 26.9
1.18 1 12h -25.0 34.7
7d 25
5-25 n/a 28d 2043 n/a n/a n/a 705  20+2 n/a 25 n/a (60)
140d 17
7d -60.3
10-20 14d -79.5
28d -85.8
7d -55.5
20-30 n/a n/a 20 n/a n/a 14d 7045 20+2 -76.6 n/a n/a (58)
28d -84.1
7d -54.2
30-40 14d -75.5
28 d -83.0
n/a g?g n/a 100 n/a 0.1 21d n/a 25 n/a ;ig n/a (31)
5-20 n/a n/a 99.9 n/a n/a n/a 55 22 n/a 41.7 n/a (57)
1d -7.8 139
30 45d -4.6 15.1
5-26 9(1): 2043 n/a nfa  72h 705 20£2 :3:‘7‘ 12; n/a (61)
60 45d -4.5 14.7
90d -3.9 14.5

Note: CC — CO, concentration; CP — carbonation pressure; IMC — initial moisture content; t — carbonation duration; RH —
relative humidity; T — temperature.

4.1.2.The new ITZs between the cRCA and new mortar

Enhanced bonding of the cRCA in new concrete is another benefit (62). Notable improvements in
micro-hardness across the new ITZ are reported (39). The analysis is particularly interesting for the ITZ
formed between old mortar and new mortar (i.e., the new ITZ). No significant benefits are to be
expected for the ITZ forming between the old NA and the new mortar (62). Carbonation treatment
only affects old mortar and old ITZ, as these are the phases where the carbonatable phases (cement
hydration products) are found. Overall, calcium carbonates on the RCA surface serve as nucleation
centres for new cement hydrates, while (alumino)silicate carbonation products may participate in
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pozzolanic reactions with the CH provided by the new cement paste (60). Recent research highlighted
that pre-treatment with Mg(NOs), could enhance RCA microstructure properties further by modifying
carbonate crystal growth (17).

The different carbonation treatment methods may impact differently on the properties of new ITZ
(old mortar-new mortar), as revealed by microstructure and micromechanical properties:

(1)

(2)

Moist carbonation: Figure 4 depicts the denser structure with lower porosity and a smaller width
of cracks for new ITZ for carbonated old mortar compared to uncarbonated old mortar. After
pressurized moist carbonation treatment (Figure 1, b), the improvement is evident, with increased
microhardness and decreased thickness of the new ITZ, irrespective of the parent material (similar
porosity values were reported for ITZ in concrete with cRCA derived from concrete with w/c =
0.25, and respective ITZ with cRCA derived from concrete with w/c = 0.40) (62). The carbonation
treatment has a more remarkable effect on the immediate regions of the cRCA surface, which
reflects the impact of changes in the RCA texture. Statistical analysis connected the new ITZ
porosity to the carbonation duration, with a significant decrease in porosity when the carbonation
duration was extended from 3 to 7 days (63). The improvement was also reflected in the
microhardness of the new ITZ with cRCA, which rose by 24.3% and 51.2%, while the ITZ thickness
decreased by 27.3% and 36.4%, respectively, for 3 and 7-days treatments.

Similarly, improved microhardness of new ITZ is reported at rates of 13% (60) or 12% (64) for
conventional concrete, and 46% (65) for ultra-high-performance concrete by eliminating the
interface defects caused by old mortar. Also, ITZ thickness reduction is reported at rates of 43%
(64).

New. mortar

Figure 4. SEM observation of new ITZ formed with RCA and cRCA (64): left: new ITZ for non-
carbonated RCA, right: new ITZ for cRCA.

Agueous carbonation: Similar efficiency to improve the elastic modulus of the old mortar was
demonstrated for 24 h of moist carbonation and 6 h of aqueous carbonation (21). However, the
new ITZ improved more with the 6-hour aqueous carbonation (31% increase in elastic modulus
(21), or 36.5% increase in microhardness (20)) compared to the 24-hour pressurized moist
carbonation (2% increase in elastic modulus (21), or 17.5% increase in microhardness (20)) and
flow gas-solid carbonation (20.4% increase in microhardness (20)). In addition to mortar-mortar
ITZ, CaCOs precipitated on the surface of old NA after aqueous carbonation (18) also has the
potential to improve the new ITZ that will form with the new matrix. Further studies are required
to validate these observations, as others have reported significant deterioration of aggregate
properties upon carbonation in moisture saturated conditions (15).

The differences observed in the new ITZ for aqueous and moist carbonation are attributed to the
respective surface morphologies and distributions of carbonation products produced (21). The
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respective microstructural changes would influence the chemical interaction between the cRCA
and the new mortar, ultimately affecting the micromechanical properties of the new ITZ. Studies
have shown that carbonation products formed during pressurized moist carbonation are
distributed in layers (66-69). Unreacted hydration products are surrounded by silica gel, while
calcium carbonate agglomerates and fills the pores to form a dense microstructure (21). In
contrast, during aqueous carbonation, precipitated calcite can react with CO, and form Ca(HCOs),
when the solution becomes saturated with CO,. This would alter the calcium carbonate
precipitation-dissolution balance, leading to a spaced distribution of calcium carbonate
precipitates on the cRCA surface. This texture improves the compatibility between cRCA and the
new cement paste. Aqueous carbonation would therefore favour the formation of more reactive
carbonation products than moist carbonation (21), yielding better improvement in the new ITZ.
However, more research is needed to clarify the reasons for the different carbonate precipitation
with aqueous carbonation, considering the fact that a fraction of carbonates may also precipitate
in the solution instead of the pore structure.

4.2. Effect of RCA carbonation treatment on concrete performance

4.2.1. Mechanical performance

The carbonation treatment of the RCA improves the compressive strength of recycled aggregate
concrete (7, 35, 57, 69-71)(Figure 5). Xuan et al. (7) found that carbonation pressure and time had less
effect on compressive strength when above 0.1 bar and 24 hours. The improvement in compressive
strength increases with RCA content when concrete is made with cRCA compared to concrete made
with uncarbonated RCA. The compressive strength of cRCA concrete is still lower than that of NA
concrete in the reported cases in the literature. Lu et al. (57) found that at 100% content of coarse
cRCA, compressive strength at 90 d was even comparable to that of NA concrete. This improvement
in compressive strength allows for a higher proportion of cRCA to be used in new concrete.

35

—a—[7] —e—[35]
30 1 NAC:C45/55 NAC: C40/50
—&—[69]

NAC: C45/55
25 A

20 1
15 A
10 A

e
A

) /
0 ™ T T T

0 20 40 60 80 100
Replacement ratio (%)

Improvement in compressive strength (%)

Figure 5. Improvement percentage of compressive strength of concrete (28 days curing) with
different replacement ratio of cRCA compared to concrete made with uncarbonated RCA. The
legend indicates the citations for the data sources and the strength class of the respective natural
aggregate concrete used as reference (i.e., mix with 0% replacement ratio).

The effect of carbonation treatment of RCA on the tensile strength of concrete is generally also
positive, but not as significant as for the compressive strength. For example, Tam et al. (71) found that
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concrete with 30% cRCA had a higher tensile strength than that of concrete with non-carbonated RCA.
The reduction in porosity and increase in aggregate density are the main drivers for the improvement
with cRCA. These enhancements improve compressive strength more than tensile strength because
density and low porosity are more relevant for the former.

Flexural and tensile strength share a similar dependence on bonding characteristics. Most studies
show that cRCA also improves the flexural strength of concrete compared to non-carbonated RCA
concrete (44, 71). Xuan et al. (44) show that 100% cRCA concrete had 28.7% higher flexural strength
than concrete with 100% content of non-carbonated RCA, and 60% cRCA concrete had comparable
flexural strength to that of NA concrete. However, Tam et al. (71) reported a very low absolute flexural
strength (only 2.52 MPa), for the 100% RCA concrete used as a reference, which makes relative
improvements less significant in practical terms.

The carbonation treatment of RCA affects the elastic modulus of concrete similarly to compressive
strength. The literature reports 5-29% increases for 100% replacement ratios (7, 35). Being a
volumetric property, the magnitude of the effect on the elastic modulus is connected to the
replacement ratio. Lu et al. (35) found that carbonation treatment of RCA increases the elastic
modulus by 23.2% at a replacement rate of 30% and 28.9% at a replacement rate of 100%, always
relative to uncarbonated RCA concrete. The improvement in elastic modulus was greater than in
density, and this additional positive effect could be interpreted as an improvement in the ITZ. The
improvement was also linked to the carbonation pressure and time. Xuan et. al. (7) found that
increasing the carbonation pressure from 0.1 to 5.0 bar increased the elastic modulus of the concrete
by only 2.3%. Furthermore, when the RAs were carbonated at 5.0 bar for 24 hours, the elastic modulus
of concrete increased by 8.3% compared to concrete with uncarbonated RCA. This is contrary to the
findings concerning effects on compressive strength, and the contrast could be associated with the
improvement of the stiffness of RCA after carbonation.

Statistical analysis reveals a strong linear correlation between the carbonation strengthening of the
old ITZ and the compressive strength and dynamic elastic modulus of concrete (64) (Figure 6, a, and
Figure 6, b, respectively). The positive impact on the microhardness of old ITZ (20) is higher for
aqueous carbonation in calcium hydroxide solution than with moist carbonation (24, 64, 72).
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Figure 6. Relationship between strength of ITZ and mechanical properties of concrete (64).
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Dynamic elastic modulus (MPa)
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4.2.2. Durability performance

The durability of concrete prepared with cRCA is associated with changes in the microstructure of the
old adhered mortar and the ITZ in cRCA. Commonly accepted durability indicators include drying
shrinkage, transport coefficients, carbonation depth, chloride diffusion coefficient, freeze-thaw
resistance, and corrosion rate. However, water permeability, gas permeability, water vapor, and gas
diffusion coefficient were rarely measured in the literature for concrete with cRCA. Figure 7 presents
variations reported in the literature for durability indicators for cRCA concrete compared to non-
carbonated RCA concrete (100% replacement). It is important to note that this comparison does
differentiate data based on carbonation duration, CO, concentration, external relative humidity, or
material age.

With the RCA carbonation treatment, most durability indicators show improved values. For drying
shrinkage, water absorption, sorptivity, electrical conductivity, and carbonation depth, average
reduction rates lie between 10 and 20%. Regarding the freeze-thaw resistance, studies generally
reported a reduction in the mass loss, but both increased and reduced dynamic modulus values are
found in the literature (73, 74).

Drying shrinkage is generally measured by maintaining the young-age prisms at constant relative
humidity (50% (44), 60% (39, 64) or 70% (57)) and monitoring length changes over time. Reduction in
drying shrinkage with cRCA shows the most notable changes occurring in the first weeks of the test,
and then the relative improvement reduces over time (39). In theory, different ranges for
improvement would be expected for the various RH setups. However, experimental results from the
various studies do not show a clear trend in this sense. The CO, concentration during the carbonation
treatment affects the drying shrinkage: a higher CO, concentration yields a greater reduction in
shrinkage. For instance, the reduction in drying shrinkage for samples carbonated at above 99% CO,
concentration is between 23% and 25.2% at the age of 112 days (44), while the reduction is only 11.5%
for samples carbonated at 20% CO, concentration at the same age (64). Compared with natural
aggregate concrete, contradictory results (both reduction and increase) for drying shrinkage of cRCA
concrete are reported in the literature. For instance, a decrease of 31% was reported by (75), but an
increase of up to 30% was found in other studies (57). The differences may be attributed to various
factors, including the quality and the initial condition of cRCA, specimen sizes, and replacement ratios.

Reductions in porosity are revealed by water absorption data (Figure 7). Water absorption is generally
measured by fully immersing the concrete sample in water. The average water absorption reduction
with cRCA is about 13.5%. Sorptivity measurement is also commonly used, as it is a straightforward
method to gauge the durability performance of concrete. Only the first stage of the sorptivity process
is considered, disregarding the measurements for the second phase that are influenced by factors
other than solely capillary action (76, 77). As shown in Figure 7, carbonating the RCA reduces the initial
sorptivity of concrete by about 13% (49, 78-80). This decrease in sorptivity suggests that concrete with
cRCA offers greater resistance against water penetration than non-carbonated RCA concrete. The
reduction rate in sorptivity coefficients correlates with carbonation duration, with a 7-d treatment
showing three times the reduction of a 1-d treatment for concrete carbonated at 100% CO; (49).

Reductions in transport properties are also reported for other durability indicators such as electrical
conductivity and chloride diffusion coefficient. The observed electrical conductivity decreased
between 10% and 30%, with an average of 18% (44, 49, 79), aligning well with the sorptivity results.
The chloride diffusion coefficient was found to be much more reduced than other transport
properties, averaging 47% reduction (49, 64, 78, 79, 81), with some studies reporting a drop of even
80-90% (39). The causes of such marked differences are not totally clear, but one of them might be
the densification caused by calcium carbonate precipitation in attached old mortar after carbonation
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treatment (78). The measured corrosion rate induced by chloride ingress is seen to be reduced to a
similar extent, about 44%, as shown in Figure 7, since fewer chloride ions can reach and remain at the
steel-concrete interface (81). With a reduction in accessible porosity, CO, diffusion also slows down,
leading to a slower carbonation rate in cRCA compared with non-carbonated RCA concrete (79, 82).

Due to their higher alkali content, the use of RCA in concrete may pose a risk in terms of alkali silica
reaction susceptibility. In this respect, carbonation treatments may mitigate the risk of ASR by
neutralizing the RCA alkalinity with CO; and reducing the permeability of the RCA. A recent study
reported that RCA from concrete with reactive natural aggregates that was subjected to carbonation
showed significant reductions (20-50%) in measured expansions, possibly caused by ASR (83). As such,
carbonation treatment, in combination with a low-alkali binder or blended cement, holds promise for
recycling ASR-affected RCA in new concrete (84).

Overall, all the findings in the literature regarding durability indicators reveal that cRCA offers a better
contribution to the durability performance of concrete compared to non-carbonated RCA. The
reduction of the accessible porosity and densification of the old ITZ are the main influencing factors.
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Figure 7. Relative reductions in values for concrete durability indicators due to carbonation
treatment of RCA, compared with mixes containing non-carbonated RA. The higher the value, the
more likely the improvement in concrete durability due to the carbonation treatment. Data collected
from (39, 44, 49, 57, 64, 78-82).

5. Carbonated RCA in uses other than concrete

The property improvements of cRCA make them attractive for applications other than concrete, for
example in screeds, mortars, asphalt concrete, and geotechnical applications such as soil stabilisation
and backfilling. Whilst RCA is increasingly being chosen as a replacement for NA in these applications,
there remains little research on the use of cRCA. As with concrete, the drawbacks of RCA in these
applications are often linked to poor ITZ properties, porosity, high water absorption, and low strength.
However, carbonation treatment could lead to superior performance.

For example, the fragile ITZ and high porosity of RCA mean that screeds that use RCA achieve a lower
strength than those produced with NA (85). Carbonated RCA, with its superior ITZ properties and
lower porosity, could be a viable alternative. A lower porosity would reduce the amount of pre-wetting
water required; however, the pre-wetting condition of high porosity RCA means that screeds require
less additive (85). Pre-wet RCAs have an adhered water film, which prevents flocculation of fines and
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helps maintain consistency (85). This benefit may be reduced if lower porosity cRCA is used, but this
could be outweighed by the potential strength improvements provided by cRCA. Using cRCA may not
reach the strengths achieved with NA, but it is likely to produce materials with a higher strength than
non-carbonated RCA.

Good quality fine aggregates such as river sand are in short supply worldwide (86), so it has become
important to identify alternative fine aggregates for use in applications such as mortars. Mortars
produced using cRCA have shown improved workability and less shrinkage in comparison to those
produced with non-carbonated RCA (39, 87) and can achieve similar flowability and compressive
strength to natural sand mortar (39). As for concrete, the improvements can be attributed to the
improved quality for the attached mortar and the old and new ITZs (39). Considering the difficulties in
accurately determining the water absorption capacity of recycled concrete fines (88, 89), the
reduction in porosity upon carbonation treatment is consistent with less variability in the consistency
of mortar.

The use of RCA in bituminous mixes has been identified as a sustainable approach for producing
pavements (90, 91). However, they provide inferior performance due to the higher water absorption,
higher crushing characteristics, and interfacial zones associated with the cement mortar adhered to
the aggregate surface (91, 92). As carbonation of RCA’s reduces water absorption, improves ITZ
properties, and decreases the crushing value (41), cRCA is likely to perform better in asphalt than RCA.
However, to date there have been no studies performed to compare their performance.

[l Before CO, curing
[ After CO, curing

30 +

20

Crushing Index (%)

Figure 8. Crushing values of various RCA types before and after carbonation treatment in different
studies. Data collated from (87).

While coarse RCA received the most attention for application in concrete, in current practice recycled
concrete fines are usually downcycled in geotechnics and backfilling (93-95). In these unbound
applications, the crushing value of aggregates is an important property to consider (96). This
represents the aggregate’s relative resistance to crushing under a gradually increasing compressive
load, with a smaller value indicating that a material can exert a stronger resistance under a certain
load (96). The crushing behaviour of RCA differs in comparison to other materials due to the adherent
mortar, which appears to be crushed at inter-particle points under loading. This behaviour gives a low
initial stiffness but eventually allows better contact between stiff core aggregates to develop (97). As
shown in Figure 8, carbonation curing can be seen to consistently lower the crushing values of various
types of RCA, although the extent of the improvement varies. So, when using cRCA for backfilling and
other unbound applications, the initial stiffness should be higher as the mortar will be harder than in
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non-carbonated RCA. Work investigating the use of RCA as backfilling materials has also identified that
RCA that is well compacted at an optimum water content can achieve stiffness as good as well graded
gravelly soils (97). Under these conditions, moulding water content and saturation have little effect
on strength and deformation characteristics (97). A key aspect to consider is related to the added
value for geotechnical applications. Backfilling is normally considered downcycling for RCA; thus, for
cRCA, the degree of downcycling will be even higher. The main advantage of cRCA in geotechnical
applications seems to be the possibility of storing CO, in them, as enforced carbonation helps to bind
additional amounts of CO, compared to those under natural carbonation.

The chemical stabilisation of natural soils with unsatisfactory engineering properties is another
potential application for cRCA. RCA can be used to chemically stabilise soils through reactions that
modify soil properties (98). When RCA is used to stabilise clay, ion exchange between the RCA and
clay produces large aggregates through agglomeration and weak bonding at particle contacts (99).
After 1 day, C-S-H and C-A-H form and in the long term more C-S-H and C-A-H forms via reaction
between the clay’s silica and alumina and the RCA Ca?*(99). RCA can be used alongside other additives
such as lime (98) and fibres (99) to improve stabilisation. The addition of RCA can improve stiffness
and strength and decrease shrinkage in stabilised clays (100). The improvement in stiffness is
attributed to better soil-aggregate interfaces when RCA is used, and superior shrinkage performance
is attributed to the high porosity (100). Carbonation treatment reduces porosity and ionic strength, so
if cCRCA is to be used, it will be necessary to examine how this would impact the properties of stabilised
soils. It would also be important to establish the influence that carbonation would have on the
reactions that occur. Whilst carbonation-cured concrete can undergo post-carbonation hydration
reactions to create a high-strength product with enhanced pore structure, this is usually achieved by
fully submerging the carbonated products in water (101). Consequently, it is important to evaluate
whether sufficient water for hydration would be or could be made available in the soil stabilisation
process and whether the extent of the reactions would be sufficient to produce the desired properties.

6. Upscaling and cost/benefit analysis/LCA (capabilities, needs)

6.1. Industrial production and application of cRCA
An industrial setting for producing cRCA should ideally integrate the following three components with
distinct functions:

6.1.1. Production and treatment of RCA

There are mainly two approaches for selecting the type of RCA source for carbonation. The input
materials for carbonation can be either recycled concrete fines or coarse RCA (10, 102). Existing
technologies that work with recycled concrete fines and coarse RCA differ in terms of their industrial
implementation and the final product. Recycled concrete fines, due to their finer particle size
distribution, can be converted to use as a filter bed or slurry tank for treating industrial flue gases
containing CO,. Carbonated recycled concrete fines produced as a result of this can be later used as a
supplementary cementitious material in concrete production (103). The second approach, with
coarser RCA, tends to carbonate the aggregates in a carbonation chamber so that they can be used as
an aggregate for concrete production. There is also another approach where crushed concrete waste
is treated in the presence of CO; to separate coarse and fine particles. The coarser particles can be
used as the aggregates, and the finer particles can be used as carbonated filler or supplementary
cementitious material depending on the reactivity.

6.1.2. Carbonation of RCA
The carbonation chamber essentially has the purpose of exposing RCA to carbon dioxide in the most
efficient manner. Apart from the type of RCA source and capacity, operational parameters such as
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relative humidity, temperature, type of carbon dioxide source, concentration, and time of exposure
need to be considered while designing the carbonation chamber. The carbonation chamber designs
have evolved from closed stationary containers (104) to rotating drum-type and fluidized bed reactors
to improve the efficiency of carbonation (8, 105). The comparison with laboratory results shows
equivalent carbonation at the industrial scale (8, 104, 105). The feasibility of the direct reuse of carbon
dioxide from the flue gases into carbonation chambers will depend on the carbon dioxide
concentration and the exact composition of the flue gas (30). Moreover, the industrial-scale
carbonation chambers need to be compliant with the health and safety requirements of the industrial
operational environment.

6.1.3. Application of cRCA in concrete

The industrial application of cRCA in cement concrete is mainly governed by factors like national and
regional regulations on the raw materials for concrete, the cost of producing cRCA, and the technical
and environmental performance of concrete mixtures with cRCA. National and regional standards
have widely differing approaches toward the use of RCA in concrete. Currently, in many locations, the
cost of production of RCA is higher than that of NA, and this affects the commercial viability of such
aggregates (106). Policy changes promoting the use of cRCA would help to overcome some of these
challenges. There is also a need for studying the long-term performance and durability of concrete
with carbonated recycled concrete fines. Such studies would provide more clarity on selecting the
target applications of concrete containing cRCA following a performance-based approach. Generally,
the use of cRCA instead of non-carbonated RCA improves concrete performance (41, 57, 105, 107).
Therefore, at a minimum, cRCA can be used as RCA.

6.2. Reduction in global warming potential (GWP) associated with cRCA

There are only a few LCA studies or calculations on GWP reductions for producing cRCA. Available data
for GWP reduction the carbonation processes given in the literature are summarised in Table 2. The
CO; balance must include emissions during the processing (crushing, carbonation), transport, as well
as avoided impacts and stored CO,. Generally, the carbonation processes emit between 1 and 5 kg
CO,-eq and uptake between 7 and 40 kg CO, per tonne of cRCA produced. If the process is optimized,
e.g., allowing for more aeration in the rotating drums, there are more emissions from the carbonation
process, but also leads to higher CO, uptake, and the CO;-eq is further reduced about 30 kg per tonne
of cRCA compared to the stationary containers. This only accounts for mensurable CO,, a full
assessment over the life cycle should extend even further as long as cRCA-containing products may
still absorb CO; through carbonation during their use and end-of-life phases.

Table 2. Summary of the CO, uptake, CO; eq of the carbonation process and liquefaction, and the CO,
eq for the production of 1 tonne of cRCA

kg COz-eq net
reduction for

kg CO2 emitted the 1 tonne of

kg COz-eq net
reduction for the 1
tonne of cRCA

from the cRCA (including avoided
carbonation kg COz uptake References (not including impacts for waste
process(*) avoided disposal -
impacts or not including
transport) transport)
Closed stationary 1.0 7.2 (104) 6.0 10.0
container
Rotating drums-type
and fluidized bed 2.9 39.0 (105) 36.0 40.0

reactors

(*) calculated from the references (including liquefaction and electricity translated to kg CO2) or given directly in literature.
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It would be also convenient to have a separate reporting for CO, flows (uptake/release) and avoided
impacts to avoid double-counting of CO; savings (e.g., accounting of avoided impact for carbonated
products by the emitting industrial plant with a carbon capture system and the user). A more detailed
reporting would bring more clarity and flexibility for impact allocation decisions. An notable potential
avoided impact of the carbonation upgrading of RCA is related to the improvement in mechanical
performance when compared to concrete containing non-carbonated RCA. This enables for a further
reduction in cement content in concrete while maintaining equivalent performance. Therefore, extra
avoided impact (i.e., less CO, emissions associated with the use of cement) are possible when
implemented in concrete mixes.

6.2.1.Consideration of negative CO, emissions and avoided impacts

While the CO, uptake is evident and can be subtracted from the CO, emitted to the air, the CO,
emissions avoided by treating and recycling the end-of-life concrete (instead of sending it to
landfilling) should be accounted for and specifically reported for the CO,-eq of a product. The CO,-eq
can be calculated from the simplified flowchart given in Figure 9, where x kg is the CO,-eq uptake by
the cRCA, z is the efficiency of CO, uptake during the carbonation process, and y is the electricity
required for the CO, liquefaction (when storing and transporting the captured CO; is also included in
the process) and the carbonation process. The specific values for the GWP depend on the geographical
setting of the processing plant. Finally, this flowchart presents the potential environmental avoided
impacts of this mineral carbonation and reuse of the aggregates, but the GHG emissions related to
transportation are not included here. From the data given in the literature for the CO; uptake, the CO,
related to the carbonation process (considering z=1) and taking into account the avoided impact for
waste disposal, between 10 and 40 kg of CO,-eq could be saved per tonne of cRCA produced.

On top of these numbers, the cRCA can substitute other materials, thereby avoiding their production.
However, accounting for the avoided impacts due to this substitution requires considering the
functional equivalence between the cRCA and the substituted material. It can be considered if primary
aggregates are replaced by cRCA. Most likely, cRCA will replace RCA in concrete. In that specific case,
avoidance of cement addition to reach similar concrete properties can be considered when the use of
cRCA is compared to the use of RCA (108, 109). This depends in turn on the specific applications of the
cRCA. The avoided aggregate production can be added to the calculations; in that case, an extra
reduction of 5 kg of CO;-eq per tonne of primary aggregate can be considered. This consideration can
enormously change the CO,-eq of a product, depending on the function of the product replaced.

Avoided landfilling

of end-of-life

concrete

(1-x tonne)
! Emissions

Recycled concrete aggregates (1-x fonne) =
w (CO, ((1-z)x kg)
Electricity (v kW/1) = | Carbonation
! = Carbonated recycled concrete aggregates (71 forne)
Flue gas ) )

((2-2)%/0.2 kg) = Liguefaction | =

Avoided CO, Production processes

emissions

Figure 9. Simplified flowchart for cRCA and CO,-containing flue gas (20% CO,). Avoided
environmental impacts modeled in this study are indicated in green. x kg is the CO,-eq uptake by the
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CRCA, z is the efficiency of CO, uptake during the carbonation process, and y is the electricity
required for the CO; liquefaction (when storing and transporting the captured CO; is also included in
the process) and the carbonation process. Not displayed: needs in water, wastewater produced, and

other chemicals. Transport is not considered in this flowchart. Data for the avoided impacts taken
from Ecoinvent v3.8 (110): “treatment of inert waste, inert material landfill” and “market for gravel,
round”, Switzerland.

6.2.2.Separation of the fine and coarse fraction in RCA prior to carbonation

Another point is the separation of the fines (rich in cement paste and mortar, hence rich in reactive
CaO0) from the coarse fraction in the RCA. This can be achieved by the subsequent washing, grinding,
drying, and sieving. This process maximizes both the carbonation of the fines and the carbonation of
coarse aggregates as it exposes more fresh cement paste. There are then two types of products:
carbonated cement paste and coarse cRCA. The carbonated cement paste should be in the near future
used as SCMs (103). Such concurrent valorisation increases circularity by using the whole range of
particle sizes and increasing the competitiveness of all types of secondary products (111). The quality
of the parent concrete has an impact on the efficiency of the process and should be considered.
Depending on the strength of the source concrete or the recycling method, more or less cement paste
will detach from the coarse fraction (liberation degree). Fines with a concentrated cement paste
content serve better to produce alternative carbonated supplementary cementitious materials.

The mechanical separation detailed in (112) is estimated at 100 kWh per tonne of cRCA (113),
corresponding to 2-10 kg CO,-eq depending on the source of the electricity. However, the carbonated
cement paste also mineralizes a higher amount of CO; per tonne of carbonated cement paste. In other
scenarios, the functional unit is often 1 tonne of crushed concrete; however, under this specific
valorisation strategy, the functional unit product shifts to 1 tonne of detached and carbonated cement
paste.

6.2.3.Impact of transport

Aggregates are generally low-carbon products when used locally. Transportation can add considerably
to the total CO, emitted per unit weight of the material. Considerable variations are reported in CO;
emissions from different modes of transportation. A study conducted by the International Council on
Clean Transportation (114) showed that urban delivery trucks with a 4x2 axle configuration emitted
on average 0.307 kg CO,/t-km, which is over five times as much as long-haul tractor-trailers with
emissions of 0.057 kg CO,/t-km. For most vehicle subgroups, the baseline data show a large spread
around the mean. For long-haul tractor-trailers (5-LH), there was a 63% difference between the best
and worst-performing vehicles. Transportation emissions considered in (105) are selected from the
Ecoinvent database, and the value is about the average of the data range in (114). For highly reliable
results, studies on transportation GHG emissions specific to the aggregate industry should be
conducted and load factors should be tailored to specific scenarios. The use of cRCA involves the
transportation of crushed concrete from the recycling site to the carbonation site and also from the
carbonation site to the concrete production plant. Figure 10 shows the increase in emissions with the
distance of transport per tonne of cRCA for various modes of transportation. Emissions for heavy
goods vehicles (HGV), rail, and sea freight are taken from UK government GHG conversion factors 2022
(115), with the well-to-tank (WTT) factor added. Fluidised bed and rotating drum technologies allow
for longer transportation distances compared to carbonation in closed stationary container, without
more GHG emissions than carbonation can uptake. For transportation by ship or rail, reduced GWP
(negative values in Figure 10) can be expected even with ~300 km transport distance, especially for
processing in rotating drums or fluidised bed reactors. These values are only approximate for this
specific scenario, and for each application, evaluation should be conducted on a case-by-case basis.
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There are net-zero strategies in place for the road freight sector, which depend on innovations in bio-
LNG fuels, battery electric vehicles, hydrogen energy, and low carbon bio-fuels and is on the path of
decarbonization. Given the range of values in the net reduction in GWP per tonne of cRCA, transport
of the RCA and of the subsequent cRCA produced is currently the main limitation related to the
technology. The decarbonization of this sector can further improve the viability of use of technology.
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Figure 10. Increase of carbon emissions with supplementary transportation distance for cRCA for
various transportation means, and breakeven points for (a) closed stationary container technology,
and (b) rotating drums or fluidised bed reactors. (HGV- Heavy goods vehicle). NOTE: reductions in
GWP would vary depending on the energy sources for the treatment of the cRCA. Data source for
emissions is (115).

6.3. Cost-benefit analysis

A cost-benefit analysis (CBA) allows for an evaluation of the economic viability of the carbonation
process. This analysis has to be done over a long period (assuming a typical period of 50 or 100 years
for the carbon cycle from the GHG emission during production of constituents for the construction to
the recycling as cRCA) and therefore requires assumptions about long-term interest rates (116). A first
indication can, however, be obtained by comparing the costs of the process with the short-term
induced benefits.
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For the estimation of the costs, like for the previous CO»-eq calculations, the process itself and the
transport distances involved must be considered. During the FastCarb project (8), an estimation based
on the results of the industrial demonstrator has shown that, depending on the transport distance
due to the process, the cost of the cRCA is between double and triple that of non-carbonated RCA (8)
(113). This extra cost could neither be compensated by a possible gain on the stored CO; nor by the
improvement of the properties of concrete made with these cRCA. The carbon reduction
commitments of the construction industry could be favourable in overcoming this price difference.
Low-carbon cement and concrete products are often marketed as premium products by the
producers. These premium low-carbon products are always sold at a higher price than conventional
products (117-119), creating additional revenue. Globally, there is a shift in procurement policies,
leading to more importance for sustainable public procurement. The same type of product from
different suppliers is compared by contractors, both in terms of price and carbon dioxide footprint.
Even if the cost of the product is high, a lower carbon footprint will make it a preferred choice among
other competing options, due to carbon reduction targets stipulated by clients during the tender
stage. In the Netherlands, a ranking method combining these two aspects into an environmental cost
indicator is practiced (120).

Moreover, the CO, stored in these aggregates during the process can be valorised (121). Two ways are
possible. The first one is linked to the cement process and a trading system (ETS in Europe). The second
one uses the concept of a CO; reduction certificate.

6.3.1.Valorisation through a cap and trade system (example: European ETS)

The European Union Emissions Trading System (EU ETS) is a ‘cap and trade’ system, creating
“allowances which are essentially rights to emit GHG emissions equivalent to the global warming
potential of 1 tonne of CO, equivalent (tCOz). The level of the cap determines the number of
allowances available in the whole system” (122). This system concerns CO, emissions from power
generators and energy-intensive industries like the cement industry (other sources like the production
of bio-methane are not concerned). Free allowances are attributed to each concerned industrial site,
but the level of these allowances is decreasing each year and generally does not cover the real
emissions. The consequence is that the sites must buy allowances on the market. The result is that the
price of CO; has risen sharply: from 12€ in March 2018 to 90€ five years later. Considering the amount
of CO; that could be stored in RCA, it is very interesting for the concrete industry to use carbonated
sand (8) and recycled concrete fines (103) to reduce the level of CO; they have to buy on the market.
In Europe, the standard EN 197-6 “cement with recycled building materials” allows the introduction
of composite cements with recycled concrete fines. If these fines are carbonated, the stored CO; could
be deduced from the emissions of the cement plant, thus valorising the carbonation.

6.3.2.Valorisation through CO; reduction certificates

Another way to valorise carbonation, particularly interesting for bio-sourced CO,, is through the issue
of carbon removal certificates. Companies that want to reduce their CO, impact but do not have the
means to do so or for which it is too expensive can buy a certificate proving that CO; has been stored
elsewhere. The stored CO; has to be quantified through a known methodology validated by an
independent organization that can certify the process and how the stored CO, is estimated. This
market is currently operated by private organisations (some of them being non-profit), but there are
reflections for a more normative vision. For instance, the European Parliament has produced a pre-
legislative synthesis about the certification of carbon removals that would organize and facilitate the
market in the future (123).
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7. Conclusions and perspectives

The following conclusions summarize the key findings regarding the potential and bottlenecks for the
enforced carbonation of recycled concrete aggregates (RCA):

Motivation and process optimization: Originally, performance improvement was the driver for the
enforced carbonation of RCA. Interest is nowadays partially shifting to CO, uptake capabilities.
Optimized enforced carbonation, whether for maximum enhancement or maximum CO; uptake,
can be achieved with specific values for temperature, RCA moisture content and (sometimes)
particle size, CO, concentration, gas pressure, and duration of exposure. These optimal
parameters relate to the type and quality of RCA and the carbonation method used.

Enforced carbonation methods: Prevalent enforced carbonation methods for RCA include flow
through moist (or semi-dry) carbonation, pressurized moist carbonation, aqueous carbonation,
and moist carbonation in a rotating drum. Specific features of each method may show advantages
towards specific objectives. Aqueous carbonation enables CO; uptake the most. As such, it can
advantage gas-solid methods for treating fine RCA with a high carbonatable phase content.
Another important contrasting feature is the treatment duration, which ranges from as little as 6
hours for aqueous carbonation to more than 24 hours for moist methods. Among moist
carbonation methods, the flow through method can make efficient use of CO, concentrations of
up to 20%, while gases with a richer CO; concentration would only result in greater CO, uptake
when applied under high pressure. Moist carbonation enhancement of RCA is also facilitated by
moisture (pre)conditioning, continuous contact, and mixing (for example, in rotating drums).
Improvements on the properties of cRCA and cRCA concrete: Overall, the literature shows that
enforced carbonation leads to favourable changes in a wide range of RCA properties (e.g., lower
porosity, lower crushing indexes). Nevertheless, there is a need to be careful while interpreting
the data, as the observed improvements are not uniform across all conditions and properties. At
the concrete level, the degree to which cRCA translates into improved performance of RCA
concrete also varies. The primary changes in cRCA that improve concrete performance are the
reduced porosity of the old, attached mortar, improvements in the old ITZ in RCA, and
improvements in the new ITZ formed with the new matrix. Aqueous carbonation seems more
effective than moist carbonation to improve the ITZ, but more research is still needed to clarify
the link between precipitated carbonates and ITZ properties with the different carbonation
methods. It should be noticed that most of the research has been conducted with coarse RCA
fractions, and it is not totally clear if the outcome would be similar for fine fractions of RCA (with
greater contents of carbonatable phases). Mechanical performance and transport properties are
improved for cRCA concrete in comparison with RCA concrete. Some concerns persist in terms of
durability performance. The effects of enforced carbonation on the alkali-silica reaction of reactive
RCA, resistance against sulfate attack and acid attack, as well as freeze-thaw resistance have not
received sufficient attention. This is relevant not only for applications as aggregate in new
concrete, but also for unbound uses of cRCA. Effects on concrete slump and dimensional stability
are also areas that require further research. Overall, the properties of cRCA are intermediate
between those of the original RCA and reference natural aggregates.

Uses of cRCA is applications different from concrete production: There is still relatively limited
research on the use of cRCA in applications other than concrete. The microstructural
improvements should make it more suitable than RCA for application in screed, mortar, asphalt
concrete, soil stabilization, and backfilling materials. Literature on all these applications is still
scarce. Low-value applications (e.g., soil stabilisation, backfilling) may not require improved RCA
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properties per se. Still, regardless of the specific application, enforced carbonation may remain
interesting in terms of exploiting the CO, uptake capacity of RCA.

e Environmental impact assessment: The net benefit in terms of CO, uptake requires careful tuning
of inventories that give origin to reliable Life Cycle Assessment (LCA). Transportation has a
significant impact. For a given type of production technology, emissions of transport beyond
certain distances or by certain means may well invalidate CO, net savings. Thus, transportation
deserves remarkable attention from research towards upscaling.

e Upscaling challenges: Upscaling the carbonation process to meet the demand for aggregates from
large-scale construction projects is a pending subject. Most of the current studies still focus on
laboratory-scale experiments, with limited research on the feasibility and effectiveness of
enforced carbonation in industrial settings. The critical aspects of the context, such as local
regulations, market conditions (including the availability of local resources for aggregates), and
production costs, must be addressed. Primary data is vital to corroborate that the implementation
of cRCA is a cost-effective and sustainable solution for construction projects. Recent cost-benefit
analyses show that implementing cRCA can duplicate or triplicate costs with respect to
conventional RCA. With these high costs, strategies for increasing product competitiveness are
needed (e.g., market value of premium low-carbon products, compliance with stricter sustainable
public policies, and capitalisation of stored CO, through trading systems or CO, reduction
certificates). Without monetizing such strategies, it seems quite difficult that cRCA can be brought
to massive application in new construction in the near future.

Acknowledgements

The authors gratefully acknowledge E. Choorackal (CRH, The Netherlands), Aneeta Mary-Joseph (Mott
McDonald, UK), and Fernanda Silva (ETH Zurich) for their insightful contributions to the discussions
that led to the development of Section 6 in this publication. Y. Villagran-Zaccardi was funded by VLAIO
(Flanders Innovation & Entrepreneurship): ICON Project Eco2Chape (HBC.2023.0680). T. Hanein was
funded by the UKRI Future Leaders Fellowship (MR/V023829/1).

Contributions

Conceptualization and Coordination: Y.A. Villagran-Zaccardi, R. Snellings / Formal Analysis,
Investigation, Visualization, and Writing — original draft: Section 2: P. Perumal, R. Snellings, W. Wang
- Section 3: R. Snellings - Section 4: Z. Zhao, Z. Zhang, T.-C. Ling, R. Snellings, Y. Villagran-Zaccardi -
Section 5: L. Ellwood, T. Hanein; Section 6: J.-M. Torrenti, E. Bernard / Writing — review & editing: Y.A.
Villagran-Zaccardi, L. Ellwood, P. Perumal, J.-M. Torrenti, Z. Zhao, E. Bernard, T. Hanein, T.-C. Ling, W.
Wang, Z. Zhang, R. Snellings.

References

1. Hansen TC. Recycled aggregates and recycled aggregate concrete second state-of-the-art
report developments 1945-1985. Materials and Structures. 1986;19(3):201-46.

2. Evangelista L, de Brito J. Concrete with fine recycled aggregates: a review. European Journal
of Environmental and Civil Engineering. 2013;18(2):129-72.

3. Xi F, Davis SJ, Ciais P, Crawford-Brown D, Guan D, Pade C, et al. Substantial global carbon
uptake by cement carbonation. Nature Geoscience. 2016;9(12):880-3.

4, Cao Z, Myers RJ, Lupton RC, Duan H, Sacchi R, Zhou N, et al. The sponge effect and carbon
emission mitigation potentials of the global cement cycle. Nature Communications. 2020;11(1).

5. Ho H-J, lizuka A, Shibata E. Chemical recycling and use of various types of concrete waste: A
review. Journal of Cleaner Production. 2021;284.

6. Kikuchi T, Kuroda Y. Carbon Dioxide Uptake in Demolished and Crushed Concrete. Journal of

Advanced Concrete Technology. 2011;9(1):115-24.



833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882

7. Xuan DX, Zhan BJ, Poon CS. Assessment of mechanical properties of concrete incorporating
carbonated recycled concrete aggregates. Cement Concrete Comp. 2016;65:67-74.

8. Torrenti JM, Amiri O, Barnes-Davin L, Bougrain F, Braymand S, Cazacliu B, et al. The FastCarb
project: Taking advantage of the accelerated carbonation of recycled concrete aggregates. Case
Studies in Construction Materials. 2022;17.

9. Florea MVA, Brouwers HJH. Properties of various size fractions of crushed concrete related
to process conditions and re-use. Cement and Concrete Research. 2013;52:11-21.

10. PuY, Li L, Wang Q, Shi X, Luan C, Zhang G, et al. Accelerated carbonation technology for
enhanced treatment of recycled concrete aggregates: A state-of-the-art review. Construction and
Building Materials. 2021;282.

11. Li L, Wu M. An overview of utilizing CO2 for accelerated carbonation treatment in the
concrete industry. Journal of CO2 Utilization. 2022;60.
12. Tam VW, Tam L, Le KN. Cross-cultural comparison of concrete recycling decision-making and

implementation in construction industry. Waste Manag. 2010;30(2):291-7.

13. Zhang T, Chen M, Wang Y, Zhang M. Roles of carbonated recycled fines and aggregates in
hydration, microstructure and mechanical properties of concrete: A critical review. Cement and
Concrete Composites. 2023;138.

14. dos Reis GS, Cazacliu BG, Artoni R, Torrenti J-m. Effect of the accelerated carbonation
treatment on the recycled sand physicochemical characteristics through the rolling carbonation
process. Journal of CO2 Utilization. 2020;39.

15. Gholizadeh-Vayghan A, Bellinkx A, Snellings R, Vandoren B, Quaghebeur M. The effects of
carbonation conditions on the physical and microstructural properties of recycled concrete coarse
aggregates. Construction and Building Materials. 2020;257:119486.

16. Gholizadeh-Vayghan A, Snellings R. Beneficiation of recycled concrete fines through
accelerated carbonation. Materials and Structures. 2022;55(7).

17. Jiang Y, Li L, Lu J-x, Shen P, Ling T-C, Poon CS. Enhancing the microstructure and surface
texture of recycled concrete fine aggregate via magnesium-modified carbonation. Cement and
Concrete Research. 2022;162.

18. Jiang VY, Li L, Lu J-x, Shen P, Ling T-C, Poon CS. Mechanism of carbonating recycled concrete
fines in agueous environment: The particle size effect. Cement and Concrete Composites. 2022;133.
19. Jiang Y, Shen P, Poon CS. Improving the bonding capacity of recycled concrete aggregate by
creating a reactive shell with aqueous carbonation. Construction and Building Materials. 2022;315.
20. Li L, Xuan D, Sojobi AQ, Liu S, Poon CS. Efficiencies of carbonation and nano silica treatment
methods in enhancing the performance of recycled aggregate concrete. Construction and Building
Materials. 2021;308.

21. Liu SH, Shen PL, Xuan DX, Li L, Sojobi A, Zhan BJ, et al. A comparison of liquid-solid and gas-
solid accelerated carbonation for enhancement of recycled concrete aggregate. Cement Concrete
Comp. 2021;118.

22. Shi C, Wu Z, Cao Z, Ling TC, Zheng J. Performance of mortar prepared with recycled concrete
aggregate enhanced by CO2 and pozzolan slurry. Cement and Concrete Composites. 2018;86:130-8.
23. Li Y, Zhang S, Wang R, Zhao Y, Men C. Effects of carbonation treatment on the crushing
characteristics of recycled coarse aggregates. Construction and Building Materials. 2019;201:408-20.
24, Zhan BJ, Xuan DX, Poon CS. Enhancement of recycled aggregate properties by accelerated
CO2 curing coupled with limewater soaking process. Cement and Concrete Composites.
2018;89:230-7.

25. Villagran-Zaccardi Y, Broodcoorens L, Van den Heede P, De Belie N. Fine Recycled Concrete
Aggregates Treated by Means of Wastewater and Carbonation Pretreatment. Sustainability.
2023;15(8).

26. Xuan D, Zhan B, Poon CS. Development of a new generation of eco-friendly concrete blocks
by accelerated mineral carbonation. Journal of Cleaner Production. 2016;133:1235-41.



883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931

27. Turcry P, Huet B, Mai-Nhu J, Mahieux P-Y, Pernin T. Modelling of the CO2 Uptake by
Recycled Concrete Aggregates. International RILEM Conference on Synergising Expertise towards
Sustainability and Robustness of Cement-based Materials and Concrete Structures. RILEM
Bookseries2023. p. 125-35.

28. Fang X, Xuan D, Poon CS. Empirical modelling of CO2 uptake by recycled concrete aggregates
under accelerated carbonation conditions. Materials and Structures. 2017;50(4).

29. Galan |, Andrade C, Castellote M. Natural and accelerated CO2 binding kinetics in cement
paste at different relative humidities. Cement and Concrete Research. 2013;49:21-8.

30. PuY, LiL, Wang Q, Shi X, Fu L, Zhang G, et al. Accelerated carbonation treatment of recycled
concrete aggregates using flue gas: A comparative study towards performance improvement.
Journal of CO2 Utilization. 2021;43.

31. Li L, Xiao J, Xuan D, Poon CS. Effect of carbonation of modeled recycled coarse aggregate on
the mechanical properties of modeled recycled aggregate concrete. Cement and Concrete
Composites. 2018;89:169-80.

32. Liu S, Shen P, Xuan D, Li L, Sojobi A, Zhan B, et al. A comparison of liquid-solid and gas-solid
accelerated carbonation for enhancement of recycled concrete aggregate. Cement and Concrete
Composites. 2021;118.

33. Schnabel K, Briick F, Pohl S, Weigand H. Development and Test of a Rotating Drum Reactor
for the Simultaneous Hydration and Carbonation of Dry Biomass Bottom Ash. Waste and Biomass
Valorization. 2022;13(10):4319-30.

34. Vogt S, Koeniger L, F. B, H. W, editors. Improved storage and handling of fine recycled
concrete aggregates by accelerated carbonation: towards a quantification method. 18th
International Conference on Environmental Science and Technology; 2023; Athens, Greece.

35. Lu Z, Tan Q, Lin J, Wang D. Properties investigation of recycled aggregates and concrete
modified by accelerated carbonation through increased temperature. Construction and Building
Materials. 2022;341.

36. Liu H, Zhu X, Zhu P, Chen C, Wang X, Yang W, et al. Carbonation treatment to repair the
damage of repeatedly recycled coarse aggregate from recycled concrete suffering from coupling
action of high stress and freeze-thaw cycles. Construction and Building Materials. 2022;349.

37. Castellote M, Fernandez L, Andrade C, Alonso C. Chemical changes and phase analysis of OPC
pastes carbonated at different CO2 concentrations. Materials and Structures. 2008;42(4):515-25.
38. Hemmati A, Shayegan J, Bu J, Yeo TY, Sharratt P. Process optimization for mineral
carbonation in aqueous phase. International Journal of Mineral Processing. 2014;130:20-7.

39. Zhang J, Shi C, Li Y, Pan X, Poon C-S, Xie Z. Influence of carbonated recycled concrete
aggregate on properties of cement mortar. Construction and Building Materials. 2015;98:1-7.

40. Thiery M, Dangla P, Belin P, Habert G, Roussel N. Carbonation kinetics of a bed of recycled
concrete aggregates: A laboratory study on model materials. Cement and Concrete Research.
2013;46:50-65.

41. Liang C, Pan B, Ma Z, He Z, Duan Z. Utilization of CO2 curing to enhance the properties of
recycled aggregate and prepared concrete: A review. Cement and Concrete Composites. 2020;105.
42. Zajac M, Skibsted J, Durdzinski P, Bullerjahn F, Skocek J, Ben Haha M. Kinetics of enforced
carbonation of cement paste. Cement and Concrete Research. 2020;131.

43, Kaddah F, Ranaivomanana H, Amiri O, Roziére E. Accelerated carbonation of recycled
concrete aggregates: Investigation on the microstructure and transport properties at cement paste
and mortar scales. Journal of CO2 Utilization. 2022;57.

44, Xuan D, Zhan B, Poon CS. Durability of recycled aggregate concrete prepared with
carbonated recycled concrete aggregates. Cement and Concrete Composites. 2017;84:214-21.

45, Zhang J, Shi C, Li Y, Pan X, Poon C-S, Xie Z. Performance Enhancement of Recycled Concrete
Aggregates through Carbonation. Journal of Materials in Civil Engineering. 2015;27(11):04015029.



932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981

46. Morandeau A, Thiéry M, Dangla P. Investigation of the carbonation mechanism of CH and C-
S-H in terms of kinetics, microstructure changes and moisture properties. Cement and Concrete
Research. 2014;56:153-70.

47. Lothenbach B, Kulik DA, Matschei T, Balonis M, Baquerizo L, Dilnesa B, et al. Cemdatal8: A
chemical thermodynamic database for hydrated Portland cements and alkali-activated materials.
Cement and Concrete Research. 2019;115:472-506.

48, Marchetti M, Gouadec G, Offroy M, Haouchine M, Djerbi A, Omikrine-Metalssi O, et al.
Raman identification of CaCO3 polymorphs in concrete prepared with carbonated recycled concrete
aggregates. Materials and Structures. 2024;57(2).

49, Zhan BJ, Xuan DX, Zeng W, Poon CS. Carbonation treatment of recycled concrete aggregate:
Effect on transport properties and steel corrosion of recycled aggregate concrete. Cement and
Concrete Composites. 2019;104.

50. Zhan MM, Pan GH, Wang YP, Fu MH, Lu XJ. Effect of presoak-accelerated carbonation factors
on enhancing recycled aggregate mortars. Magazine of Concrete Research. 2017;69(16):838-49.

51. Fang Y, Chang J. Microstructure changes of waste hydrated cement paste induced by
accelerated carbonation. Construction and Building Materials. 2015;76:360-5.
52. Richardson IG. Tobermorite/jennite- and tobermorite/calcium hydroxide-based models for

the structure of C-S-H: applicability to hardened pastes of tricalcium silicate, B-dicalcium silicate,
Portland cement, and blends of Portland cement with blast-furnace slag, metakaolin, or silica fume.
Cement and Concrete Research. 2004;34(9):1733-77.

53. Kou SC, Zhan BJ, Poon CS. Use of a CO2 curing step to improve the properties of concrete
prepared with recycled aggregates. Cement Concrete Comp. 2014;45:22-8.

54. Scrivener KL, Crumbie AK, Laugesen P. The interfacial transition zone (ITZ) between cement
paste and aggregate in concrete. Interface Sci. 2004;12(4):411-21.

55. Yang CC. Effect of the interfacial transition zone on the transport and the elastic properties
of mortar. Magazine of Concrete Research. 2003;55(4):305-12.

56. Yue G, Zhang P, Li Q, Li Q. Performance Analysis of a Recycled Concrete Interfacial Transition
Zone in a Rapid Carbonization Environment. Advances in Materials Science and Engineering.
2018;2018:1-8.

57. Lu B, Shi C, Cao Z, Guo M, Zheng J. Effect of carbonated coarse recycled concrete aggregate
on the properties and microstructure of recycled concrete. Journal of Cleaner Production.
2019;233:421-8.

58. LiY, FuT, WangR, Li Y. An assessment of microcracks in the interfacial transition zone of
recycled concrete aggregates cured by CO2. Construction and Building Materials. 2020;236.
59. Wu K, Luo S, Zheng J, Yan J, Xiao J. Influence of carbonation treatment on the properties of

multiple interface transition zones and recycled aggregate concrete. Cement and Concrete
Composites. 2022;127.

60. Zhan BJ, Xuan DX, Poon CS, Scrivener KL. Characterization of interfacial transition zone in
concrete prepared with carbonated modeled recycled concrete aggregates. Cement and Concrete
Research. 2020;136.

61. Liu J, Ma K, Shen J, Xie Y, Long G. Influence of CO2 enhancement of recycled aggregate on
microstructure of ITZs in recycled concrete. Journal of Building Engineering. 2023;65.

62. Peng L, Zeng W, Zhao Y, Li L, Poon C-s, Zheng H. Steel corrosion and corrosion-induced
cracking in reinforced concrete with carbonated recycled aggregate. Cement and Concrete
Composites. 2022;133.

63. LengY, Rui Y, Zhonghe S, Dinggiang F, Jinnan W, Yonghuan Y, et al. Development of an
environmental Ultra-High Performance Concrete (UHPC) incorporating carbonated recycled coarse
aggregate. Construction and Building Materials. 2023;362.

64. Wang J, Zhang J, Cao D, Dang H, Ding B. Comparison of recycled aggregate treatment
methods on the performance for recycled concrete. Construction and Building Materials. 2020;234.



982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031

65. Guan X, Liu S, Feng C, Qiu M. The hardening behavior of y-C2S binder using accelerated
carbonation. Construction and Building Materials. 2016;114:204-7.

66. Jin P, Wang R, Su Y, Dong H, Wang Q. Study on carbonation process of B-C2S under microbial
enzymatic action. Construction and Building Materials. 2019;228.

67. Liu S, Zhang H, Wang Y, Gou M. Carbon-dioxide-activated bonding material with low water
demand. Advances in Cement Research. 2021;33(5):193-6.

68. Mu'Y, Liu Z, Wang F, Huang X. Carbonation characteristics of y-dicalcium silicate for low-
carbon building material. Construction and Building Materials. 2018;177:322-31.

69. Ying JM, Qiujiang; Xiao, Jianzhuang. Effect of CO2-Modified Recycled Aggregate on
Compressive Strength of Concrete. Journal of Building Materials. 2017;20(2):277-82.

70. Luo S, Ye S, Xiao J, Zheng J, Zhu Y. Carbonated recycled coarse aggregate and uniaxial
compressive stress-strain relation of recycled aggregate concrete. Construction and Building
Materials. 2018;188:956-65.

71. Tam VWY, Butera A, Le KN. Carbon-conditioned recycled aggregate in concrete production.
Journal of Cleaner Production. 2016;133:672-80.

72. Pan G, Zhan M, Fu M, Wang Y, Lu X. Effect of CO2 curing on demolition recycled fine
aggregates enhanced by calcium hydroxide pre-soaking. Construction and Building Materials.
2017;154:810-8.

73. Kazmi SMS, Munir MJ, Wu Y-F, Patnaikuni I, Zhou Y, Xing F. Effect of different aggregate
treatment techniques on the freeze-thaw and sulfate resistance of recycled aggregate concrete. Cold
Regions Science and Technology. 2020;178.

74. LiY, Wang R, Li S, Zhao Y. Assessment of the freeze—thaw resistance of concrete
incorporating carbonated coarse recycled concrete aggregates. Journal of the Ceramic Society of
Japan. 2017;125(11):837-45.

75. Abate SY, Song KI, Song JK, Lee BY, Kim HK. Internal curing effect of raw and carbonated
recycled aggregate on the properties of high-strength slag-cement mortar. Construction and Building
Materials. 2018;165:64-71.

76. Alderete NM, Villagran Zaccardi YA, De Belie N. Physical evidence of swelling as the cause of
anomalous capillary water uptake by cementitious materials. Cement and Concrete Research.
2019;120:256-66.

77. Zhang Z, Angst U. A Dual-Permeability Approach to Study Anomalous Moisture Transport
Properties of Cement-Based Materials. Transport in Porous Media. 2020;135(1):59-78.

78. Kazmi SMS, Munir MJ, Wu Y-F, Patnaikuni |, Zhou Y, Xing F. Effect of recycled aggregate
treatment techniques on the durability of concrete: A comparative evaluation. Construction and
Building Materials. 2020;264.

79. Russo N, Lollini F. Effect of carbonated recycled coarse aggregates on the mechanical and
durability properties of concrete. Journal of Building Engineering. 2022;51.

80. Singh M, Danie Roy AB, Waseem S, Singh H. Feasibility and performance analysis of
carbonated recycled aggregate concrete. International Journal of Sustainable Engineering.
2020;14(4):761-75.

81. Liang C, Ma H, Pan Y, Ma Z, Duan Z, He Z. Chloride permeability and the caused steel
corrosion in the concrete with carbonated recycled aggregate. Construction and Building Materials.
2019;218:506-18.

82. Liang C, Lu N, Ma H, Ma Z, Duan Z. Carbonation behavior of recycled concrete with CO2-
curing recycled aggregate under various environments. Journal of CO2 Utilization. 2020;39.

83. Grigoletto S, Delaforge PL, Courard L. Carbonatation of recycled concrete aggregates
affected by alkali-silica reaction. Academic Journal of Civil Engineering. 2022;40(2):1-10.
84. Thomas MDA, Monkman S, editors. The carbonation of recycled concrete aggregate affected

by alkali-silica reaction. CO2ST02019 - International Workshop CO2 Storage in Concrete; 2019; Paris,
France: RILEM Publications SARL.



1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082

85. Oliveira TV, Cordeiro LdANP, Bessa SAL. Experimental study of self-leveling mortars produced
with recycled concrete aggregates. Case Studies in Construction Materials. 2022;17.

86. Arulmoly B, Konthesingha C. Pertinence of alternative fine aggregates for concrete and
mortar: a brief review on river sand substitutions. Australian Journal of Civil Engineering.
2021;20(2):272-307.

87. Infante Gomes R, Brazdo Farinha C, Veiga R, de Brito J, Faria P, Bastos D. CO2 sequestration
by construction and demolition waste aggregates and effect on mortars and concrete performance -
An overview. Renewable and Sustainable Energy Reviews. 2021;152.

88. Sosa ME, Carrizo LE, Zega CJ, Villagran Zaccardi YA. Water absorption of fine recycled
aggregates: effective determination by a method based on electrical conductivity. Materials and
Structures. 2018;51(5):127.

89. Sosa ME, Villagran Zaccardi YA, Zega CJ. A critical review of the resulting effective water-to-
cement ratio of fine recycled aggregate concrete. Construction and Building Materials. 2021;313.
90. Prasad D, Singh B, Suman SK. Utilization of recycled concrete aggregate in bituminous
mixtures: A comprehensive review. Construction and Building Materials. 2022;326.

91. Xu X, Luo Y, Sreeram A, Wu Q, Chen G, Cheng S, et al. Potential use of recycled concrete
aggregate (RCA) for sustainable asphalt pavements of the future: A state-of-the-art review. Journal
of Cleaner Production. 2022;344.

92. Daquan S, Yang T, Guogiang S, Qi P, Fan Y, Xingyi Z. Performance evaluation of asphalt
mixtures containing recycled concrete aggregates. International Journal of Pavement Engineering.
2018;19(5):422-8.

93. Azam AM, Cameron DA. Geotechnical Properties of Blends of Recycled Clay Masonry and
Recycled Concrete Aggregates in Unbound Pavement Construction. Journal of Materials in Civil
Engineering. 2013;25(6):788-98.

94. Kawalec J, Kwiecien S, Pilipenko A, Rybak J. Application of Crushed Concrete in Geotechnical
Engineering — Selected Issues. IOP Conference Series: Earth and Environmental Science. 2017;95.

95. Kaliyavaradhan SK, Ling T-C, Mo KH. Valorization of waste powders from cement-concrete
life cycle: A pathway to circular future. Journal of Cleaner Production. 2020;268.
96. Hosseini Zadeh A, Mamirov M, Kim S, Hu J. CO2-treatment of recycled concrete aggregates

to improve mechanical and environmental properties for unbound applications. Construction and
Building Materials. 2021;275.

97. Aqil U, Tatsuoka F, Uchimura T, Lohani TN, Tomita Y, Matsushima K. Strength and
Deformation Characteristics of Recycled Concrete Aggregate as a Backfill Material. Soils and
Foundations. 2005;45(5):53-72.

98. Tavakol M, Hossain M, Tucker-Kulesza SE. Subgrade Soil Stabilization Using Low-Quality
Recycled Concrete Aggregate. Geo-Congress 20192019. p. 235-44.

99. Tabatabaie Shourijeh P, Masoudi Rad A, Heydari Bahman Bigloo F, Binesh SM. Application of
recycled concrete aggregates for stabilization of clay reinforced with recycled tire polymer fibers and
glass fibers. Construction and Building Materials. 2022;355.

100. Tavakol M, Kulesza S, Jones C, Hossain M. Effect of Low-Quality Recycled Concrete Aggregate
on Stabilized Clay Properties. Journal of Materials in Civil Engineering. 2020;32(8).

101. Zhang D, Ghouleh Z, Shao Y. Review on carbonation curing of cement-based materials.
Journal of CO2 Utilization. 2017;21:119-31.

102. Ouyang XW, Wang LQ, Xu SD, Ma YW, Ye G. Surface characterization of carbonated recycled
concrete fines and its effect on the rheology, hydration and strength development of cement paste.
Cement Concrete Comp. 2020;114.

103.  Zajac M, Skocek J, Golek L, Deja J. Supplementary cementitious materials based on recycled
concrete paste. Journal of Cleaner Production. 2023;387.

104. Tiefenthaler J, Braune L, Bauer C, Sacchi R, Mazzotti M. Technological Demonstration and
Life Cycle Assessment of a Negative Emission Value Chain in the Swiss Concrete Sector. Front Clim.
2021;3.



1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125

1126

105. Izoret L, Pernin T, Potier JM, Torrenti JM. Impact of Industrial Application of Fast Carbonation
of Recycled Concrete Aggregates. Appl Sci-Basel. 2023;13(2).

106. Ma MX, Tam VWY, Le KN, Osei-Kyei R. Factors affecting the price of recycled concrete: A
critical review. Journal of Building Engineering. 2022;46.

107.  Etxeberria M, Castillo S. How the Carbonation Treatment of Different Types of Recycled
Aggregates Affects the Properties of Concrete. Sustainability. 2023;15(4).

108.  Marinkovié¢ S, Radonjanin V, MaleSev M, Ignjatovi¢ |. Comparative environmental assessment
of natural and recycled aggregate concrete. Waste Management. 2010;30(11):2255-64.

109. Leemann A, Winnefeld F, Miinch B, Tiefenthaler J. Accelerated carbonation of recycled
concrete aggregates and its implications for the production of recycling concrete. Journal of Building
Engineering. 2023;79.

110. Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema B. The ecoinvent
database version 3 (part I): overview and methodology. Int J Life Cycle Ass. 2016;21(9):1218-30.
111.  Villagran-Zaccardi YA, Marsh ATM, Sosa ME, Zega CJ, De Belie N, Bernal SA. Complete re-
utilization of waste concretes—Valorisation pathways and research needs. Resources, Conservation
and Recycling. 2022;177:105955.

112. Braymand S, Roux S, Fares H, Deodonne K, Feugeas F. Separation and Quantification of
Attached Mortar in Recycled Concrete Aggregates. Waste and Biomass Valorization. 2017;8(5):1393-
407.

113.  Driver JG, Bernard E, Patrizio P, Fennell PS, Scrivener K, Rupert J. Myers. Global
decarbonisation potential of CO2 mineralisation in concrete materials. 2023.

114. Ragon P-LR, Felipe. CO2 emissions from trucks in the EU: An analysis of the heavy-duty CO2
standards baseline data. In: Transportation ICoC, editor. 2021. p. 27.

115. Department for Energy Security and Net Zero of the United Kingdom. Greenhouse gas
reporting: conversion factors 2022 2022 [Available from:
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2022.
116.  O'Mahony T. Cost-Benefit Analysis and the environment: The time horizon is of the essence.
Environmental Impact Assessment Review. 2021;89.

117. DusS, Tang W, Song M. Low-carbon production with low-carbon premium in cap-and-trade
regulation. Journal of Cleaner Production. 2016;134:652-62.

118. Chan M, Masrom MAN, Yasin SS. Selection of Low-Carbon Building Materials in Construction
Projects: Construction Professionals’ Perspectives. Buildings. 2022;12(4).

119. FalanaJ, Osei-Kyei R, Tam VWY. Towards achieving a net zero carbon building: A review of
key stakeholders and their roles in net zero carbon building whole life cycle. Journal of Building
Engineering. 2024;82.

120. Diemel VA, Fennis SAAM, editors. Sustainability and Durability of Concrete in Large
Infrastructure Projects of Rijkswaterstaat (The Netherlands). Proceedings of the 2017 fib
Symposium: High Tech Concrete: Where Technology and Engineering Meet; 2017; Maastricht, The
Netherlands: Springer.

121.  Strunge T, Renforth P, Van der Spek M. Towards a business case for CO2 mineralisation in
the cement industry. Communications Earth & Environment. 2022;3(1).

122.  European Commission. ETS Handbook. European Commission; 2015.

123.  Questions and Answers on EU Certification of Carbon Removals [press release]. Online2022.




