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ARTICLE INFO ABSTRACT

Keywords: Cement concrete presents a significant opportunity for carbon dioxide (CO,) capture, utilization,
Carbon emission and storage through carbonation treatment. This process involves carbonating binders, industrial
Carbon capture, utilization, and storage (CCUS) waste materials, and recycled aggregate concrete, which can subsequently be integrated into
Carbonation

fresh concrete mixtures. This review focuses on the current research landscape regarding the use
of CO, in producing low-carbon and sustainable concrete, emphasizing developments over the
past decade (2014-2024). The paper begins by outlining the properties of CO, and exploring its
potential applications within the concrete industry. It then summarizes and compares the various
carbonation methods applied to cement concrete and classifies the different approaches to CO,
utilization in concrete production. Additionally, the review examines the carbonation mecha-
nisms of binders and the development of low-carbon concrete, aiming to enhance the understand-
ing of how carbonized components affect the performance of cement-based materials. Finally, the
review explores typical commercialized technologies for CO, utilization in producing low-carbon
concrete. The discussions and findings presented are anticipated to provide valuable insights into
the application of CO, in the concrete industry, thereby facilitating the production of low-carbon
and sustainable concrete.

Low-carbon cement composites
Sustainable construction

1. Introduction

Amid burgeoning global industrialization and persistent dependence on fossil fuels, energy-related carbon dioxide (CO»), a pre-
dominant greenhouse gas, has surged to over 370 billion tons, posing a formidable threat to global ecological equilibrium [1,2]. The
adoption of Carbon Capture, Utilization, and Storage (CCUS) technologies emerges as a viable interim solution to curtail anthro-
pogenic CO, emissions and to attain the ambitious target of carbon neutrality by 2050 [3-5]. Cement-based materials, the most exten-
sively utilized man-made substances (e.g., cast-in-place concrete and precast concrete) [6,7], embody a substantial carbon footprint
throughout their production and application processes [8-10]. Notably, cement manufacturing alone accounts for approximately 8 %

Abbreviations: CCUS, Carbon capture, utilization, and storage; SCMs, Supplementary cementitious materials; RCA, Recycled concrete aggregate; C-S-H, Calcium-
silicate-hydrate; CH, Calcium hydroxide; RH, Relative humidity; CaO, Calcium oxide; MgO, Magnesium oxide; PC, Portland cement; NZE, Net-zero emissions; CUC,
Carbon Utilization and Capture; ITZ, Interface transition zone.
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of global CO, emissions [11,12]. Therefore, it is imperative to achieve substantial reductions in CO, emissions from concrete produc-
tion.

Numerous tactics have been devised to reduce CO, emissions in the concrete sector [13,14]. To date, the most effective approach
involves substituting cement clinker with supplementary cementitious materials (SCMs) [15-17], such as fly ash [18], silica fume
[19], and slags [20] derived from industrial processes. This method is particularly impactful as CO, emissions from cement clinker
production account for 70-85 % of the total CO, emissions in concrete manufacturing [11]. However, this strategy presents chal-
lenges, including diminished early-age strength of cement composites, certain durability issues, and the higher cost of some SCMs
compared to cement worldwide, such as in China, America, Australia, etc., [21,22]. These limitations have hindered significant ad-
vancements in CO, reduction using this method. Moreover, the adoption of innovative cementitious binders, such as limestone cal-
cined clay cement and alkali-activated cementitious materials, encounters obstacles related to raw material availability and cost
[23-25]. Consequently, further research is imperative to overcome these barriers and to promote the widespread adoption of these
techniques to reduce CO, emissions in the concrete industry.

Cement concrete presents a promising avenue for CCUS through carbonation treatment. This involves the carbonation of binders,
industrial waste materials, and recycled aggregate concrete sourced from demolished structures, which can subsequently be incorpo-
rated into new concrete [26-29]. This technology has garnered substantial attention in recent decades due to its significant environ-
mental benefits and can alleviate the depletion of natural aggregate resources [30,31]. The mineral CO, sequestration process in-
volves a CCUS method, where CO, reacts with calcium-containing materials to produce calcium carbonates (CaCO3) [32,33]. Natu-
rally, due to the slow kinetics of carbonation reactions, the ability of cement composites to carbonate over their service life is typically
limited [12,34,35]. To improve CO, sequestration efficiency, accelerated carbonation techniques have been developed and have seen
substantial progress [36,37]. Optimal applications of accelerated carbonation include the pre-carbonation of industrial solid wastes
before mixing and the early-age carbonation curing of cement composites post-mixing [38,39]. It is important to note that the hydra-
tion and carbonation processes of cement composites occur concurrently at early stages, resulting in a coupling effect between the
two processes [40,41]. However, there remains a lack of comprehensive understanding and discussion concerning the carbonation
process of various cement concrete components, the CCUS potential of different carbonation methods, and a detailed comparison of
their impact on the performance of cement composites, particularly recycled aggregate concrete.

It is imperative to review and critically discuss the current knowledge regarding the utilization of CO, in low-carbon concrete pro-
duction and to accelerate its practical application. The gaps in this field primarily stem from an insufficient exploration of two key
challenges: a comprehensive and profound understanding of the carbonation mechanisms of CO, with concrete components; and the
effects of carbonation treatment on waste materials, particularly the performance of recycled aggregate concrete. In this context, the
review begins by introducing the characteristics of CO, and its potential applications in the concrete industry. It then summarizes and
compares the different types of cement concrete carbonation and classifies the various approaches to CO, utilization in concrete pro-
duction. Following this, the review delves into the carbonation mechanisms of binders and the development of low-carbon concrete
to elucidate the impact of incorporating carbonized components on the performance of cement-based materials. Finally, it examines
the typical commercialized technologies for CO, utilization in the preparation of low-carbon concrete. The discussions and conclu-
sions in this work are anticipated to provide valuable insights into the use of CCUS in the concrete industry, thereby enabling the
manufacturing of sustainable and low-carbon concrete.

2. Characteristics of CO2 and its potential utilization in sustainable concrete industry

The density of CO, is 0.00198 g per cubic centimetre, approximately 1.53 times that of air [42,43]. While CO, is indispensable for
life, excessive accumulation poses severe threats to the Earth's climate [4,9]. As illustrated in Fig. 1, CO, is predominantly emitted
through industrial activities such as power generation, transportation, and combustion processes in the mining and fossil fuel indus-
tries. Consequently, reducing CO, emissions from factories and enterprises through energy-saving and pollution-reduction technolo-
gies has emerged as one of the most pressing environmental challenges of the 21st century.

At moderate pressures (typically below 100 bar), CO, readily dissolves in water at molar concentrations, swiftly forming bicar-
bonate ions, hydrogen ions, and carbonate ions (HCOj;, CO3 and H*) [2]. As the pH decreases, this chemical process initiates optimal
reactions and may interact with other phases in cement concrete, such as binders or aggregates, leading to the formation of various
hydrates [44,45], which will be elucidated in the subsequent sections. This capability enables cementitious materials to act as a foun-
dational medium for the absorption and utilization of CO,.

Geological formations offer a vital avenue for the permanent storage of CO,; however, achieving thorough decarbonization neces-
sitates the full deployment of CO, capture technologies [40,46]. The rising interest among various stakeholders in utilizing CO, for di-
verse applications underscores a growing public fascination with this gas [47,48]. The first approach, non-conversion of CO,, involves
the storage of CO, in other materials and carbon capture/storage. The second approach, CO, conversion, utilizes CO, as a feedstock to
create new products, effectively transforming it into versatile resources [3,4]. The potential products and services from CO, conver-
sion mainly fall into five categories: fuels, chemicals, enhanced biological processes, extraction of construction materials from miner-
als, and carbonized waste [49,50]. Specifically, the use of CO, in the concrete industry not only achieves environmental protection
but also generates economic benefits. The application of CO, in concrete production offers significant carbon sequestration potential
and showcases a vast market opportunity estimated to be worth $400 billion [4,45,51]. Therefore, this review predominantly concen-
trates on exploring the latter two categories of CO, applications within the sustainable concrete industry.
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Fig. 1. CO, from industrially produced sources.

3. Carbonation treatment of cement concrete
3.1. Natural carbonation

Carbonation of cement concrete refers to a chemical process that can impact its structural integrity. When CO, infiltrates the con-
crete, it reacts with the alkaline substances present, forming carbonates and water [52-54]. This process, known as concrete carbona-
tion or neutralization, results in a reduction of the concrete's alkalinity. If carbonation penetrates beyond the protective layer of the
concrete and is exposed to water and air, the concrete loses its ability to shield the steel reinforcement, leading to the initiation of
rusting. Concrete carbonation typically does not directly diminish its performance [55]. In fact, for plain concrete, carbonation can
even enhance durability [56]. However, for reinforced concrete, carbonation lowers the alkalinity of the cement pore solution and in-
creases hydrogen ion concentration, which compromises the protective effect on the steel reinforcement [57].

Following the hydration of cement grains, the primary strength-enhancing phase is the formation of calcium-silicate-hydrate (C-S-
H), which constitutes approximately 60 % of the hydration products [58,59]. In the presence of CO,, as depicted in Fig. 2a, the car-
bonation mechanism of C-S-H unfolds in three stages: 1) dissolution, 2) diffusion, and 3) a slowly ongoing reaction. Recently, Liu et
al. [8] utilized a C-S-H@ZIF-8 (C-S-Z) sorbent for ultra-high CO, adsorption, as shown in Fig. 2b. Their findings indicated that C-S-Z
possesses abundant pyrrolic nitrogen and an exceptionally high surface area of 577.18 m?/g, enabling it to absorb CO, up to
293.6 mg/g.

Another crucial hydration product is calcium hydroxide (CH), which comprises about 20 % of the hydrates [60,61]. CH plays a vi-
tal role in maintaining the pH of the cement pore solution around 12.5, thus preventing the corrosion of low-carbon steel reinforce-
ment [62,63]. Additionally, CH can react with CO, to form calcium carbonate, which can crystallize as calcite, vaterite, aragonite, or
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Fig. 2. Illustration of (a) changes of C-S-H during carbonation and (b) selective adsorption of CO, using C-S-Z adsorbent [8].
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amorphous CaCOs3, reducing the pH of the system to around 9 [64]. More critically, continuous carbonation can lead to changes in
other hydrates within the concrete, such as the partial decalcification of C-S-H gel. Furthermore, the calcium aluminate sulfate hy-
drate ettringite (AFt) undergoes decomposition. Ultimately, the fully carbonated paste is primarily composed of silica gel, calcite, and
alumina gel, which are the main constituents of the carbonation phase [14,65]. Therefore, the focus of future research should be on
controlling and optimizing the carbonation parameters of cementitious composites.

The degree of carbonation in cement concrete is influenced by several factors, including CO, concentration, relative humidity
(RH), and the permeability of cement-based materials [66]. Thermodynamic modelling, using tools such as the cement-specific web-
based code CemGEMS, can be employed to calculate phase changes resulting from carbonation in hydrated cement pastes. As illus-
trated in Fig. 3, these simulation processes provide a profound understanding of the carbonation reaction mechanisms in cementitious
materials [67].

Over time, the carbonation front advances from the surface of the concrete towards its interior, leading to a decrease in pH. The al-
kaline environment that protects the steel reinforcement is disrupted when the carbonation front reaches it, leaving the steel vulnera-
ble to corrosion [68,69]. This can accelerate the deterioration of the concrete protective layer, particularly in humid environments.
Consequently, natural carbonation is undesirable, and concrete mix designs typically aim to minimize or control carbonation as much
as possible. Switzerland has proposed estimating CO, absorption by cement during its usage and recycling stages [55], as shown in
Fig. 4. It is estimated that around 25 % of CO, will be absorbed within 100 years, with the potential for this CO, to be chemically
bound. The majority of CO, absorption occurs in the latter period [70,71]. While concrete can absorb a significant amount of CO,, the
rate of natural carbonation is too slow. According to previous studies, the estimated negative contribution of natural carbonation of
building materials in the construction environment is only 51 kg of CO per ton of cement [14,72]. Conversely, CCUS (including min-
eral carbonation) is expected to result in the sequestration of 280 kg of CO,, per ton of cement, thereby facilitating the achievement of
net-zero emissions goals.
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Fig. 3. The evolution of phase assemblage and pH value in the pore solution of (a) cement and (b) accelerated carbonation of cement-slag during carbonation [67].
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3.2. Accelerated carbonation

As previously mentioned, cement concrete holds significant potential for CO, storage and consumption through the carbonation
process [42,43]. This method involves carbonating the calcium and magnesium-containing components of cement concrete to create
new concrete [73]. As a result, the carbon footprint of concrete can be mitigated, and in some cases, even achieve negative CO, emis-
sions for building materials [74]. In this section, the latest research advancements in storing CO, in cement concrete through acceler-
ated carbonation methods will be discussed [75].

For short-term climate change mitigation, accelerated carbonation of cement concrete outperforms natural carbonation. Concrete
can undergo carbonation to store CO, at various points during its service life [76,77]. Amorphous CaCO3 can be formed during the
fresh concrete stage by adding CO, during the mixing and batching process, presumably in the form of nanocrystals, which accelerate
cement hydration and enhance the concrete's strength [78]. A comparable method involves storing CO, in the concrete paste pro-
duced when concrete plants clean their mixers and transport trucks; this carbonated slurry can then be added to freshly mixed con-
crete. However, this type of CO, storage has a limited capacity, and the supply of these materials constitutes only 1 %-3 % of precast
concrete production [71].

Strength is usually increased, pore structure densification occurs, and chemical erosion is lessened as a result of carbonation cur-
ing, mostly because of decreased permeability [69]. Nevertheless, concerns may arise regarding the decrease in alkalinity and the po-
tential for inducing corrosion of reinforcement. For instance, Dong et al. [79] studied structural changes induced by corrosion in rein-
forced concrete, as depicted in Fig. 5a. When reinforced concrete is exposed to the environment over the long term, CO, can infiltrate
the concrete, leading to corrosion of the steel reinforcement, ultimately compromising structural performance and safety [80]. The
corrosion problem of reinforced concrete can be mitigated through carbonation treatment. As evident in Fig. 5b, following carbona-
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Fig. 5. (a) The reconstruction of corrosion products and the formation of products within the concrete [80] and (b) illustration of concrete and steel reinforcement ex-
posed to CO, [79].
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tion treatment, a layer of carbonation product forms on the surface of the steel reinforcement within the concrete. This layer effec-
tively shields the steel from direct exposure to corrosive agents, thereby providing protection to the reinforced concrete [79]. How-
ever, it is important to note that extremely high partial pressure of CO; (i.e., 1 MPa or higher) can lead to significant damage to the re-
inforced concrete due to excessive carbonation, as reported by Xue et al. [81] and Zhang et al. [82]. Therefore, the pressure of CO,
should be carefully controlled and selected to achieve optimal carbonation treatment for the reinforced concrete. Further research is
necessary to screen and optimize suitable carbonation procedures (e.g., CO, pressure, concentration, and duration, etc.) for efficient
protection of reinforced concrete.

The chemical composition of raw materials, RH, temperature, CO, concentration, and other factors all influence the effectiveness
of concrete carbonation [52,66]. For instance, under high RH conditions, the carbonation rate of cement is the fastest. For larger spec-
imens or concrete blocks, factors such as porosity, permeability, relative humidity, and dryness play crucial roles in the carbonation
process [67,71]. Utilizing accelerated carbonation methods can sequester significant amounts of CO,. Conversely, the amount of cal-
cium oxide (CaO) in the cement, typically produced by burning calcium carbonate, significantly impacts CO, binding capacity [79].
Therefore, reducing cement usage through carbonation curing helps mitigate global warming by preventing the manufacturing of ad-
ditional concrete.

A significant hurdle lies in the global adoption of carbonated curing cement and its potential to reduce CO, emissions [14]. Pres-
surized carbonation is a typical technique employed to enhance the carbonation reaction of materials [69]. In this method, CO5 con-
centration is typically maintained around 20 % [83-86], as indicated in Table 1. Moderately high gas pressure aids in the diffusion of
CO, into other components, enhancing carbonation effectiveness. However, excessive gas pressure can increase the load on the reac-
tion chamber and may even lead to material cracking. Therefore, a balance must be struck when setting gas pressure to ensure effi-
cient carbonation without causing detrimental effects on the material structure.

3.3. Mineral carbonation

In addition to RCA, other potential sources in waste streams for easy carbonation include calcium compounds, such as cement kiln
dust, and various process-generated slags and ashes, including steel slag [44]. Other materials suitable for mineral carbonation in-
clude natural calcium or magnesium minerals. The generated magnesite can serve as a permanent carbon sink or as a raw material for
magnesium oxide production [41]. During the processes of carbonation and subsequent calcination, magnesium silicates and magne-
sium-rich brines do not release fossil-derived CO,. Thus, the possibility of producing binder materials from magnesium oxide ex-
tracted from magnesium silicates offers the potential for binder production while reducing the carbon footprint [40]. Magnesium ox-
ide (MaO) can serve as a raw material for various magnesium-based binders [93]. Formerly known as Novacem, the magnesium
binder is the first attempt at making “negative carbon” cement using a low-carbon raw material production process.

In comparison to natural carbonation, accelerated carbonation of the cement phase in concrete offers significantly greater poten-
tial in the short term for mitigating climate change [46]. This technique can be applied at various stages and even beyond the service
life of concrete, effectively sequestering CO, within the material. Early-age carbonation treatment, which includes the use of acceler-
ated carbonation for curing freshly mixed concrete, has recently garnered considerable attention [94]. However, the process of early-
age carbonation curing is more intricate than that of accelerated carbonation for industrial waste. Cement-based composite materials
comprise various chemical components and possess a micro-porous structure, adding complexity to the carbonation conditions [93].
Additionally, during the early stages, these materials undergo simultaneous carbonation and hydration reactions, resulting in cou-
pling effects between these processes [94,95]. It is now commonly acknowledged that early-age carbonation curing affects the perfor-
mance of cement-based composite materials in the short- and long-term. In practice, the use of accelerated carbonation in concrete
holds substantial promise, particularly since precast concrete elements account for approximately 10 % of global concrete consump-
tion annually [36].

Table 1
The commonly used methods for accelerated carbonation of concrete.
Types Applications CO, content CO, partial pressure Time Notes Ref.
(%) (MPa) H)

Typical fast carbonation Cement powder 20 =3 0.1 72 Extended carbonation time; [83]
wastes 2) Low effectiveness of carbonation.
Cement powder 20 0.1 24 [84]
wastes
RCA 20 =3 0.1 72 [85]
RCA 20 0.1 672 [86]

Pressurized accelerated Cement powder 100 0.01 24 1) High carbonation efficacy; [871

carbonation wastes 2) Need for a sealed reactor with pure

Cement powder 99 0.05 72 CO,. [88]
wastes 3) Discontinuous process of
RCA 95 0.01 72 carbonation [89]
RCA 100 0.01 24 [90]

Carbonation increased by flow- Cement powder 25 0.1 5 1) Enhanced efficiency of carbonation; [91]

through wastes 2) Well suited for low CO, levels.

RCA 100 0.1 24 [26]
RCA 20 0.1 238 [92]
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Mineral carbonation offers a viable option for sequestering substantial amounts of CO, within basic calcium and magnesium com-
pounds. Potential sources include fresh concrete (using carbonation curing), RCA from demolished buildings, industrial byproducts
like steel slags and cement kiln dust, residues from burning municipal waste, and naturally occurring rocks [14]. By incorporating
carbonated materials into building supplies such as cement and concrete, carbon emissions can be significantly reduced, and the cir-
cularity of their constituent parts is improved, providing a substantial reservoir for storing CO, [40,93]. The long-term stability of
CO, storage via mineral carbonation is demonstrated by the millions of years that carbonatic rocks have been present on Earth [96].
Accelerated carbonation is far more beneficial for combating climate change quickly than the natural weathering of materials like
rocks or concrete [46,97]. At the moment, various technologies utilizing different materials and procedures are being increasingly in-
vestigated. The most promising techniques include direct aqueous carbonation, carbonation mixing, and carbonation curing [14]. A
holistic approach to various carbonation technologies and recycling concrete within the context of a circular economy is emphasized.
In the long run, this integrated method could serve as a significant carbon sink. Therefore, thorough life cycle assessments (from cra-
dle to grave or cradle to cradle) and cost-benefit analyses of the different technologies are crucial.

4. Classification of CO, utilization in concrete production

As summarized in Fig. 6, the integration of accelerated carbonation with cement composite manufacturing encompasses three pri-
mary methods: 1) pre-carbonation of concrete ingredients, 2) carbonation curing, and 3) CO, mixing.

4.1. Pre-carbonation of concrete ingredients

In the carbonation of concrete ingredients approach, the concrete ingredients undergo pre-treatment with CO, before mixing to
initiate the carbonation reactions [98,99]. As previously mentioned, this method leads to the creation of carbonated SCMs, fillers, and
aggregates [72]. The CaCOj3 precipitated during this process can be incorporated into various binder systems. This innovative tech-
nique not only helps reduce the carbon footprint of cement composites but also promotes the sustainable utilization of materials in di-
verse cementitious applications.

4.2. CO, mixing

In the CO, mixing method, carbonation is promoted by directly introducing CO, during the concrete mixing process [100]. This
results in the generation of nano-sized CaCO5 as nucleation sites, catalyzing early-age hydration. Compared to the addition of pre-
manufactured nano-sized CaCO5 in Portland cement (PC), ground limestone, or precipitated calcium carbonate, the direct introduc-
tion of CO, to form CaCOjs in situ allows for more uniform dispersion of nanoparticles [101,102]. This process significantly influences
the chemical properties and hydration heat of cement paste during the early-age period. However, the overall reactivity of clinkers in
the PC remains essentially unchanged, with the optimal range for CO, absorption reported to be only 0.05-0.3 % of the cement mass
[103,104]. Extending carbonation beyond this range would reduce workability, posing challenges to concrete mixing and forming.
When the amount of absorbed CO, during the mixing process exceeds 3.4 %, the mechanical strength of concrete may decrease
[100,105]. This decrease in strength is due to the formation of a thick layer of CaCO5 on the surface of the unreacted cement, which
prevents further hydration.

As indicated in Fig. 7, the compressive strength of cement composites made by CO, mixing typically decreased compared to those
made by air mixing, with a maximum reduction of about 80 % [27,28,106-111]. This decrease is primarily because the carbonation
coating on the cement particle surface can obstruct the hydration reaction, resulting in reduced compressive strength [104]. Addition-
ally, the compressive strength may have decreased due to the reduction in the C-S-H gel [112]. At the microstructure level, the car-
bonation reaction has been observed to have a favorable effect on the hydration reaction [73]. To fully understand the advantages
and disadvantages of CO, curing on the development of concrete strength, more research is required. It is crucial to identify the spe-
cific CO, parameters (e.g., age of curing, curing time, and CO, concentration) that influence these strength differences.

4.3. Carbonation curing

In the carbonation curing method, concrete specimens are exposed to CO, during the curing process to stimulate carbonation reac-
tions and reduce the carbon footprint of the final product [113]. Accelerated curing is widely used in the precast concrete industry to
speed up production and ease equipment turnover [114,115]. This is typically achieved through steam curing, which requires both
heat and moisture. Recent research suggests that CO, may accelerate reactions in the PC, potentially replacing steam in the curing
process of concrete. Materials produced using carbonation curing exhibit higher early-age strength and improved durability under
various exposure conditions, including sulfates, acids, and freeze-thaw environments [102]. Carbonation curing methods are essen-
tial for activating the hardening process of non-hydraulic binders. Currently, these methods are primarily used in precast applica-

Accelerated carbonation

A
[
Direct/indirect Carbonation Carbonation
carbonation curing mixing

Fig. 6. Typical approaches are widely used to accelerate carbonized cement concrete.
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Fig. 7. Compressive strength of concrete by normal mixing relative to carbonation mixing [27,28,106-111].

tions, as they necessitate a closed reactor system to maintain materials in a carbon-rich environment for an extended period (typically
several hours).

The process of carbonation curing includes semi-dry carbonation, which involves intentionally drying the concrete before expos-
ing it to CO,. This creates a carbonate gradient across the material's depth due to the decreasing rate of CO, absorption [104]. Carbon-
ation activation is primarily suitable for thin layers or porous materials that can undergo complete carbonation. In reinforced con-
crete structures, the application of carbonation curing may potentially elevate the risk of reinforcing steel corrosion [115]. However,
there is an ongoing debate about whether carbonation curing actually intensifies corrosion, as carbonated concrete surfaces tend to
become denser and more resistant to corrosive elements.

This section emphasizes the challenges faced by the concrete industry in achieving net-zero emissions (NZE) when implementing
the Carbon Utilization and Capture (CUC) approach. These challenges may arise from factors such as insufficient market capacity for
certain products or limitations in the absorption of CO, by specific processes. To address these challenges and make significant
progress towards NZE, a comprehensive strategy integrating various carbon utilization methods must be adopted. By tailoring these
approaches to specific products, a more substantial reduction in CO, emissions can be achieved.

Table 2 outlines how the effective reduction of carbon emissions can be achieved through the integrated use of various CUC
technologies. One prominent approach highlighted is the combination of pre-carbonation of concrete components with carbonation
curing to produce fully carbonated prefabricated elements [3,9,34,44]. This combined strategy enhances the carbonation of con-
crete elements, positioning it as a leading solution for the concrete industry to achieve NZE. By leveraging multiple CUC ap-
proaches and customizing them for specific products, the industry has the potential to significantly reduce its carbon footprint and
advance environmental objectives.

In the concrete industry, studies into the mineral CO, sequestration of industrial waste materials such as fly ash, slag, and RCA are
frequently conducted [116]. These materials contain calcium phases that help generate carbonate compounds, aiding in the seques-
tration of CO,. Early-age carbonation treatment has garnered significant attention as it uses rapid carbonation to cure fresh concrete
[117]. However, the early-age carbonation curing of cement composites is a more involved procedure than the accelerated carbona-
tion treatment of industrial waste materials [96]. Variations in chemical compositions and microporous structures among cement
composites with different constituents pose challenges in effectively managing carbonation conditions.

Table 2
Combining different CO, consumption strategies to produce NZE concrete [3,9,34,44].
Product Approaches Readiness for NZE
Precarbonation of concrete CO2 mixing Carbonation curing
Cast-in-situ, normal/heavy weight v v Low
Cast-in-situ, lightweight v v Moderate
Precast, lightweight, carbonated fully v v v High
Precast, lightweight, carbonated partially v v v Moderate
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5. Carbonation mechanism of binders and the preparation of low-carbon concrete

5.1. Early-age carbonation of binders

Because of the delayed carbonation process, cement concrete has a relatively limited natural capacity to sequester CO, throughout
its service life [14,71]. As outlined in Section 3, significant advancements have been made in recent years to increase CO, sequestra-
tion efficiency through accelerated carbonation treatment [52,65]. As illustrated in Fig. 8, the key applications of accelerated carbon-
ation in cement composites are primarily centred around two methods: 1) industrial wastes should be pre-carbonated before being
mixed, and 2) cement composites' early-stage carbonation curing after mixing.

5.1.1. Principles of cement clinker carbonation

Cement hydration and carbonation processes work together as a linked mechanism during the early carbonation curing process of
cement composites [118,119]. This section will delve into the reaction mechanism between CO, and cement clinkers to elucidate the
interactions and chemical processes occurring during this process [14,96].

Fig. 9 illustrates the reactivity of different components in cement clinker with CO, [110]. Specifically, calcium silicates (such as
Cs3S and C,S) undergo an immediate chemical reaction with fresh cement upon contact with CO, to produce C-S-H gel and CH [23].
The latter is the primary carbonation product of cement composites [120]. The hydration rate of tricalcium aluminate (C3A) is no-

Mineral CO2 sequestration
by waste materials

Cement Water and aggregate

Concrete

COz2 treatment of fresh
concrete

Fig. 8. Two mineral CO, sequestration methods are used in concrete production.

Si02

Ca0 CA CpA; CA CA, CA Al203

H Reactive to CO2
Minimal reactivity inert to CO2
Not found in published literature

Fig. 9. The CO, reaction activity with cement clinkers [110].
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tably rapid, leading to the formation of AFt and AFm [65]. The reaction of aluminous cement grain with water causes CsA to inter-
act with CO,, producing (CaCO3 and aluminum hydroxide, as depicted in equation (1):

3Ca0-Aly03+3C0+3H,0—2 A 1(OH)3+3CaCOs @

Before engaging in carbonation reactions, calcium silicate is enveloped by a layer of cement hydrates. During these reactions, the
exothermic leaching of Ca* occurs, accompanied by the partial evaporation of mixing water [96]. The loosely bound layer of hy-
drated gel on the calcium silicate surface rapidly dissolves, releasing Ca%*, SiO7’, and HSiOj. After the dissolved CO, ions cross the hy-
dration product layer and interact with the calcium silicate, CaCO3 precipitates are created, which build up on the surface of the cal-
cium silicate [40]. The initial space filled by calcium silicate is eventually replaced by CaCO5 precipitates as the carbonation process
advances. Previous research indicates that CaCO3 and calcium-modified silica gel are the end products of carbonation curing. Subse-
quent studies ought to concentrate on examining the mineralization kinetics of C3S and p-C,S in order to clarify the kinds, composi-
tions, and processes of the final mineralization products [46].

5.1.2. Principles of cement hydrates carbonation
In the reaction of CO, with cement hydrates, C-S-H gel and CH are the primary cement hydrates that also undergo reactions with
injected CO, [121,122]. The reaction process can be illustrated by equations (2) and (3):

Ca(OH), + CO,—CaCO3+H50 (2)
C-S-H + CO,—CaC03+4Si0,+H,0 3

Carbonation reactions have the potential to release bound water from CH and C-S-H gel, thereby stimulating further hydration of
cement. This phenomenon can enhance the strength of the concrete material [71]. Simultaneously, the reaction of CO, with C-S-H gel
can modify the microstructure of fresh cement composites, potentially affecting their performance and influencing the properties of
hardened concrete [50]. Moreover, the reaction of CO, with CH can decrease the pH value of the cement composite system, which
might pose a risk to the reinforcement in concrete production [103,118]. C-S-H, as a key component of cementitious materials, is sus-
ceptible to carbonation, thereby offering significant potential for CO, capture [35,50]. For example, Liu et al. [35] conducted a study
on the carbonation kinetics of C-S-H with different calcium-to-silica ratios (Ca/Si). The results of this study provide valuable insights
into CO, capture using C-S-H, which is abundantly present in cementitious materials [35]. Understanding the carbonation behavior of
C-S-H with different Ca/Si ratios can contribute to the development of more effective strategies for CO, capture and utilization in the
construction industry. Furthermore, in 2023, Liu et al. [8] introduced a super C-S-H material designed for ultra-high CO, adsorption
and storage. This innovative super C-S-H material exhibits an exceptional CO, capture capacity, achieving up to 293.6 mg/g, which
represents a significant advancement in CO, capture technology [8].

Carbonation reactions and CO, sequestration are ongoing processes throughout the entire lifecycle of concrete structures, persist-
ing even after demolition, and can be further enhanced. Different researchers have reported varying potentials for carbonation in con-
crete [123]. In traditional concrete made with OPC, carbonation has been viewed negatively due to its potential to deteriorate the
passive layer around reinforcement, leading to corrosion [91]. However, recent literature suggests that cement hydrate carbonation,
especially early carbonation, can enhance the mechanical strengths of cement composites without compromising durability [108].
Additionally, the carbonation of AFt can generate CaCOs3, aluminum hydroxide gel, and gypsum, offering further potential for CO, se-
questration. It is essential to recognize that the formation of CaCO3 competes with the hydration process [87]. The chemical processes
involved in these reactions and their effects on the properties of cementitious materials can be better understood by examining a
schematic diagram of the hydration and carbonation processes that occur on the surface of cement particles and within the network of
interacting cement particles [118], as shown in Fig. 10a.

Additionally, once the accelerated hydration stage of cement paste commences, leading to the generation of CH and C-S-H gel, ce-
mentitious materials become suitable for carbonation [118], as shown in Fig. 10b. As a result, carbonation curing is usually carried
out following a predetermined amount of time for conventional curing. The effectiveness of subsequent carbonation curing and the
mechanical strengths of cementitious materials can be significantly impacted by the length of the conventional curing [124]. The rate
of subsequent carbonation treatment and the capacity to absorb CO, can both be reduced by extending the standard curing period af-
ter casting, whereas an excessively short conventional curing time can impede the strength development of cementitious materials
[99]. Effective carbonation curing contributes to achieving higher early strength and rapid strength enhancement in cementitious ma-
terials, primarily due to the pore-filling effect of calcite particles formed during the carbonation process, which enhances microstruc-
ture densification [110]. However, prolonged or overly intense carbonation curing may have detrimental effects on early compressive
strength development. These negative impacts could result from: 1) carbonation curing delaying cement hydration, 2) decalcification
of C-S-H gel, 3) microstructural cracking due to carbonation shrinkage, and 4) consumption of C,S during the carbonation curing
process, thereby slowing down the strength development of the cement paste in later stages [14].

Additionally, C-S-H has a high potential for CO, capture because it is the main component of cementitious materials and is subject
to carbonation. Although some research has focused on the carbonation behaviors of C-S-H in relation to the durability of concrete,
the kinetics of C-S-H carbonation and the changes that occur during carbonation have not been thoroughly investigated [35]. To pro-
mote sustainable building practices and improve concrete's performance in carbon capture applications, it is essential to comprehend
the carbonation of C-S-H and its effects on concrete properties.
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Fig. 10. (a) Illustration of hydration and carbonation products on the cement surface [118] and (b) a conceptual model illustrating the hydration and carbonation reac-
tions of cement with CO, [118].

5.1.3. Principles of SCMs carbonation

The CO, emissions generated from the cement production process are substantial, contributing to approximately 7 % of the total
CO, emissions [20,125]. To mitigate these emissions, substituting a portion of traditional cement clinker with SCMs is a viable strat-
egy [15,126,127]. SCMs typically contain reactive silica components that can react with CH to form C-S-H gel through capillary ac-
tion [21,128,129]. Consequently, SCMs are also anticipated to facilitate early carbonation curing [118,130,131]. Fly ash, a common
SCM known for its favorable carbonation reactivity, can undergo a certain degree of hydration before engaging in early carbonation
curing [132-134]. These reactions can be represented by equations (4) and (5):

xCa(OH), + SiO, +m;H,0 — xCO3-Si0yn;H,0 (€))
xCa(OH), + Al,03 +myH,0 — yCaO-A1203~n2H20 5)

Additionally, in fly ash, CH, calcium silicate hydrate, and MgO are involved in subsequent carbonation reactions of cement com-
posites [16,135,136]. The carbonation reactions of CH, C-S-H, and MgO can be depicted by equations (6)-(9):

MgO + H,0 — Mg(OH), (6)
Mg(OH); + CO, + Hy0 — MgCO4:3H,0 @)
5 Mg(OH), + 4CO, — 4MgCO3 + Mg(OH),-4H,0 (8)
5 Mg(OH), + 4CO, + H,0 — 4MgCO3 + Mg(OH),5H,0 9)

The carbonation of fly ash competes with the cementitious reactions, indicating that the level of carbonation in fly ash is inversely
related to the degree of cementitious reaction [125,137,138]. Nevertheless, the early-age strength of the composites can be guaran-
teed by carbonation by keeping the early carbonation curing time within a certain range, and the pozzolanic reaction can provide suf-
ficient later mechanical strength [139,140].

Waste slag streams from the steel industry can also capture and sequestration CO,. Compounds including C3S, C,S, hydroxides,
and calcium-magnesium oxides are found in steel slag [67,141]. CH and calcium silicate present in steel slag can undergo reactions
with CO, to produce CaO3 [142,143]. Additionally, CaO and MaO in steel slag can directly react with CO, to form precipitates, with
these compounds being prominent constituents in steel slag [15,138]. The proportions of CaO and MgO in steel slag are significant, as
demonstrated in equations (10) and (11). Carbonation of waste slags is a promising technology for the treatment and management of
industrial waste, this process can immobilize heavy metals and other contaminants within the waste slags, or convert certain contami-
nants into more stable forms that are less likely to be released into the environment, reducing the risk of contamination of soil, water,
and air. However, it is important to carefully evaluate the specific waste materials and conditions to determine the most appropriate
treatment method and ensure effective contaminant stabilization.

Ca0 + CO, — CaOs (10)

Certain elemental minerals, such as granulated blast furnace slag, silica fume, and limestone, show little reactivity towards CO,
[144,145]. Nevertheless, throughout the carbonation process, limestone can act as a nucleation location for the creation of C-S-H, fur-
ther increasing early-age mechanical strength. By adding SCMs, cementitious materials' porosity can be increased, which will aid in
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CO,, diffusion. A study performed by Qin et al. [43] revealed that compared to the control group, the incorporation of SCMs can lead
to a higher rate of early strength enhancement, partially compensating for the reduced compressive strength. This compensation
helps offset the decline in compressive strength resulting from the inclusion of SCMs [146,147]. For instance, as indicated by Liu et al.
[671], notable insights have been obtained from the study of SEM-BSE pictures (at 750 X magnification) and matching EDX spectra of
the BFS-50 % samples following spontaneous and accelerated carbonation (refer to Fig. 11). In the natural carbonation process, a
heightened presence of silica gel (depicted in deep green areas) and alumina gel (observed in light blue areas) is evident. The decalci-
fication of C-S-H results in the transformation of Ca-modified silica gel, leading to alterations in the structure of C-S-H and a substan-
tial increase in porosity [35]. MgO exhibits a notable CO, absorption capacity (1.09 metric tons of CO, per ton of MaO), suggesting
the potential development of a building material capable of absorbing more CO, than the quantity emitted during binder production
[44]. However, the high costs of extraction, transportation, and further processing (heating and grinding) limit the use of these miner-
als in concrete and make it difficult to achieve meaningful CO, absorption.

Several factors influence the carbonation of cementitious materials, including the type of cementitious material, water-to-cement
ratio, humidity, temperature, concentration of CO,, CO, flow rate, and CO, pressure. For instance, the extent of carbonation is typi-
cally greater in aqueous solutions compared to dry conditions due to the leaching of calcium ions from the fractured concrete [104].
Despite the lower CO, absorption rates of certain binders, the economic and ecological advantages make the use of low-carbon
binders more appealing.

5.2. Utilizing CO, technologies for preparing recycled aggregate concrete

Our world is currently grappling with significant environmental issues stemming from the overexploitation of natural resources
and the substantial release of CO, into the atmosphere [29,70,148]. Additionally, the rapid pace of urbanization and redevelopment
has led to the generation of substantial amounts of concrete waste [149-151]. As a typical solid waste, RCA possesses significant po-
tential for sequestering carbon emissions. By utilizing carbonated RCA as an alternative material for natural aggregates, we can simul-
taneously address the challenge of managing concrete waste while also leveraging it as a carbon sink to mitigate CO, emissions
[152-155]. This approach contributes to sustainable practices by reducing the environmental impact of concrete production and
waste management in the construction industry [156-158]. The significance of CO, sequestration and the improvement of RCA and
recycled aggregate concrete's performance through thorough reaction procedures have been underlined in recent studies

Silica
powder.

Limestone
powder

Fig. 11. SEM-BSE images of cement-slag composites after (a) natural and (b) accelerated carbonation with 2 % CO, (S: silica gel, A: alumina gel) [67].
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[104,112,159]. As such, this section will introduce the roles of admixing CO, in the recycled aggregate concrete system and the ad-
mixing CO, on the performance of RCA and recycled aggregate concrete.

5.2.1. The roles of admixing CO, in the recycled aggregate concrete

The global annual production of demolished concrete can exceed 2.2 gigatons [160-162]. If this demolished concrete is fully re-
covered and utilized as aggregate, it could potentially reduce the need to extract approximately 13.5 gigatons, or 13 %, of the total
volume of natural aggregates required for new concrete production [13,105,163]. However, as a result of attached old mortar, RCA
often has features such as higher water absorption, lower density, and higher crushing values than NA [157,164]. It is widely ac-
knowledged that the old mortar on the surface of RCA can react with CO, to produce CaCOs, which ultimately precipitates in the
pores and microcracks within cement composites [26,28,165]. Gaseous CO, penetrates loose mortar through pores, as shown in Fig.
12, and dissolves into the pore solution to generate carbonic acid [72]. Furthermore, Ca2* precipitates from active calcium com-
pounds, including cement hydrates like CH, C-S-H gel, and unhydrated cement clinkers to generate CaO3 and silica gel [72]. Addition-
ally, AFt can react with CO, to generate calcium carbonate, gypsum, and alumina gel. The formation and deposition of CaCOj in pores
and microcracks can refine the microstructure of RCA, thereby enhancing its quality.

5.2.2. Commonly used methods for carbonizing recycled aggregate concrete

Carbonation adjustment and carbonation curing are two commonly employed treatments for recycled aggregate concrete [149].
The method of introducing CO, into RCA using a sealable carbonation chamber is known as carbonation adjustment. In contrast, car-
bonation curing involves the carbonation reaction between CO, and cement paste and is applied to the entire concrete block after
mixing [152]. While carbonation of RCA can be conducted before concrete mixing, carbonation curing must be performed after mix-
ing, limiting its application before casting [166]. Both methods yield favorable outcomes and aid in CO, sequestration, thus contribut-
ing to the reduction of greenhouse gas emissions. Among the two techniques, carbonation adjustment of RCA is often regarded as the
most practical and effective approach for utilizing waste materials [152].

5.2.3. Performance improvement of carbonated recycled aggregate concrete

As previously discussed [116,167,168], with CO, treatment, RCA's water absorption and crushing value can be reduced by around
20-30 % and 5-25 %, respectively, while its apparent density can be increased by 0.6-5.6 %. Through the carbonation process,
porous RCA produces calcium carbonate, thereby augmenting its solid volume [117,169,170]. Consequently, compared to untreated
RCA, carbonation may result in decreased porosity and water absorption. One viable approach to enhance the use of leftover concrete
in the CCUS industry is to produce high-strength, extensively processed, low-cost RCA products that also support sustainable CO,
management. Improving RCA performance through innovative techniques like pre-soaking with CH can promote the utilization of
waste materials in an eco-friendly manner and enhance the overall sustainability of the construction industry. For instance, in a re-
cent study carried out by Zhu et al. [156], the application of pre-soaking with a CH solution was used to optimize the kinetics of the
mineralization reaction, leading to RCA with stronger and more pliable pores. Notable improvements were observed, including a
28.8 % decrease in the crushing index and an 11.1 % reduction in the water absorption rate for RCA. In a study by Gao et al. [66], a
highly efficient carbonation process was applied to RCA using a simple method, leading to notable improvements such as a 3.6 % re-
duction in water absorption rate and a 20 % decrease in porosity. EDS analysis revealed that silicon elements in the carbonation prod-
uct were concentrated prominently in non-carbonated regions, while calcium elements tended to aggregate in more distant areas.

The changes in the pore structure of RCA induced by carbonation-curing treatment are primarily due to the precipitation of CaCO5
crystals within the aggregate pores, resulting in a reduction in pore volume [166]. Consequently, RCA cured by carbonation showed a
decline in its crushing value. This reduction in crushing value was consistently observed across various studies, despite the different
types of RCA utilized. Therefore, carbonation curing has the potential to improve the strength and durability of RCA, irrespective of
the type [149].

Carbonating RCA or directly carbonating recycled aggregate concrete not only facilitates carbon sequestration but also improves
the overall performance of concrete. Various techniques have been applied, enhancing the mechanical characteristics of concrete and

Pore solution

Fig. 12. The rapid process of RCA's carbonation: (a) mesoscopic; (b) microscopic [72].
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accelerating its strength development. Table 3 showcases research findings related to the carbonation curing of recycled aggregate
concrete [84,89,164,171]. As indicated in Table 3, most research findings suggest that concrete prepared using RCA after carbonation
treatment exhibits improved compressive strength [36,168]. Furthermore, RCA's carbonation treatment can enhance their quality by
increasing crushing indices and decreasing porosity, which may improve recycled aggregate concrete's durability performance met-
rics [172-175]. For example, Kaddah et al. [68] observed significant damage and cracking due to carbonation shrinkage and tensile
strains in recycled aggregate concrete, along with increased gas permeability at the initial stage of carbonation. Leemann et al. [176]
noted that regions in the cement paste with lower backscattering contrast on their surface result from the rapid carbonation of aggre-
gates. Moreover, carbonation treatment can improve the interface transition zone (ITZ) between the cement matrix and carbonated
RCA, thereby enhancing concrete performance and extending the service life of concrete structures [41]. In the study by Li et al. [78],
the silicon (Si), aluminum (Al), and calcium (Ca) distribution in the ITZ in recycled aggregate concrete including carbonated RCA was
more uniform. This finding suggested that an amorphous C-S-H gel was forming around the carbonated RCA particles. This finding
suggested that an amorphous C-S-H gel was forming around the carbonated RCA particles. By densifying the ITZ, these C-S-H gels en-
hanced their binding capabilities and inhibited the development of big pores inside the ITZ.

In summary, the carbonation of RCA primarily leverages the residual CH within the adhered cement paste. The formation of
CaCO3 during carbonation can increase the overall solid volume by approximately 3 % and reduce the porosity of RCA by up to 30 %
[116,175]. This reduction in porosity and the formation of CaCO3 can improve the paste matrices attached to RCA and the aged ITZs
within recycled aggregate concrete. As a result, water absorption is reduced, and both macro- and micro-mechanical properties of re-
cycled aggregate concrete are enhanced. Consequently, concrete incorporating carbonated RCAs demonstrates improved mechanical
strength and durability, including greater resistance to water, CO,, chloride ion ingress, and other deleterious factors.

6. CO, utilization commercialized technologies in low-carbon concrete production

Impressively, there has been significant investment in developing patented products aimed at reducing carbon emissions in ce-
ment concrete production while promoting CO, utilization technologies in building materials. Over the past two decades, companies
focusing on these initiatives have made substantial progress, with some successfully demonstrating carbon footprint reduction at pilot
scale and transitioning to full-scale production. Table 4 outlines the various CO, utilization technologies employed in these endeavors
[3,51,98,152,177]. Further exploration of these technologies and understanding their impact on the construction industry and envi-
ronmental sustainability can be highly beneficial.

6.1. CarbonCure

Since 2007, CarbonCure, a company based in Nova Scotia, has been committed to lowering the carbon footprint of the concrete
sector. The innovative technology developed by CarbonCure involves injecting a small amount of CO, directly into “green concrete
mixes” during the production process, as illustrated in Fig. 13. This process accelerates the curing rate of concrete and enhances its
strength. Additionally, CarbonCure's method reduces the amount of cement required, allowing for the production of more concrete.
By injecting CO, into the concrete mix, the hydration process is expedited, leading to increased strength without compromising the fi-
nal performance of the concrete. These improvements in strength and curing effects do not detract from the overall quality and dura-

Table 3
The effect of carbon-curing on the performance of recycled aggregate concrete.
RCA (%) Carbonation duration (h) Carbonation pressure (kPa) Compressive strength (%) Flexural strength (%) Ref.
0 6 207 2 - [171]
345 14 -
414 5 -
0 2 10 -17 -18 [84]
50 2 10 -25 —-22
100 2 10 -38 =27
100 0 0 0 - [164]
100 24 10 12 -
50 6 10 15 - [89]
12 10 54 —
24 10 85 -
Table 4
The commercialized technologies to reduce carbon emissions and prepare low-carbon concrete [3,51,98,152,177].
Company Method CO, reduction potential
CarbonCure Injection of CO, in concrete 231,319 MT
Solidia Cement concrete that cures with CO, 1.5 gigatons of CO, sequestered annually
Novacerm Creating superior composites by incorporating CO, into superior materials 180-200 g of CO, per kilogram of steel slag
Carbicrete Steel slag carbonation as a cement substitute (cement-free concrete) 200 kg each day
Heidelberg At lower burning temperatures (1150-1280 °C), turnover clinker Decrease CO, emissions by 20-30 %
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Fig. 13. The mission of CarbonCure for achieve low-carbon cement composites (https://www.carboncure.com/).

bility of the concrete. CarbonCure's approach represents an innovative solution for developing sustainable concrete, providing both
environmental and economic benefits by optimizing the concrete production process and reducing its carbon footprint.

The concrete industry now has a very scalable way to turn CO, into products thanks to CarbonCure. With the help of CarbonCure's
technology and their methods, more than 62 concrete companies have produced 1.16 million tons of cement composites [51]. In com-
parison to the production of regular concrete, CO, emissions have been reduced by over 15,000 tons [3]. The developers of the Car-
bonCure process project that by 2030, the technology could sequester 500 million tons of CO, annually, as indicated in Fig. 14. The
technology has been installed and utilized in over 300 concrete plants globally, showcasing its extensive reach and industry impact.

CarbonCure has been at the forefront of industrial carbon mixing technology, utilizing high-purity CO, in fixed or transportable
mixers through retrofitting centralized concrete facilities. During this process, a mixture of liquid and gaseous CO, is injected into the
concrete mixer within 3 min of the start of mixing [178]. The mixing time varies from 10 s to 4 min, with CO, typically ranging from
0.01 % to 1 % of the cement mass in the concrete mixture. In addition to directly sequestering CO5 (up to 1 % of the cement mass),
CarbonCure technology enhances the efficiency of binders. Despite the relatively limited CO, absorption capacity, the implementa-
tion of this technology requires minimal modifications to equipment and material design. CarbonCure is a viable and sustainable solu-
tion for the concrete industry, as it can reduce cement usage without compromising concrete strength and is easy to integrate into ex-
isting equipment [51]. The widespread application and success of CarbonCure technology highlight its potential to significantly re-
duce carbon emissions in the concrete industry and promote future sustainability. By the end of 2020, the total amount of CO, saved
by this technology exceeded 100,000 tons.

CarbonCure has established itself as a global leader in carbon utilization solutions. By integrating CarbonCure's comprehensive
suite of technologies, concrete producers can enhance the environmental performance of their operations and contribute to the indus-
try's transition toward a more sustainable future. The continuous development of innovative technologies offers concrete producers
additional benefits in performance, cost-effectiveness, logistics, and environmental impact. The ongoing advancement of carbon uti-
lization technologies developed by CarbonCure underscores the industry's commitment to reducing CO, emissions and achieving sus-
tainable cement concrete.
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Fig. 14. CarbonCure goal by 2030 (https://www.carboncure.com/).
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6.2. Solidia Technology

As shown in Fig. 15, Solidia Technology, established in Piscataway, United States, in 2008, offers green solutions for producing en-
vironmentally friendly building materials by utilizing CO, (https://www.solidiatech.com/). The company integrates low-carbon
processes, carbon mineralization, and efficient operations to provide exceptional concrete performance, enhance supply chain re-
silience, and reduce the carbon intensity of concrete.

As depicted in Fig. 15b, Solidia Technology offers two products with lower net carbon emissions than traditional cement compos-
ites: Solidia Cement and Solidia Concrete. Solidia Concrete is cured with CO, instead of water, providing superior qualities compared
to conventional concrete. Solidia Cement is a non-hydraulic cement that uses less energy than OPC [179]. Annually, Solidia Technol-
ogy can save a minimum of 1.5 gigatons of CO,, conserve 30 trillion liters of water, reduce energy consumption in the cement indus-
try by 67 million tons of coal, and prevent the disposal of 100 million tons of concrete waste [3]. For the global $1 trillion concrete
economy, these solutions continuously explore new product development and offer novel sustainable alternatives. Solidia Technolo-
gies received a $2.1 million grant from the US Department of Energy to create carbonated monolithic materials through the direct
capture of CO, from flue gas. Recently, Solidia partnered with Matagorda Concrete in Bay City, Texas, to use Solidia SCM in concrete
as a 35 % cement replacement. Construction workers were impressed by the usability of this material. The concrete pouring was
smooth, the surface was even, and there were no issues with solidification. Even in windy conditions, there were no signs of cracking
or delamination in the following days (Fig. 15c).

Using a technical platform developed by Solidia Technologies, new construction materials with remarkable physical qualities, af-
fordable lifecycle costs, and minimal environmental impact can be produced. Preliminary research results indicate that the strength
and performance of these materials significantly surpass those of traditional concrete. Additionally, the carbon sequestration technol-
ogy employed in the production process provides carbon-neutral alternatives to conventional concrete.

6.3. CarbiCrete technology

CarbiCrete, headquartered in Montreal, specializes in developing building technology solutions aimed at reducing emissions in the
construction environment and sequestering carbon (https://carbicrete.com/technology/). Their innovative process involves using an
industrial by-product, blast furnace slag from steel mills, as a binder for concrete products instead of cement. By injecting CO, into
freshly mixed concrete, this process not only enhances strength but also permanently sequesters CO, in the product.

CarbiCrete specializes in producing carbonized concrete blocks using recycled steel slag and advanced accelerated carbonation
technology. The steel mill slag, rich in magnesium silicate and calcium silicate, reacts with captured CO, to yield premium-quality
products [180]. The carbonization process involves three key steps: pre-treating the steel slag mixture, block molding, and diffusing
CO, into the blocks. During this process, CO, and calcium silicate combine to generate CaCOs3, which permanently sequesters CO,.
Compared to conventional concrete, carbonized concrete can typically increase its mechanical strength by approximately 30 % [3].
CarbiCrete's technology can reduce CO, emissions by 150 kg per ton of concrete, potentially leading to an annual reduction of around
2.2 billion tons of CO, [181]. CarbiCrete was listed as one of the top ten construction startups in 2020 and has received recognition
for its innovative approach. This accolade underscores the company's significant contribution to reducing carbon emissions and de-
veloping low-carbon concrete.

Solidia
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reduces CO2
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Fig. 15. (a) Company's logo; (b) two low-carbon products in this company; and (c) company's latest products utilizing SCM in low-carbon concrete (https://
www.solidiatech.com/).
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6.4. Heidelberg Materials

Headquartered in Heidelberg, Germany, Heidelberg Materials is an international building materials firm. In September 2022, the
business, previously known as Heidelberg Cement, changed its name to Heidelberg Cement. Its core business includes the production
and distribution of cement and aggregates. Its downstream operations primarily involve the production of ready-mix concrete, as well
as asphalt and other construction products (https://www.heidelbergmaterials.com/en/investor-relations).

Heidelberg Materials aims to lead the industry in achieving carbon neutrality and developing new products with low carbon foot-
prints and enhanced energy efficiency for construction. From 1990 to 2021, Heidelberg Materials reduced CO, emissions by approxi-
mately 25 %, reaching 565 kg of CO, per ton of cement composites [182]. By 2030, their goal is to reduce CO, emissions by an addi-
tional 10 million tons [3]. To achieve this, Heidelberg Materials is conducting extensive research on future-oriented technologies that
can store CO,, or utilize it as a raw material [183]. They have also developed various environmentally friendly alternatives to tradi-
tional cement, such as Ternocem. Ternocem cement offers high early-age strength and minimal shrinkage, making it an ideal choice
for prefabricated applications [98].

Heidelberg Materials aims to lead the way in circular solutions and be at the forefront of efforts to achieve net zero emissions for
cement and concrete. Their goal is to reach net zero emissions by 2050. The company collaborates with customers and partners to
drive innovation and is dedicated to creating future-oriented building materials.

6.5. Novacem

Based in London, United Kingdom, Novacem is a pioneering company in sustainable cement production. Founded in 2007, No-
vacem is dedicated to developing negative carbon cement technology to significantly reduce the carbon footprint associated with tra-
ditional cement production processes (https://novacolor.sa/en/product/1618952077-ZYs-novacem). Magnesium silicate is the main
raw ingredient used in their innovative cement production process, where more CO, is absorbed during the curing process than is
emitted during production, resulting in a net carbon-negative effect. Novacem's technology provides a more environmentally friendly
alternative to traditional cement production methods and has the potential to revolutionize the construction industry.

In 2008, Novacem developed an innovative magnesium oxide-based cement that replaces calcium carbonate with magnesium sili-
cate, resulting in a negative carbon impact [184]. They employ an accelerated carbonation method to treat magnesium silicate, pro-
ducing magnesium carbonate. The CO, generated in this process is captured and reused, creating a carbon-negative cement. No-
vacem's cement has a lower precursor production temperature and benefits from using biomass fuel, further reducing CO, emissions
[185]. One ton of Novacem cement can absorb approximately 100 kg of CO,, resulting in carbon-neutral products [3]. Recently, No-
vacem's “negative carbon cement” has garnered significant attention in the media as a pioneering “green” material.

Novacem's technology is based on magnesium silicate, rather than the limestone (calcium carbonate) used in traditional PC. It is
estimated that global reserves of magnesium silicate exceed 100 trillion tons. The company's technology involves a low-carbon, low-
temperature process to convert magnesium silicate into magnesium oxide, followed by the addition of special mineral additives to
produce Novacem cement.

Table 5 outlines the advantages and disadvantages of various CO, utilization technologies, detailing their characteristics,
development stages, and potential applications of carbonate products [3,14,51,65,69,152]. As summarized, diverse CO, uti-
lization technologies have been developed, including the carbonation of industrial waste and RCA. The capability to capture
CO, from the atmosphere holds the potential to create a global market worth billions of dollars for CO, utilization in the
concrete industry. However, these technologies face numerous challenges, such as producing high-quality products, reducing
CO, emissions throughout the entire lifecycle, and raising public awareness of CO, emissions in products. Additionally, sig-
nificant challenges are associated with the commercialization of these technologies, including the high cost of CO, and strict
requirements from various institutions. As more companies enter the emerging CO, utilization market, competition and risks
are increasing.

To effectively manage accelerated carbonation curing at a commercial scale and prevent excessive carbonation, the implementa-
tion of a meticulous yet practical assessment system is crucial. This system should encompass a range of quantitative parameters such
as CO, absorption, carbonation depth, and carbonation duration. Developing such an evaluation system necessitates extensive re-
search on early-stage carbonation curing of cement-based materials under varying carbonation conditions. Furthermore, the lack of

Table 5
Benefits and drawbacks of common CO, use systems for producing low-carbon concrete. Summarized by earlier research [3,14,51,65,69,152].
Company Product Advantages Disadvantages
CarbonCure Concrete 1) Without of corrosion; Only 10 wt% of CO, can be sequestered

2) Can not impact the properties of concrete;
3) CO, reduction of roughly 25 1b/Y3

Solidia Cement and Permanently store 300 kg of CO, per ton during the manufacturing of Applicable in the precast system only
Concrete concrete
Carbicrete  Carbonated blocks 1) Reducing 20,000 tons of CO, emission; Curing is only possible in a regulated
2) Reducing 33,000 tons of landfill waste; environment
Novacem Cement 1) Savings per ton of 50-100 kg CO, High pressure is necessary for curing.
Heidelberg  Cement 1) Recyclable; 1) Low market share growth
2) Creating composite cement with clinker concentration as low as 2) Curing required high pressure

roughly 70 %
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systematic assessment of early-stage carbonation curing on cement-based composites containing pre-carbonated ingredients repre-
sents a significant research gap, hindering the utilization of such materials in the concrete industry. Addressing this gap is essential
for advancing the effective use of pre-carbonated ingredients in concrete production.

7. Remaining challenges and conclusions

The utilization of CO, in cement concrete production has gained significant momentum over the past decade, offering substantial
environmental benefits. We have discussed and reviewed relevant publications from the period of 2014-2024, leading to the identifi-
cation of key findings and remaining challenges as follows:

1) Addressing climate change requires expedited action, with accelerated carbonation proving significantly more advantageous
than natural weathering processes. Various technologies, including direct aqueous carbonation, carbonation mixing, and
carbonation curing, demonstrate substantial promise in this context. A holistic approach that combines different carbonation
methods with concrete recycling within a circular economy framework could establish a significant carbon sink.
Consequently, comprehensive life cycle analyses and economic assessments of these technologies are crucial.

2) The complex interplay of factors such as pre-hydration durations and early-stage carbonation curing times on cement-based
materials necessitates in-depth investigation. It is essential to construct a database detailing the effects of these diverse factors on
material performance during early-stage carbonation curing. Developing statistical models, and utilizing machine learning and
numerical simulations, can enhance the prediction of concrete carbonation depth and recommend protective measures.

3) To facilitate the widespread adoption of innovative materials incorporating sequestered CO,, further fundamental research
is essential. This research should thoroughly investigate the carbonation mechanisms, characteristics of novel construction
materials, concrete mix formulations, mechanical properties, and durability aspects.

4) C-S-H, a primary component of cementitious materials, has significant potential for CO, capture through carbonation. While
some studies have investigated the carbonation behaviors of C-S-H in relation to concrete durability, a comprehensive
examination of C-S-H carbonation kinetics and the alterations that occur during the process is still needed.

5) Carbonation of RCA exploits the residual CH within the adhered old paste, resulting in the formation of CaCOs. This
formation enhances the solid volume and reduces porosity, thereby improving the mechanical properties, durability, and
resistance to external factors in concrete that incorporate carbonated RCAs.

6) Implementing a robust assessment system is essential for managing accelerated carbonation curing on a commercial scale. This
system should encompass quantifiable parameters to effectively monitor and control the process. Additionally, it must address
the current lack of systematic evaluation of early-stage carbonation curing in cement-based composites that incorporate pre-
carbonated materials, which poses a significant challenge to their widespread adoption in the concrete industry.

7) Optimization of CO, utilization processes is necessary to maximize efficiency and effectiveness. This includes refining the
carbonation techniques to ensure optimal CO, absorption and minimizing any adverse effects on the concrete properties.
Research should focus on the ideal conditions for carbonation, such as temperature, pressure, and duration, to enhance the
overall performance of the concrete.

8) The successful implementation of CO, utilization technologies in concrete production requires substantial economic and policy
support. Governments and industry stakeholders need to provide incentives, subsidies, and regulatory frameworks that
encourage the adoption of these sustainable practices. This includes funding for research and development, as well as creating
awareness about the benefits of low-carbon concrete among builders and consumers.

Overall, the utilization of CO, in cement concrete production presents a promising avenue for mitigating climate change and pro-
moting sustainability in the construction industry. Despite significant advancements, several challenges remain, including the need
for extensive research, optimized processes, robust assessment systems, and strong economic and policy support. Addressing these
challenges will pave the way for the widespread adoption of low-carbon concrete, contributing to a more sustainable future.
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