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Abstract:  The construction sector is responsible for about 40% of energy-related emissions worldwide. Utilizing low-carbon concrete materials (LCCMs) has been recognized as an efficient way to reduce embodied carbon (EC). However, there is a lack of systematic understanding and a unified comparison of the LCCMs’ EC reduction potentials. This paper identifies publications related to LCCMs and conducts a content analysis in three dialectical dimensions. Identified LCCMs were categorized into four divisions. The results show that the most prospective LCCMs are low-carbon cementitious binders, achieving 52.6% EC reductions. The results also demonstrate the significance of comparing the EC reduction potentials of different LCCMs at a unified level, as up to 11% inconsistency was identified when switching between cement & concrete level and components & building level. It provides a theoretical foundation for researchers and practitioners to examine possible LCCMs. The findings reveal new directions for achieving a more reliable cross-case comparison among the EC reduction potentials of different LCCMs. 
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	List of Acronyms

	AABs
	Alkali-activated binders

	C&B
	Components & building

	C&C
	Cement & concrete

	CSABs
	Calcium sulfoaluminate binders

	EC
	Embodied Carbon

	FA
	Fly ash

	GGBS
	Ground granulated blast-furnace slag

	GHG
	Greenhouse Gases

	HSC
	High strength concrete

	I-O
	Input-output

	IPCC
	Intergovernmental Panel on Climate Change

	ISO
	International Organization for Standardization

	LCA
	Life Cycle Assessment

	LCB
	Low-carbon cementitious binder

	LCCa
	Life Cycle Carbon

	LCCMs
	Low-carbon concrete materials

	NAs
	Natural aggregates

	OC
	Operational Carbon

	OPC
	Ordinary Portland cement

	RCAs
	Recycled concrete aggregates

	RRF
	Reducing-replacing factor

	SCMs
	Supplementary cementitious materials

	SF
	Silica fume

	List of Symbols

	RSCM
	Replacement ratio of OPC by SCMs

	REC
	EC reduction potential



1. Introduction
The Report of the Intergovernmental Panel on Climate Change (IPCC) has confirmed the need to reduce GHG emissions by 45% by 2030 compared to 2010 and achieve a 100% reduction by 2050. International cooperation should be further enhanced to reach such goals (Chen et al., 2020; Xu et al., 2021). Compared with other sectors, the construction industry plays a critical role in response to the climate emergency as it accounts for 39% of energy-related emissions globally, especially for China, the largest developing country (Chen et al., 2021; Wu et al., 2019). As the staple of the construction industry, 30 billion tonnes of concrete are utilized annually worldwide and the concrete consumption is rising even more rapidly than that of steel or wood (Monteiro et al., 2017). In addition, the concrete possesses a colossal carbon footprint amongst all construction materials as at least 8% of global carbon emissions solely come from the cement for concrete production (Ellis et al., 2020). 

The two types of carbon emissions generated during construction are embodied carbon (EC), which is generated from upstream material production, transportation, and construction, as well as downstream maintenance and demolition, and operational carbon (OC), i.e., the carbon induced by energy consumption during the operation stage (Ibn-Mohammed et al., 2013). Despite the fact that OC is currently the primary sector in buildings’ life cycle carbon emissions (LCCa) due to their long serving periods, the EC accounts for a steeply increasing proportion of the overall building’s LCCa (Akbarnezhad & Xiao, 2017; Hammond et al., 2011; Pan & Teng, 2021). It is expected that EC would account for 50% of new construction projects’ overall LCCa by 2050 (Pan et al., 2017; UNFCCC, 2015). On the other hand, EC is emitted within a shorter period, leading to more intensive annual impacts than OC (Sandanayake et al., 2017). Given the increasing demand of concrete and its colossal carbon footprint, the calculations and reduction of EC induced by concretes’ production and utilization are creating significant concerns in the pursuit of a greener construction industry. 

The selection of concrete materials has a considerable impact on the overall EC (Cabeza et al., 2021; Venkatarama Reddy, 2009). Previous studies have investigated the classifications, production, mechanical performances, composition, and also the sustainability of low carbon concrete materials - LCCMs (Akbarnezhad & Xiao, 2017; Cabeza et al., 2013; Orsini & Marrone, 2019). For example, Orsini and Marrone (2019) concluded eight approaches for reducing greenhouse gasses emissions (GHG). However, they did not specify the calculation level of the GHG reduction potentials of each approach. Neither inter-approach comparisons were made. Akbarnezhad and Xiao (2017) divided identified embodied carbon reduction strategies into six categories and reported some of the carbon reduction potentials from literatures. However, these reduction potentials could not be compared effectively as they were measured in different units. Cabeza et al. (2013) summarized recent progress in reducing carbon emission of common construction materials. Nevertheless, they did not categorize the identified materials, nor compare the carbon reduction potential between materials. Therefore, there is still a lack of systematic investigation into the EC reduction potential of different types of LCCMs. In addition, the carbon reduction potentials of the different LCCMs were usually calculated at different scales (e.g., specific amounts or proportions) in different studies. 

This paper aims to achieve a better understanding of LCCMs’ EC reduction potentials through a systematic literature review and in-depth analyses. The system boundary theory is adopted to guide the theoretical examination of the review process (Pan et al., 2018; Pan & Teng, 2021; Teng et al., 2018). The EC reduction potentials of different LCCMs are collected and adjusted into percentage proportions to achieve a more reliable and valid comparison. The EC reduction potentials are further divided and compared in two different levels according to their geographic scopes, namely, the cement & concrete (C&C) level and the components & building (C&B) level. To fulfill these objectives, this paper first explores the latest scientific papers on LCCMs. Section 2 presents the methodology for the review. Section 3 reports the in-depth content analysis, as well as the results of the review. Section 4 discusses the findings and identified research gaps. Lastly, Section 5 draws the conclusions. 	 

2. [bookmark: OLE_LINK1]Methodology
2.1.  Literature searching and filtering procedures
This paper adopts a rigorous literature searching and filtering method (see Fig.1) to ensure the effectiveness and efficiency of collecting information from relevant research. 

The “Web of Science” and “Scopus” are utilized as the searching databases in this review. The searching domain is determined as “construction,” “concrete,” “carbon,” and “reduction” within the 
  “title,” “abstract,” and “keywords” in “Scopes” and within the “All fields” in “Web of Science.” The categories are set as “engineering civil”, “environmental science,” and “engineering environmental” in “Web of Science,” and “environmental science” and “engineering” in “Scopus” between 2001 and 2022. Then, a three-step filtering procedure is implemented to identify the most relevant articles. First, the titles and abstracts of these articles are reviewed and 50 and 55 papers from the “Web of Science” and “Scopus” databases are sorted out, respectively. Second, the duplicates are removed, rendering the 92 papers remained. Third, after reading their contents carefully, the papers under the following conditions are selected: 1) low carbon materials are examined; 2) specific EC reduction proportion compared with a comparable control group (e.g., ordinary Portland cement or concrete) are provided; 3) detailed calculation process and basis are presented. Consequently, a total of 26 papers are sorted out.

Another four rounds of keywords are filtered out based on their occurrences in the 92 papers remained, and the three-step filtering procedure is conducted using the same refining conditions in the preliminary round. The “round filtering” uses keywords including “supplementary cementitious materials,” or “fly ash,” or “ground granulated blast furnace slag,” or “silica fume,” and “concrete,” and “carbon,” and “reduction.” The “round 2” filtering uses “geopolymer,” or “alkali activated,” or “low carbon binders,” or “calcium sulfoaluminate,” and “concrete,” and “carbon,” and “reduction.” Meanwhile, the “round 3” adopts 4 keywords, i.e., “recycled aggregates,” and “concrete,” and “carbon,” and “reduction.” Lastly, “compressive strength,” or “high strength,” and “concrete,” and “carbon,” and “reduction” are taken for the “round 4” filtering. Details and results of the five rounds of searching are displayed in Fig.1. 

After merging all the papers obtained above, 59 papers are detected. Finally, a snowball searching method is run on the 59 papers to identify other relevant papers, and a total of 65 papers are eventually identified for this review.


Fig. 1 Process of literature searching and filtering 

2.2.  System boundaries for reviewing EC-reduction-oriented LCCMs 
The concept of system boundary is grounded in the system theory, which can be defined as an interactive interface where information, energy, or material transfers into or out of the system (Bertalanffy, 1968; Chen et al., 2019). It distinguishes a system from others in the environment, which could be successfully used for carbon footprint assessing. The LCA system boundary is in a much narrower scope, which is described as a set of criteria that specify which unit processes are part of a product system by ISO (2006) in the spatial aspect. However, previous studies usually address a more comprehensive aspect of a complex system from temporal, spatial, methodological and functional dimensions (Pan & Pan, 2018; Teng & Pan, 2020). It clearly explains “what a complex system is”, “how research is conducted on a complex system” and “the service or value that needs to be delivered through a complex system”. Therefore, the system boundaries of buildings’ LCCMs should not be narrowly scoped to denote the life cycle stage for assessing the EC only, but also address other important variables. Drawing on the theoretical examination, this paper adopts a framework of system boundaries of buildings’ LCCMs to guide the critical review. This framework elaborates the boundaries of the LCCMs of buildings in the concept, methodology and value dimensions, altogether containing nine variables (Table 1). 

Table 1 Dimensions, variables, and scale/value of system boundaries of buildings’ low carbon concrete materials
	Dimension of system boundaries
	[bookmark: _Hlk100004554]Variables of system boundaries 
	Scale or value 
	Code

	Concept dimension
	[bookmark: _Hlk99580447]Life cycle stages for EC assessment 
	Cradle-to-gate
	A1

	
	
	Cradle-to-site 
	A2

	
	
	Cradle-to-end of construction 
	A3

	
	
	Cradle-to-grave
	A4

	
	
	Cradle-to-cradle 
	A5

	
	
	Others
	A6

	
	[bookmark: _Hlk99580466]Geographic scope
	Building materials (binder)
	B1

	
	
	Building materials (concrete or mortar)
	B2

	
	
	Building component or unit area
	B3

	
	
	Building as a whole
	B4

	
	Low carbon concrete materials
	SCMs (Fly ash)
	C1

	
	
	[bookmark: _Hlk101912607]SCMs (Ground granulated blast-furnace slag)
	C2

	
	
	SCMs (Silica fume)
	C3

	
	
	SCMs (others)
	C4

	
	
	LCBs (Alkali-activated binders)
	C5

	
	
	LCBs (Calcium sulfoaluminate binders)
	C6

	
	
	[bookmark: _Hlk99489826]Recycled concrete aggregates
	C7

	
	
	High strength concrete
	C8

	Methodology dimension
	LCA method
	Process based
	D1

	
	
	Input-output (I-O)
	D2

	
	
	Hybrid
	D3

	
	[bookmark: _Hlk99920493]Unit of analysis 
	Per unit of material
	E1

	
	
	Per unit of component
	E2

	
	
	1 m2 floor area 
	E3

	
	
	Whole building 
	E4

	
	Research method 
	Material testing (Durability)
Material testing (Splitting)
Material testing (Compressive)
	F1

	
	
	
	F2

	
	
	
	F3

	
	
	[bookmark: _Hlk98417369]Scenario analysis
	F4

	
	[bookmark: _Hlk98414038]Sources of emissions
	Product involved
	G1

	
	
	Process involved
	G2

	Value dimension
	Binders’ combination
	Detailed combinations 
	H

	
	EC reduction potential (%)
	[0,20]
	I1

	
	
	(20,40]
	I2

	
	
	(40,60]
	I3

	
	
	(60,80]
	I4

	
	
	(80,100]
	I5



[bookmark: _Hlk99668995][bookmark: _Hlk100182743]In the concept dimension, the variables are analyzed in the temporal and spatial aspects. The temporal variables include life cycle stages (A) for calculating the EC, which is identified as a typical LCA system boundary in ISO (2006). It contains five scales, namely, cradle-to-gate (A1), cradle-to-site (A2), cradle-to-end-of-construction (A3), cradle-to-grave (A4), cradle-to-cradle (A5), and others (A6) according to the classification of EN 15978. The spatial variables include geographic scope (B) for reporting EC and the specific compositions of the LCCMs (C). The geographic scope describes five scales of measuring the EC of LCCMs, comprising of binders (B1), concrete and mortar (B2), components (B3), and the whole building (B4). The compositions of LCCMs are categorized into four major divisions, namely, supplementary cementitious materials (SCMs), low-carbon cementitious binders (LCBs), recycled concrete aggregates (RCAs), and high strength concrete (HSC). They are further compartmentalized into eight sub-divisions, i.e., fly ash (FA) (C1), ground granulated blast-furnace slag (GGBS) (C2), silica fume (SF) (C2), other SCMs (C4), alkali-activated binders (AABs) (C5), calcium sulfoaluminate binders (CSABs) (C6), recycled concrete aggregates (RCAs) (C7), and high strength concrete (HSC) (C8). 

In the methodology dimension, four variables are included: the LCA method (D), unit of analysis (E), research method (F), and sources of emissions (G). There are typically three types of methods for conducting LCA studies (Glass et al., 2013), i.e., process-based (D1), input-output (I-O) (D2) (Xu & Liang, 2019), and hybrid (D3). The unit of analysis describes the primary entities for EC assessment, including per unit of materials (E1), per unit of components (E2), per square meters of the floor area (E3), and the whole building (E4). The research method indicates how to assess the EC reduction potential of different types of LCCMs, including material testing and scenario analysis. The material testing in this paper includes the durability test, the splitting strength test, and the compressive strength test. The sources of emissions consider the types of EC emissions of LCCMs, being categorized into product involved emissions and process involved emissions. 

In the value dimensions, the influences of different concrete composition proportions of the binders in SCMs and LCBs on EC reduction are calculated. The EC reduction percentage is expressed as figures ranging from 0% to 100% with a 20% interval. The specific EC reduction potential is measured using the following methods: 
· For cases adopting SCMs or LCBs, the EC reduction potential is measured as the differences between calculation units, e.g., 1 m3 cement or concrete, specific components, or the whole building, using 100 % OPC and the novel binders. If two or more binders’ combinations have been used in one paper, all of the reduction potentials would be calculated separately. 
· For cases that have used recycled concrete aggregates, the EC reduction potential is denoted as the discrepancies between calculation units using natural and recycled aggregates. It is noted that some RCAs may result in an increased EC, which are also considered in the paper. 
· For cases selecting high strength concrete, the EC reductions are measured by comparing the EC values of the new structural design using HSC and the design using original concrete, which utilize other materials of the same strength and satisfy the same structural needs.  The balance between the increased emission factors and reduced material usage of the HSC-adopted design is addressed. 

3. Results and Analyses 
Following the three-dimensional theoretical framework, an in-depth content analysis is conducted by reviewing the 65 papers. The 9 variables of system boundaries of the LCCMs are thoroughly collected and analyzed. After then, the EC reduction of the cases in these 65 papers are adjusted so that they can be compared effectively at the same level. The appended Table 5 provides details of the 65 papers. 
3.1.  Bibliometric analysis
Fig.2 demonstrates the yearly publications outputs of the selected papers. Indeed, nearly 80% of the remained papers are published following the year 2015. This could be primarily ascribed to that the research subject, the embodied carbon (EC) of concretes, is generally gaining popularity in academia in recent years. An increasing number of research was conducted to study the EC reduction potential of different concrete constituents, especially after the year 2015 when the Paris Agreement was adopted internationally, and governments were making timetables for achieving carbon neutrality.


Fig. 2 Yearly publications outputs of selected papers

3.1.1 Co-occurrence of keywords
Co-occurrence analysis is conducted on keywords from the selected papers. To diminish the ambiguity, keywords that possess the same meaning but were termed in different words are unified and counted together, e.g., “LCA” and “Life cycle assessment,” “Recycled aggregates,” and “Recycled aggregate,” “Carbon dioxide,” and “CO2”, to name but a few. As numerated in Table 2, the top five occurred keywords are “Life cycle assessment,” “CO2”, “Recycled aggregate,” “Concrete,” and “Fly ash.” Keywords with more than four occurrences are sorted out to construct a co-occurrences network in Fig.3. A larger icon signifies a higher prevalence of the keywords in selected papers, while a thicker line denotes a stronger co-occurrence association between these keywords. Stronger co-occurrence associations are found between “Life cycle assessment,” “Environmental Impact,” “Recycle aggregate,” and “Concrete.”

Table 2 Keywords and their occurrences from selected papers
	Keywords
	Occurrence
	Total link strength

	Life cycle assessment
	27
	39

	CO2
	15
	19

	Recycled aggregate
	12
	18

	Concrete
	11
	22

	Fly ash
	9
	16

	Geopolymer
	8
	16

	Cement
	7
	15

	Carbon footprint
	6
	5

	Environmental impact
	5
	10

	Compressive strength
	5
	9

	Sustainability
	5
	9

	Supplementary cementitious materials
	5
	8

	High-rise building
	5
	4





Fig. 3 Diagram of co-occurrence of keywords analysis

3.1.2 Countries’ or regions’ activeness
A statistical analysis of the authors’ countries or regions is conducted from the selected papers. With the minimum number of publications from a country set at two, 15 out of 28 countries or regions are listed in Table 3 and illustrated in Fig.4. Statistical analysis shows that Europe is a highly concentrated spot regarding the regional distributions. Meanwhile, Australia and China topped the list, followed by the United Kingdom, South Korea and Hong Kong, which indicates that these countries or regions have made a potent contribution to the research field. As for the four LCCMs, Australia leads concerning the numbers of SCMs or LCBs-related publications. RCAs are possibly the most widely studied LCCMs since related papers were identified in most countries or regions, while the HSC is generally the least. 

Table 3 Details of authors’ countries or regions regarding LCCMs papers. Note: SCMs (Supplementary cementitious materials), LCBs (Low carbon binders), RCAs (Recycled concrete aggregates), HSC (High strength concrete)
	Country or region
	Total
	SCMs
	LCBs
	RCAs
	HSC

	Australia
	13
	6
	5
	2
	

	China
	11
	5
	3
	3
	

	United Kingdom
	8
	4
	2
	2
	

	South Korea
	8
	3
	1
	1
	3

	Hong Kong
	8
	6
	
	1
	1

	Spain
	5
	
	4
	1
	

	Malaysia
	5
	2
	1
	1
	1

	Switzerland
	3
	1
	
	2
	

	France
	3
	
	1
	2
	

	United States
	2
	
	
	2
	

	Turkey
	2
	1
	
	1
	

	Serbia
	2
	
	
	2
	

	Pakistan
	2
	1
	
	1
	

	Netherlands
	2
	1
	1
	
	

	Germany
	2
	
	1
	1
	



[image: A graph of the world's largest country

Description automatically generated with medium confidence]
Fig. 4 Regional distributions of the selected papers

3.2. In-depth content analysis
3.2.1. In the concept dimension
Temporal variables
Among the 65 papers, more than half (54%) selected the cradle-to-gate stage for conducting EC calculation, six papers (9%) selected the cradle-to-site stage and five papers selected the cradle-to-end-of-construction stage (8%). In addition, nine papers (14%) addressed the full life cycle stages of buildings. Concerning the different LCCMs, the cradle-to-gate stage is the predominate selection for SCMs, LCBs and RCAs related papers, while no identified papers studying HSC selects cradle-to-gate stage as shown in Table 4. Besides, the cradle-to-grave stage is the most widely selected stage amongst the LCCMs papers as it has been adopted by all four kinds of LCCMs research. 

Table 4 Details of life cycle stages regarding LCCMs papers. Note: SCMs (Supplementary cementitious materials), LCBs (Low carbon binders), RCAs (Recycled concrete aggregates), HSC (High strength concrete)
	Life cycle stages
	Total
	SCMs
	LCBs
	RCAs
	HSC

	Cradle-to-gate
	35
	13
	12
	10
	

	Cradle-to-site
	6
	4
	1
	
	1

	Cradle-to-end of construction
	5
	2
	1
	
	2

	Cradle-to-grave
	9
	2
	2
	3
	2

	Cradle-to-cradle
	5
	3
	2
	
	

	Others
	4
	3
	1
	
	1



Spatial variables
Concerning the geographic scope, in total, 41 studies (63%) selected concrete as their calculation unit, followed by whole building (10 studies, 15%), cement (9 studies, 14%) and components (8 studies, 12%). In some papers, two geographic scopes were selected, such as the studies conducted by Gan, Chan, et al. (2017) and Blankendaal et al. (2014). 

In terms of the specific types of LCCMs, 27 of the 65 papers (42%) investigated the impacts of SCMs. Among the 27 papers, 30% of them considered to use more than one SCM simultaneously. In addition, 24 of them used FA, followed by 16 papers that selected GGBS and 4 papers that selected SF. Besides, other SCMs, such as lime powder and volcanic ash, were identified in 7 papers. SCMs are industrial by-products, which can be used to replace the high carbonate containing OPC without significantly affecting the structural performances. They have been demonstrated as effective low carbon materials (Feiz et al., 2015; Van den Heede & De Belie, 2014; Vargas & Halog, 2015). For examples using FA, studies have shown that the physical and structural performance of the concrete will be less affected if 30%~40% of ordinary cement is replaced with FA, although the recommended proportion is 15%-25% (Nath & Sarker, 2011; Tushar et al., 2022). However, a high proportion of replacement by FA, exceeding 40%, inevitably contributes to a decreased compressive strength. (Farahani et al., 2017; Lee et al., 2021). Concerning the GGBS, the proportion of replacement by GGBS can climb to 75 % (Gan et al., 2019). As characterized by the cementitious behavior similar to Portland cement, cement replaced by GGBS brought less adverse impacts on the overall compressive strength, despite the higher replacement ratio (Lee et al., 2021; Teh et al., 2017). Based on the results of prior studies, incorporating GGBS in main components in concrete buildings potentially could achieve a 10% -30% EC reduction while having no substantial impact on the structural performance of the components or the building in this range (Teng & Pan, 2019; Zhang et al., 2018). Another effective SCM reported amongst pieces of literature was the SF. Unlike the broader usage of FA or GGBS, only up to a 15% replacement ratio could be ultimately reached while using SF in promoting low carbon concrete (Kumar et al., 2022; Siddique, 2011). This could be fundamentally ascribed to the low calcium content of SF. Moreover, while the use of SF can generate a denser concrete microstructure and enhance the bonding between binders and aggregates (Batista et al., 2019), high content of SF would greatly affect the workability due to the significant increase in particle surface area. Other than the prevailingly used, there were several prospective SCMs detected in papers, such as limestone powder (Zhang et al., 2018), gypsum (Blankendaal et al., 2014), volcanic ash (Hossain et al., 2021) and rice husk ash (Farahani et al., 2017). 

Among the 65 papers, 20 (31%) identified low carbon binders (LCBs). The use of LCBs has been demonstrated not only to help cut down EC emission but to be more superior than OPC under aggressive conditions (Habert & Ouellet-Plamondon, 2016). For the 20 papers that adopted LCBs, 15 focused on alkali-activated binders (AABs), with other 5 papers studying the calcium sulfoaluminate binders (CSABs). The AABs are formed by alkali activation of alumino-silicate raw material, which is termed, precursors. The commonly used precursors include metakaolin, fly ash, ground slags, and coal ashes, while the major activators comprise sodium or potassium hydroxides, silicates, and calcium hydroxides (Yang et al., 2013). Compared with SCMs incorporated with binders or OPC, AABs transcend in obtaining superior performances in an aggressive working environment (Gomes et al., 2019; Maddalena et al., 2018; Provis, 2018). The CSABs were firstly developed for structural use in China almost 40 years ago (Zhang et al., 1999), known as the “third cement series.” CSABs contained ye'elimite (C4A3$) as a principal constituent (30–70%), while the main content in OPC was alite (C3S). The lower fusion temperature of ye'elimite (1250 ℃) than alite (1450 ℃) reduces a profuse amount of CO2 emissions (Gartner, 2004; Hanein et al., 2016; Winnefeld, 2010). 

Apart from the first two kinds of LCCMs, 16 of the 65 papers (25%) used recycled concrete aggregates (RCAs). Compared with building materials produced directly from natural resource excavation and manufacturing, the RCAs are mainly made from recycled building debris and construction waste, leading to minor EC emissions (Gao et al., 2001; Knoeri et al., 2013; Yang et al., 2021). Nevertheless, a few studies have pointed out that utilization of such aggregates have uncertain prospects in decreasing the life cycle EC emissions. This is mainly because additional treatment on RCAs and even more binders were required in order to mitigate the adverse binding impacts, which might compromise the CO2 savings compared to natural aggregates (Gravina and Xie, 2022).

In addition, 8 of the 65 papers (12%) adopted high strength concrete (HSC). Although more CO2 is produced by using higher-strength concrete due to a higher emission factor (Park et al., 2012), less amount of concrete can be used to fulfill the structural performance of buildings. Therefore, a reduced EC can be achieved with the reduced material usage (Dong, 2018; Habert & Roussel, 2009; Tae et al., 2011). 

3.2.2. In the methodology dimension 
In terms of the LCA methods adopted by the 65 selected papers, 44 (68%) of them used a process-based LCA method. Only 4 papers selected hybrid LCA methods for calculating the EC. This result demonstrates that the process-based method is considered to be a more suitable method for conducting case-based EC assessments compared with others. 

In terms of the unit of analysis, as high as 77% of the papers reported the EC of the cases using per unit of material. Only 8% of them reported the EC using 1 m2 floor area. This result shows that the majority of the LCCMs papers concerned more about the impacts of EC reduction potentials on the materials instead of the whole buildings. 

Regarding the research methods, a total of 19 papers (29%) conducted compressive strength testing on proposed samples and 10 papers (15%) conducted durability tests on proposed specimens. Only 5 papers tested the splitting strength. Amongst the 19 papers, 12 of them chose at least one testing method other than compressive strength testing. In particular, 3 papers conducted all the three testing methods (compressive strength, splitting strength and durability), i.e., Farahani et al. (2017), Nanayakkara et al. (2021), and Guo et al. (2018). It appears that more testing on proposed low-carbon products should be performed prior to their industrial-scale applications. All the papers selected by this review implemented scenarios analysis on the EC reduction potential of each type of material. 

In respect of sources of emissions, all the papers studied the EC emission involved in by-products, while 14 of them (22%) did not pay attention to the emissions during transport or construction processes. 

3.2.3. In the value dimension
Considering that some papers adopted two or more types of LCCMs, 128 cases have been collected from the 65 papers. Therefore, each case represents the EC reduction potential of a single LCCM strategy. The results showed that 45 cases (35%) achieved an EC reduction between [0%, 20%] and a similar number of cases showed that adopting a LCCM helped to reduce EC between 20% and 40%. Only 12 cases claimed that more than 60% EC reduction could be achieved. However, it should be noted that the adoption of LCCMs could not always lead to a reduced EC. For example, 6 cases (5%) indicated that the EC increased by up to 20%. Furthermore, 2 cases showed that EC could even increase by between 20% and 40% (Fig.5). The 8 cases are all collected from papers studying the use of RCAs. 



Fig.5 Distribution of embodied carbon reduction potentials between low-carbon concrete materials

Supplementary cementitious materials
The SCMs were the mostly studied LCCMs. For example, Hossain et al. (2017) reported that 20% replacement with FA leads to 17% less total CO2 emission in an unit amount of binders. Flower and Sanjayan (2007) reported that replacing 25% OPC with FA would lead to 13%-15% less EC in concrete. Similar studies have been conducted, in which based on replacement ratios of OPC by 25% to 35% of FA reduces the EC emissions of concrete by 18% to 27% (Lawania et al., 2015; Tait & Cheung, 2016; Vargas & Halog, 2015). Identified highest replacement ratio of FA was achieved in studies by Zhao et al. (2022). They concluded that if 50 % OPC in concrete was replaced by FA, the emissions of CO2 would be reduced by about 41.4%. As for GGBS, Crossin (2015) reported that a maximum reduction of 47.5% CO2 emissions could be achieved by replacing 70% of OPC with GGBS in concretes. Gan, Chan, et al. (2017) identified that using 75% GGBS in major building components such as walls and slabs could achieve around 10%-20% EC reduction for a 60-story office building. Similar studies in a 40-story concrete residential building that 13 % - 28 % EC reduction was found when employing 35 % - 75 % GGBS for replacement (Gan et al., 2018). In terms of SF, Zhang et al. (2019) designed a comparative study on different SCMs, including FA and SF. Around 4% EC reduction could be achieved with an SF replacement ratio of 5%. Kumar et al. (2022) suggested that concrete mixes combined with 10% and 15% of SF could lead to 8.1% and 12.1% less total CO2 emissions. The EC reduction potential regarding each type of SCMs, along with the replacement ratio, is presented in Fig.6.

Apparently, SCMs types, as well as the replacement ratio to OPC, could affect the final EC reduction potentials. In order to better characterize the EC reduction potential of each SCM considering the influence of their OPC replacement ratio, a reducing-replacing factor (RRF) is introduced. 
                                                          (1)
In which the RSCM is the replacement ratio of OPC by SCMs (%); REC is the corresponding EC reduction potential. 


 
[bookmark: _Hlk101911700]Fig. 6 Embodied carbon reduction potentials between supplementary cementitious materials. Notes: FA (Fly ash), GGBS (Ground granulated blast-furnace slag), SF (Silica fume), RRF (Reducing-replacing factor)

The average EC reduction potential of using SCMs is calculated as 27.4%. Amongst the selected cases, the replacement ratio for utilizing FA as an SCM is between 50% to 15%, while the mean rate is 31.1%. The reduction potential for FA is predominantly between 41.4% and 9.8% and averages 23.8%. The replacement ratio of GGBS is in general higher than that of FA, ranging from 25% to 75% with a mean value of 51.7%. GGBS thus achieved a carbon reduction potential as high as 68.8% in these cases with a mean value of 34.6%. However, only 5% to 15% of SF has been replaced, showing a lower EC reduction potential (averaged 3.9%). The mean RRFs for FA, GGBS, and SF are calculated as 0.77, 0.67, and 0.8, respectively. On average, the RRF of FA is 14.9% higher than GGBS, which indicates that under the same replacement ratio, utilizing GGBS would achieve less EC reduction compared to FA. 

Low carbon binders
The EC reduction potentials of LCBs are, on average, the highest amongst all identified LCCMs. For all the selected cases studying AABs, the EC reduction potentials were measured compared with OPC concretes. McLellan et al. (2011) examined the life cycle impact of AABs based on typical Australian feedstocks, and they reported that around 44%-64% of CO2 could be alleviated for AABs concrete when compared to OPC concrete. Similarly, Abbas et al. (2020) have conducted an LCA study on AABs concrete and interpreted that up to 61% CO2 could be mitigated by comparing AABs to OPC concrete of the same strength grade. Meanwhile, a higher CO2 emission reduction, reaching 72.7%, could be achieved in AABs concretes according to Salas et al. (2018). The highest EC reduction potential was achieved by Batuecas et al. (2021). They conducted a comparative LCA study on AABs and presented that around 79% of CO2 could be reduced using AABs compared to OPC, disregarding transportation emissions. Other cases have also described the promising EC reduction potential of AABs, despite the fact that different precursors and activators were used (Islam et al., 2015; Rintala et al., 2021; Yao et al., 2019). Concerning all selected cases focusing on CSABs, the EC reduction potentials were measured compared with OPC. For example, Hanein et al. (2018) conducted a simplified LCA study on CSABs regarding the different sources of sulfur, and they reported that all formulations easily achieved a 25%-35% CO2 reduction compared to OPC. Considering different energy sources and raw material manufacturing sites, Galvez-Martos et al. (2021) and Galvez‐Martos et al. (2020) have proposed a novel CSABs production method and, in such a method, around 30% to 34% reduction in CO2 emission could be achieved for both formulations. The highest EC reduction potential was achieved by Nie et al. (2022) as the proposed CSABs binders reduced CO2 by 52% compared with OPC. 



Fig. 7 Embodied carbon reduction potentials between low-carbon binders. Note: AABs (Alkali-activated binders), CSABs (Calcium-sulfoaluminate binders)

The EC reduction potentials regarding each type of LCBs are presented in Fig.7. For concrete with AABs , the varying range of EC reduction potentials is found mainly between 43% to 79%, with a mean value of 56.8%. In addition, CSABs can reduce 30.1% to 52% EC emissions during production compared with OPC, with an average value of 39.1%. The average EC reduction potential of AABs is 45.3% higher than that of CSABs, showing that the AABs is effective in reducing EC than CSABs. The combined average EC reduction potential for all LCBs is 52.6%. 

Recycled concrete aggregates
The average EC reduction potential of RCAs is the lowest amongst all identified LCCMs. In terms of all selected cases focusing on RCAs, the EC reduction potentials were measured compared with concretes using 100% natural aggregates. For example, Guo et al. (2018) have found that 5% of CO2 emissions could be mitigated by using RCAs in concrete. However, Yazdanbakhsh et al. (2017) have conducted a comparative LCA study on concrete using natural aggregates (NAs) and RCAs, and they found a 3% increase in CO2 emissions. Higher EC variations were noticed in research conducted by Braga et al. (2017). They have reported that utilizing RCAs in concretes could lead to up to 27.5% increase or up to 21.6% reduction in EC. A considerable number of cases have shown that 30% reduction to 27.5% increment of CO2 could be resulted if NAs in concrete are replaced by RCAs (Berndt, 2015; Braga et al., 2017; Fraj & Idir, 2017; Kleijer et al., 2017; Marinkovic et al., 2010; Serres et al., 2016; Tošić et al., 2015; Turk et al., 2015). The EC reduction potential of RCAs was not always as significant as other measures, mainly because the aggregate detachment from old concrete is highly influenced by the integrity among different constituents of the wasted concrete, which sometimes make the recycling process difficult and extreme carbon-intensive. Moreover, if the utilization of RCAs is considered for higher strength concretes or concretes in aggressive environments, additional treatments are required to process the RCAs which could also be carbon intensive. Also, compared to the production of cement and transportation of aggregates, CO2 emissions related to recycling aggregates comprised a limited fraction of the total emissions in the production of concrete (Ding et al., 2016; Visintin et al., 2020).

High strength concrete
[bookmark: _Hlk99562239]In cases regarding HSC, this review considers merely the impacts induced by the change of concrete strength. Potential enhancement of durability is not considered. Choi et al. (2016) examined the use of high-strength concrete in the steel-reinforced concrete columns of a 35-story concrete building and identified around 10% EC reduction in the columns using higher strength concrete (24 MPa changed to 35 MPa). Similar studies have been conducted to investigate the EC reductions due to improved concrete strength (within 50 MPa). EC reductions from 2.5% to 12% were identified in these studies (Ji et al., 2014; Shafiq et al., 2015; Tae et al., 2011). For replacing ordinary concrete with higher strength concrete, Gan et al. (2019) calculated the EC emissions of a high-rise office building and found an 11% EC reduction in the whole building using C80 concrete instead of C40 in the core wall and columns. In addition, one study has considered replacing ordinary concrete with ultra-high-performance concrete. It was reported that 32.5% of EC emissions could be mitigated in a bridge (Dong, 2018). However, as materials with higher strength normally have higher carbon emission factors, a balance between the reduced concrete usage and corresponding increased EC per unit volume should be noted, as using higher strength materials in buildings doesn’t always guarantee less EC emissions (Choi et al., 2016; Thilakarathna et al., 2020; Zhang et al., 2018). 

3.3. Comparative analysis of EC reduction potentials of LCCMs at different levels
According to the different geographic scopes used by selected cases, the EC reduction potentials of LCCMs are divided into two levels, namely, the concrete and cement (C&C) level and the components and buildings (C&B) level. Such division could be primarily ascribed to that: 1) Cement is the dominant EC contributor, accounting for up to 90% of total EC emissions in concretes (Stadel, 2012). EC reduction potential discrepancies between different types of cement are rather close to that of different concretes comprising corresponding types of cement; 2) There are several main EC contributors in components or buildings, including concrete, steel reinforcements, even structural steel, etc., amongst which concrete is never the dominant contributor (Gan, Cheng, et al., 2017). Therefore, the EC reduction potential of LCCMs used in cement or concrete differs significantly from that used in components or a whole building. Many of the identified cases cannot be directly compared due to their different focused geographic scopes. Therefore, adjustments are needed to achieve a more reliable cross-case comparison. 

Since the EC reduction potential of SCMs depends on not only the material types but also its replacement ratio in applications, a further adjustment based on Fig.6 is conducted for a comparative analysis of SCMs at the two levels (as shown in Fig.8). Two SCMs, namely, FA and GGBS, are selected for the comparative analysis, excluding SF mainly due to its insufficient applications at C&B level. After the adjustment, the varying ranges of EC reduction at the C&B level are apparently narrowed as compared to the C&C level. Moreover, the RRF at C&B level is 11.1% and 5.8% smaller for FA and GGBS than that at C&B level. It indicates that if the same replacement ratio is adopted, utilizing SCMs would result in up to 11.1 % less EC reduction potential at the C&B level than the C&C level. The results are consistent with practical experiences since a larger calculation base contains more elements and procedures, which weakens the impact on the total EC. These differentiated RRFs can be used to roughly calculate the EC emission reduction potential in the transition from concrete samples to structures when using such SCMs. 



Fig. 8 Embodied carbon reduction potentials between supplementary cementitious materials in concrete and cement, and components and buildings levels. Note: FA (Fly ash), GGBS (Ground granulated blast-furnace slag), C&C (Concrete and cement), C&B (Components and buildings), RRF (Reducing-replacing factor)

All of the LCCMs adopted by the 128 cases were analyzed accordingly at either the C&C or C&B level to facilitate a more reliable and valid comparison as shown in Fig.9. The EC reductions of using SCMs can be divided into the two levels. However, there are insufficient identified cases studying the EC reduction potentials of LCBs and RCAs in C&B level. And the use of HSC at the C&C level will always lead to EC increases. Therefore, the EC reduction potentials of using LCBs and RCAs are solely within the C&C level and the EC reduction potentials of using HSC are merely within the C&B level. As shown in Fig.9, the left part illustrates the EC reductions pertaining to the utilization of SCMs(C), LCBs, and RCAs at the C&C level. The right part describes how the SCMs(B), and HSC decrease EC reduction at the C&B level.  



Fig. 9 Embodied carbon reduction potentials between low carbon concrete materials. Note: SCMs (Supplementary cementitious materials), LCBs (Low carbon binders), RCAs (Recycled concrete aggregates), HSC (High strength concrete), C&C (Concrete and cement), C&B (Components and buildings),

Among selected cases with a focus at C&C, by using SCMs, EC reductions from 4.2% to 68.1% are achieved, and the mean reduction is 31.9%. The EC reduction potential for using LCBs ranges from 30% to 79% with an average value of 52.6%. And the use of RCAs in concrete can result in up to 30% EC reductions as well as up to 27.5% EC increases compared with concretes using NAs. The mean EC reduction for RCA concretes is 4.1%. At the C&C level, the average EC reduction potential of LCBs is 64.9% higher than that of SCMs and over 11 times higher than that of RCAs. On the other hand, concerning cases with a focus at C&B, utilizing SCMs leads to 9.8% to 44.8% less EC emissions, and the average reduction is 28.9%. By improving the concrete strength of components or the whole building, 2.5% to 11% of EC emissions can be mitigated, with an average value of 7.9%. At the C&B level, the average EC reduction potential of SCMs is 2.6 times higher than that of HSC. Since the EC reduction potential of LCBs is higher than that of SCMs at the C&C level and the EC reduction potential of SCMs is higher than that of HSC at the C&B level, the LCBs are generally the most EC reduction efficient LCCMs.

4. Discussion
This paper has conducted a systematic investigation into the EC reduction potentials of different LCCMs. The obtained primary results and identified major research gaps are discussed below. 

Firstly, research pertaining to EC reductions on concrete materials is gaining popularity in academia. This can be revealed from the fact that over 80% of the papers are identified following the year 2015. Apart from the discussed LCCMs in this review, novel types of SCMs, e.g., vegetable ashes and quarry dust, are gaining increasing attention (Amin & Abdelsalam, 2019; Zhao et al., 2020). Also, other binders, such as the carbonate binder and the supersulfated binder, have been developed and discussed for decades (Mu et al., 2019; O’Rourke et al., 2009). Different from demolished concrete fragments, various industrial wastes have been developed as novel aggregates in concretes, with examples including the plastics (Rai et al., 2012), glasses (Walczak et al., 2015) and porcelains (Medina et al., 2016). Nevertheless, literature regarding their LCA studies is hardly identified by the authors and their prospects in reducing EC remain vague. Future research is highly recommended to investigate the EC reduction potential of such novel LCCMs.

Secondly, the proposed framework provides a more structured approach to understanding the EC reduction mechanism of LCCMs by exploring the previous building LCCMs research in detail. Through its application in this review, the framework has efficaciously demonstrated the diversity but correlation of different LCCMs papers by extracting their key information. In addition, other studies pertaining to examining EC in buildings can also be thoroughly assessed using the structured approach (Teng & Pan, 2019). Such a framework can also facilitate the analysis of future LCCMs case studies and achieve a reliable and valid cross-case comparison by setting variables as control statistics (Pan et al., 2018). Therefore, researchers are expected to gain more in-depth insights of the current state-of-the-art of low carbon concrete materials research.

Thirdly, a unified quantitative assessment is rather important to achieve a systematic understanding and to compare the EC reduction potentials between LCCMs. Previous research has seldom provided unified and complete statistics of materials’ EC emissions nor EC reduction potentials. This could be fundamentally attributed to the variances in measuring bases (e.g., volume and mass), measuring units (e.g., kg and kg/m3), etc., as noted in many studies (Maddalena et al., 2018; Orsini & Marrone, 2019). To tackle such dilemmas, this review has conducted a quantitative assessment by constructing a control base and converting the EC reductions’ quantities into percentage proportion, so as to provide direct insights into LCCMs’ weak or strong capabilities in reducing EC. This can help practitioners in conducting a rough assessment of the EC reduction efficiency in construction projects. 

Fourthly, the application of LCCMs is still in its infancy. There is, in most cases studying SCMs, a replacing upper limit for the majority of SCMs. Exceeding the limit, the adverse impacts on concrete performances have been widely noted in the literature (Batista et al., 2019; Lee et al., 2021). Moreover, since most SCMs are industrial by-products and their production are rather limited, it is hardly possible to promote a large-scale application of SCMs in practical construction. As for LCBs, the lack of a well-established supply chain, competition on alumino-silicate sources with OPC and much higher expenditures than OPC are the main roadblocks facing large-scale application (Habert & Ouellet-Plamondon, 2016; Provis, 2018). Although the use of RCAs has also been studied in some papers for achieving EC savings, additional carbon emitted during treatment before utilization is inevitable (Gravina & Xie, 2022; Lee et al., 2012). It may compromise the EC savings or even cause increments. HSC cannot always entail lower EC emissions unless striking a balance between the reduced concrete usage and corresponding increased EC per unit volume due to the improved concrete strength (Park et al., 2012; Thilakarathna et al., 2020). 

5. Conclusions
This paper has identified and reviewed the potentials of using LCCMs for EC reduction by collecting information of 128 cases from 65 carefully-selected papers published between 2001 and 2022. A three-dimensional theoretical framework of buildings’ LCCMs is developed to guide the critical review in the concept, methodology and value dimensions. The main findings and conclusions of this paper are provided below.

Firstly, the LCCMs research discipline has been receiving profuse attention from researchers during the past decade, especially after the year 2015. The five hottest topics in the knowledge of LCCMs discipline are identified as life cycle assessment, CO2, recycled aggregate, concrete, and fly ash. Scholars from Australia, China and European countries are making considerable contributions and playing an essential role in mapping the region-varying EC reducing potentials, and thus promoting the development of LCCMs in the construction industry. It serves as an important basis for building the knowledge structure in applying LCCMs. 

Secondly, the paper identifies the potential EC reduction of four types of LCCMs, namely, supplementary cementitious materials (SCMs), low-carbon cementitious binders (LCBs), recycled concrete aggregates (RCAs) and high strength concrete (HSC). Among them, the use of SCMs has been the most widely used strategy due to its wide availability and low cost of the materials such as FA and GGBS. Considering both the replacement ratio and the EC reduction potential, the use of FA is more preferable than GGBS with a 14.9% higher RRF. The average EC reduction potential of LCBs is 64.9% higher than that of SCMs. The use of RCA concrete and HSC has demonstrated a lower EC reduction potential. In particular, this paper also concludes that the increased use of RCAs and HSC does not necessarily result in a reduced EC. Therefore, a balance should be made by carefully examining the availability and the reduction potentials of materials. It provides a new direction for designers to select suitable and applicable low carbon materials in an early design stage. 

Thirdly, this paper emphasizes the importance of comparing the EC reduction potentials at the same level. The lack of a unified measuring levels is emphasized as a primary impediment to comparing EC reduction potentials between LCCMs. After dividing the EC reduction potentials of the papers studying SCMs into C&B and C&C level, up to 11.1% difference in EC reduction potentials is noticed between these two levels. This observation highlights the importance of a unified comparison of EC reduction at the same level among different cases. On the other hand, the cross-level comparison is achieved by comparing LCBs and HSC with the same LCCMs, i.e., the SCMs, at C&B and C&C levels. Based on the comparison, the LCBs are generally the most effective in EC reduction amongst all the identified LCCMs. For achieving reliable and valid cross-case comparisons, it is rather important to keep EC reduction potentials measured at the same level. Findings in this paper could help to conduct scenario and sensitivity analysis in future research for further exploring EC reduction potentials.

Finally, the large-scale adoption of LCCMs in the construction industry has a long way to go. There are several issues with their wide applications, e.g., the weakened concrete performances, utilization upper limits, a lack of well-established supply chain, sources competition with OPC, higher expenditures, and so on. The research findings presented in this review can help policy makers to promote the standardization in the utilization of LCCMs, and thus facilitate the achievement of the global carbon reduction goal. 

Nevertheless, there are some limitations to this review. First, due to strict filtering conditions, only 65 papers were selected for analysis. However, the filtering conditions ensured a rigorous assessment of current research on LCCMs, and the selected papers helped to better address the focus of this review. Second, the interrelationships between different LCCMs have not been considered. Scenario analysis of the varied combinations are recommended for future research. 
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	x
	
	
	
	
	
	
	x
	
	
	
	
	
	
	
	
	x
	
	
	x
	
	x
	
	
	
	
	
	x
	x
	x
	x
	NA
	
	x
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	x
	
	
	

	Tošić et al. (2015)
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	x
	
	
	
	
	
	x
	
	
	
	
	
	
	x
	
	x
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	x
	
	
	
	x
	
	
	
	
	
	
	
	x
	x
	
	
	
	x
	x
	
	
	
	
	x
	x
	
	NA
	x
	
	
	
	

	Ji et al. (2014)
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	x
	x
	
	NA
	x
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	x
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	x
	
	
	
	

	Dong (2018)
	
	
	
	x
	
	
	
	
	x
	
	
	
	
	
	
	
	
	x
	x
	
	
	
	
	x
	
	
	
	
	x
	x
	x
	NA
	
	x
	
	
	

	Frequency
	35
	6
	5
	9
	5
	5
	9
	41
	8
	10
	24
	16
	4
	7
	15
	5
	16
	8
	44
	18
	4
	50
	7
	9
	5
	10
	5
	19
	65
	65
	51
	NA
	45
	39
	24
	12
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	6*
	2*
	0
	0
	0


Note: 
1. * represent that the EC is increased in the case
2. “LP,” “GY,” “VA,” “RHA,” “GC,” “GS,” “MK,” and “SS” denote limestone powder, gypsum, volcanic ash, rice husk ash, glass cullet, sand powder, metakaolin, and sodium silicates, respectively.
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