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Abstract

:

This study conducts a life cycle assessment (LCA) of carbon emissions for recycled fine aggregate (RFA) concrete. There were six stages involved in the life cycle of RFA, including raw material extraction and processing, transportation to the manufacture, RFA concrete manufacturing, transportation to the building site, construction, and de-construction or demolition. The carbon uptake effect, due to the carbonation of RFA concrete, was also considered. The concept of “carbon-strength ratio” was introduced to comprehensively evaluate the carbon emission of RFA with different strengths. Sensitivity analysis was performed on the key parameters, including the water-to-cement ratio, RFA replacement ratio, and transportation distance, by employing three sensitivity coefficients. The results show that, under a certain water-to-cement ratio, the increase in RFA replacement ratio would decrease the carbon emission but increase the carbon-strength ratio. The higher the replacement ratio of RFA, the more sensitive the carbon emission of RFA concrete is to the change in transportation distance. Under a certain 28-day cubic compressive strength, the higher the RFA replacement ratio, the higher the carbon emission. The sensitivity analysis demonstrates that the carbon emission was the most sensitive to the water-to-cement ratio, which was followed by the RFA replacement ratio and transportation distance.
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1. Introduction


Currently, over 10 billion tons of concrete are consumed worldwide every year [1]. In the meantime, numerous concrete buildings and structures are demolished [2]. According to the World Bank, the world will produce 2.59 billion tons of construction and demolition waste in 2030, and this number will climb to 3.4 billion tons by 2050 [3,4]. The large consumption of concrete and the large production of construction waste create two sets of conflicts. On the one hand, the preparation of concrete requires the extraction of a large amount of natural resources, which is prone to cause serious ecological problems. According to statistics, 32 to 50 billion tons of sand will be extracted worldwide every year, causing serious environmental damage to developing countries, such as China, India, and other developing countries [5]. On the other hand, the demolition of concrete structures generates a large amount of construction solid waste. In China, for example, it is estimated that 75% of cities face a serious problem of construction waste siege, and the annual generation of construction solid waste accounts for 30–40% of total urban solid waste [6,7]. To solve these two dilemmas, recycling construction solid waste to produce recycled aggregates has been treated as a potential and promising route. The recycled aggregates obtained from the recycling process were divided into recycled coarse aggregates (greater than 4.75 mm) and recycled fine aggregates (less than 4.75 mm), according to the particle size, where the recycled fine aggregates (RFA) accounted for about 40–60% of the total mass of waste concrete [8]. The concrete prepared with recycled coarse aggregate and RFA as raw material is called recycled coarse aggregate concrete or RFA concrete, respectively.



Research on the material properties and structural behavior of recycled concrete started at the end of World War II. The poor quality of recycled aggregate makes it difficult to apply them in practical engineering [9], and this is resulted from the adhesion of porous old mortar on the surface (nearly 40% of the mass of old mortar [10]), roughness of the surface [11,12], high water absorption (from several times up to 20 times that of natural sand [13,14]), low apparent density (which can be reduced by 25% [14]), and low firmness. However, in recent years, the strict government restrictions on river sand mining, as well as the soaring prices of natural sand and gravel [15], have led to an increase in research on recycled aggregates. The success of the application of recycled coarse aggregate concrete in high-rise buildings also makes the application and study of recycled fine aggregates get more attention [6,16,17,18]. Currently, RFA has been used in a small amount in municipal engineering, construction engineering, road backfilling, bedding, and other fields [19]. For instance, Yoda et al. [20], through the application of RFA concrete in engineering practice, found that the mechanical properties and durability of the material were able to meet the requirement of the project, proving that RFA concrete has the potential for practical engineering applications. Marian et al. [21] found that reasonable design ratio and pretreatment of recycled concrete can make its compressive strength reach comparable compressive strength to natural aggregate concrete, and they pointed out that carbon analysis and carbon evaluation studies of recycled concrete should be urgently conducted, at this stage, to accurately estimate the ecological and environmental benefits of recycled concrete.



At present, a large number of scholars have applied the life cycle assessment (LCA) theory to calculate the carbon emissions of recycled coarse aggregate concrete [22,23,24]. However, the evaluation of carbon emissions for RFA concrete is less involved [25]. Additionally, the existing studies have several problems. First, the environmental assessment of recycled concrete has problems, such as an incomplete definition of the life cycle scope and failure, to consider the environmental impact after the removal of concrete components. Secondly, the carbon emission evaluation of recycled concrete does not consider the compensating effect of its full life cycle carbonation absorption of CO2 on the environment. Finally, when performing life cycle environmental assessment of recycled concrete, existing studies have not yet established the existence of a correlative relationship among the RFA replacement ratio, concrete mechanical properties, and carbon emissions.



In this study, the innovation is to supplement and improve the systematic boundary of the life cycle carbon emission calculation of RFA concrete, as well as to consider the influence of mechanical properties in the environmental evaluation of RFA concrete. The details of the study are as follows. Based on LCA theory, the life cycle of RFA concrete is divided into six stages: raw material extraction and processing, transportation to the manufacturer, RFA concrete manufacturing, transportation to the building site, construction, and de-construction or demolition. First, the life cycle carbon emissions of RFA concrete are systematically calculated by considering the effect of carbonation. Secondly, a spatial three-dimensional model was established to fit the interaction among RFA replacement ratio, 28-day cubic compressive strength, and carbon emissions. The concept of “carbon-strength ratio” was introduced to conduct a comprehensive environmental assessment of RFA concrete. Finally, three methods of sensitivity analysis were used to explore the effects of the water–to-cement ratio, RFA replacement ratio, and transportation distance on the whole life cycle carbon emissions of RFA concrete. Overall, this work accurately assesses the environmental benefits of RFA concrete, as well as, to some extent, supports the large-scale promotion and application of RFA concrete in future.




2. Methodology and Quantitative Analysis


2.1. Research Objectives and Scope


In this study, the LCA methodology was employed for the assessment of the life cycle carbon emissions of RFA concrete. Additionally, 1 m3 of RFA concrete was taken as the functional unit, and the considered life cycle includes six stages: specifically, raw material extraction and processing, transportation to the manufacture, RFA concrete manufacturing, transportation to the building site, construction, and de-construction or demolition. Figure 1 presents the system boundary utilized in this study. In addition, the effects of the water-to-cement ratio, the RFA replacement ratio, and transportation distance on the life cycle carbon emissions were explored.




2.2. Life Cycle Inventory Data


Kawai et al. [26] state that the carbon emission factors were 3.1 kg-CO2eq/t and 17.7 kg-CO2eq/t, respectively, for the production of recycled aggregates used for road backfill and concrete body members. As recycled aggregates are mainly used for concrete elements in the scenarios of this study, the carbon emission factor of recycled aggregates is taken as 17.7 kg-CO2eq/t. It has been reported that the treatment of 1 t of waste concrete can yield 650 kg of recycled coarse aggregate, 330 kg of RFA, and 20 kg of waste [25]. Therefore, the carbon emission factors were 11.51 kg-CO2eq/t for recycled coarse aggregates and 5.84 kg-CO2eq/t for recycled fine aggregates, respectively, based on the mass allocation. Considering the recycling of waste concrete to produce recycled aggregates as an “environmentally friendly” treatment, it is necessary to allocate the environmental impact of the recycled aggregates.



International Organization for Standardization [27] divided the environmental impact distribution of material recycling into two categories. The first category is a closed-loop recycling system, that is, within the whole product system, when the material is reused, its essential properties and application methods remain unchanged, and the material can be reused directly. The second category is an open-loop recycling system, that is, within the whole product system, when the material is used, its essential properties and application methods change somewhat, and the material needs to be recycled and processed before reuse. There are two methods of determining the allocation factor for the environmental impact of recycled materials: the mass allocation method and the economic allocation method, and the corresponding calculation formulas are shown in Equations (1) and (2), respectively [21,25].


   C m  =    M   recycled - material       M   disposable - material    +  M   recycled - material       



(1)




where Cm denotes the environmental impact factor of recycled aggregates obtained according to the mass allocation method. Mrecycled-material denotes the mass of recycled aggregates; Mdisposable-material denotes the mass of waste concrete.


   C e  =    E  1 − money   ×  M   recycled - material       E  2 − money   ×  M   disposable - material    +  E  1 − money   ×  M   recycled - material       



(2)




where Ce denotes the environmental impact factor of recycled aggregates obtained according to the economic allocation method. Mrecycled-material denotes the quality of recycled aggregate. Mdisposable-material denotes the quality of waste concrete. E1-money and E2-money refer to the market economic value of recycled aggregate and the cost of waste concrete, respectively.



The mass allocation method refers to the determination of the environmental impact factor of recycled aggregates based on the mass ratio between the primary materials (waste disposal) and secondary materials (recycled aggregates production) [28]. The distribution coefficients calculated by this method are imprecise because they don’t take into account the fact that there will be mass loss in the preparation of recycled materials by recycling the primary materials. The economic allocation method is based on market prices, and the price ratio between the initial raw material and the recycled material is weighted to determine the environmental impact allocation factor for the material [29]. This method takes into account the loss of quality during material recovery, but it has the disadvantage of being vulnerable to market price fluctuations. Considering the quality loss of the waste concrete after recycling, the obtained recycled aggregates will be slightly inferior to natural aggregates in terms of performance. The existing research is less related to the multiple regeneration of concrete, and the recycling of waste concrete is classified as an open-loop recycling system. The economic allocation method is used to determine the environmental impact allocation factor of recycled aggregates, and the allocation schematic and calculation formula are shown in Figure 2 and Equation (2), respectively.



According to the Chinese construction market price, the cost of 650 kg of recycled coarse aggregate and 330 kg of RFA is CNY 14.29 and CNY 17.99, respectively, while the cost of 1 t of waste concrete directly to landfill is 143.48 yuan [30]. With reference to Equation (2), the environmental impact distribution coefficients of recycled coarse aggregate and RFA can be calculated according to the economic distribution method, as shown in Table 1.



As can be seen from Table 2, when waste concrete is recycled and prepared into recycled aggregates, the environmental impact allocation of recycled coarse aggregates and RFA, in the whole recycled concrete system, is 8.13% and 10.24%, respectively. Therefore, after considering the environmental impact allocation, the carbon emissions of preparing 1 t of RFA is 0.598 kg-CO2eq.



Carbon emission factors for the production and transportation phases of other raw materials for RFA concrete were determined through the literature review. Considering that RFA concrete is not yet used on a large scale, it is assumed that the carbon emissions of RFA concrete are the same as those of recycled coarse aggregate concrete during the procedures of the manufacturing, transportation to the building site, construction, and de-construction or demolition [31]. The life cycle inventory data for RFA concrete is as shown in Table 2.




2.3. Calculation Method of Carbon Emissions


The life cycle of RFA concrete includes six stages: raw material extraction and processing, transportation to the manufacture, RFA concrete manufacturing, transportation to the building site, construction, and de-construction or demolition. The formula for calculating the life cycle carbon emissions per unit of recycled concrete is given by Equation (3), in which the effect of carbonation of recycled concrete is considered [31].


   C  L C   =  C  Y S   +  C  Y Y   +  C  Z S   +  C  Z Y   +  C  Z Z   +  C  Z C   −  C  T H    



(3)




where: CLC refers to the total carbon emission of the life cycle of RFA concrete. CYS and CYY denote the carbon emission in the stages of the raw material extraction and transportation, respectively. CZS, CZY, CZZ, and CZC represent the carbon emission in the stages of preparation, transportation, construction, and demolition of RFA concrete, respectively. CTH is the carbon uptake due to the carbonation of concrete.



The carbon emission of the raw material production stage (CYS) can be determined based on the material consumption for concrete of one functional unit and the corresponding carbon emission factor. The carbon emission of the transportation stage (CYY) can be determined based on the quality of different raw materials, the distance from the raw material origin to the recycled concrete mixing plant, and the carbon emission factor of the corresponding transportation equipment. During the transport phase (CZY) of RFA concrete, it was transported by concrete mixer truck with a transport distance of 20 km and a transport carbon emission factor of 0.26 kg-CO2eq/m3 [31]. The carbon emissions of recycled concrete preparation stage (CZS), construction stage (CZZ), and demolition stage (CZC) are shown in Table 2, respectively.



The alkaline material, calcium hydroxide, in concrete will have a certain neutralization reaction with carbon dioxide in the air to produce calcium carbonate and water, which is expressed as a CO2 uptake phenomenon and will have a compensating effect on the environment [33,34]. Pade et al. [35] proposed that the total carbonation of concrete components will increase by 20% to 40% after being dismantled, crushed, and exposed to the air for between 2 weeks and 4 months. Sereewatthanawut et al. [23] suggested that the CO2 from the production of cement would eventually be completely absorbed by concrete. However, since the full carbonation takes hundreds of years and cannot be determined experimentally, the upper limit of CO2 uptake by carbonation is predicted, by theoretical analysis, to be 75% of the CO2 emitted from production. Compared with natural fine aggregate, the surface of RFA must contain a small amount of cement mortar in the microscopic state. Under the same conditions, the CO2 uptake capacity of recycled concrete is higher than that of ordinary concrete. The CO2 uptake capacity of RFA concrete will vary for a different RFA replacement ratio, and the amount of CO2 uptake by carbonation of RFA concrete can be determined according to the carbonation depth prediction equation, with the specific calculation procedure referring to the literature [36].



The previous studies have shown that the RFA replacement would lead to the degradation of mechanical properties [37,38,39]. Therefore, the necessity for a comprehensive evaluation of the mechanical properties and life cycle carbon emissions of RFA concrete is evident. In this paper, we proposed an analytical model for a more comprehensive performance and environmental analysis, in which the replacement of the RFA ratio, 28-day cubic compressive strength, and carbon emissions are involved.





3. Case Study


3.1. Material Parameters


The ratio design of RFA concrete and its life cycle carbon emission analysis and calculation were carried out using the mixture design in the literature [37,38,39]. In all three cases, P.O. 42.5 ordinary Portland cement was used for cement, crushed stone with continuous gradation from 5 to 25 mm was used for natural coarse aggregate, and river sand with the gradation of Zone 2 was used for natural fine aggregate. The RFA was provided by the construction resource manufacturer. For case 1, different water–to-cement ratios and RFA replacement ratios were considered, and additional water was added to allow RFA to reach the saturated surface dry condition. For case 2 and case 3, different RFA replacement ratios were considered based on the densest volume method, and an equal volume of RAF is used to replace natural fine aggregate without considering additional water. For the purpose of analysis, the volumetric substitution rate of RFA is transformed into the mass substitution rate. The details of RFA concrete mixes are shown in Table 3, Table 4 and Table 5.




3.2. Life Cycle Carbon Calculation Results


Taking the RFA concrete mix with a water-to-cement ratio of 0.50 in Case 1 as an example, the life cycle carbon emissions were calculated and shown in Figure 3. At a constant water-to-cement ratio, carbon emission shows a decreasing trend as the replacement of the RFA ratio increases. It also can be observed that the higher the replacement ratio, the more pronounced the carbon uptake by RFA concrete, indicating the better compensation effect on the environment. For instance, the total carbon emission and carbon sequestration effect of 1 t of RFA concrete are 417.36 kg-CO2eq and 4.15 kg-CO2eq, respectively, at 0% RFA replacement ratio, while the total emission and carbon sequestration effect of 1 t of recycled concrete are 394.06 kg-CO2eq and 6.22 kg-CO2eq, respectively, at 100% RFA replacement ratio. Without considering the carbonation effect of concrete, the increment of 20% in the recycled aggregate replacement will reduce carbon emissions by 4.66 kg-CO2eq/t, and the carbon emission reduction will reach 5.58% when the natural fine aggregate is completely replaced. When considering the effect of carbonation, the increment of 20% in the recycled aggregate replacement will reduce carbon emissions by 5.07 kg-CO2eq/t, and the carbon emission reduction will reach 6.14% when the natural fine aggregate is completely replaced.



The results also show that the carbon emissions from the raw material production stage (CYS) account for 80.92% to 85.62%. This indicates that carbon emissions from the raw material production stage are the main source of carbon emissions for RFA concrete. The main reason is that a large amount of CO2 will be produced in the production process of cement calcination, and the amount of cement in the concrete mix ratio is relatively high. Therefore, controlling the amount of cement in concrete and using green supplementary cementitious materials, such as fly ash, can significantly reduce carbon emissions. With the increase in the RFA replacement ratio, the carbon emission in the transportation stage (CYY) of raw materials decreased from 28.70 kg-CO2eq/t to 7.69 kg-CO2eq/t, along with the 73.21% decrease. It is attributed to the transportation distance of RFA being much smaller than that of natural aggregate.




3.3. Effect of Transportation Distance on Carbon Emissions of RFA Concrete


Currently, large-scale recycled aggregate production has not yet been formed in China, and the number of recycled aggregate processing plants is also limited. Therefore, the impact of transportation distance was investigated when evaluating carbon emissions of the RFA concrete life cycle. Specifically, six transport scenarios for RFA were considered (i.e., 0 km, 50 km, 100 km, 150 km, 200 km, and 250 km), and a diesel truck was chosen as the transport machinery.



Taking the RFA concrete mix ratio of a 0.50 water-to-cement ratio in Case 1 as an example, the life cycle carbon emissions of RFA concrete under different transportation scenarios can be calculated, as shown in Figure 4. As can be seen from the figure, for the same RFA replacement ratio, the farther the transportation distance, the higher the carbon emission of RFA concrete. The main reason is that the increase in transportation distance will lead to the increase in carbon emission in the transportation stage of RFA concrete raw materials. The test results also illustrate that, when the transportation distance of RFA is greater than 331.7 km, the carbon emission of RFA concrete will be greater than that of natural concrete. Besides, the greater the RFA replacement ratio, the greater the slope of the fitting line of carbon emission of RFA concrete, that is to say, the critical transportation distance of RFA concrete is 331.7 km for this case, and the higher the RFA replacement ratio, the more sensitive the carbon emission of RFA concrete is to the change in transportation distance.




3.4. Spatial Fitting Analysis of RFA Replacement Ratio, 28-Day Cubic Compressive Strength and Carbon Emissions


From Table 3 and Figure 3, it could be found that the carbon emission of concrete decreases with the increase in the RFA replacement ratio under the same water-to-cement ratio. However, the 28-day cubic compressive strength of RFA concrete decreases as the RFA replacement ratio increases, which can affect the serviceability of concrete members. To further analyze the relationship between life cycle carbon emissions, RFA replacement ratio, and 28-day cubic compressive strength of RFA concrete, a fitting relationship was established with RFA replacement ratio, 28-day cubic compressive strength, and carbon emissions as x-axis, y-axis, and z-axis, respectively, as shown in Figure 5. Equation (4) gives the fitted relationship, and the correlation coefficient R-squared value is 0.890.


  Z = 107.62 + 0.42 X + 7.23 Y  



(4)




where Z denotes the amount of CO2 generated per unit of RFA concrete throughout its life cycle (kg CO2-eq); X denotes the RFA replacement ratio of RFA concrete; Y denotes the 28-day cubic compressive strength of RFA concrete at different RFA replacement ratios (MPa).



As can be seen from Figure 5 and Equation (4), when the replacement ratio of RFA is certain, the average 28-day cubic compressive strength of RFA concrete increases by 7.23 kg-CO2eq of carbon emission for every 1 MPa increase. It is reasonable that the higher the 28-day cubic compressive strength, the lower the water-to-cement ratio will be, and hence, the cement usage will increase, ultimately resulting in the higher life cycle carbon emissions of RFA concrete. The results also indicated that, when the 28-day cubic compressive strength is the same, the carbon emission increases by 0.42 kg-CO2eq for every 1% increase in RFA replacement ratio of RFA concrete. The main reason is that, as the replacement ratio of RFA increases, more cement per unit volume of RFA concrete is required to achieve the same compressive strength, which leads to an increase in carbon emissions. Therefore, when conducting the life cycle carbon emission evaluation of RFA concrete, the carbon emission should be considered, together, with the mechanical properties of RFA concrete.




3.5. Analysis of Carbon-Strength Ratio of RFA Concrete


According to the index of “cementitious strength” proposed by Damineli et al. [40], Zhang et al. [30] and Knoeri [41] proposed the concept of “carbon-strength ratio” to evaluate the carbon emission while considering its strength. Specifically, carbon-strength ratio is defined as the amount of CO2 emitted for 1-MPa compressive strength. Therefore, the smaller the “carbon-strength ratio”, the better the environmental effect of RFA concrete and, conversely, the worse the environmental effect of RFA concrete.



In this study, the 28-day compressive strength was used as the strength indicator. The calculated carbon-strength ratios for the cases 1, 2, and 3 are presented in Figure 6, and a linear fit is also established. The R-squared value of the fitted relationship curve was 0.873, indicating a reasonable fitting result. The intercept of the vertical coordinate in the fitted curve graph indicates the carbon-intensity ratio is 10.173 kg-CO2eq/MPa for natural concrete when the RFA replacement ratio is 0. The slope indicates that the carbon-strength ratio will increase by 0.0346 kg-CO2eq/MPa for a 1% increase in the RFA replacement ratio; when the RFA replacement ratio increases from 0 to 100%, the carbon-strength ratio will increase by 3.46 kg-CO2eq/MPa, with a 34.01% increase—that is to say, the detrimental effect of RFA replacement on the strength reduction in RFA concrete is more significant than the beneficial effect on its carbon emission reduction. For instance, the increase in the replacement ratio of RFA, from 0 to 100% in the three cases, reduces the strength of RFA concrete by 12.03% to 34.58%, while the carbon emission is reduced by 6.14% to 8.92%.




3.6. Sensitivity Analysis of Influencing Factors


To investigate the extent to which three variation parameters water-to-cement ratio, RFA replacement ratio and transportation distance affect the life cycle carbon emissions of RFA concrete. In this study, three analytical methods are utilized to explore the analysis through Grey Relational Analysis (GRA) and validate the results using Analysis of Variance (ANOVA) with Spearman correlation analysis. The water-to-cement ratio was selected as 0.50, 0.55, 0.60, 0.65, and 0.70; the RFA replacement ratio was 0%, 20%, 40%, 60%, 80%, and 100%; the transportation distance was 0 km, 50 km, 100 km, 150 km, and 200 km. The results of carbon emission calculations under 150 working conditions are used as the subject of the study, and the specific analysis is shown below.



3.6.1. Grey Relational Analysis


GRA is a method of measuring the degree of correlation between factors based on the degree of similarity or dissimilarity of trends between factors, where the degree of correlation refers to a measure of the magnitude of the correlation between factors, in two systems, over time or with different objects [42]. GRA is applicable to dynamic history analysis and provides a quantitative measure of the developmental dynamics within the system. The method does not require the number of samples or the regularity of the samples. The basic idea is to judge the closeness of the connection based on the similarity of the geometry of the sequence curves.



The detailed calculation formula could be referred to in the literature [43]. After calculation, it was found that the grey relational coefficients of carbon emission of RFA concrete with water-to-cement ratio, RFA replacement ratio, and transportation distance are 0.7610, 0.6596, and 0.5556, respectively. It has been reported that a grey correlation coefficient greater than 0.5 indicates the existence of a correlation between the two, and the larger the coefficient, the stronger the correlation between the two. Therefore, there is a correlation between the life cycle carbon emissions of RFA concrete and the water-to-cement ratio, RFA ratio, and transportation distance, with the highest sensitivity belonging to the water-to-cement ratio, followed by the RFA replacement ratio, and finally, the transportation distance.




3.6.2. Analysis of Variance


ANOVA is a statistical analysis method that identifies the effects of various factors by analyzing the results of experimental or theoretical derivations [44]. The basic idea is to determine the influence of controllable factors on research results by analyzing the contribution of variation, from different sources, to the total variation. Referring to the calculation steps in the literature [45], a multi-factor ANOVA was performed using Statistical Product Service Solutions (SPSS) software to analyze the significance correlation of the water-to-cement ratio, RFA replacement ratio, and transportation distance for carbon emissions from RFA concrete, and the results are shown in Table 6.



As can be seen from Table 4, the p-values of the water-to-cement ratio, RFA replacement ratio, and transportation distance are less than the F-values, and the p-values are less than 0.001. It indicates that this SPSS ANOVA is statistically significant, and the individual changes in the water-to-cement ratio, RFA replacement ratio, and transportation distance of RFA concrete have a significant effect on carbon emissions. By conducting a comparison of F-values, it was found that the water-to-cement ratio was the largest, the RFA replacement ratio was the second largest, and the transportation distance was the smallest. It shows that the variation of water-to-cement ratio has the greatest effect on the carbon emission of RFA concrete, followed by the RFA replacement ratio and finally the transportation distance.




3.6.3. Spearman Correlation Analysis


The Spearman correlation analysis is a common method to describe the correlation between two sets of variables, and it is applicable to data satisfying a continuous or hierarchical distribution or a continuous plus hierarchical distribution [46]. The Spearman correlation coefficient is a nonparametric measure of the degree of dependence of two variables, and it is often denoted by the Greek letter ρ. The value of ρ ranges from [–1, 1], and the larger the absolute value of ρ, the stronger the correlation. When ρ > 0, it indicates a positive correlation between the two sets of variables; when ρ < 0, it indicates a negative correlation between the two sets of variables. The results of the Spearman correlation analysis of carbon emissions from RFA concrete, with respect to water-to-cement ratio, RFA replacement ratio, and transportation distance, are shown in Table 7.



From Table 5, the correlation coefficients of water-to-cement ratio, RFA replacement ratio, and transportation distance are −0.978, −0.202, and 0.068, respectively, indicating that the carbon emission of RFA concrete shows negative, negative, and positive correlation with water-to-cement ratio, RFA replacement ratio, and transportation distance, and the correlation degree of water-to-cement ratio is the highest, RFA replacement ratio is the second, and transportation distance is the lowest. From Table 5, it can also be found that the p-value of water-to-cement ratio is the smallest, RFA replacement ratio is the second largest, and transportation distance is the largest, indicating that the variation of water-to-cement ratio has the most significant effect on the carbon emission of RFA concrete, followed by the RFA replacement ratio, while the variation of transportation distance has the least significant effect.




3.6.4. Comparison of Three Correlation Methods


Through the examination and verification of three correlation analysis methods, it was found that the whole life cycle carbon emission of RFA concrete has the highest sensitivity to water-to-cement ratio, the second highest RFA replacement ratio, and the lowest transportation distance. There are two main reasons for this. On the one hand, it is because changes in the water-to-cement ratio significantly affect the amount of cement used in concrete, which is an essential cementitious material in concrete, and it has a relatively high amount and carbon emission factor, as well as is more sensitive to carbon emissions. On the other hand, it’s because the carbon emission coefficients of the production and transportation stages of RFA are small (two to three orders of magnitude lower than those of cement), so they have a smaller impact on the life cycle carbon emissions of RFA concrete.






4. Conclusions


(1) With the same water-to-cement ratio, the higher the replacement ratio of RFA, the better the carbon sequestration effect of RFA concrete and the lower the carbon emission. The stage of raw material extraction accounts for 80.92% to 85.62% carbon emission of the production of RFA concrete, mainly due to the large amount of CO2 produced during the calcination of cement production.



(2) For the same RFA replacement ratio, the farther the transportation distance, the higher the carbon emission of RFA concrete. The higher the replacement ratio of RFA, the more sensitive the carbon emission of RFA concrete is to the change in transportation distance.



(3) By establishing a three-dimensional spatial fitting equation, it was found that the carbon emission of FRA concrete slightly increased with a higher RFA replacement ratio for the same 28-day cubic compressive strength. The main reason is that, in order to achieve the same 28-day cubic compressive strength as ordinary concrete, more cementitious material is required per unit volume of RFA concrete.



(4) Although high replacement rates of RFA result in low carbon emission, they lead to the high carbon-strength ratio. It is mainly attributed to the fact that, as the FRA replacement ratio increases, the reduction degree in the compressive strength is more obvious than that in the carbon emission.



(5) Multiple analysis methods showed that RFA concrete carbon emissions were the most sensitive to the water-to-cement ratio, followed by RFA replacement ratio, with the lowest being transport distance.



(6) The carbon sequestration potential of RFA concrete may also be underestimated due to the fact that the surface of RFA contains some old mortar, which can take in carbon dioxide. Furthermore, the preparation of recycled aggregates from waste concrete recycling can avoid the landfill of waste concrete and the consumption of natural resources. Both of these positive effects of aggregate recycling should be considered in a future study.
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Abbreviations




	Abbreviations
	Full Name of the Term



	LCA
	Life Cycle Assessment



	RFA
	Recycled Fine Aggregate



	GRA
	Grey Relational Analysis



	ANOVA
	Analysis of Variance



	SPSS
	Statistical Product Service Solutions



	Cm
	The environmental impact factor of recycled aggregates obtained according to the mass allocation method.



	Mrecycled-material
	The mass of recycled aggregates.



	Mdisposable-material
	The mass of waste concrete.



	Ce
	The environmental impact factor of recycled aggregates obtained according to the economic allocation method.



	E1-money
	The market economic value of recycled aggregate.



	E2-money
	The cost of waste concrete.



	CLC
	The total carbon emission of the life cycle of RFA concrete.



	CYS
	The carbon emission in the stages of the raw material extraction and processing.



	CYY
	The carbon emission in the stage of the raw material transportation to the manufacture.



	CZS
	The carbon emission in the stage of RFA concrete manufacturing.



	CZY
	The carbon emission in the stage of transportation to the building site for RFA concrete.



	CZZ
	The carbon emission in the stage of construction of RFA concrete.



	CZC
	The carbon emission in the stage of de-construction or demolition of RFA concrete.



	CTH
	The carbon uptake due to the carbonation of concrete.



	X
	RFA replacement ratio of RFA concrete.



	Y
	28-day cubic compressive strength of RFA concrete at different RFA replacement ratios (MPa).



	Z
	The amount of CO2 generated per unit of RFA concrete throughout its life cycle (kg CO2-eq).
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Figure 1. Boundary of the life cycle carbon emission calculation system for RFA concrete. 
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Figure 2. Schematic diagram of the distribution of the environmental impact of recycled aggregates. 
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Figure 3. Variation of life cycle carbon emissions with different RFA replacement ratio for the same water-to-cement ratio concrete. 
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Figure 4. Life cycle carbon emissions of RFA concrete under different transportation scenarios. 
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Figure 5. Fitting plane between RFA replacement ratio, 28-day cubic compressive strength and carbon emissions of RFA concrete. 
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Figure 6. Fitting relation curve between replacement ratio of RFA and carbon-strength ratio of concrete. 






Figure 6. Fitting relation curve between replacement ratio of RFA and carbon-strength ratio of concrete.



[image: Sustainability 14 14448 g006]







[image: Table] 





Table 1. Environmental impact distribution coefficient of recycled coarse aggregate and RFA.
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	Quantity (kg)
	Cost (CNY)
	Allocation Factor





	Waste concrete
	1000
	143.48
	143.48/175.76 × 100% = 81.63%



	Recycled coarse aggregates
	650
	14.29
	14.29/175.76 × 100% = 8.13%



	Recycled fine aggregates
	330
	17.99
	17.99/175.76 × 100% = 10.24%



	Total
	--
	175.76
	100%
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Table 2. Life cycle inventory data for RFA concrete.
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RFA Concrete List

	
Cement

[24]

	
Natural Coarse Aggregate

[30]

	
Natural

Fine

Aggregate

[32]

	
Recycled Fine

Aggregate

[25]

	
Superplasticizer

[32]

	
Water

[30]






	
Carbon emission factor (kg-CO2eq/t)

	
861

	
3.70

	
4.00

	
0.598

	
1150

	
0.213




	
Transportation machinery

	
Cement truck

	
Dry bulk carrier

	
Dry bulk carrier

	
Diesel trucks

	
Diesel trucks

	
--




	
Transport distance/km

	
20

	
380

	
300

	
10

	
10

	
0




	
Transportation carbon emission factor

kg-CO2eq/(t∙km)

	
0.111

	
0.0134

	
0.0134

	
0.107

	
0.107

	
--




	
RFA concrete

preparation of carbon emissions [30]

(kg-CO2eq/m3)

	
7.7




	
RFA concrete

construction carbon emissions [31]

(kg-CO2eq/m3)

	
21.78




	
RFA concrete carbon emissions from construction and demolition [31]

(kg-CO2eq/m3)

	
19.6
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Table 3. Mix proportions of RFA concrete (Case 1) Date from [37].
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Group NO.

	
RFA Replacement Ratio/wt%

	
Water-to-Cement Ratio

	
Materials/(kg/m3)

	
28-Days Cubic Compressive Strength/MPa




	
Cement

	
Natural Coarse Aggregate

	
Natural Fine Aggregate

	
Recycled Fine Aggregate

	
Free Water

	
Additional Water






	
NAC1

	
0

	
0.50

	
380

	
1203

	
677

	
0

	
190

	
0

	
41.45




	
RAC1-1

	
20

	
0.50

	
380

	
1203

	
542

	
135

	
190

	
10

	
39.39




	
RAC1-2

	
40

	
0.50

	
380

	
1203

	
406

	
271

	
190

	
20

	
36.78




	
RAC1-3

	
60

	
0.50

	
380

	
1203

	
271

	
406

	
190

	
30

	
34.15




	
RAC1-4

	
80

	
0.50

	
380

	
1203

	
135

	
542

	
190

	
41

	
35.03




	
RAC1-5

	
100

	
0.50

	
380

	
1203

	
0

	
677

	
190

	
51

	
29.15




	
NAC2

	
0

	
0.55

	
345

	
1203

	
677

	
0

	
190

	
0

	
36.01




	
RAC2-1

	
20

	
0.55

	
345

	
1203

	
542

	
135

	
190

	
10

	
34.51




	
RAC2-2

	
40

	
0.55

	
345

	
1203

	
406

	
271

	
190

	
20

	
32.71




	
RAC2-3

	
60

	
0.55

	
345

	
1203

	
271

	
406

	
190

	
30

	
26.33




	
RAC2-4

	
80

	
0.55

	
345

	
1203

	
135

	
542

	
190

	
41

	
26.68




	
RAC2-5

	
100

	
0.55

	
345

	
1203

	
0

	
677

	
190

	
51

	
25.46




	
NAC3

	
0

	
0.60

	
308

	
1203

	
677

	
0

	
185

	
0

	
32.63




	
RAC3-1

	
20

	
0.60

	
308

	
1203

	
542

	
135

	
185

	
10

	
30.08




	
RAC3-2

	
40

	
0.60

	
308

	
1203

	
406

	
271

	
185

	
20

	
29.76




	
RAC3-3

	
60

	
0.60

	
308

	
1203

	
271

	
406

	
185

	
30

	
29.36




	
RAC3-4

	
80

	
0.60

	
308

	
1203

	
135

	
542

	
185

	
41

	
24.47




	
RAC3-5

	
100

	
0.60

	
308

	
1203

	
0

	
677

	
185

	
51

	
23.99




	
NAC4

	
0

	
0.65

	
277

	
1203

	
677

	
0

	
180

	
0

	
29.88




	
RAC4-1

	
20

	
0.65

	
277

	
1203

	
542

	
135

	
180

	
10

	
29.05




	
RAC4-2

	
40

	
0.65

	
277

	
1203

	
406

	
271

	
180

	
20

	
27.12




	
RAC4-3

	
60

	
0.65

	
277

	
1203

	
271

	
406

	
180

	
30

	
24.72




	
RAC4-4

	
80

	
0.65

	
277

	
1203

	
135

	
542

	
180

	
41

	
22.52




	
RAC4-5

	
100

	
0.65

	
277

	
1203

	
0

	
677

	
180

	
51

	
21.92




	
NAC5

	
0

	
0.70

	
257

	
1203

	
677

	
0

	
180

	
0

	
27.88




	
RAC5-1

	
20

	
0.70

	
257

	
1203

	
542

	
135

	
180

	
10

	
28.05




	
RAC5-2

	
40

	
0.70

	
257

	
1203

	
406

	
271

	
180

	
20

	
26.27




	
RAC5-3

	
60

	
0.70

	
257

	
1203

	
271

	
406

	
180

	
30

	
23.82




	
RAC5-4

	
80

	
0.70

	
257

	
1203

	
135

	
542

	
180

	
41

	
21.07




	
RAC5-5

	
100

	
0.70

	
257

	
1203

	
0

	
677

	
180

	
51

	
21.27
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Table 4. Mix proportions of RFA concrete (Case 2) Date from [38].
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Group NO.

	
RFA Replacement Ratio/wt%

	
Water-to-Cement Ratio

	
Materials/(kg/m3)

	
28-Days Cubic Compressive Strength/MPa




	
Cement

	
Natural Coarse Aggregate

	
Natural Fine Aggregate

	
Recycled Fine Aggregate

	
Water

	
Superplasticizer






	
NAC6

	
0

	
0.50

	
330.0

	
1215.0

	
720

	
0

	
165.0

	
1.65

	
36.2




	
RAC6-1

	
27.9

	
0.50

	
330.6

	
1160.1

	
504

	
195

	
165.3

	
1.65

	
36.8




	
RAC6-2

	
47.3

	
0.50

	
331.0

	
1124.0

	
360

	
323

	
166.0

	
1.66

	
33.8




	
RAC6-3

	
72.9

	
0.50

	
331.5

	
1077.8

	
180

	
484

	
165.8

	
1.66

	
31.7




	
RAC6-4

	
100

	
0.50

	
332

	
1032.0

	
0

	
645

	
166.0

	
1.66

	
30.1
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Table 5. Mix proportions of RFA concrete (Case 3) Date from [39].
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Group NO.

	
RFA Replacement Ratio/wt%

	
Water-to-Cement Ratio

	
Materials/(kg/m3)

	
28-Days Cubic Compressive Strength/MPa




	
Cement

	
Natural Coarse Aggregate

	
Natural Fine Aggregate

	
Recycled Fine Aggregate

	
Water

	
Superplasticizer






	
NAC7

	
0

	
0.35

	
449

	
898

	
898

	
0

	
157

	
4.5

	
53.12




	
RAC7-1

	
27.9

	
0.35

	
449

	
898

	
673

	
199

	
157

	
4.5

	
48.34




	
RAC7-2

	
72.9

	
0.35

	
449

	
898

	
449

	
397

	
157

	
4.5

	
41.97




	
RAC7-3

	
100

	
0.35

	
449

	
898

	
0

	
794

	
157

	
4.5

	
34.75




	
RAC7-4

	
23.17

	
0.35

	
449

	
898

	
673

	
203

	
157

	
4.5

	
49.64




	
RAC7-5

	
47.49

	
0.35

	
449

	
898

	
449

	
406

	
157

	
4.5

	
48.52




	
RAC7-6

	
100

	
0.35

	
449

	
898

	
0

	
813

	
157

	
4.5

	
46.73
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Table 6. Results of ANOVA.
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	Independent Variables
	Class III Sum of Squares
	Degree of Freedom
	Mean Square
	F-Value
	Significance (p-Value)





	Water-to-cement ratio
	240,349.66
	4
	60,087.42
	17,535.68
	<0.001



	RFA replacement ratio
	6792.18
	5
	1358.44
	396.44
	<0.001



	Transportation distance
	983.89
	4
	245.97
	71.78
	<0.001
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Table 7. Results of Spearman’s correlation test analysis.
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	Independent Variables
	Number of Samples (N-Values)
	Correlation Coefficient
	Significance (p-Value)





	Water-to-cement ratio
	150
	−0.978
	<0.001



	RFA replacement ratio
	150
	−0.202
	0.013



	Transportation distance
	150
	0.068
	0.409
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