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Abstract

:

The comparison of carbon emissions between prefabricated and traditional cast-in-place construction methods in actual example buildings has yielded inconsistent results due to the difficulty in accounting for design parameter uncertainty. Additionally, the carbon-reduction capacity of prefabricated structures remains a topic of debate. This paper investigates the carbon emission reduction capacity of prefabricated concrete frame structures compared to traditional cast-in-place structures, with a focus on addressing design parameter uncertainty. A quantitative model of carbon emissions is established using the subproject quota method and PKPM-PC software. The study evaluates the impact of design parameters, such as slab span and seismic requirements, and calculation parameters, such as carbon emission factor and transport distance, on carbon emissions. The results indicate that prefabricated structures with a higher assembly rate exhibit a stronger emission reduction capacity, mainly due to lower demands for labor and mechanical energy consumption. The study also highlights that prefabricated structures with smaller slab spans and higher seismic requirements have lower carbon emission reduction capacities and can produce greater carbon emissions than cast-in-place structures. Furthermore, the appropriate carbon emission factor for the material used in prefabricated structures is crucial for achieving reliable carbon reduction rates. Finally, the study emphasizes the importance of considering transport as a small but significant factor in structural comparison, as changes in transport distance can significantly impact results.
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1. Introduction


Carbon emissions from the construction sector represent a critical source of greenhouse gases. Buildings alone generate 36% of global energy consumption and 39% of global CO2 emissions during construction and operation [1]. It is urgent to reduce carbon emissions from buildings. Prefabricated construction is becoming a leading trend in the development of the construction industry, thanks to its unique advantages. Industrialized production processes have increased the accuracy of building components, leading to minimal waste generation, and a significant reduction in construction process complexity [2]. Prefabricated buildings can be constructed at a faster pace, effectively reducing the risk of schedule overruns [3]. Prefabricated building components are produced on assembly lines, thereby reducing labor costs, standardizing production and construction, and simplifying the construction process. Currently, the new prefabricated construction area in China exceeds 740,000,000 m2, accounting for 24.5% of the new construction area [4].



Numerous studies have investigated the environmental impact of prefabricated buildings, including their energy consumption and greenhouse gas emissions. Tumminia [5] explores the environmental impact of a prefabricated building module in Messina, which uses renewable energy technologies and causes emissions of 1.5 t of CO2-e/m2, consumes 29.2 GJ/m2 of primary energy over its lifetime and achieves the goal of a net zero energy building. Teng [6] studied the carbon emissions of a typical 30-storey prefabricated public housing building in Hong Kong at the materialization stage, and showed that the use of low-carbon concrete, such as replacing ordinary silicate cement with blast furnace slag cement and fly ash, can significantly reduce carbon emissions. Ding [7] developed a carbon emission measurement system for the materialization phase of prefabricated houses, applied to a prefabricated project in Shenzhen, China, showing that the total carbon emission per unit volume of all prefabricated components was 764.87 kg/m3, 20.11% lower than that of cast-in-place parts. Jin [8] critically reviews the literature on research conducted on the environmental performance of prefabricated buildings, revealing that the dominant approach is life cycle assessment (LCA) and mostly using components as functional units to systematically analyze the carbon emissions and energy consumption of assembled residential buildings.



The comparative benefits of prefabrication for reducing GHG emissions in buildings have been analyzed by many researchers who have conducted building-to-building comparisons of real cases. Wang’s study in Japan [9] and Wen’s study in Malaysia [10] demonstrated lower carbon emissions for precast concrete structures compared to cast-in-place structures. However, Tumminia’s [5] and Bonamente’s [11] studies in Italy reported higher carbon emissions for precast concrete structures. In Chinese building research, Li [12] and Zhou [13] support the idea that prefabricated buildings reduce carbon emissions, while Han [14] maintains the opposite. The prefabrication rate has been identified as a crucial parameter for prefabricated buildings. Pons [15] and Mao [16] found that a higher prefabrication rate leads to a greater reduction in carbon emissions, whereas Du [17] and Wang [18] discovered that a higher assembly rate results in more carbon emissions.



Many studies have performed parameter sensitivity analyses to understand their impact on carbon emission results. Quale [19] estimates uncertainties in on-site waste generation, transport distances, and on-site temporary heating for concrete buildings. Dodoo [20] estimates uncertainties in material transport, insulation material, building lifespan, and steel recycling for timber buildings. Omar [21] studied the sensitivity of carbon emissions from concrete buildings to price fluctuations of raw materials in product manufacturing and reduced their impact by extending the boundaries of process methods. Hamidul [22] found the overall contributions of the whole life cycle impacts have increased significantly due to design life of a building. While low maintenance scenarios show up to 6%, transportation distance scenarios show a negligible difference.Transportation distance scenarios show a negligible difference, which is consistent with Dodoo [20]. It can be seen that the research on carbon emission reduction capacity of prefabricated structures focuses on its sensitivity to calculation parameters but neglects the consideration of design parameters.



It is crucial to comprehensively consider uncertainty and variability factors associated with carbon emission assessments to reduce uncertainty and enable more accurate emission estimates and decisions [23,24]. For the widely used method based on the comparative analysis of carbon emissions of real cases, it is difficult to conduct sensitivity analysis for the design parameters because they are not uniform. The carbon emission calculations for the materialization phase of actual buildings are usually derived from final accounts and construction records, which means the carbon emission calculations for buildings are often carried out after the completion of the project, and the resulting carbon emission evaluation results for existing buildings are not suitable as a basis for the selection of new buildings. Based on this, this paper proposes to construct a carbon emission measurement method for the materialization phase of prefabricated structures, using PKPM-PC software for modelling, and systematically investigating the carbon emission reduction capacity of prefabricated structures under different design parameters. The carbon emission model based on subproject quotas established in this paper can advance the calculation to the structural design stage, which is conducive to the ex ante control of engineering carbon emission reduction. In addition, by constructing a comprehensive carbon emission factor database based on subproject quotas, we can greatly reduces the workload of designers who would otherwise need to recalculate carbon emissions based on quotas.




2. Method


2.1. Structural Design


In this study, the design parameters of the prefabricated integrated concrete frame structure and the cast-in-place structure were kept consistent using BIM-based PKPM-PC software. The control group was set up as the cast-in-place structure to compare the carbon emission reduction capacity of the prefabricated structure. The design followed the “Technical Regulations for Prefabricated Concrete Structures” [25]. According to the “Uniform Standard for Reliability Design of Building Structures” in China [26], the service life of the structure in this paper is set as 50 years. The loads were taken from “Load Codes for Building Structures” [27]. The seismic fortification intensity was 6 degrees with an earthquake acceleration of 0.05 g. The building materials used were HRB400 grade longitudinal reinforcement, HPB300 stirrup, and C40 concrete.



This study investigates the carbon reduction capabilities of two distinct assembly rate structures by designing two prefabricated structures with assembly rates of 50% and 80%, respectively. Figure 1 illustrates the prefabricated components used in the structures. For the 80% assembly rate structure, all beams, slabs, and columns are prefabricated, whereas in the 50% assembly rate structure, only beams and slabs are prefabricated, and columns are cast-in-place. The prefabricated columns in the 80% assembly rate structure are connected using semi-grouting sleeves, while the embedded lifting parts comprise round-head hanging nails and embedded anchor bolts. The sleeve and embedded part dimensions were obtained from the attachment library of the BIM-based PKPM-PC software utilized for modeling and design. The steel bars at the bottom of the composite beam are anchored with curved hooks, with straight hooks serving as the embedded lifting part. The laminated slab is a steel truss composite slab, with the truss hanging point as its embedded part. Figure 2 displays the plan and elevation layouts of the structure, respectively, with a height of 17.4 m and a total of six layers, each with a standard height of 2.9 m.




2.2. Carbon Emission Estimation during the Materialization Phase


The primary purpose of calculating carbon emissions is to compare the carbon emissions of each phase process involved in a building’s life cycle, enabling the formulation of targeted carbon reduction measures. In order to compare the carbon emissions of different buildings, standardizing carbon emissions at each phase based on functional units is necessary. The building area is the most commonly used quantifier for carbon emissions. The standard unit for carbon emissions per unit of floor area is kilograms of carbon dioxide equivalent per square meter (kgCO2-e/m2). This unit expresses the total amount of greenhouse gases emitted per square meter of floor space, including CO2, CH4, N2O, PFCs, HFCs, and SF6. The use of this unit facilitates the comparison of carbon emissions across various buildings, while also serving as an indicator to evaluate the environmental sustainability of a building. Adopting a standardized approach for measuring and comparing carbon emissions during the various phases of a building’s life cycle is essential to identify and implement effective strategies to reduce carbon emissions and mitigate the environmental impact of the construction industry.



Studying the carbon emissions of buildings first requires defining the carbon emission measurement boundary. The life cycle of a building product is usually divided into five phases: production, transport, construction, operation, and demolition. The first three phases are called the building materialization phase [28,29]. The difference between prefabricated and cast-in-place buildings is mainly in construction methods [30]. Therefore, the study’s boundary is the building’s materialization phase.



There exist numerous methodologies for assessing the environmental influence of buildings [31].The subproject-based quota method was utilized in this study to estimate the comprehensive emission coefficient of the relevant subprojects [32]. This calculation method offers several advantages, including the ability to calculate carbon emissions based on building components, which allows designers to adopt more targeted carbon reduction measures. Additionally, because the specification’s bill of quantities is consistent, this approach can effectively reduce errors and omissions in the calculation process that may result from excessive statistical work. To obtain carbon emission source data, the “building construction and decoration engineering consumption quota” [33] and “consumption quota of prefabricated construction works” [34] were consulted. These references provide the consumption of labor, energy, materials, and construction machinery required for unit sub-projects, which served as an important basis for this study’s data. Since this study focuses on the concrete main frame, only the sub-projects related to the reinforced concrete works in the quotas were included in the analysis. Given the significant number of materials involved, turnover materials were excluded from the calculation, except for the wooden formwork used for cast-in-place members, which was included in the calculation due to its relatively small turnover cycle.



Figure 3 illustrates the primary emission sources during the production, transportation, and construction of prefabricated structures. The calculation units for the required subprojects include concrete, reinforcement, hoops, formwork, pre-built parts, vertical transportation, scaffolding, and over-height subprojects, which are typically considered as 10 m3, 1 t, 1 t, 100 m2, 1 pc, 1 day, 100 m2, and 100 m2, respectively. The relevant construction quotas were used to obtain the energy, material, machinery, and labor consumption per unit subproject. The comprehensive carbon emission coefficients of each phase per unit subproject were obtained by multiplying the corresponding carbon emission source consumption by the emission factors, as shown in Table 1. The comprehensive carbon emission factor of the materialization phase of the subproject was then determined by summing each phase, as shown in Equation (1). Finally, the carbon emission of the materialization phase was calculated by multiplying the corresponding subproject work volume, as shown in Equation (2).


  E  F  i j   = E  F  P , i j   + E  F  T , i j   + E  F  C , i j    



(1)






  E =   ∑  i , j    ( E  F  i j   ×  Q  i j   )   / s  



(2)




where EFij, EFP,ij, EFT,ij and EFC,ij are, respectively, the comprehensive carbon emission coefficients in the materialization, production, transport, and construction phases of the j-th subdivisional work of the i-th subproject; E is carbon emission during the materialization phase. Qij is the engineering quantity j-th subdivisional work of the i-th subproject; s is the area.



2.2.1. Production Phase


The production phase of prefabricated buildings is a significant source of carbon emissions. It can be divided into two parts: carbon emissions from the extraction and processing of the main raw materials and carbon emissions from the processing of raw materials, such as concrete and rebar, into prefabricated components, along with their energy consumption. On the other hand, cast-in-place construction only includes carbon emissions from the extraction and processing of raw materials. The quantities of each subproject are obtained from the PKPM-PC design software. To calculate the comprehensive carbon emission factor for each subproject in the production phase, the amount of material and energy contained in each subproject is multiplied by the corresponding carbon emission factor, as shown in Equation (3). (The comprehensive carbon emission coefficients of subprojects in the production stage is shown in Table 1). Next, the comprehensive carbon emission factor is multiplied by the amount of work in the corresponding subproject to obtain the carbon emissions of each subproject during the production phase. Finally, the carbon emissions of all subprojects are added together to obtain the total carbon emissions during the production phase, as shown in Equation (4).


  E  F  P , i j   =   ∑  m , e    ( E  F  P , i j m     ×  Q  P , i j m   + E  F  P , i j e   ×  Q  P , i j e   )  



(3)






   E P  =   ∑  i , j    ( E  F  P , i j     ×  Q  i j   ) / s  



(4)




where EFP,ijm and EFP,ije represent the carbon emission factor of the m-th material and e-th energy of the j-th subdivisional work of the i-th subproject in the production phase, respectively; and where QP,ijm and QP,ije represent the consumption of the m-th material and e-th energy of the j-th subdivisional work of the i-th subproject in the production phase, respectively.



Emission factors were collected and collated, with preference given to data from “Construction Carbon Emission Calculation (GB/T 51366-2019)” [35]. Missing values were filled in with the average values from relevant literature that conform to Chinese production process regulations. The carbon emission factor of materials that cannot be retrieved can be calculated according to their components. To calculate the carbon emission factor of the grout, the specific gravity of the grout’s constituents and their corresponding carbon emission factors are multiplied and added. For example, suppose the grout’s constituents are cement, sand, and water, with a ratio of 1:1:0.27 [36]. In that case, the carbon emission factor of each constituent is multiplied by its weight and then added together to obtain the carbon emission factor of the grout. The mass of an embedded part can be calculated by multiplying its dimensions and the density of the constituent materials. Once the mass is determined, it can be multiplied by the carbon emission factor of the corresponding material to obtain the carbon emission factor of the individual embedded part. The carbon emission factors of energy and material obtained according to the above principles are shown in Table 2.




2.2.2. Transportation Phase


The carbon emissions of the precast material in the transport phase are generated by the energy consumption of the transport machinery as the prefabricated components are transported from the prefabricated plant to the site. Carbon emissions in the transport phase of cast-in-place or post-cast materials are generated by the energy consumption of the transport vehicle as the materials are transported from the raw material processing plant to the site. To calculate the carbon emissions in the transport phase, the following steps are taken:




	
Allocate appropriate transport vehicles for each material involved in the subproject.



	
Determine the transportation distance of the materials, with an average distance of 50 km for the design area.



	
Estimate the carbon emission per kilometer per unit material based on the transport vehicle capacity and fuel consumption data.



	
Multiply the carbon emission per kilometer per unit material by the corresponding transportation distance, considering the return coefficient of empty car K = 1.67 [42], to obtain the transportation carbon emission factor of each material. The transportation carbon emission factor of each material are shown in Table 3.



	
Multiply and add the carbon emission factors of all materials transportation involved in the subproject with the quantity of materials to obtain the comprehensive emission coefficient of the subproject in the transport phase, as shown in Equation (5) (the comprehensive carbon emission coefficients of subprojects in the transportation stage are shown in Table 1).



	
Multiply and add the comprehensive emission coefficient of all subprojects and the engineering quantity to obtain the final total carbon emissions in the transport phase, as shown in Equation (6).










  E  F  T , i j   =   ∑ m   ( E  F  T , i j m     ×  Q  T , i j m   )  



(5)






   E T  =   ∑  i , j    ( E  F  T , i j     ×  Q  i j   ) / s  



(6)




where EFT,ijk and QT,ijk represent the carbon emission factor and consumption of the m-th material of the j-th subdivisional work of the i-th subproject in the transport phase, respectively.




2.2.3. Construction Phase


During construction, carbon emissions are primarily generated by energy, machine consumption and worker activity. The calculation process involves several steps. First, the machine shift and workdays of each subproject are obtained from quota data. Second, carbon emission factors are collected and calculated for machine shifts and labor. Data from the “Standard for Building Carbon Emission Calculation” [35] is preferred for energy consumption involved. In contrast, data from the “National Unified Construction Machinery Platform and Shift Cost Quota 2017” are adopted for missing values. The carbon emission factors of machinery are shown in Table 4. The carbon emission factor of labor is 6.61 kgCO2-e/work day [12]. Third, the carbon emission factors of all machinery and labor involved in each subproject are multiplied and added to the corresponding quota quantity to obtain the comprehensive emission coefficient of each subproject in the construction phase, as shown in Equation (7) (the comprehensive carbon emission coefficients of subprojects in the construction stage are shown in Table 1). Finally, the comprehensive emission coefficient of all subprojects and the engineering quantity are multiplied and added to obtain the final total carbon emission in the construction phase, as shown in Equation (8).


  E  F  C , i j   =   ∑  e , m _ , l    ( E  F  C , i j e     ×  Q  C , i j e   + E  F  C , i j m _   ×  Q  C , i j m _   + E  F  C , i j l   ×  Q  C , i j l   )  



(7)






   E C  =   ∑  i , j    ( E  F  C , i j     ×  Q  i j   ) / s  



(8)




where EFC,ije, EFC,ijm_, and EFC,ijl represent the carbon emission factor of the e-th energy, m_-th machine, and l-th labor of the j-th subdivisional work of the i-th subproject in the construction phase, respectively; and where QC,ije, QC,ijm_, and QC,ijl represent the consumption of the e-th energy, m_-th machine, and l-th worker activity of the j-th subdivisional work of the i-th subproject in the construction phase, respectively.






3. Results


In order to investigate the reasons behind these emissions, it is essential first to identify the types of prefabricated components used for each assembly rate. For structures with an 80% assembly rate, the prefabricated components include columns, beams, and slabs. In comparison, structures with a 50% assembly rate only use prefabricated beams and slabs. Further details of these combinations can be seen in Table 5. More details of the quantities of each subproject are listed in Appendix A.



3.1. Carbon Emission Results for Each Phase of Materialization


3.1.1. Production Phase


The quota-based carbon emission analysis method allows for a detailed examination of the individual components that contribute to the large carbon emissions in the production phase of prefabricated structures. Table 6 displays the subproject carbon emissions of each component during the production phase. The carbon emissions generated during the production phase of the prefabricated column, beam, and slab members are all higher than those of cast-in-place members. In particular, the difference in emissions is most significant between prefabricated and cast-in-place slabs. This is because precast components are produced in processing plants, and the processing of concrete and steel to form components consumes energy and increases carbon emissions, which is consistent with Table 6 showing that carbon emissions of precast concrete and rebar are greater than those of cast-in-place components. Additionally, using prefabricated components for the demolding and lift embedded parts contributes to higher carbon emissions. The utilization of reinforcement connection sleeves further increases carbon emissions in prefabricated columns compared to cast-in-place columns. Finally, using truss reinforcement in laminated slabs leads to approximately 4.5 kgCO2-e/m2 more carbon emissions than cast-in-place slabs, which is the primary reason why prefabricated slab generate higher carbon emissions during production when compared to cast-in-place slab.



Figure 4 illustrates the relationship between the carbon emissions generated during the production phase of structures and their assembly rates. The findings suggest that prefabricated structures generate higher carbon emissions during production than cast-in-place structures. Specifically, structures with 50% and 80% assembly rates exhibit a 3.6% and 4.3% increase in carbon emissions during production, respectively, compared to cast-in-place structures. The increase in the assembly rate of prefabricated structures has little impact on carbon emissions during the production phase, mainly because the design structure increases the assembly rate by increasing the proportion of prefabricated columns, and the analysis of the components above shows that the increase in carbon emissions from prefabricated columns is small compared to cast-in-place columns. For prefabricated structures with assembly rates of 50% and 80%, the carbon emissions generated by processing energy consumption in the prefabricated components factory are 1.5 kgCO2-e/m2 and 2.0 kgCO2-e/m2, accounting for 1.1% and 1.4% of the total production stage carbon emissions, respectively. Therefore, it can be seen that carbon emissions generated by materials in the production stage are the main contribution. In order to reduce carbon emissions in the production stage, it is key to reduce carbon emissions generated by materials.




3.1.2. Transportation Phase


Similar to the production phase, individual components that contribute to significant carbon emissions during the transportation phase of prefabricated structures can be examined in detail. Table 7 illustrates that the transportation of prefabricated column, beam, and slab members produces lower carbon emissions than their cast-in-place counterparts. This is due to the greater capacity of the precast trucks compared to the trucks used in cast-in-place concrete. Moreover, the prefabricated rebars in the prefabricated components are transported together to the site without double counting of their carbon emissions, which produces less carbon emissions than the independent transportation of cast-in-place steel bars. In addition, the use of less formwork in prefabricated components also reduces energy consumption during formwork transportation. Both cast-in-place and precast concrete account for more than 96% of the total carbon emissions of each component during the transportation phase, so improvements to precast trucks are expected to significantly reduce carbon emissions during the prefabricated transportation phase, such as the use of clean energy and increased vehicle capacity.



Figure 5 presents the carbon emissions associated with the transportation phase of structures with different assembly rates. The results indicate that the transportation phase of prefabricated structures generates lower carbon emissions than cast-in-place structures. Furthermore, the data shows that structures with 50% and 80% assembly rates exhibit a 7.4% and 10.1% decrease in carbon emissions during transportation, respectively, compared to cast-in-place structures. The increase in the assembly rate from 50% to 80% was achieved by adding precast columns, which have a smaller concrete volume than slabs and beams. From the above analysis, it can be seen that the carbon emission of precast components in the transportation stage is smaller than that of cast-in-place structures, which is mainly caused by concrete engineering. Therefore, increasing the assembly rate by adding precast columns has no obvious effect on improving the carbon emission reduction ability of prefabricated structures in the construction stage.




3.1.3. Construction Phase


The carbon emission sources in the construction phase have been introduced, which are labor, energy, and machinery, respectively. Since carbon emissions from mechanical construction are generated by energy consumption, the sources are redivided into labor and energy in the construction phase, as shown in Figure 6. The results show that the higher the assembly rate, the lower the carbon emissions during construction. Specifically, prefabricated structures with 50% and 80% assembly rates produce 31.3% and 38.4% lower carbon emissions than cast-in-place structures, respectively. The lower energy consumption of construction machinery is the primary reason for the reduced carbon emissions during the construction phase of prefabricated structures, accounting for approximately 68% of the total carbon emissions. Moreover, reduced labor is another factor contributing to the lower carbon emissions during the construction phase, accounting for about 32% of the total carbon emissions. In this paper, the assembly rate was increased from 50% to 80% by adding prefabricated columns, which are more difficult to construct than prefabricated slabs and beams and require more labor and mechanical energy consumption. Therefore, the improvement of assembly rate has no obvious effect on the improvement of carbon emission reduction ability in the construction stage of prefabricated structures.



The causes of the relatively low carbon emissions in the construction phase of prefabricated structures are examined at the sub-project level. The analysis presented in Table 8 highlights that vertical transportation is the primary factor contributing to reducing carbon emissions. Prefabricated rebars for prefabricated structures are already processed in prefabricated processing plants, while operations such as welding for cast-in-place structures at the construction site increase energy and labor to produce more carbon emissions. Moreover, the prefabricated structure requires less formwork, leading to a decrease in the amount of labor and machinery required to support the formwork. However, the concrete work required for the prefabricated structure is higher than that for cast-in-place structures due to the adoption of a prefabricated monolithic construction mode of wet connection in this study. This leads to a greater amount of labor required for the installation of prefabricated components and post-cast concrete construction, resulting in an increase in carbon emissions from the concrete works of prefabricated structures relative to cast-in-place structures.




3.1.4. Overall Materialization Phase


Figure 7 presents the overall carbon emissions during the materialization phase, which show a slight decrease in emissions with an increase in assembly rate. The reduction in emissions is modest, with a 3.1% decrease observed for the 50% assembly rate structure and a 3.8% decrease observed for the 80% assembly rate structure. These results indicate increasing the assembly rate does not significantly improve the carbon emission reduction ability during the materialization phase of the prefabricated structure. The production phase always has the highest carbon emissions for both cast-in-place and prefabricated structures, accounting for more than 80% of the total emissions. As the assembly rate increases, the proportion of carbon emissions in the production phase increases from 80.1% to 86.9%. The transportation phase shows a slight decrease in carbon emissions proportion from 1.3% to 1.2% on average, while the construction phase exhibits a reduction from 18.6% to 11.9% on average. Hence, to optimize the construction process of prefabricated structures, the most potential for emission reduction lies in the production phase.



Continuing the analysis of subprojects’ carbon emissions in the materialization phase, Figure 8a (ordered from the inner to outer circle by increasing assembly rate) shows that there are differences in the proportion of subproject of prefabricated structures and cast-in-place structures, but the specific assembly rate of prefabricated structures has little influence on the proportion. The primary driver of carbon emissions is concrete works, accounting for approximately 52–56%. Rebar works account for about 30–33%, followed by measure works, accounting for about 10–14%. The proportion of formwork and embedded works for prefabricated structures is less than 1%, while the proportion of formwork for cast-in-place structures is around 3%. Figure 8b illustrates that, as the assembly rate increases, the carbon emissions of formwork and measure work decrease, while the carbon emissions of embedded parts increase. Additionally, the carbon emissions of concrete and reinforcement in prefabricated structures are significantly higher than those in cast-in-place structures. Still, their impact on specific assembly rates (50% and 80%) is minimal. As previously analyzed, higher concrete carbon emissions in prefabricated structures are mainly due to energy consumption during prefabricated component processing, installation of prefabricated components during construction, and higher post-cast concrete labor. Higher carbon emissions from reinforcement in prefabricated structures are due to the setting of laminated slab truss reinforcement during the production phase. To enhance the carbon reduction capacity of prefabricated structures based on a wet-connected assembly monolithic construction mode, adopting the all-precast dry connection method is recommended, as it would reduce carbon emissions from post-concrete labor. Moreover, developing and enhancing laminated slab forms could significantly enhance the carbon reduction potential of prefabricated structures.






4. Discussion


4.1. Calculate Parameter Sensitivity Analysis


4.1.1. Material Carbon Emission Factor Sensitivity Analysis


The above analysis shows that the production stage is the main contributor to the carbon emission of the structure, and the material in it is the main contributor to the carbon emission of the production stage. To enable designers to take targeted emission reduction measures, sensitivity analysis was performed by changing the carbon emission factors of concrete, reinforcement, and formwork by ±10%, ±20%, and ±30%, and analyzing their impact on the carbon emissions of the prefabricated structures in the materialization phase, as shown in Figure 9 (Values of ±10%, ±20%, and ±30% represent low, medium, and high scenario of uncertainty, as in Ebrahimi’s view [43]). The results show that the sensitivity of the carbon emission reduction capacity of prefabricated structures with different assembly rates to carbon emission factors of various materials tends to be consistent. The carbon reduction rate of prefabricated structures decreases as the carbon emission factors of concrete and reinforcement increase, but the effect on formwork is opposite. This is mainly because with the increase in the carbon emission factor of materials, carbon emissions of cast-in-place and prefabricated structures increase simultaneously, and the gap between them is almost stable. The carbon emission of concrete and rebar engineering of prefabricated structures is greater than that of cast-in-place structures, that is, the molecular value used to calculate the carbon reduction rate of prefabricated structures is always positive. On the contrary, the carbon emission of formwork of prefabricated structures is less than that of cast-in-place structures, that is, the molecular value used to calculate the carbon reduction rate of prefabricated structures is always negative. The denominator of the calculation of emission reduction rate is a positive value that increases with the carbon emission factor of materials. Therefore, compared with the carbon emission factor of rebar and concrete, the carbon emission factor of formwork has opposite results on the carbon emission reduction ability of prefabricated structures. Note that although the increase in the carbon emission factor of the formwork can increase the carbon emission reduction capacity of the prefabricated structure, it does not mean that the carbon emission of the prefabricated structure can be reduced through this measure, but it has an impact on the reliability of the calculated carbon emission reduction rate.



In addition, this section only analyses the sensitivity of individual variables; the combined effect of inconsistent values of carbon emission factors for multiple materials used in calculations by different scholars can exacerbate the scattered results of carbon reduction rate calculations for assembled structures.




4.1.2. Material Transportation Distance Sensitivity Analysis


The preceding analysis assumed a fixed transportation distance of 50 km for prefabricated components. However, due to the uneven distribution of prefabricated component factories across different regions, we varied the transportation distance from 0 km to 500 km to assess its impact on the carbon reduction potential of prefabricated structures. Figure 10 displays the sensitivity results of transportation distance on the carbon emissions of prefabricated structures, revealing that carbon emissions increased as transportation distance increased. Notably, when the transportation distance of prefabricated components was 370 km, the carbon emissions of the structure with an 80% assembly rate surpassed that of the structure with a 50% assembly rate. Furthermore, at a transportation distance of 398 km, the carbon emissions of the structure with an 80% assembly rate exceeded those of the cast-in-place structure. At a transportation distance of 406 km, the carbon emissions of the structure with a 50% assembly rate were higher than those of the cast-in-place structure. This suggests that designers must consider the location of prefabricated component factories and the distance between the construction site and these factories when selecting prefabricated structures. It may be more beneficial to use prefabricated structures in regions where prefabricated component factories are located nearby. Cast-in-place structures may be a better option for regions with excessive transportation distances. In a related study, Wang [18] analyzed the carbon emissions of a 6-story frame structure and found that when the relative transportation distance ratio of prefabricated components and cast-in-place materials exceeded nine times, structures with high prefabrication rates led to increased carbon emissions. This result is consistent with our findings.



Although transportation emissions account for only approximately 1% of total carbon emissions during the materialization phase, the transportation distance can significantly affect results when comparing optimal structural choice and should not be overlooked.





4.2. Sensitivity Analysis of Design Parameters


For prefabricated concrete structures, different structural design parameters affect the amount of work for each subproject. Qualitative or quantitative portrayal of these effects is necessary for carbon emission-based structure comparison. Based on this, the previous paper discusses the sensitivity of carbon emission reduction capability of prefabricated structures to design parameters for a frame structure with 80% assembly rate.



4.2.1. Slab Span Sensitivity Analysis


The minimum slab thickness requirements for cast-in-place and laminated slabs differ, with a minimum thickness of 100 mm for cast-in-place slabs and 130 mm for laminated slabs. Laminated slabs can be designed based on the thickness and reinforcement of cast-in-place slabs. When conducting carbon emission comparison studies of cast-in-place and prefabricated structures, previous research has typically selected larger slab spans (as with the 5.1 m slab span structure used in the previous analysis), resulting in identical slab thickness and concrete volume for cast-in-place and laminated slabs. However, for smaller spans, the relative concrete volume of the slab changes due to the difference in minimum thickness requirements between cast-in-place and laminated slabs. Unfortunately, existing studies have not quantitatively analyzed the impact of slab span changes on carbon emissions. Therefore, in this study, we investigate the effect of halving the slab span (to 2.55 m) by adding secondary beams on the carbon emission reduction capacity of prefabricated structures.



Figure 11 presents the sensitivity results of carbon emissions for each phase of materialization with respect to slab span. Figure 11a specifically illustrates the sensitivity results of the production phase to slab span. As depicted, the carbon emission of prefabricated structure increases with the reduction in slab span, because the thickness of composite slabs decreases from 150 mm to 130 mm with the addition of secondary beams. The carbon emission reduction caused by the reduction in the concrete volume of composite slabs is less than the increment of carbon emission caused by the increase in concrete volume and reinforcement quantity caused by the increase in secondary beams. The carbon emission of the prefabricated structure with a 2.55 m slab span is 2.3% higher than that of the prefabricated structure with a 5.1 m slab span. In contrast, the reduction in slab span reduces the carbon emission of the cast-in-place structure because the thickness of cast-in-place slabs decreases from 150 mm to 100 mm with the addition of secondary beams. The reduction in carbon emission caused by the reduction in concrete volume of cast-in-place slabs is far less than the increment of carbon emission caused by the increase in concrete volume and reinforcement quantity caused by the increase in secondary beams. The carbon emission of the cast-in-place structure with a 2.55 m slab span is 10.0% lower than that of the cast-in-place structure with a 5.1 m slab span. Additionally, the carbon emission reduction rate of the prefabricated structure with a 5.1 m slab span is −4.3%, while that of the prefabricated structure with a 2.55 m slab span is −18.6%. These findings indicate that the carbon emission reduction rate of the production phase of small-span prefabricated structures is lower.



The sensitivity results of the transport phase structure to slab span are illustrated in Figure 11b. It is evident that both the cast-in-place and prefabricated structures with a 2.55 m slab span exhibit smaller carbon emissions compared to those with a 5.1 m slab span, with reductions of 14.3% and 5.1%, respectively. As can be seen from the previous analysis of the transport phase of the structure, the energy consumed in transporting the concrete is the main source of carbon emissions during the transport phase. The reduction in slab span results in a smaller concrete volume for both cast-in-place and assembled structures, with a greater reduction in concrete volume due to the thinner cast-in-place slab thickness, resulting in a greater reduction in carbon emissions from the final slab span for cast-in-place structures. The carbon emission reduction rate for the prefabricated structure with a 5.1 m slab span is 10.1%, while that for the prefabricated structure with a 2.55 m slab span is merely 0.4%. This implies that the carbon reduction rate of the transportation phase for small slab span prefabricated structures is comparatively lower.



The sensitivity results of the construction phase structure to the slab span are presented in Figure 11c. It is observed that the carbon emissions of the prefabricated structure with a 2.55 m slab span are slightly higher than those of the prefabricated structure with a 5.1 m slab span, with an increase of 0.3%. On the other hand, the carbon emissions of the cast-in-place structure with a 2.55 m slab span are lower than those of the cast-in-place structure with a 5.1 m slab span, with a reduction of 0.4%, indicating a minor impact. From the previous analysis, it is clear that carbon emissions due to measure works are the main source of carbon emissions during the construction phase and are the most significant difference in carbon emissions between cast-in-place and assembled structures. As the measure works are mainly related to the area and construction duration of the building, which in turn is related to the floor area and assembly rate, the change in slab span has no effect on the carbon emissions from the measure works, thus making the carbon emissions from the construction phase of cast-in-place and assembled structures less sensitive to the slab span. The carbon emission reduction rate of the prefabricated structure with a 5.1 m slab span is 38.4%, while the carbon emission reduction rate of the prefabricated structure with a 2.55 m slab span is 38.0%. Thus, the carbon reduction rate of the construction phase of the small slab span prefabricated structure is lower, but the reduction rate is only slightly lower.



The sensitivity analysis of the overall materialization phase structure to the slab span is presented in Figure 11d. The results show that the carbon emissions of the prefabricated structure with a 2.55 m slab span are greater than the prefabricated structure with a 5.1 m slab span, with an increase of 2.0%. On the other hand, the carbon emissions of the cast-in-place structure with a 2.55 m slab span are smaller than that of a 5.1 m slab span, with a reduction of 8.3%. The carbon emission reduction rate of the 5.1 m slab span prefabricated structure is 3.8%, while the carbon emission reduction rate of the 2.55 m slab span prefabricated structure is −7.0%. Therefore, the carbon reduction rate of the total materialization phase of the prefabricated structure with a small slab span is about 10.8% lower, indicating that smaller slab spans increase carbon emissions instead of reducing them.



It is suggested that cast-in-place structures can reduce carbon emissions by increasing secondary beams to lower the slab thickness, and the effect is significant. However, this approach does not apply to prefabricated structures due to minimum slab thickness limitations.




4.2.2. Sensitivity Analysis of Seismic Requirements


The conclusion obtained in the previous section that prefabricated structures have the ability to reduce emissions is based on the fact that the structure is at a seismic intensity of six degrees with a seismic acceleration of 0.05 g. As the seismic requirements increase, it will lead to a rise in the amount of concrete and reinforcement, which will cause a change in the carbon emissions of cast-in-place and prefabricated structures. Since the relative degree of change in carbon emissions of prefabricated and cast-in-place structures is unclear, this subsection investigates the sensitivity of structural carbon emissions to seismic requirements using seismic acceleration as an indicator.



The present study investigated the sensitivity of structural carbon emissions and prefabricated emission reduction rates to seismic requirements during the production phase. The results are presented in Figure 12, demonstrating that both prefabricated structures and control cast-in-place structures exhibit an exponential increase in carbon emission values as the seismic acceleration increases Figure 12a. This is because the increase in seismic acceleration requires the structure to increase its lateral stiffness to meet the seismic requirements, which is usually achieved by increasing the cross-sectional area and reinforcement of the beams and columns, thus making the carbon emissions of the structure larger. In Figure 12b, the carbon emission reduction rate of prefabricated structures gradually decreases with increasing seismic acceleration, from −4.3% at 0.05 g to −8.3% at 0.3 g (negative values indicate an increase in carbon emissions of prefabricated structures). In order to meet the load bearing capacity requirements of the prefabricated structure beam-column joints, more rebar is usually required; the higher the seismic requirements, the more reinforcement is allocated relative to the cast-in-place structure. As the seismic requirements increase, the principle of reinforcement allocation for prefabricated beams and columns (small number and large diameter) will cause prefabricated elements to consume more reinforcement compared to cast-in-place elements, and the higher number of reinforcement connection sleeves in prefabricated columns will further increase the carbon emissions of assembled structures.



Figure 13 displays the sensitivity results of the carbon emissions of the transport phase structure and the reduction rate of the prefabricated structure to seismic requirements. As demonstrated in Figure 13a, the carbon emissions of both prefabricated and control cast-in-place structures increase with the rise in seismic acceleration. This is because the increase in seismic acceleration increases the volume of concrete and the amount of reinforcement, resulting in more material being transported and thus greater carbon emissions during the transport phase. As depicted in Figure 13b (positive values indicate that the carbon emissions of prefabricated structures are smaller), prefabricated structures consistently exhibit lower carbon emissions than cast-in-place structures, and their carbon emission reduction rate steadily increases with the escalation in seismic acceleration, from 10.4% at 0.05 g to 12.0% at 0.3 g. As prefabricated rebar is transported to site with the prefabricated components, there is no double counting of its carbon emissions, whereas cast-in-place rebars needs to be counted separately. Increased seismic acceleration results in a larger amount of rebar, so cast-in-place structures generate more carbon emissions due to the need to transport cast-in-place rebar.



The sensitivity results of the structural carbon emission values during the construction phase and the reduction rate of the prefabricated structure to seismic requirements are presented in Figure 14. It is observed that the carbon emission values of both prefabricated and cast-in-place structures increase progressively with increasing seismic acceleration, but the increase is small, as shown in Figure 14a. This is because the change in seismic requirements does not affect the carbon emissions of the measure work, the main source of carbon emissions during the construction phase. The amount of concrete, rebar, formwork, and embedded parts increased, resulting in a slight increase in carbon emission in the construction phase. On the other hand, as displayed in Figure 14b, the carbon emission of the prefabricated structure is consistently lower than that of the cast-in-place structure. Additionally, the overall carbon reduction rate of the prefabricated structure increases with increasing seismic acceleration, with a small reverse decrease at 0.1 g. This phenomenon can be attributed to the fact that the carbon emission coefficient of the prefabricated concrete construction phase is significantly smaller than that of cast-in-place concrete. The total amount of concrete used at 0.1 g is the same as that used at 0.05 g, resulting in a relatively smaller reduction in carbon emissions due to prefabricated concrete. Overall, the carbon emission reduction rate of the prefabricated structure increases from 38.4% at 0.05 g to 38.8% at 0.3 g.



The results of the sensitivity analysis for the carbon emissions of the total materialization phase structure and the reduction rate of the prefabricated structure to seismic requirements are presented in Figure 15. The carbon emission values of both the prefabricated structure and the control cast-in-place structure increase with increasing seismic acceleration and exhibit an exponential growth trend Figure 15a. The carbon emission reduction capacity of the prefabricated structure gradually decreases as the seismic acceleration increases, with the carbon emission of the prefabricated structure starting to increase when the seismic acceleration exceeds 0.2 g. The carbon reduction capacity of the prefabricated structure decreases from 3.8% at 0.05 g to −1.7% at 0.3 g, with a reduction rate decrease of 5.5% (Figure 15b).The change in seismic requirements mainly affects the concrete and rebar subprojects. The difference in rebar quantity of prefabricated and cast-in-place structures is the main reason for the change of carbon emission reduction capacity of the prefabricated structure by seismic requirements.



Therefore, to fully utilize the carbon reduction potential of prefabricated structures, it is essential to consider the seismic requirements of the structure, particularly during the design and planning phases. This study provides useful insights for policymakers, engineers, and designers to make informed decisions when selecting the appropriate construction methods and materials. In addition, it highlights the need for further research to explore ways to enhance the seismic resistance of prefabricated structures without compromising their carbon reduction potential.






5. Conclusions


The study aimed to evaluate the carbon emission reduction capability of prefabricated monolithic concrete frame structures with two assembly rates using a carbon emission measurement method for the materialization phase of prefabricated structures. A sensitivity analysis of relevant calculation and design parameters was conducted, and the following conclusions were drawn:



Since the production phase’s carbon emission share is higher with a higher assembly rate, reducing carbon emissions in the production phase should be a priority to optimize the construction process of prefabricated structures. Although the proportion of carbon emissions from the transportation phase is small, the transportation distance can significantly affect the results of structural comparison and should not be ignored. The lower carbon emissions in the construction phase of prefabricated structures are primarily due to construction machinery consuming less energy, accounting for about 68% of the total carbon emissions, compared to 32% for labor.



While a higher assembly rate leads to smaller total materialization phase carbon emissions, the reduction rate is low. The increase in assembly rate is insignificant in improving prefabricated structures’ carbon reduction ability. Concrete and rebar projects are the focus of carbon emission reduction, accounting for about 53% and 34% of carbon emissions, respectively. However, the accuracy of the carbon emission factors of collected materials affects the reliability of prefabricated structures’ carbon emission reduction rates.



Prefabricated structures with small slab spans lost their emission reduction ability compared with large slab spans. Cast-in-place structures are more likely to reduce carbon emissions for small slab span structures. As the seismic acceleration increases, the carbon emission reduction capacity of the prefabricated structure gradually becomes smaller. When the seismic acceleration exceeds 0.2 g, the prefabricated structure loses its carbon emission reduction capacity and begins to increase carbon emission instead.




6. Limitations and Future Outlook


This paper investigates the carbon reduction capability of prefabricated structures, represented by assembled monolithic concrete frame structures, with certain limitations, as different structural forms have various design and construction requirements. To further validate the soundness of the results, other structural forms, such as framed shear wall structures and shear wall structures, and assembled forms, such as fully prefabricated assembled structures, need to be further investigated. The carbon emission factors used in this paper do not take into account the differences in their recycling performance, as there is no uniform standard for determining the recycling factors for cast-in-place and fabricated structures. In the future, the carbon emissions of prefabricated structures can be discussed after material recovery has been obtained through on-site enquiries at the factory. The results of this paper show that changes in design parameters mainly affect the concrete volume and reinforcement quantity of members, and that the comprehensive carbon emission factors for subprojects collated in this paper can be used to carry out optimal design of structural sections based on carbon emissions to further reduce carbon emissions.
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Appendix A


In order to facilitate the statistics of the quantities of each structural subproject, the working condition numbering diagram of different design parameters is shown in Figure A1. The statistical quantities of each structural subproject are shown in Table A1, Table A2 and Table A3. The carbon emissions of each phase of the structure can be obtained by multiplying the engineering quantity of each structural subproject by the comprehensive carbon emission coefficient of the corresponding subproject.





[image: Buildings 13 01348 g0a1 550] 





Figure A1. Schematic diagram of working condition numbering. 






Figure A1. Schematic diagram of working condition numbering.
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Table A1. Subproject quantity statistics of cast-in-place structure.






Table A1. Subproject quantity statistics of cast-in-place structure.





	
Work

	
Subproject

	
Unit

	
0005510

	
0010510

	
0020510

	
0030510

	
0005255






	
Concrete

	
Cast-in-place

	
Column

	
m3

	
44.52

	
44.52

	
56.4

	
84.24

	
44.52




	
Beam

	
91.38

	
91.38

	
90.42

	
98.28

	
109.50




	
Slab

	
186.60

	
186.60

	
186.60

	
186.60

	
119.22




	
Rebar

	
Cast-in-place

	
≤10 mm

	
kg

	
12,576.90

	
12,576.90

	
12,576.90

	
13,041.00

	
9130.68




	
≤18 mm

	
8989.87

	
11,358.16

	
6332.24

	
559.50

	
11,814.51




	
≤25 mm

	
0.00

	
0.00

	
17,342.09

	
42,714.43

	
0.00




	
Stirrup

	
Cast-in-place

	
≤10 mm

	
kg

	
5238.30

	
5238.30

	
7369.42

	
10,169.64

	
6126.54




	
Formwork

	
Cast-in-place

	
Column

	
m2

	
445.44

	
445.44

	
501.12

	
612.48

	
445.44




	
Beam

	
851.04

	
851.04

	
851.04

	
894.96

	
1091.88




	
Slab

	
1459.62

	
1459.62

	
1459.62

	
1459.62

	
1441.26




	
Measure

	
Vertical transport

	
day

	
190.00

	
190.00

	
190.00

	
190.00

	
190.00




	
Scaffold

	
m2

	
1404.54

	
1404.54

	
1404.54

	
1404.54

	
1404.54
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Table A2. Subproject quantity statistics of prefabricated structure with assembly rate of 50%.






Table A2. Subproject quantity statistics of prefabricated structure with assembly rate of 50%.





	
Work

	
Subproject

	
Unit

	
5005510






	
Concrete

	
Cast-in-place

	
Column

	
m3

	
44.50




	
Prefabricate

	
Beam

	
61.01




	
Slab

	
70.56




	
Post pouring

	
Composite beam and slab

	
146.42




	
Rebar

	
Cast-in-place

	
≤18

	
kg

	
2530.21




	
Prefabricate

	
≤10

	
9970.66




	
≤18

	
3525.64




	
Post pouring

	
≤10

	
5275.86




	
≤18

	
2934.02




	
Stirrup

	
Cast-in-place

	
≤10

	
kg

	
2452.74




	
Prefabricate

	
≤10

	
2705.47




	
Post pouring

	
≤10

	
80.09




	
Formwork

	
Cast-in-place

	
Column

	
m2

	
445.44




	
Post pouring

	
Composite beam and slab

	
115.67




	
Embedded part

	
Hook

	
piece

	
288




	
Lifting point

	
648




	
Measure

	
Vertical transport

	
day

	
130.50




	
Scaffold

	
m2

	
1404.54
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Table A3. Subproject quantity statistics of prefabricated structure with assembly rate of 80%.






Table A3. Subproject quantity statistics of prefabricated structure with assembly rate of 80%.





	
Work

	
Subproject

	
Unit

	
8005510

	
8010510

	
8020510

	
8030510

	
8005255






	
Concrete

	
Prefabricate

	
Column

	
m3

	
37.33

	
37.33

	
47.24

	
69.12

	
37.33




	
Beam

	
61.01

	
61.01

	
60.37

	
68.95

	
69.37




	
Slab

	
70.56

	
70.56

	
70.52

	
70.39

	
72.43




	
Post pouring

	
Beam-column joint

	
7.20

	
7.20

	
9.16

	
15.13

	
7.20




	
Composite beam and slab

	
146.42

	
146.42

	
146.13

	
145.07

	
122.68




	
Rebar

	
Prefabricate

	
≤10 mm

	
kg

	
9970.66

	
9970.66

	
9970.66

	
9970.66

	
9902.30




	
≤18 mm

	
6055.85

	
6313.87

	
949.37

	
0.00

	
7868.42




	
≤25 mm

	
0.00

	
0.00

	
14506.60

	
31426.20

	
626.02




	
Post pouring

	
≤10 mm

	
5275.86

	
5275.86

	
5275.86

	
6204.12

	
4640.46




	
≤18 mm

	
2934.02

	
5154.52

	
4342.51

	
1118.94

	
4951.75




	
≤25 mm

	
0.00

	
0.00

	
6264.67

	
14890.82

	
80.60




	
Stirrup

	
Prefabricate

	
≤10 mm

	
kg

	
4505.17

	
4505.17

	
5855.90

	
7832.18

	
5167.24




	
Post pouring

	
≤10 mm

	
733.13

	
733.13

	
1419.47

	
2807.74

	
669.98




	
Formwork

	
Post pouring

	
Beam-column joint

	
m2

	
30.24

	
30.24

	
38.88

	
62.40

	
30.24




	
Composite beam and slab

	
115.67

	
115.67

	
115.67

	
115.67

	
25.70




	
Embedded part

	
Grout sleeve

	
piece

	
768

	
768

	
912

	
1728

	
768




	
Hook

	
288

	
288

	
288

	
288

	
396




	
Lifting point

	
648

	
648

	
648

	
648

	
972




	
Hanging nail

	
192

	
192

	
192

	
192

	
192




	
Anchor

	
384

	
384

	
384

	
384

	
384




	
Measure

	
Vertical transport

	
day

	
117.50

	
117.50

	
117.50

	
117.50

	
117.50




	
Scaffold

	
m2

	
1404.54

	
1404.54

	
1404.54

	
1404.54

	
1404.54
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Figure 1. Components diagram of prefabricated concrete structure: (a) 80% assembly rate; (b) 50% assembly rate. 
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Figure 2. Layouts of the structure: (a) plan; (b) elevation (unit: mm). 
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Figure 3. Carbon emission inventory of different subprojects (emb. stands for the embedded part). 
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Figure 4. Carbon emissions of structures with different assembly rates during the production phase. 
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Figure 5. Carbon emissions of structures with different assembly rates during the transportation phase. 
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Figure 6. Carbon emissions of structures with different assembly rates during the construction phase. 
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Figure 7. Carbon emissions of structures with different assembly rates during the materialization phase. 
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Figure 8. Carbon emission of each subproject: (a) proportion; (b) value (data unit: kgCO2-e/m2). 
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Figure 9. Sensitivity of carbon emission reduction rate to carbon emission factor of materials for prefabricated structures: (a) 50% assembly rate; (b) 80% assembly rate. 
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Figure 10. Sensitivity of carbon emission to transport distance of prefabricated component. 
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Figure 11. Sensitivity of carbon emissions to slab span at different phases: (a) production; (b) transportation; (c) construction; (d) materialization (unit in the figure: kgCO2-e/m2). 
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Figure 12. Sensitivity of carbon emission and reduction rate to seismic requirement in production phase: (a) carbon emission; (b) carbon reduction rate. 
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Figure 13. Sensitivity of carbon emission and reduction rate to seismic requirement in transportation phase: (a) carbon emission; (b) carbon reduction rate. 
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Figure 14. Sensitivity of carbon emission and reduction rate to seismic requirement in construction phase: (a) carbon emission; (b) carbon reduction rate. 
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Figure 15. Sensitivity of carbon emission and reduction rate to seismic requirement in materialization phase: (a) carbon emission; (b) carbon reduction rate. 
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Table 1. The comprehensive carbon emission coefficient of each subproject at each phase.
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Work

	
Subproject

	
Unit

	
Specification

	
Coefficient (kgCO2-e/Unit)




	
EFP

	
EFT

	
EFC

	
EF






	
Concrete

(C40)

	
Cast-in-place

	
10 m3

	
Column

	
3681.2

	
98.0

	
70.6

	
3849.7




	
Beam

	
3654.8

	
90.3

	
42.9

	
3788.0




	
Slab

	
3654.7

	
90.3

	
44.9

	
3789.9




	
Post pouring

	
10 m3

	
Beam-column joint

	
3672.7

	
90.8

	
209.4

	
3972.9




	
Composite beam and slab

	
3673.0

	
90.8

	
64.8

	
3828.5




	
Prefabricate

	
10 m3

	
Column

	
3766.0

	
79.4

	
61.9

	
3907.4




	
Beam

	
3726.0

	
76.7

	
109.3

	
3911.9




	
Slab

	
3851.0

	
76.8

	
177.0

	
4104.8




	
Rebar

(HRB400)

	
Cast-in-place

	
1 t

	
≤10 mm

	
2444.0

	
2.5

	
202.4

	
2648.9




	
≤18 mm

	
2537.4

	
2.6

	
160.8

	
2700.7




	
≤25 mm

	
2520.0

	
2.6

	
102.7

	
2625.2




	
Post pouring

	
1 t

	
≤10 mm

	
2444.0

	
2.5

	
207.4

	
2653.9




	
≤18 mm

	
2537.4

	
2.6

	
165.1

	
2705.1




	
≤25 mm

	
2520.0

	
2.6

	
105.7

	
2628.2




	
Prefabricate

	
1 t

	
≤10 mm

	
2438.0

	
0.0

	
0.0

	
2438.0




	
≤18 mm

	
2554.3

	
0.0

	
0.0

	
2554.3




	
≤25 mm

	
2528.0

	
0.0

	
0.0

	
2528.0




	
Stirrup

(HPB300)

	
Cast-in-place

	
1 t

	
≤10 mm

	
2386.8

	
2.4

	
125.1

	
2514.3




	
>10 mm

	
2398.5

	
2.4

	
64.4

	
2465.3




	
Post pouring

	
1 t

	
≤10 mm

	
2386.8

	
2.4

	
130.6

	
2519.8




	
>10 mm

	
2398.5

	
2.4

	
73.1

	
2474.0




	
Prefabricate

	
1 t

	
≤10 mm

	
2492.8

	
0.0

	
0.0

	
2492.8




	
>10 mm

	
2453.4

	
0.0

	
0.0

	
2453.4




	
Formwork

	
Cast-in-place

	
100 m2

	
Column

	
144.1

	
1.4

	
142.7

	
288.2




	
Beam

	
144.1

	
1.4

	
121.3

	
266.8




	
Slab

	
144.1

	
1.4

	
139.4

	
284.9




	
Post pouring

	
100 m2

	
Beam-column joint

	
449.9

	
5.2

	
278.7

	
733.8




	
Composite beam and slab

	
268.5

	
2.9

	
167.6

	
439.0




	
Embedded part

	
Grout sleeve

	
1 piece

	
d = 16, 18 mm

	
1.5

	
0.0

	
0.1

	
1.7




	
d = 20 mm

	
1.9

	
0.0

	
0.2

	
2.1




	
d = 22 mm

	
2.3

	
0.0

	
0.2

	
2.5




	
d = 25 mm

	
2.7

	
0.0

	
0.2

	
2.9




	
Measure

	
Vertical transport

	
1 day

	
6- Story

	
0

	
0

	
158.9

	
158.9




	
Scaffold

	
100 m2

	
6- Story

	
0

	
0

	
237.5

	
237.5








EP, ET, EC and E in the table represent the comprehensive carbon emission coefficient of the production, transportation, construction, and total materialization phases of the subproject, respectively. The scaffold data in the table is for the cast-in-place frame. The prefabricated concrete frame structure needs to be multiplied by the adjustment factor of 0.85. Since the number of layers studied in this paper is 6, there is no need to calculate the carbon emissions generated by ultra-high construction.
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Table 2. Carbon emission factors of energy and material.
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	Energy and Material
	Factor
	Material
	Factor





	Diesel oil [12,37,38,39]
	3.40 * kgCO2-e/kg
	Steel [35]
	2.05 kgCO2-e/kg



	Electric power [37,38,39]
	0.75 * kgCO2-e/kWh
	Bar [35]
	2.34 kgCO2-e/kg



	Cement (P.I.52.5) [37,38,39]
	1.14 * kgCO2-e/kg
	Sand [35]
	2.51 kgCO2-e/t



	Cement (P.O.42.5) [37,38,39]
	1.00 * kgCO2-e/kg
	Water [35]
	0.618 kgCO2-e/t



	Cement (P.S.32.5) [37,38,39]
	0.74 * kgCO2-e/kg
	Welding rod [36]
	20.5 kgCO2-e/kg



	C30 concrete [38,40,41]
	279.10 * kgCO2-e/m3
	Timber formwork [41]
	5.84 kgCO2-e/m2



	C35 concrete [38,40,41]
	319.20 * kgCO2-e/m3
	Dry-mixed mortar [12]
	220 kgCO2-e/m3



	C40 concrete [38,40,41]
	361.80 * kgCO2-e/m3
	Ready-mixed mortar [40]
	450 kgCO2-e/m3



	C50 concrete [38,40,41]
	420.40 * kgCO2-e/m3
	Grout
	0.325 + kgCO2-e/kg



	Hanging nail
	0.33 + kgCO2-e/piece
	Grout sleeve(d = 16, 18 mm)
	1.34 + kgCO2-e/piece



	Lifting point
	0.52 + kgCO2-e/piece
	Grout sleeve(d = 20 mm)
	1.62 + kgCO2-e/piece



	Hook
	2.20 + kgCO2-e/piece
	Grout sleeve(d = 22 mm)
	2.00 + kgCO2-e/piece



	Anchor
	0.04 + kgCO2-e/piece
	Grout sleeve(d = 25 mm)
	2.43 + kgCO2-e/piece







* in the table represents the average value of references; + represents the value calculated by material composition.
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Table 3. The transportation carbon emission factor of each material.
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	Material
	Unit
	Transport Vehicle
	Capacity
	Fuel Consumption

/(L/100 km)
	Factor

/(kgCO2-e/Unit)





	Prefabricate concrete
	m3
	Prefabricated transport vehicle
	12.50
	40
	7.631



	Premixed concrete
	m3
	Concrete carrier
	12.00
	45
	8.943



	Welding rod,

grout material
	t
	Motorlorry (1.5 t)
	1.50
	12
	19.078



	Mortar
	m3
	Motorlorry (1.5 t)
	0.83
	12
	34.341



	Timber formwork
	m2
	Motorlorry (5 t)
	694.44
	17
	0.058



	Rebar
	t
	Motorlorry (40 t)
	40.00
	40
	2.385
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Table 4. The carbon emission factor of machine (Unit: kgCO2-e/shift).
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	Machine
	Factor
	Machine
	Factor





	Concrete spreader
	17.332
	Concrete pump truck 75 m3/h
	285.158



	Dry mortar pot mixer
	21.354
	Welding rod drying box 45 × 35 × 45 cm3
	5.018



	Autocrane 5 t
	103.87
	Electric single barrel fast winch 5 kN
	11.010



	Bar straightener 40 mm
	8.913
	Self-raising tower crane 400 kN m
	123.068



	Bar cutter 40 mm
	24.043
	Self-raising tower crane 800 kN m
	126.701



	Bar bender 40 mm
	9.587
	Single cage construction elevator 1 t 75 m
	31.698



	DC arc welder 2 kV A
	70.106
	Double cage construction elevator 2 × 1 t 100 m
	61.313



	Butt welder
	91.378
	Woodworking circular sawing machine
	17.976



	Electroslag welder
	110.103
	Electric multistage centrifugal pump 50 mm
	34.454



	Ac arc welder 32 kV A
	72.301
	Electric multistage centrifugal pump 100 mm
	135.120
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Table 5. Types of components of structures with different assembly rates.
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Assembly Rate

	
Column

	
Beam

	
Slab




	
Prefabricated

	
Cast-in-Place

	
Prefabricated

	
Cast-in-Place

	
Prefabricated

	
Cast-in-Place






	
0%

	

	
√

	

	
√

	

	
√




	
50%

	

	
√

	
√

	

	
√

	




	
80%

	
√

	

	
√

	

	
√
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Table 6. Subproject carbon emissions of each component during the production phase.
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Components

	
Carbon Emissions of Each Subproject/(kgCO2-e/m2)




	
Concrete

	
Rebar

	
Formwork

	
Embedded Part

	
Total






	
Column

	
Cast-in-place

	
11.7

	
8.7

	
0.5

	
—

	
20.9




	
Prefabricated

	
11.9

	
8.9

	
0.1

	
0.9

	
21.8




	
Beam

	
Cast-in-place

	
23.8

	
16.4

	
0.9

	
—

	
41.1




	
Prefabricated

	
24.1

	
16.6

	
0.0

	
0.5

	
41.2




	
Slab

	
Cast-in-place

	
48.6

	
22.0

	
1.5

	
—

	
72.1




	
Prefabricated

	
49.7

	
26.5

	
0.2

	
0.2

	
76.6
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Table 7. Subproject carbon emissions of each component during the transportation phase.
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Components

	
Carbon Emissions of Each Subproject/(kgCO2-e/m2)




	
Concrete

	
Rebar

	
Formwork

	
Embedded Part

	
Total






	
Column

	
Cast-in-place

	
0.311

	
0.009

	
0.005

	
—

	
0.32




	
Prefabricated

	
0.258

	
0.001

	
0.001

	
0.006

	
0.27




	
Beam

	
Cast-in-place

	
0.588

	
0.017

	
0.009

	
—

	
0.61




	
Prefabricated

	
0.529

	
0.006

	
0.000

	
—

	
0.53




	
Slab

	
Cast-in-place

	
1.200

	
0.022

	
0.015

	
—

	
1.24




	
Prefabricated

	
1.136

	
0.009

	
0.002

	
—

	
1.15
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Table 8. Subproject carbon emissions of each structure during the construction phase.






Table 8. Subproject carbon emissions of each structure during the construction phase.





	
Assembly Rate

	
Carbon Emissions/(kgCO2-e/m2)




	
Concrete

	
Rebar

	
Formwork

	
Embedded Part

	
Vertical Transportation

	
Scaffolding






	
0%

	
1.1

	
3.4

	
2.6

	
0.0

	
21.5

	
2.4




	
50%

	
2.3

	
1.6

	
0.6

	
0.0

	
14.8

	
2.0




	
80%

	
2.3

	
1.2

	
0.2

	
0.1

	
13.3

	
2.0
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