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Abstract

:

Prefabricated buildings and off-site construction are increasingly adopted in modern construction. As one of the most concerning environmental impacts, the embodied carbon emission of prefabricated buildings has been extensively investigated in recent years. Due to the various influencing factors of carbon quantification, such as building characteristics, quantification boundary, emission sources, and quantification methods, no consensus has been reached so far. The impacts of the influencing factors on carbon quantification remain unclear. To fill this gap, this paper provides a systematic review and meta-analysis to comprehensively evaluate the recent research concerning the quantification of the embodied carbon emission of prefabricated buildings. In total, 43 peer-reviewed articles (96 building cases) were screened and analyzed. Twelve influencing factors of embodied carbon quantification have been identified and analyzed to give rise to a synthesized conclusion. The results of the meta-analysis indicated that the embodied carbon emission of prefabricated buildings varied significantly from 26.6 to 1644.4 kgCO2e/m2 in the reviewed literature. The results showed that some of the quantification factors could significantly influence the quantification results, such as the building structure forms, level of prefabrication, type of greenhouse gas considered, and data sources, while some factors have a lesser impact on carbon quantification results, such as the function of the building, quantification methods adopted, quantification tools/software used, and carbon inventory databases applied. The findings of this research provide readers with an in-depth and critical understanding of the quantification of the embodied carbon emission of prefabricated buildings. Research gaps and suggestions for future research are also provided based on the results of this work.
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1. Introduction


The prefabrication of buildings has a number of benefits, including a shorter project period, less material wastage, a reduced environmental impact, fewer construction processes, a high automation level, less workmanship and error, etc. It has attracted considerable attention in the research field, owing to its growing adoption in recent decades. In China, as encouraged by government policies, 30% of all new buildings are planned to be built through prefabrication by 2030 [1]. In recent years, the carbon emission of prefabricated buildings has been a consistent focus of research. Numerous studies have been carried out to investigate the carbon emission of prefabricated buildings throughout their life cycles. The question of how to accurately quantify and mitigate the cradle-to-site embodied carbon of prefabricated buildings has been a frequently discussed topic. This is because the embodied carbon of buildings is generated in a relatively short period of time compared to operational carbon. It is a short-term and concentrated type of emission which is difficult to measure due to the complexity of the manufacturing and construction processes.



The existing studies, with different aims, scopes, and methods, have yielded very diverse results in the quantification of carbon emissions due to prefabrication. Many studies have quantified the energy consumption and carbon emission of prefabricated buildings and have proven the achievement of carbon reduction through prefabrication [2,3]. However, other studies have concluded that prefabrication and off-site construction exerted an unsatisfactory effect on carbon reduction [4,5]. The question of how to accurately quantify and thereafter mitigate the cradle-to-site embodied carbon emission of prefabricated buildings is one of the main focuses of the related literature, but the results remain diverse and mixed.



For the reasons given above, some literature reviews (summarized in Table 1) have been conducted to review and criticize the existing knowledge in this field. Boafo et al. (2016) [6] carried out a review and descriptive analysis of the relevant literature considering the degree of prefabrication, types of prefabrication in terms of materials and prefabrication methods, acoustic and seismic performance, and environmental performance of prefabrication buildings. Kamali and Hewage (2016) [7] not only described the benefits and challenges of modular construction, but also summarized environmental assessment issues, such as impact indicators, life cycle phases assessed, methods, and software used. Jin et al. (2020) [8] accomplished a bibliometric analysis of 43 studies summarizing the degree of prefabrication, mainstream off-site constructed applications, and performance indicators. More importantly, Jin et al. (2020) [8] have criticized the mainstream research regarding research methods, life cycle phases, and environmental impact assessment, and suggested future research directions. Hu and Chong (2021) [9] provided a qualitative content analysis of 55 studies focusing on state-of-the-art development for off-site manufacturing’s environmental sustainability. Van Roosmalen et al. (2021) [10] normalized the operational phase carbon emissions of prefabricated facade systems in 49 studies, but further analysis of carbon quantification was not available.



Among the above-mentioned reviews, very few of them acknowledged the variations in carbon emission quantification or attempted to disclose the correlation between the relevant influencing factors and the quantification results. In the meta-analysis conducted by Teng et al. (2018) [11], the variables influencing prefabricated building life cycle carbon emission were investigated. Twelve variables affecting the carbon emission of prefabricated buildings were identified, namely building lifespan, life cycle phase, geographic scale climatic zone, LCA method, research method, function unit, building type, building height, building material, and level of prefabrication. The results of the meta-analysis indicated the inconsistent influences of different variables on carbon emissions and the authors suggested future research directions [11]. In spite of the above efforts, a holistic review and in-depth analysis of the influencing parameters of carbon quantification, such as emission sources, quantification methods, quantification tools/software, carbon inventory databases, data sources, etc., are not available in the existing reviews. Further research on these influencing factors is yet to be carried out.



Therefore, this paper aims to address the abovementioned gaps by investigating the current status of the carbon quantification of prefabricated buildings through a literature review with a specific focus on the cradle-to-site embodied carbon. The objectives of the study are as follows:




	
To carry out a systematic review and meta-analysis of the embodied carbon emission of prefabricated buildings with a focus on carbon quantification;



	
To identify the correlations between different quantification influencing factors and carbon emissions;



	
To propose directions for future research in the existing body of knowledge.








The remainder of this paper is structured as follows. Following this introduction, Section 2 explains the scope and methodology of the present research. Section 3 elaborates the results of the review and meta-analysis. Section 4 further discusses the results and implications. Finally, Section 5 concludes the present research.




2. Methods


2.1. Scope


This research focuses on the carbon emission generated at the early stage of a prefabricated building’s life cycle, i.e., the cradle-to-site embodied carbon emissions. Cradle-to-site embodied carbon refers to the emissions associated with the raw materials’ extraction and processing, semi-finished product manufacturing, component/module prefabrication, transportation, and building construction and assembly. There were several available terminologies for the different life cycle phases in the reviewed studies. To provide comparable data for the meta-analysis, this research defines the cradle-to-site life cycle phases of prefabricated building as follows:



(P1) Raw material extraction and processing—the extraction of raw materials, such as iron ore, limestone, bauxite, silica sand, etc., and the manufacturing of semi-finished products, such as cement, iron and crude steel, aluminum ingot, and glass (including associated transportation);



(P2) Building material production—the production of building materials, such as ready-mixed concrete, rebar, steel sections, aluminum sections, glass, bricks, and tiles;



(P3) Transportation to prefabrication yard—the transportation of building materials from the factory to the prefabrication yard;



(P4) Prefabrication—the manufacturing of prefabricated components or modules, such as reinforced concrete beams and slabs, windows, and modular toilets/kitchens;



(P5) Transportation to construction site—the transportation of prefabricated components or modules from the prefabrication yard to the construction site;



(P6) Building construction and assembly—the onsite construction and assembly of prefabricated buildings.



Other phases of the prefabricated building life cycle (e.g., building operation, maintenance, demolition, disposal, and recycling) are beyond the scope of this review.




2.2. Systematic Review and Meta-Analysis


A systematic review of the literature provides a better understanding and identification of the aims, gaps, and trends of studies and identifies future research directions and improvements. The systematic review in this research follows the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) [12]. A meta-analysis involves the integration of the results of a number of individual studies to draw one overall conclusion [13]. It is a systematic and quantitative method to analyze harmonized research findings. The methodological process of the literature selection is illustrated as a four-phase flow diagram in Figure 1. A detailed explanation of the methodological process is presented in the sections below.



2.2.1. Literature Searching Criteria


Given the rapid development of this research topic, the search was limited to the studies published within the past 10 years (2012–2021, plus the publications available online on the date of search, on 12 April 2022). Only publications in peer-reviewed journals were considered for inclusion, and review articles were excluded. The studies to be included in this review were required to meet the following criteria:




	(i)

	
the selected studies should quantitatively analyze the carbon emission of prefabricated buildings;




	(ii)

	
the selected studies should consider at least one of the life cycle phases listed in Section 2.1;




	(iii)

	
the selected studies should contain necessary information regarding carbon quantification, i.e., building size and type, prefabrication level, life cycle phase, quantification method, carbon emission sources, data quality, etc., to enable the meta-analysis.










2.2.2. Literature Search and Screening Strategy


In this research, the highly recognized academic research database Web of Science (WoS) was considered. The search strategy was to search paper subjects (i.e., article title, abstract, keywords, and keywords Plus) against the query strings, including the following keywords and combinations of keywords, which were combined with Boolean operators:




	
carbon emission;



	
greenhouse gas;



	
prefabricate;



	
fabrication;



	
modular;



	
off-site construction;



	
material;



	
component;



	
building.








As illustrated in Figure 1, the initial search gave rise to 2169 articles from WoS and 28 studies from other search sources, e.g., the reference lists of the read articles. After removing duplicate articles, review articles, non-English articles, etc., the initial screen resulted in 2013 studies. Then, the title and abstract screening and the full-text screening led to 43 valid studies (96 building cases in total) for the subsequent meta-analysis.





2.3. Data Extraction and Normalization


To enable a harmonized comparison and analysis of the reviewed studies, the information and results of the 43 studies were normalized to a set of homogenous parameters, including the basic characteristics of studies (origin country of research, publication year), building characteristics (building size, function of building, etc.), carbon emission sources (types of GHGs), carbon quantification (quantification method, carbon inventory), data quality (data sources), etc. A spreadsheet was used to facilitate the data analysis, and the collected results were analyzed using inferential statistical tools, such as regression lines and box plots to create comparable and conclusive results.



Functional units can significantly affect the results of the carbon emission analysis. The reviewed studies have adopted different functional units when analyzing the carbon emission of prefabricated buildings, such as the building unit area, mass, volume, or prefabricated component/module. Fortunately, the majority of the reviewed cases have normalized the carbon emission in the unit of kgCO2e/m2 building floor area. Therefore, this research was able to compare and analyze the carbon emission harmoniously based on this function unit.




2.4. Statistical Analysis


A box plot was adopted to visualize how the quantification influencing factors affect the embodied carbon of prefabricated buildings. The box plot displays the feature values of the data set, including the upper extreme (UE), lower extreme (LE), upper quartile (Qup), lower quartile (Qlo), median (Med), mean (Mea), and interquartile range (ΔQ = Qup − Qlo). It is an effective method to identify the dispersion and skewness of a data set, and it displays clear visual summaries for statistical analysis [14]. This method was also adopted by Teng et al. (2018) [11] in their meta-analysis. In a box plot, as demonstrated in Figure 2, the inner fence Qlo − 1.5ΔQ~Qup + 1.5ΔQ of the data set was firstly calculated to define the valid range of data set. Then, the feature values were calculated after eliminating the outliers.





3. Analysis and Findings


The overview and the availability of the data of the reviewed 43 studies (96 prefabricated building cases) are summarized in Table A1 of the Appendix A. A statistical analysis of the basic characteristics of the 43 reviewed articles was first performed (Section 3.1), including the research trend across the period (year) studied, and the geographical distribution of publications.



When identifying the influencing factors of carbon quantification, opinions were drawn from some previous reviews listed in Table 1. However, as mentioned in the introduction section, the factors directly related to the quantification process have not been identified before. Therefore, this research further investigated the relevant literature [15,16,17,18] and proposed the factors related to the carbon quantification process, i.e., emission sources coverage, types of GHGs considered, quantification tools/software, carbon inventory databases, data sources, etc. In total, twelve factors that affect the quantification of the embodied carbon of prefabricated buildings have been identified, as shown in Table 2. This review classified the twelve factors into four categories based on their nature and the findings of previous studies (i.e., [11,15,17]), namely building characteristics, emission sources, quantification approaches, and data quality, as listed in Table 2. The standard deviation (SD) of the carbon emission values of the 96 cases was calculated to demonstrate their degrees of dispersion. Then, the carbon emission values of the 96 cases are analyzed against the twelve influencing factors through box plots; these meta-analysis results are further explained in Section 3.2.



3.1. Statistical Analysis of Basic Characteristics of Reviewed Studies


3.1.1. Research Trend across the Period Studied


Figure 3 presents the analysis of the temporal trend of the reviewed literature. There is obvious growing interest in the research subject. The total publications peaked in 2019 and have since slightly decreased; nevertheless, the overall research interest in this subject has increased steadily over the past 10 years. It is predicted that more than eight relevant publications will be published by the end of 2022 in the reviewed literature database.




3.1.2. Geographical Distribution of Research Efforts


Figure 4 shows the geographical distribution (countries/regions) of the reviewed studies. It is interesting to observe that almost 40% (16 of 34) of the studies targeted the carbon performance of prefabricated buildings in China (including four studies in Hong Kong, China). China was followed by Italy, where four relevant studies were performed. Australia, Portugal, and Sweden each published three relevant studies. It is not surprising that China leads the research in this field. In the past several years, the volume of new construction in China has been ranked highest in the world, and the Chinese government has strongly promoted carbon reduction through prefabrication and off-site construction [1].





3.2. Meta-Analysis on Embodied Carbon of Reviewed Prefabricated Building Cases


The box plots in Figure 5 indicate that the minimum embodied carbon in all cases was 26.6 kgCO2e/m2 (case 56 in Table A1), and the maximum was 1644.4 kgCO2e/m2 (case 62 in Table A1). The building in case 56 was a three-story wood-frame modular house. The extremely low embodied carbon was due to the reduction in materials, i.e., the bottom plates made of reinforced concrete and thermal insulation materials were largely reduced in this building case. Moreover, this study calculated the carbon sequestration of the roof made of cross-laminated timber, which induced negative carbon emission. For case 62, an off-grid steel-frame house transformed from a shipping container, the high embodied carbon might have been due to the installation of a photovoltaic system and the construction of a prefabricated concrete foundation, which did not typically appear in other similar studies. In spite of the high embodied carbon, the building in case 62 generated very low operational carbon emission as a result of adopting the photovoltaic system.




3.3. Building Characteristics


3.3.1. Building Size


This research classified the building sizes as low-rise (one to five stories), medium-rise (six to ten stories), and high-rise (>10 stories) buildings. As shown in Table 2, more than 65% (62 out of 96 cases) of the building cases were low-rise prefabricated buildings, 21% (20 cases) were medium-rise prefabricated buildings, and 15% (14 cases) were high-rise prefabricated buildings. The SD of the embodied carbon of the low-rise buildings is 216.7 kgCO2e/m2, which is significantly larger than those of medium-rise and high-rise buildings. This is because the SD of low-rise buildings was calculated based on a larger sample size. The box plots in Figure 5 show that the interquartile ranges of the three building sizes do not vary significantly, implying good consistency among the data. However, the box plots in Figure 5 show that the means and medians of the carbon quantification results of the three datasets of building sizes have no discernible rule. For example, the carbon emission neither increases nor decreases with the growth of building height. Therefore, the impact of this carbon quantification factor needs further research.




3.3.2. Function of Building


A total of 84% (81 cases) of the reviewed building cases were residential buildings; the remaining cases included five office buildings, four industrial buildings, four public buildings, and two educational buildings. As observed from the box plots in Figure 5, the means and interquartile ranges of the five building function types are quite parallel, except for the educational buildings, in which only two cases were available. This indicates that the functions of buildings do not have a significant impact on the embodied carbon emission of prefabricated buildings.




3.3.3. Building Structure Form


As shown in Table 2, in terms of the structural form, 39 (41%) of the prefabricated building cases were reinforced concrete (RC), 29 (30%) were wood-frame, 19 (20%) were steel-frame, four (4%) had a masonry block structure, and one (1%) had an aluminum profile. Moreover, it can be observed from Figure 5 that the prefabricated buildings with a steel frame and aluminum profile had higher embodied carbon than the other structural forms. This is because of the high unit embodied carbon of steel and aluminum materials. One can conclude that the building’s structural materials and forms can significantly affect the embodied carbon of prefabricated buildings.




3.3.4. Level of Prefabrication


The level of prefabrication or prefabrication rate of building in this review was defined as very low (<10%), low (10–25%), medium (25–60%), and high (60–100%). As indicated in Figure 6, out of the 96 building cases, only 48 cases provided relevant information on the prefabrication rate. Specifically, two (2%) building cases had a very low level of prefabrication, seven (7%) had a low level of prefabrication, 11 (11%) had a medium level of prefabrication, and 28 (29%) had a high prefabrication rate. It can be observed from Figure 5 that the embodied carbon of a building does not decrease with an increase in the prefabrication rate. Rather, the minimum embodied carbon was obtained when the prefabrication rate reached an optimal value. This finding is in line with the study conducted by Du et al. (2019) [19].



The interquartile range (167.5–718.1 kgCO2e/m2) of high prefabrication rate cases is significantly larger than that of other prefabrication rate cases, indicating lower consistency among the high prefabrication rate cases. This is because of the greater number of high prefabrication rate cases available in the reviewed literature.





3.4. Emission Sources


3.4.1. Life Cycle Phases Concerned


As shown in Figure 7, all 96 reviewed cases have been analyzed regarding the carbon emission associated with the raw materials’ extraction and processing (P1). The least studied life cycle phases, namely the transportation of building materials (P3) and prefabricated components/units (P5), were studied in 81 cases. However, as observed in Table 2, only 69 (72%) cases fully covered the cradle-to-site (P1–P6) embodied carbon emission, while 13 cases considered the cradle-to-site entrance gate (P1–P5), six cases considered the material production phases (P1–P2), and eight cases applied other emission boundaries.



Although a larger number of cases (69 cases) was available for the cradle-to-site (P1–P6) emission boundary, they presented a relatively narrow interquartile range (167.5–718.1 kgCO2e/m2) in the box plots (Figure 5), indicating better consistency among the cases. Moreover, one can tell from Figure 5 that the embodied carbon of the reviewed prefabricated buildings did not necessarily increase with the wider inclusion of life cycle phases.




3.4.2. Emission Source Categories


According to the GHG Protocol (WBCSD/WRI The Greenhouse Gas Protocol—A Corporate Accounting and Reporting Standard) [20], the carbon emission sources are categorized into three scopes as below.



Scope 1: Direct emissions—Direct emissions arise from the sources that are owned or controlled by an organization. Examples include the emissions from the combustion of boilers, furnaces, vehicles, etc., owned or controlled by an organization. Direct emissions also include the emissions from chemical processes that take place in the equipment owned or controlled by an organization, such as the oxidation-reduction reactions occurring in the blast furnace in an iron mill.



Scope 2: Purchased electricity—Purchased electricity includes the emissions from the generation of purchased electricity consumed by an organization. Scope 2 emissions physically occur at the facility where the electricity is generated. Examples include the electricity required for vehicles, machinery and equipment, and factory operation.



Scope 3: Other indirect emissions—All other indirect emissions are a consequence of the activities of an organization, but they are derived from sources not owned or controlled by the organization. Examples of scope 3 activities include the production of purchased materials, third-party transportation of purchased materials, and use of sold products and services.



Given the characteristics of building carbon emissions, in this research, the scope 1–3 emissions defined under the GHG Protocol were further categorized into four emission sources:



(E1) combustion of fuels in boilers, furnaces, vehicles, generators (Scope 1);



(E2) industrial process emissions (Scope 1);



(E3) purchased electricity (Scope 2);



(E4) other indirect emissions (Scope 3).



Table 3 lists detailed examples of each emission source in different life cycle stages within the cradle-to-gate boundary.



As shown in Table 2, among the reviewed prefabricated building cases, 72 cases provided relevant information regarding emission sources, while the remaining 24 cases did not. In particular, 2 and 3 building cases only calculated the E1 and E3 emission sources, respectively. Meanwhile, two cases calculated both E1 and E2 emission sources. More than half of the cases (53) covered the E1 and E3 emission sources. Only 12 cases considered E1, E2, and E3 emission sources. No study quantified other indirect emissions (E4).



On the other hand, in the different life cycle phases, the inclusion of various emission sources was different in each reviewed study. Figure 8 shows that, for the (P1) raw material extraction and processing and (P2) building material production, only 13 cases provided relevant information about emission sources, and emission sources E1, E2, and E3 were almost equally considered. For the life cycle phase (P3) transportation of building materials to prefabrication yard, 44 cases calculated the emissions from (E1) combustion of fuels in production facilities, while only 14 cases calculated the emissions from (E3) purchased electricity. This is probably because fewer vehicles were electricity-powered in the reviewed studies. A similar situation appeared in the (P5) transportation of prefabricated components or modules from prefabrication yard to construction site. For the (P4) prefabrication process, 48 cases considered the carbon emission associated with the combustion of fuels, and 64 cases calculated the carbon emission of electricity used in the prefabrication yard. This is because the manufacturing processes in the prefabrication yard, such as concrete casting and curing, rebar cutting and bending, and welding, are powered by both fuels and electricity, with more studies focused on the emissions from electricity. On the other hand, the (P6) construction and assembly stage presented an almost equal focus on the emission sources E1 and E3 (45 and 41 cases, respectively). This is because the construction and assembly stage usually involves construction equipment and machineries powered by both fuels (e.g., crane, lorry, piling equipment, generator, pump) and electricity (e.g., concrete mixer, bending/straightening machine, cutting machine, welder, circular saw, electric hand drill, site office equipment).




3.4.3. Types of GHGs Concerned


The Intergovernmental Panel on Climate Change (IPCC) has identified 98 types of GHGs in the document “2006 IPCC Guidelines for National Greenhouse Gas Inventories”. These GHGs mainly include CO2, methane (CH4), nitrous oxide (N2O), sulfur hexafluoride (SF6), hydro fluorocarbons (HFCs), per fluorocarbons (PFCs), etc. Different raw materials and fuels give rise to different types or combinations of types of GHGs depending on their chemical compositions. However, most of the studies, i.e., 66 out of 96 cases, did not specify the GHG type(s) being considered in the quantification, as shown in Table 2. Specifically, 22 building cases considered only CO2 emission when quantifying the building embodied carbon; six cases have calculated the three major GHGs, i.e., CO2, CH4, and N2O; one building case included the six major GHGs, i.e., CO2, CH4, N2O, SF6, HFCs, and PFCs; and one case considered all 98 GHGs. The box plots in Figure 5 show that the mean, median, upper quartile, and lower quartile of the embodied carbon in cases considering only CO2 are significantly lower than the values for those considering the three major GHGs. This indicates that the coverage of GHGs when conducting carbon quantification will considerably affect the quantification results: the more GHGs covered, the greater the results.





3.5. Carbon Quantification Approaches


3.5.1. Quantification Methods


As indicated in Figure 9, among the 96 reviewed prefabrication building cases, 81 cases quantified carbon emission through life cycle analyses (LCA), and 15 cases adopted non-LCA methods. The LCA method can be classified into process-based LCA, input–output (I–O) LCA, and hybrid (i.e., process-based and I–O) LCA [5]. Among the 81 cases adopting the LCA approach, 60 of them adopted the process-based LCA method, seven adopted the hybrid LCA, none used the I–O LCA, and 14 cases did not specify the LCA methods that were applied.



It was observed that the embodied carbon of building cases using the LCA approach had a wider interquartile range and more outliers, as shown in Figure 5, and had a greater SD, as shown in Table 2, compared to those of the cases that adopted a non-LCA approach. This is because the number of cases using the LCA approach was substantially larger than those cases using a non-LCA approach. Figure 5 also indicates that the embodied carbon results calculated through the LCA approach (Mean: 370.6 kgCO2e/m2) were higher than those obtained with a non-LCA approach (Mean: 227.6 kgCO2e/m2).



Regarding the different LCA methods, i.e., the process-based and hybrid methods, Figure 5 indicates that their interquartile ranges and means (362.5 kgCO2e/m2 and 335.5 kgCO2e/m2, respectively) were quite similar. This implies that the selection of process-based LCA and hybrid LCA methods does not impact the embodied carbon quantification results significantly.




3.5.2. Quantification Tools/Software


As shown in Table 2, 23 building cases did not disclose the quantification tools or software that were applied in the embodied carbon quantification. A considerable number of the reviewed studies adopted LCA software to calculate the embodied carbon. They included SimaPro (36 cases), Baubook eco2soft (5 cases), and Athena Impact Estimator (4 cases). Moreover, 25 cases applied carbon quantification models or equations developed in their studies.



Figure 5 shows the relationship among the carbon quantification tools/software and the embodied carbon results. Due to the very small numbers of cases using Baubook eco2soft and Athena Impact Estimator, they are not discussed here. For building cases that applied SimaPro and self-developed quantification models/equations, they had very similar carbon quantification results, i.e., mean = 289.7 kgCO2e/m2 and mean = 287.3 kgCO2e/m2, respectively. This means that the use of different carbon quantification tools/software has a minor impact on the carbon quantification results. This further confirms that the quantification results of computer software and self-developed models/equations can verify each other well.





3.6. Data Quality


3.6.1. Carbon Inventory Databases


To calculate the embodied carbon emission of prefabricated buildings, the carbon emission of raw materials, building products, fuels, electricity, transportation activities, construction activities, etc., were collected or estimated. This was sometimes achieved by adopting existing carbon inventory databases. All 96 cases adopted either globally recognized databases or regional (country-specific) databases, as shown in Table 4. Among these carbon inventory databases, Ecoinvent was the most frequently used carbon inventory, adopted in 56 cases. This is because Ecoinvent is the embedded carbon inventory of the SimaPro software, which was adopted in a large number of studies. In total, 31 cases adopted a national or regional carbon inventory, including the U.S. Life Cycle Inventory (USLCI) Database, the Malaysia Life Cycle Inventory Database (MYLCID), the European reference Life Cycle Database (ELCD), the Chinese Life Cycle Database (CLCD), the Australian Life Cycle Inventory (AusLCI), etc. The Inventory of Carbon & Energy (ICE) was used in 16 cases.



It is worth mentioning that the ICE, unlike the other carbon inventory databases, is tailor-made for construction materials, such as cement, concrete, steel, aluminum, glass, etc. However, only 16 building cases adopted this database. This is probably because the ICE does not contain the carbon emission factors of fuel, electricity, transportation activities, and construction activities, which are necessary for the carbon quantification of the entire cradle-to-site process.



In the reviewed building cases, 61 of them adopted a single carbon inventory database, while 23 of them used multiple databases. For example, cases 50 and 51 (Table A1) used the emission factors of building materials from USLCI, Athena 2016, Ecoinvent, and ELCD. The mean of the carbon quantification results of cases adopting single and multiple carbon inventory databases were quite similar, i.e., 344.2 kgCO2e/m2 and 335.2 kgCO2e/m2, respectively. However, due to the greater number of cases, the carbon quantification results of the studies adopting a single database contained more outliers and presented a wider interquartile range (125.3–457.5 kgCO2e/m2), as shown in the box plots in Figure 5.




3.6.2. Data Sources


The collection of basic data, e.g., quantities of raw materials, electricity bills, transportation distances, costs of purchased materials, and wastage of materials, is the fundamental element of carbon quantification. The completeness and reliability of these data are crucial for the accuracy of carbon quantification. Ideally, these data should be obtained from reliable first-hand sources (so-called “primary sources”), such as site investigation, on-field surveys (measuring), design documents, questionnaire surveys, and interviews. However, as the activities involved in material manufacturing and building construction are massive and highly complex, the data of every single process unit would be difficult to obtain. Therefore, some research adopted data obtained from secondary sources, such as the literature, previous studies, existing databases, and published and unpublished statistics, when primary data were unavailable.



In this meta-analysis, 34 of the reviewed prefabricated building cases solely applied primary data sources, six cases solely applied secondary data sources, and 32 cases adopted a combination of primary and secondary data sources, as indicated in Table 2. The remaining 24 cases did not provide detailed information on how the basic data for carbon quantification were collected. The box plots in Figure 5 show that the six cases solely applying secondary data sources had a very narrow interquartile range and showed good results for embodied carbon. This is because these six cases (cases 9–14 in Table A1) were all from one individual study. Moreover, with a similar case number, the interquartile range of embodied carbon in cases adopting solely primary data sources (216.8–448.6 kgCO2e/m2) was much narrower than those adopting combined data sources (95.5–770.4 kgCO2e/m2). This means that the 34 studies that solely applied primary data sources had better consistency among their embodied carbon emission and also implies the poorer consistency of secondary data sources.






4. Discussion


4.1. Implication of Building Forms on Embodied Carbon


Given that 65% of the studied prefabricated building cases were low-rise buildings, future research should focus on a greater diversity of building sizes by conducting relevant studies on medium-rise and high-rise prefabrication buildings. Similarly, the results of this review show that residential buildings have dominated the research on the carbon emission of prefabricated buildings. Therefore, more studies should be conducted on other building types, especially industrial, public, educational, hospital, and commercial buildings.



Nearly all of the reviewed studies have concluded that the embodied carbon of materials represented the largest proportion of the embodied carbon of prefabricated buildings [2,21,22]. This review indicates that RC, wood-frame, and steel-frame are the predominant structural forms of prefabricated buildings. Specifically, for the mid-rise and high-rise cases, most of them are RC structured, as shown in Figure 10; for low-rise cases, 40% and 30% of them are wood-frame and steel-frame, respectively. Although steel-frame and aluminum-frame prefabricated buildings have higher embodied carbon due to the greater embodied carbon of metal materials, RC prefabricated buildings are still responsible for the majority of the total carbon emissions because of their high market share. RC is composed of concrete, steel, and other cementitious materials, which are carbon-intensive materials, and they are the main embodied carbon sources for high-rise and mid-rise prefabricated buildings.




4.2. Impacts of Prefabrication Level


As indicated in Figure 6, more studies (28 cases) on embodied carbon quantification have been conducted against buildings with a high prefabrication rate (i.e., 60–100%), while less relevant studies (20 cases in total) have been carried out against those with a lower prefabrication rate (<60%). Therefore, the relevant research field should place more emphasis on buildings with a lower prefabrication rate.



This review also finds that the embodied carbon does not necessarily decrease with an increasing prefabrication rate. As observed from Figure 5, the embodied carbon of a prefabricated building decreases when the prefabrication rate grows from very low to medium (i.e., from 0% to 60%) and reaches the lowest; then, the embodied carbon grows generally with the rise in the prefabrication rate. This is highly in line with the conclusion drawn by Wang et al. (2020) [23]. Moreover, other factors also result in higher carbon emission in prefabricated buildings. For example, the case studies of Mao et al. (2013) [24] and Ji et al. (2018) [15] implied that greater carbon emission was associated with prefabricated buildings compared with conventional buildings, due to the larger amounts of steel reinforcement used in the prefabrication process. It was proven that more embedded steel joint parts for reinforcement were required in prefabricated components for the purpose of onsite assembly with the main building structures [15].




4.3. Implication of Life Cycle Phases and Emission Sources


It is certain that the selection of different system boundaries for carbon quantification will lead to diverse results. This review finds that the existing research did not include a uniformly recognized system boundary for prefabricated buildings’ embodied carbon quantification. The transportation of building materials to the prefabrication yard (P3) and the activities involved in the assembly and construction of building (P6) have been ignored in a number of the reviewed studies, but these activities also generate considerable amounts of carbon emission. This could be due to the complexity of construction activities and the difficulty in collecting specific data from the construction site [25]. Moreover, the carbon emissions of different life cycle phases change in a varying manner with the increasing prefabrication rate. Wang and Sinha (2021) [26] found that the carbon emission of the material preparation phases (P1–P2) and onsite construction phase (P6) decreased as the prefabrication rate increased; in contrast, the prefabrication yard processing (P4) and transportation of prefabricated components (P5) significantly increased as the prefabricated rate increased.



Regarding the emission sources, overall, the coverage of emission source categories in different building cases was very diverse. Theoretically, the more emission source categories are covered, the greater the carbon emissions are. However, this pattern cannot be observed from the box plots in Figure 5. In fact, no discernible rule or relationship between carbon emission value and coverage of emission sources could be identified from the reviewed cases, and this requires further research.



The inconsistent system boundary and emission sources inclusion in carbon quantification will lead to the incomparability of the results of different studies and render them unable to mutually validate each other. More importantly, it will result in carbon leakage and cause difficulty in formulating effective carbon reduction measures for prefabrication and off-site construction.




4.4. Quantification Approaches


Process-based LCA analyzes the components of the building, products, materials, and related production activities, and then calculates the various direct and indirect carbon emission sources. The carbon emission values calculated by this method are accurate and relevant to the actual buildings and products. However, on the other hand, the collection of activity data is labor- and time-intensive. In contrast, I–O LCA uses sector-based financial data to calculate the energy requirements and carbon emissions of industry sectors. It can quickly calculate the total carbon emissions of the building sector and assist decision makers in formulating policies from a macro perspective. However, this calculation method does not enable an in-depth analysis of the production processes of building materials; therefore, it cannot propose specific emission reduction measures for specific processes and technologies [27].



Although the present meta-analysis finds that the selection of different LCA methods (i.e., process-based LCA and hybrid LCA) does not impact the embodied carbon quantification results significantly, it has been suggested by some research that the hybrid LCA method is more accurate than the purely process-based LCA or I–O LCA. This is because the system boundary is more complete in the hybrid LCA method and the specific process data are incorporated [28]. Given that very few of the reviewed cases adopted the I–O LCA method (0 cases) and the hybrid method (7 cases), future research should place more emphasis on these methods.




4.5. Data Availability and Data Quality


According to the GHG Protocol Initiative (2008) [29], the quantification of carbon emission can be categorized into the following three tiers based on the methods of obtaining data.



	
Tier 1 methods estimate emissions by multiplying production data, such as the volume of fuel used or materials produced, by an industry-specific default emission factor. Tier 1 emission factors can be obtained from sector databases or reports, such as IPCC reports.



	
Tier 2 methods require data that are less general, which might be available from national statistical agencies or industry associations. For instance, a Tier 2 emission factor might reflect the typical industrial practices within a specific country, whereas a Tier 1 factor constitutes a global default value.



	
Tier 3 methods require facility- or site-specific data, such as the composition of the fuel combusted at a facility, or the specific types of technologies employed at a facility.






The above three tiers of methods represent different levels of methodological complexity. Tier 1 is the basic method, Tier 2 is intermediate, and Tier 3 is the most demanding in terms of complexity and data requirements. Tiers 2 and 3 are considered to be more accurate and relevant for the carbon quantification of products [30].



However, the selection of data collection methods is highly determined by data availability. In fact, data availability is the fundamental element affecting carbon quantification. It significantly affects the selection of boundaries, quantification methods, and emission source ranges. The unavailability of data is considered as one of the major obstacles to quantifying the embodied carbon of buildings. In the reviewed literature, subject to the data availability, many studies adopted a combination of site-specific data (Tier 3) and existing databases (Tier 1 and 2).



The present review also finds that 24 building cases did not provide detailed information on data sources and inventory analysis. Without this information being provided, it is difficult to ensure the repeatability and verifiability of the carbon quantification process. Disclosure of information and repeatability of carbon quantification/modeling in the existing research field should be further improved.




4.6. Carbon Reduction Measures of Prefabrication


A number of studies have proven that prefabrication and off-site construction may sometimes increase the embodied carbon of buildings due to various reasons [4,19]. Therefore, many of the reviewed studies have provided suggestions on carbon reduction measures for prefabrication and off-site construction. These carbon reduction measures include:




	
Increasing the productivity of equipment and machinery in the prefabrication yard;



	
Better design of the prefabrication supply chain;



	
Applying lean techniques, such as value stream mapping, just-in-time technique, continuous flow, and total productive maintenance;



	
Adopting alternative energy sources;



	
Using low embodied carbon materials and local materials;



	
Adopting reused and recycled materials in prefabrication, etc.








Although abundant suggestions and directions have been provided in the existing studies, almost none of them have quantified the carbon reduction potential of these measures. Only a few studies, such as that by Padilla-Rivera et al. (2018) [31], have analyzed and quantified the carbon reduction potential of four proposed carbon mitigation strategies, namely low-carbon materials, material minimization, reuse and recycling of materials, and local sources and biofuels adoption. With the implementation of all four mitigation strategies, the total cradle-to-site embodied carbon emission of a prefabricated building can be reduced by 38.8% [31].




4.7. Future Challenges and Research Directions of Carbon Quantification of Prefabricated Building


The above findings and discussion reveal nine research gaps in the existing body of knowledge. To fill these knowledge gaps, future research directions are recommended (Table 5).





5. Conclusions


With the growing popularity of prefabrication and off-site construction, the cradle-to-site embodied carbon of prefabricated buildings has been frequently studied. The existing studies, with different aims, scopes, and methods, have resulted in a large disparity in embodied carbon emission results and have not yet been systematically reviewed. The variations in embodied carbon quantification in the existing studies have not been critically analyzed. The present research attempted to disclose the correlation between the relevant carbon quantification influencing factors and the quantification results through a systematical review and meta-analysis of recent studies. This research has identified twelve influencing factors of embodied carbon quantification. The findings of this research showed that some influencing factors (i.e., building structure forms, level of prefabrication, type of greenhouse gases considered, and data sources) have a major impact on the embodied carbon quantification of prefabricated buildings. Therefore, it is not recommended that studies performed with different building structure forms, levels of prefabrication, types of greenhouse gases considered, and data sources are compared or used to verify one another. On the other hand, some influencing factors (i.e., the function of building, quantification methods adopted, quantification tools/software used, and carbon inventory databases applied) do not affect the quantification significantly, which means that studies, including those on the different functions of buildings and adopting different quantification methods, quantification tools/software, and carbon inventory databases, can verify each other. Based on the findings, research gaps in the existing body of knowledge have been identified and suggestions on future research directions have been provided. The suggestions are expected to open up new research opportunities in this research field. This research provides an in-depth understanding of the quantification of embodied carbon of prefabricated buildings and also forms a scientific basis for the future research and development of low-carbon construction.
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Table A1. Overview of reviewed prefabricated building cases and their availability of data for meta-analysis.






Table A1. Overview of reviewed prefabricated building cases and their availability of data for meta-analysis.





	
Case

	
Ref. Studies

	
Country

	
Building Cases

	
Building Characteristics

	
Emission Sources

	
Quantification Approaches

	
Data Quality




	
Building Size

	
Function of Building

	
Building Structure

	
Level of Prefabrica-Tion

	
Life cycle Phases Considered

	
Emission Sources Categories

	
Type of GHGs Considered

	
LCA/Non-LCA

	
LCA Methods

	
Quantification Tools/Software

	
Diversity of Databases

	
Data Sources






	
1

	
Aye et al. (2012) [5]

	
Australia

	
Medium-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	




	
2

	
Aye et al. (2012) [5]

	
Australia

	
Medium-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	




	
3

	
Iddon and Firth (2013) [32]

	
UK

	
Low-rise Masonry block Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔




	
4

	
Iddon and Firth (2013) [32]

	
UK

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔




	
5

	
Iddon and Firth (2013) [32]

	
UK

	
Low-rise Other Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔




	
6

	
Paya-Marin et al. (2013) [33]

	
UK

	
Low-rise Wood framed Educational Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	




	
7

	
Paya-Marin et al. (2013) [33]

	
UK

	
Low-rise Wood framed Educational Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	




	
8

	
Mao et al. (2013) [24]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
9

	
Dodoo et al. (2014) [34]

	
Sweden

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
10

	
Dodoo et al. (2014) [34]

	
Sweden

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
11

	
Dodoo et al. (2014) [34]

	
Sweden

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
12

	
Dodoo et al. (2014) [34]

	
Sweden

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
13

	
Dodoo et al. (2014) [34]

	
Sweden

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
14

	
Dodoo et al. (2014) [34]

	
Sweden

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
15

	
Cao et al. (2015) [35]

	
China

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
16

	
Dong et al. (2015) [36]

	
Hong Kong, China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
17

	
Bonamente and Cotana (2015) [37]

	
Italy

	
Low-rise Reinforced concrete Industrial Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	




	
18

	
Bonamente and Cotana (2015) [37]

	
Italy

	
Low-rise Reinforced concrete Industrial Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	




	
19

	
Bonamente and Cotana (2015) [37]

	
Italy

	
Low-rise Reinforced concrete Industrial Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	




	
20

	
Bonamente and Cotana (2015) [37]

	
Italy

	
Low-rise Reinforced concrete Industrial Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	




	
21

	
Ji et al. (2018) [15]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
22

	
Islam et al. (2016) [38]

	
Australia

	
Low-rise Other Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
23

	
Bukoski et al. (2016) [39]

	
Thailand

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔




	
24

	
Bukoski et al. (2016) [39]

	
Thailand

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔




	
25

	
Bukoski et al. (2016) [39]

	
Thailand

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔




	
26

	
Bukoski et al. (2016) [39]

	
Thailand

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔




	
27

	
Atmaca (2017) [40]

	
Turkey

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
28

	
Atmaca (2017) [40]

	
Turkey

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
29

	
Sazedj et al. (2017) [41]

	
Portugal

	
Low-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	




	
30

	
Sazedj et al. (2017) [41]

	
Portugal

	
Low-rise Masonry block Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	




	
31

	
Tumminia et al. (2018) [42]

	
Italy

	
Low-rise Other Office Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	

	
✔

	
✔

	
✔




	
32

	
Padilla-Rivera et al. (2018) [31]

	
Canada

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
33

	
Dong et al. (2018) [43]

	
China

	
Low-rise Aluminum profile Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
34

	
Achenbach et al. (2018) [44]

	
Germany

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	
✔

	
✔

	
✔




	
35

	
Teng and Pan (2019) [45]

	
Hong Kong, China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
36

	
Sandanayake et al. (2018) [46]

	
China

	
High-rise Reinforced concrete Office Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔




	
37

	
Tavares et al. (2019) [21]

	
Portugal

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	

	
✔




	
38

	
Tavares et al. (2019) [21]

	
Portugal

	
Low-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	

	
✔




	
39

	
Tavares et al. (2019) [21]

	
Portugal

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	

	
✔




	
40

	
Tavares et al. (2019) [21]

	
Portugal

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	

	
✔




	
41

	
Iuorio et al. (2019) [47]

	
Italy

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	

	
✔




	
42

	
Dara et al. (2019) [48]

	
Canada

	
Low-rise Other Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	

	




	
43

	
Dara et al. (2019) [48]

	
Canada

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	

	




	
44

	
Dara et al. (2019) [48]

	
Canada

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	

	




	
45

	
Dara et al. (2019) [48]

	
Canada

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	

	




	
46

	
Du et al. (2019) [19]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔




	
47

	
Du et al. (2019) [19]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔




	
48

	
Du et al. (2019) [19]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔




	
49

	
Vitale et al. (2019) [49]

	
Italy

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
50

	
Pierobon et al. (2019) [50]

	
USA

	
Medium-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
51

	
Pierobon et al. (2019) [50]

	
USA

	
Medium-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
52

	
Leskovar et al. (2019) [51]

	
Slovenia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
53

	
Leskovar et al. (2019) [51]

	
Slovenia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
54

	
Leskovar et al. (2019) [51]

	
Slovenia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
55

	
Leskovar et al. (2019) [51]

	
Slovenia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
56

	
Leskovar et al. (2019) [51]

	
Slovenia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	
✔

	
✔

	




	
57

	
Teng and Pan (2020) [52]

	
Hong Kong, China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
58

	
Ding et al. (2020) [53]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
59

	
Satola et al. (2020) [54]

	
China

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
60

	
Satola et al. (2020) [54]

	
China

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
61

	
Satola et al. (2020) [54]

	
China

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
62

	
Satola et al. (2020) [54]

	
China

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
63

	
Minunno et al. (2020) [55]

	
Australia

	
Low-rise Steel framed Office Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
64

	
Minunno et al. (2020) [55]

	
Australia

	
Low-rise Steel framed Office Building

	
✔

	
✔

	
✔

	
✔

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
65

	
Hao et al. (2020) [56]

	
China

	
High-rise Reinforced concrete Office Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
66

	
Pervez et al. (2021) [2]

	
Pakistan

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
67

	
Tavares et al. (2021) [3]

	
Portugal

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
68

	
Tavares et al. (2021) [3]

	
Portugal

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
69

	
Zhang and Zhang (2021) [57]

	
China

	
Low-rise Masonry block Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
70

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
71

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
72

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
73

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
74

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
75

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
76

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
77

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
78

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
79

	
Wang and Sinha (2021) [26]

	
Sweden

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
80

	
Balasbaneh and Sher (2021) [58]

	
Malaysia

	
Low-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	




	
81

	
Balasbaneh and Sher (2021) [58]

	
Malaysia

	
Low-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	
✔

	
✔

	
✔

	




	
82

	
Li et al. (2021) [59]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
83

	
Li et al. (2021) [59]

	
China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
84

	
Alshamrani (2021) [60]

	
Saudi Arabia

	
Low-rise Reinforced concrete Public Building

	
✔

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	

	

	




	
85

	
Jang et al. (2022) [61]

	
South Korea

	
Medium-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
86

	
Han et al. (2022) [4]

	
China

	
Medium-rise Reinforced concrete Public Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
87

	
Han et al. (2022) [4]

	
China

	
Medium-rise Reinforced concrete Public Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
88

	
Han et al. (2022) [4]

	
China

	
Medium-rise Reinforced concrete Public Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔




	
89

	
Al-Najjar and Dodoo (2022) [62]

	
Sweden

	
Medium-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	

	

	
✔




	
90

	
Balasbaneh and Marsono (2017) [63]

	
Malaysia

	
Low-rise Masonry block Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
91

	
Balasbaneh and Marsono (2017) [63]

	
Malaysia

	
Low-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
92

	
Balasbaneh and Marsono (2017) [63]

	
Malaysia

	
Low-rise Steel framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
93

	
Balasbaneh and Marsono (2017) [63]

	
Malaysia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
94

	
Balasbaneh and Marsono (2017) [63]

	
Malaysia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
95

	
Balasbaneh and Marsono (2017) [63]

	
Malaysia

	
Low-rise Wood framed Residential Building

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔

	
✔

	
✔

	
✔




	
96

	
Ansah et al. (2021) [64]

	
Hong Kong, China

	
High-rise Reinforced concrete Residential Building

	
✔

	
✔

	
✔

	
✔

	
✔

	
✔

	

	
✔

	
✔

	

	
✔

	
✔




	

	

	

	
Count

	
96

	
96

	
96

	
48

	
96

	
72

	
30

	
96

	
77

	
73

	
84

	
72
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Figure 1. Flowchart of literature selection (conformed to PRISMA guidelines). 
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Figure 2. Configuration of box plot. 
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Figure 3. Temporal trend for the number of published studies regarding the subject (with 2022 forecasted). 
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Figure 4. Geographic distribution of the research locations of reviewed studies. 
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Figure 5. Box plots for embodied carbon emission of building cases against the twelve influencing factors. 
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Figure 6. Level of fabrication of the reviewed prefabricated building cases. 
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Figure 7. Life cycle phases concerned in the reviewed building cases. 
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Figure 8. Number of cases considering various emission sources in different life cycle phases. 






Figure 8. Number of cases considering various emission sources in different life cycle phases.



[image: Buildings 12 01265 g008]







[image: Buildings 12 01265 g009 550] 





Figure 9. Number of reviewed building cases adopting different carbon quantification methods. 
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Figure 10. Relation between prefabricated building heights and building structural forms. 
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Table 1. Previous reviews on the carbon emission (energy consumption) of prefabricated buildings.






Table 1. Previous reviews on the carbon emission (energy consumption) of prefabricated buildings.















	Literature
	No. of Cases Reviewed
	Review Methods
	Prefabrication Type /Level
	Focus of Review
	Reviewed Content/Parameters
	Comparable Analysis of Carbon Quantification Results
	Analysis on Energy/Carbon Quantification Method





	Boafo et al. (2016) [6]
	Not available
	Review
	Component;

Panelized structure;

Modular structure;

Hybrid structure;

Unitized building
	Overall performance of prefabrication
	
	
Thermal performance



	
Acoustic performance



	
Seismic resistance



	
Energy consumption



	
LCA





	Not provided
	Not provided



	Kamali and Hewage (2016) [7]
	62 + 44
	Systematic review
	Modular building
	Life cycle performance of modular construction
	
	
Benefits and challenges of modular construction



	
Environmental performance assessment (e.g., impact indicators, assessed life cycle phases, assessment method and software)





	Not provided
	Not provided



	Teng et al. (2018) [11]
	27
	Systematic review and meta-analysis
	Component/material;

Residential unit;

Building as a whole;Building with site; Building and city
	Building life cycle carbon reduction potential through prefabrication
	12 variables of life cycle carbon (lifespan, life cycle stage, geographic scope, climatic zone, LCA method, research method, function unit, building type, building height, building material, level of prefabrication)
	Yes
	Not provided



	Jin et al. (2020) [8]
	43
	Systematic review

(Bibliometric analysis)
	Prefabricated building
	Environmental performance
	
	
Level of prefabrication



	
Environmental performance indicators



	
Environmental assessment methods



	
Building types





	Not provided
	Not provided



	Hu and Chong (2021) [9]
	55
	Systematic review

(Content analysis)
	Not provided
	Environmental sustainability
	
	
Environmental sustainability assessment



	
Environmental sustainability strategies



	
Critical environmental sustainability factors





	Not provided
	Not provided



	van Roosmalen et al. (2021) [10]
	49
	Systematic review
	Prefabricated facade
	Energy saving potential
	Operational stage energy savings
	Yes
	Not provided
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Table 2. Twelve influencing factors of embodied carbon quantification of prefabricated buildings.
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Category

	
Influencing Factors

	
Levels/Variables

	
Number of Cases (N)

	
%(N)

	
SD (kgCO2e/m2)






	
Building characteristics

	
Building size

	
Low-rise

	
62

	
65%

	
216.7




	

	
Medium-rise

	
20

	
21%

	
99.8




	

	
High-rise

	
14

	
15%

	
149.5




	

	
Function of building

	
Residential

	
81

	
84%

	
211.6




	

	

	
Office

	
5

	
5%

	
141.7




	

	

	
Industrial

	
4

	
4%

	
55.8




	

	

	
Public

	
4

	
4%

	
4.9




	

	

	
Educational

	
2

	
2%

	
73.8




	

	
Building structure

	
Reinforced concrete

	
39

	
41%

	
164.7




	

	

	
Wood framed

	
29

	
30%

	
111.2




	

	

	
Steel framed

	
19

	
20%

	
420.3




	

	

	
Masonry block

	
4

	
4%

	
159.5




	

	

	
Aluminum profile

	
1

	
1%

	
n/a




	

	

	
Other

	
4

	
4%

	
n/a




	

	
Level of prefabrication

	
Very low (<10%)

	
2

	
2%

	
410.9




	

	
Low (10–25%)

	
7

	
7%

	
106.7




	

	
Medium (25–60%)

	
11

	
11%

	
147.3




	

	
High (60–100%)

	
28

	
29%

	
395.6




	

	
Not specified

	
48

	
50%

	
n/a




	
Emission sources

	
Life cycle phases considered

	
Material production (P1, P2)

	
6

	
6%

	
241.0




	

	
Cradle-to-site entrance gate (P1, P2, P3, P4, P5)

	
13

	
14%

	
510.5




	

	
Cradle-to-site (P1, P2, P3, P4, P5, P6)

	
69

	
72%

	
153.7




	

	
Other boundaries

	
8

	
8%

	
n/a




	

	
Emission source categories

	
E1 * (only)

	
2

	
2%

	
n/a




	

	
E3 * (only)

	
3

	
3%

	
457.8




	

	
E1, E2 *

	
2

	
2%

	
13.4




	

	
E1, E3

	
53

	
55%

	
274.9




	

	
E1, E2, E3

	
12

	
13%

	
84.9




	

	
Not specified

	
24

	
25%

	
n/a




	

	
Types of GHGs considered

	
CO2

	
22

	
23%

	
70.9




	

	
CO2, CH4, and N2O

	
6

	
6%

	
122.3




	

	
CO2, CH4, N2O, SF6, HFCs,

and PFCs

	
1

	
1%

	
n/a




	

	
98 GHGs

	
1

	
1%

	
n/a




	

	
Not specified

	
66

	
69%

	
n/a




	
Quantification approaches

	
LCA/non-LCA

	
LCA

	
81

	
84%

	
245.1




	

	
Non-LCA

	
15

	
16%

	
109.5




	

	
LCA methods

	
Process-based LCA

	
69

	
72%

	
201.1




	

	

	
I-O LCA

	
0

	
0%

	
n/a




	

	

	
Hybrid LCA

	
8

	
8%

	
281.5




	

	

	
Not specified

	
19

	
20%

	
n/a




	

	
Quantification tools/software

	
SimaPro

	
36

	
38%

	
367.6




	

	
Baubook eco2soft

	
5

	
5%

	
54.3




	

	
Athena Impact Estimator

	
4

	
4%

	
42.4




	

	
Self-developed quantification models/equations

	
25

	
26%

	
141.2




	

	
Other

	
3

	
3%

	
n/a




	

	
Not specified

	
23

	
24%

	
n/a




	
Data quality

	
Diversity of databases

	
Adopting single database

	
61

	
64%

	
323.8




	

	

	
Adopting multiple databases

	
23

	
24%

	
196.8




	

	

	
Not specified

	
12

	
13%

	
n/a




	

	
Data sources

	
Primary data sources

	
34

	
35%

	
151.4




	

	

	
Secondary data sources

	
6

	
6%

	
14.6




	

	

	
Combination of primary and secondary data sources

	
32

	
33%

	
425.4




	

	

	
Not specified

	
24

	
25%

	
n/a








* Notes: (E1) combustion of fuels, (E2) industrial process emissions, (E3) purchased electricity.
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Table 3. Examples of various categories of emission sources in different life cycle phases.
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(E1) Combustion of Fuels in Boilers, Furnaces, Vehicles, Generators, Etc.

	
(E2) Industrial Process Emissions

	
(E3) Purchased Electricity

	
(E4) Other Indirect Emissions

	
Responsibility for Carbon Quantification and Reporting






	
Life cycle phases

	
(S1) Raw material extraction

	

	
Combustion of diesel in mining machinery



	
Combustion of gasoline trucks, etc.









	
N/A

	

	
Electricity consumption of electrical arc furnace (steelmaking)



	
Electricity consumption of machinery and equipment






	

	
Emissions from purchased materials (e.g., purchased clinkers for cement production)



	
Third-party transportation






	
Material manufacturer




	
(S2) Building product manufacturing

	

	
Combustion of coal and coke in blast furnace (ironmaking)



	
Combustion of coal in kiln (cement clinker production), etc.






	

	
Calcination of carbonates during cement clinker production



	
Ore reducing reaction during ironmaking






	

	
Electricity consumption of machinery and equipment






	

	
Emissions from purchased materials



	
Third-party transportation






	
Material manufacturer




	
(S3) Transportation to prefabrication yard

	

	
Gasoline/diesel combustion of trucks






	
N/A

	

	
Power consumption of electro mobiles






	
N/A

	
Material manufacturer/Prefabricator




	
(S4) Prefabrication

	

	
Diesel/coal combustion for machinery and equipment






	
N/A

	

	
Electricity consumption of machinery and equipment






	

	
Emissions from purchased materials



	
Third-party transportation






	
Prefabricator




	
(S5) Transportation to construction site

	

	
Gasoline/diesel combustion of trucks






	
N/A

	

	
Power consumption of electro mobiles






	
N/A

	
Prefabricator/Constructors




	
(S6) Construction and assembly

	

	
Diesel/coal combustion for machinery and equipment



	
Onsite power generation






	
N/A

	

	
Electricity consumption of machinery and equipment






	

	
Emission from purchased materials



	
Third-party transportation






	
Constructors











[image: Table] 





Table 4. Carbon inventory databases.
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	Databases
	Number of Cases
	Number of Studies





	Ecoinvent
	56
	21



	Inventory of Carbon & Energy (ICE)
	16
	8



	Literature
	15
	9



	U.S. Life Cycle Inventory (USLCI) Database
	4
	3



	Malaysia Life Cycle Inventory Database (MYLCID)
	8
	2



	IPCC Emissions Factor Database
	3
	2



	European reference Life Cycle Database (ELCD)
	2
	1



	Chinese Life Cycle Database (CLCD)
	2
	1



	Australian Life Cycle Inventory (AusLCI)
	1
	1



	GaBi
	1
	1



	Other national/local database(s)
	14
	8



	Not clarified
	7
	4
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Table 5. Knowledge gaps and future research directions in embodied carbon quantification of prefabricated buildings.






Table 5. Knowledge gaps and future research directions in embodied carbon quantification of prefabricated buildings.










	
	Gaps
	Future Research Direction





	Limitations on building types
	
	
Medium-rise and high-rise prefabricated buildings have been less studied.





	
	
Future research should focus more on medium-rise and high-rise prefabricated buildings.








	
	
	
Few studies have focused on non-residential prefabricated buildings.





	
	
Future research should be conducted on a larger diversity of building types, especially industrial, public, educational, hospital, and commercial buildings.








	
	
	
Existing studies have focused on RC and steel-frame prefabricated buildings.





	
	
Future research should focus more on the other structural forms, i.e., steel-frame, masonry block structure, and aluminum profile prefabricated buildings.








	
	
	
Most of the existing studied cases were high prefabrication level (>60%) buildings.





	
	
Future research should place more emphasis on lower prefabrication rate buildings (<60%).








	Limitation on emission sources
	
	
Existing studies have inconsistent life cycle boundaries of carbon quantification.





	
	
Future research is expected to explore a methodological standard for a uniformly recognized boundary definition for embodied carbon quantification.








	
	
	
The relationship between embodied carbon and coverage of emission sources is still unclear.





	
	
Future research is needed to explore the relationship between embodied carbon and coverage of emission sources.








	Limitations on quantification methods
	
	
Very few prefabricated building cases adopted I–O LCA and hybrid LCA.





	
	
Future research should pay more attention to I–O LCA and hybrid LCA methods.








	Limitation on data availability/quality
	
	
Many studies have not provided information on data sources and inventory analysis.





	
	
Future research should disclose relevant information on carbon quantification and improve data transparency.








	Limitation on carbon reduction measures
	
	
Existing studies have provided carbon reduction measures for prefabricated buildings without estimating their reduction potential.





	
	
Future research is suggested to quantitatively analyze the reduction potential of carbon reduction measures.





















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
= China (12)

= Hong Kong, China (4)
italy (4)

= Australia (3)

= Portugal (3)

= Sweden (3)

= Canada (2)

= Malaysia (2)

=UK(2)

= Thailand (1)

= South Korea (1)

= Germany (1)

= Slovenia (1)

= UsA (1)
Saudi Arabia (1)

= Pakistan (1)

= Turkey (1)

Hong Kong,
China (4)






media/file13.png
Not available

High
(60%—100%)

Medium
(25%—60%)

Low
(10%—25%)

Very low
(<10%)

G 2 cases

2 cases

o

10

100000

28 cases

20 30 40 50

Nos. of building cases

60





media/file12.jpg
Not available a8 cases

High
(60%-100%)

Medium
(25%-60%)

Low
(10%-25%)

Very low
(<10%)

o 10 20 30 40 50
Nos. of building cases





media/file18.jpg





media/file9.png
A

=zl

Canada(2

Portugal
(3)

Australia

(3)

\1\

Hong Kongl
China (4)

= China (12)

® Hong Kong, China (4)
Italy (4)

= Australia (3)

= Portugal (3)

= Sweden (3)

m Canada (2)

= Malaysia (2)

= UK (2)

® Thailand (1)

m South Korea (1)

m Germany (1)

= Slovenia (1)

= USA (1)
Saudi Arabia (1)

= Pakistan (1)

» Turkey (1)





media/file14.jpg





media/file20.jpg





media/file5.png
(o <—— OQOutlier

<—— Upper extreme (UE)

<— Upper quartile (Q,,)

Interquartile range < Mean (Mea)
(AQ) <—— Median (Med)
| -

Lower quartile (Q,)

<—— Lower extreme (LE)

(o) <—— Qutlier





media/file15.png
= Nos. of cases

Raw material Transportation to

o Prefabrication Transport?tlon. i
prefabrication yard (Pa) construction site
(P3) (P5)

Construction &
assembly (P6)

Building material

extraction & production (P2)

processing (P1)





media/file19.png
-
RN

Process-based LCA
(60 cases)

LCA approach |

(81 cases)

>4

IOLCA
(0 cases) ¢

R B Hybrid LCA
Not clarified (7 cases)
(14 cases) ‘






media/file2.jpg
Records (e e, abstrct, Stdies remored before

Keywords) idntifid in seronig
Duplcte atices (1)

clectonic lerature daabases o 4
Review artces (1-159).

Other reasons (-14)

Studies excuded based on
Stdies sreened (1-2013) b ille & absiact
examination: (1-1850)

Studies exclude based on
Studies wsessd for fllext examination:
eligibility (1-134) inconformity ot

selecton rtera (a- 91);

St nchded i
Prm——"

b

ey

) * Scrh st were e Al 122022

Buiingcoscs et - Cter esons o removal o econds il st of
el ik o bl on Engih s bt s 0

bt Srong st with he s i 04 .

(@=96)





nav.xhtml


  buildings-12-01265


  
    		
      buildings-12-01265
    


  




  





media/file11.png
S

mhi

>

r
.-

>€

&

&

Building structure

I

I(M“l

I

Alepuodag g Atewnd
Asepuodas

Alewnd

Data
sources

saseqelep a|du|n|n

aseqejep a|8uls

Data-

bases

Data quali

Yoszo2a yooqneg
Jojewns3 pedw)| euayly
s|00} padojanap-§|3S

oldewis

Quantification
tools/software

PLUGAH

paseq-ssadold

spoyjaw

v

VJ1-UoN

v

VvJ7-uou

/¥

roaches

Quantification a

SOHD 86
SOHO 9
OZN 8 ‘PHD ‘20D

[d0)

Type of GHGs

considered

€323 13
€313
Z313

€3

13

Emission sources

considered

9d ‘Sd ‘vd ‘€d ‘2d ‘1d
Sd ‘vd ‘€d ‘2d ‘1d

Zd ‘1d

Life cycle
phases
considered

ISSiOn sources

Em

YsiH
wnipay
Mo

mon Auap

Level of
prefabrication

3|youd wnuiwn)y
)o0|q Aduose
paweyy |991s
pawely poop

23}340U0D padJojulay

|euoneanp3
2lqnd
|elsnpu|
22Y0

lenuapisay

Function of building

asi-ysiH
asu-wnipaN

asi-moT

Building

Building characteristics

1800

1200

0
400
200

3

(ease sooyy ;w/3¢0D8Y) synsas uonesynuenb uoqies paipoquy

0





media/file6.jpg
Nos. of studies

10

012 2013 201

2015 2016

2017

Year

2018

2019

200 2021

2022
(@il Aprit
122022)





media/file10.jpg
:l ilw H t M“)l ‘ Lo l “h m X

T }






media/file7.png
Nos. of studies
o Lo N w F=Y 9] @) ~ 0 O

[y
o

2012

2013

2014

2015

2016

2017

Year

2018

2019

.
o
o
o
.....
.
o
o
.

2020

R*=0.6818

2021

2022
(till April
12 2022)





media/file16.jpg
Nos. of canee.

PrcRowmerl 72 bulding matesl P Trarsporaion
“enracion roducion oo yrd

9 () Combutonotves () (2t procens
prcesosacty

e vw.

) ek scicty

[ —
oy

(€0 Oterndivect





media/file3.png
=
=)
.;
-1
(3]
=
.;
=
)
~
[

Records (i.e. title, abstract,
keywords) identified in
electronic literature databases

Web of Science: (n=2169%)

Additional records

identified in other

literature sources:
(n=28)

/ Studies removed before \
screening
Duplicate articles (n=11);
Non-peer-reviewed (n=0);
Review articles (n=158);
\Other reasons™* (n=14) /

Studies screened (n=2013)

Studies excluded based on

—_——

title & abstract
examination: (n=1880)

4

Studies assessed for W
eligibility (n=134) J

(Studies exclude based on
_ | full-text examination:

~ | inconformity to the
selection criteria (n=91);

Included

!

Building cases included in
quantitative synthesis
analysis
(n=96)

Studies included in
quantitative synthesis
analysis
(n=43)

* Search results were dated April 12 2022.

** Other reasons for removal of records include: full text of
article was not available; non-English articles; subject has no
strong relationship with the research aim and etc.





media/file0.png





media/file17.png
44
1 1B 11| 11 14
\ % \
o o B
P1: Raw material P2: Building material P3: Transportation
extraction production

to prefab. yard
% (E1) Combustion of fuels

(E2) Industrial process
emissions

Nos. of cases

P4: Prefabrication

@ (E3) Purchased electricity

51
45
41
N
16
-H. B-E.

P6: Construction
& assembly

P5: Transportation to
construction site

(ﬁq (E4) Other indirect
- emissions





media/file4.jpg
° <—— Outlier

<—— Upper extreme (UE)

<—— Upper quartile (Q,)

Interquartile range <«—— Mean (Mea)
(aQ) <—— Median (Med)
l —

Lower quartile (Q)

<—— Lower extreme (LE)

o <—— Outlier





media/file21.png
Other structure types
(4 cases)

Aluminum profile
(1 case)

-
Masonry block \
(4 cases)

Low-rise

— . Prefabricated
Reinforced Buil ding
concrete

' (10 cases)

| Steel framed
(18 cases)

Wood framed
(25 cases)

Steel framed
(1 case)

Wood framed
(4 cases)

Medium-rise
Prefabricated
Building

Reinforced
concrete (15
cases)

Reinforced concrete
(14 cases)

High-rise
Prefabricated

Building






