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Abstract

:

In order to effectively develop the benefit evaluation model of prefabricated houses in seasonal frozen soil areas, and improve the comprehensive benefits of prefabricated buildings, this paper proposes a life cycle benefit evaluation model for prefabricated buildings in seasonally frozen regions. According to the climatic characteristics of the area, the impact of the seasonally frozen regions is listed as an evaluation index in the construction stage for comprehensive analysis. The 16 indicators that affect the comprehensive benefits of prefabricated buildings are grouped by the nearest neighbor element analysis method. Fuzzy cluster analysis and analytic hierarchy process are used to filter out the most influential index group to calculate the index weight. Then the model proposed in this paper is compared with the existing model to test the validity of the model. The research results show that research and development costs weight is 0.23, design cost weight is 0.10, construction cost weight is 0.22, resource consumption weight is 0.25, building demolition cost weight is 0.04, and seasonal freezing effect weight is 0.16. The calculation result passed the consistency test and the expert scoring result conformed to the normal distribution, which proved the accuracy of the conclusion. It is proposed that the calculation result of the comprehensive benefit score of the model is 1.8% lower than the previous results, which proves the validity of the model. The model can speed up the efficiency of comprehensive benefit evaluation of prefabricated buildings thereby improving the development level of prefabricated buildings.
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1. Introduction


The existing research results of prefabricated buildings are mainly reflected in the technical upgrade of the original construction technology and building node methods, improving the degree of green building, lack of improving the comprehensive benefit evaluation of prefabricated buildings, and how to establish and improve supporting auxiliary technologies. Khan and Yan [1] developed a new type of bolt connection of the long tenon gusset plate for horizontal connection and a long beam bolt for vertical connection, which improves the seismic performance of the fabricated steel structure building. However, the paper does not propose specific formulas for different bolt connection methods and the seismic performance of buildings. Kebeckova et al. [2] studied the adverse effects of the internal microclimate of prefabricated buildings from 1950 to 1990 on the health of users, and proposed corresponding remedial measures, but the research scope was narrow and could not be combined with modern prefabricated building technology. Pihelo et al. [3] conducted research and development and performance evaluation of prefabricated thermal insulation components in prefabricated apartment floors. The paper proposes the use of mineral wool boards with special wind-proof panels and aerated autoclaved concrete walls to reduce energy consumption and carbon emissions in apartment buildings. However, the cost increase caused by the new components was not considered. Tsoka et al. [4] analyzed the energy demand of single-family prefabricated buildings according to different climate and environmental characteristics, and demonstrated the contribution of prefabricated buildings to sustainable development. However, during the experiment, no other influencing factors other than temperature were considered. Adekunle et al. [5] studied the seasonal performance and occupant comfort of prefabricated wood structure buildings, and demonstrated that the winter performance of prefabricated wood structure buildings is better than summer performance, and the occupants have higher thermal comfort in winter, however the study did not analyze the prefabricated buildings of other structures. Barelli et al. [6] proposed a correction method to determine the energy requirements of buildings in winter and summer, demonstrating that the seasonal energy of different building types are different, and there are differences in energy requirements in winter and summer. However, it did not consider the seasonal performance of buildings in different regions, especially seasonal frozen ground areas. In the assessment of life cycle, Cabeza et al. [7] proposed that life cycle assessment can systematically analyze the comprehensive performance of a product throughout its life cycle. Ji et al. [8] studied the life cycle assessment model based on BIM and demonstrated the advantages of prefabricated buildings from the perspective of life cycle, but the model only considered the environmental impact and lacked the discussion on the comprehensive benefits of prefabricated buildings. When evaluating the life cycle of prefabricated buildings, Wang et al. [9] considered cost and environmental factors to improve the comprehensiveness of the evaluation, but did not take into account the impact of climate in different regions, and there are still certain shortcomings.



He et al. [10] studied the feasibility of applying 3D model technology to prefabricated buildings, and how using this technology can further improve building quality and reduce building energy consumption. However, it is not considered that the actual application will lead to an increase in the cost of the design stage. SU Yangyue [11] studied the building quality problems in the construction of prefabricated buildings and proposed ways to improve the construction methods to improve the project quality, but did not take into account the impact of the seasonal climate on the construction, and the discussion was not comprehensive enough. SC Li [12] conducted research on green building technology of prefabricated buildings and proposed a series of innovative construction technologies, but the innovative technologies lacked the proof of actual case application. J Zhang [13] analyzed the comprehensive benefits of prefabricated buildings and concluded that China’s prefabricated buildings have better benefits and broad development prospects. However, when evaluating the benefits of prefabricated buildings, the benefits of each stage of the life cycle of prefabricated buildings were not listed, which led to insufficient conclusions. Yongsen et al. [14] evaluated the comprehensive benefits of prefabricated buildings from the perspective of the whole life cycle, and concluded that prefabricated buildings have good evaluation results and have room for improvement. However, their research did not establish an evaluation model for prefabricated buildings.



In order to improve the development level of prefabricated buildings in seasonal frozen ground areas, improve the benefit evaluation system of prefabricated buildings in seasonal frozen ground regions, and propose a benefit evaluation model for prefabricated buildings more suitable for seasonal frozen ground regions, this paper is based on the whole life cycle theory, dividing the life cycle of a prefabricated building into different stages, and determining the comprehensive benefit evaluation index. Combined with the climatic characteristics of the seasonal frozen regions, the evaluation index of the influence of the seasonal frozen regions is creatively proposed. This paper uses the hierarchical cluster analysis method to calculate the index weights, establishes a prefabricated building life cycle benefit evaluation model, and proves the correctness of the model through actual cases.




2. Materials and Methods


2.1. Select Benefit Evaluation Index


The main influencing factors selected in the planning and design stage are research and development cost (C11), design cost (C12), green space rate (C13) and heat island effect (C14). From the perspective of economic benefits, research costs and design costs directly affect project revenue. They are important indicators for evaluating project profitability [15,16]. From the perspective of environmental benefits, the building green space rate and the heat island effect determine the residents’ experience [17,18]. The green space rate can reflect the surrounding environment of the building, and the heat island effect can reflect the internal environment of the building. By referring to the literature research in the planning and design stage, this paper selects four representative benefit evaluation indicators in the planning and design stage.



The influencing factors during the construction stage mainly include component production cost (C21), construction cost (C22), dust pollution (C24), noise pollution (C25), and carbon emission (C26). The component production cost and construction cost of prefabricated buildings are the main costs in the construction stage [19,20]. Transportation cost is the cost of transporting the produced parts from the processing plant to the construction site. It will have a certain impact on the production cost of components in prefabricated buildings. The farther the component processing plant is from the construction site, the greater the transportation cost, and the corresponding production cost will increase. According to Lu and Yuan’s research [21], the average cost of transportation accounts for 18% to 20% of the total cost. The transportation cost of a project that has been developed can be estimated based on Lu and Yuan’s research results. In this paper, the seasonal frozen effect (C23) is creatively proposed as an evaluation index. Freeze-thaw cycles exist in the soils in seasonal frozen soil regions. According to the study of Qi et al. [22], very dense soils will lose part of their elastic modulus and strength after freeze-thaw cycles. Therefore, during the construction process, it is necessary to replace the seasonal frozen soil with purer gravel or medium and coarse sand to ensure the strength of the foundation bed soil, which will bring additional costs to the construction stage, thereby affecting the comprehensive benefits of the entire life cycle of prefabricated buildings. Therefore, from the perspective of economic benefits, three indicators are selected: design cost, construction cost, and seasonal frozen effect. In addition, the dust pollution and noise pollution during the construction process are the evaluation criteria for measuring the environmental pollution of the project, and the carbon emissions are also an important indicator to measure the impact on the environment [23,24,25]. From the perspective of environmental benefits, three indicators of dust pollution, noise pollution, and carbon emissions were selected. By referring to the literature research in the construction stage, this paper selected six representative benefit evaluation indexes in the construction stage.



The influencing factors in the operation and maintenance stage mainly include resource consumption (C31), maintenance cost (C32), owner satisfaction (C33), and green building concept (C34). The main cost of the operation process are resource consumption and maintenance cost [26,27]. Resource consumption can reflect whether the building is environmentally friendly, and maintenance cost can reflect the engineering quality of the building. Owner satisfaction refers to the subjective feelings generated by buyers in the process of using the house, which reflects the degree of satisfaction of the residents with the building. The concept of green building reflects the idea of harmonious coexistence between man and nature, and is an important reference factor for buyers [28,29]. By referring to the literature research in the operation and maintenance stage, four representative benefit evaluation indicators were selected in the operation and maintenance stage.



The influencing factors of the demolition and recycling stage include building demolition cost (C41) and component recycling benefit (C42). The cost of building demolition is the cost to be paid when the building is demolished, including the cost of demolition and the cost of leveling the site. The component recycling income reflects the income brought by the recycling of components after the building is demolished. It is not only a measure of the economic benefit index of the construction project, but also an important factor for measuring environmental benefits [30,31]. By referring to the literature research in the demolition and recycling phases, two representative benefit evaluation indicators were selected in the demolition and recycling phases.




2.2. Screening Key Indicator Groups


This paper uses a questionnaire survey method. According to the scoring results, the hierarchical clustering method is used to analyze the indicators that affect the comprehensive benefits of the prefabricated building throughout the life cycle. The evaluation indexes are classified according to two indexes of relative importance value (RIV) and standard deviation value (SDV), grouped according to the degree of influence of the indexes, and the index group with the greatest degree of influence is selected for research.



The subjects of the survey are mainly employees in the prefabricated construction industry. The results of the survey are the above experts’ evaluation of the importance of various indicators that affect the comprehensive benefits of prefabricated buildings throughout the life cycle. The five-point Likert scale method was used to quantify the respondents’ importance to various indicators, where 1 = very unimportant, 2 = not important, 3 = generally important, 4 = more important, and 5 = very important. The sample size of the conventional questionnaire survey method is 50–60. Thompson et al. [32] selected 55 effective samples when using the expert evaluation method, and achieved good research results. In this paper, too, a total of 76 questionnaires were distributed and 55 valid questionnaires were received, and the response rate was 72.3%. This paper refers to the methods used by Shapira and Simcha [33] to describe the interviewees, and counts the information of the interviewees who responded to valid questionnaires. A total of 55 respondents who responded to the valid questionnaire were architects, project managers and general engineers from 16 leading construction industries in China. These 55 experts have served for 748 years (with an average of 13.6 years) during their current tenure. Among them, 37 experts have rich experience in seasonal frozen ground area construction projects. The occupational distribution chart is shown in Figure 1.



The results of the questionnaire survey are shown in Table 1. The data in Table 1 represent the number of respondents who gave the corresponding point.



In order to avoid the impact of individual extreme data on the accuracy of grouping, when using hierarchical clustering analysis, the factors that affect the comprehensive benefits of the entire life cycle of the prefabricated building are classified according to the RIV and the SDV. The RIV reflects the relative importance of each influencing factor, and the SDV reflects the stability of data changes. The nearest neighbor element method is used to classify the elements according to the distance between elements, and to group according to the distance between various influencing factors, so as to filter out the most influential index group.



The RIV and SDV are calculated as follows:


    RIV  i  =     ∑  j = 1  N    x j     N   



(1)






    SDV  i  =       ∑  j = 1  N     (  x j  − RIVi )  2     N     



(2)




where N = total number of valid questionnaire results, and xj = score of the respondent on the evaluation index.



Since RIV and SDV have the same importance in the clustering process, the two indicators need to be standardized. This paper uses the standardized formula proposed by Kaufman and Rousseeuw [34] to standardize RIV and SDV into Z(RIV) and Z(SDV), respectively; the Z(RIV) and Z(SDV), are calculated as follows:


   Z ( RIV  i ) =   RIV i − μ RIV    1 M    ∑  i = 1  M    |  RIV i −   μ RIV  |         



(3)






   Z ( SDV  i ) =   SDV i − μ SDV    1 M    ∑  i = 1  M    |  SDV i −   μ SDV  |         



(4)




where M = total number of evaluation indicators, μRIV = the average value of the RIV of each group of indicators, μSDV = the average value of the SDV of each group of indicators.   μ RIV =  1 M    ∑  j = 1  M   RIV i    ,   μ SDV =  1 M    ∑  i = 1  M   SDV i    .



The calculation results are shown in Table 2.



Z(RIV) represents the relative importance between the indicators. The greater the value of Z(RIV), the greater the importance of the indicator. Z(SDV) represents the relative deviation degree of the index scoring results. The larger the value of Z(SDV), the more controversial the indicator.



This paper refers to Zhao et al.’s indicator grouping method [35]. According to the index clustering calculation results in Table 2, Z(RIV) is used to establish the horizontal axis of the coordinate, and Z(SDV) is used to establish the vertical axis of the coordinate. This paper uses the nearest neighbor element method to group the indicators according to Z(RIV) and Z(SDV), and screen out the most influential indicator group. The screening results are shown in Figure 2. As can be seen from the relative importance value in Figure 1, the more to the right of each point in the figure, the greater the degree of impact of the indicators. The degree of influence of Group1, Group2, Group3, and Group4 on the comprehensive benefits of prefabricated buildings gradually weakened.




2.3. Analysis of Data


2.3.1. Calculate Index Weight


Based on the above analysis, this paper focuses on Group1. There are six indicators in this indicator group. In order to distinguish and calculate easily, the indicators in the group are renamed as B1 research and development cost, B2 component production cost, B3 construction cost, B4 resource consumption, B5 building demolition cost, and B6 seasonal frozen effect. In order to further study the degree of influence of the above six indicators, the analytic hierarchy process (AHP) is used to calculate the weight of each indicator. This paper refers to the AHP analysis method used by Saaty [36] in “Decision Making for Leaders: The Analytic Hierarchy Process for Decisions in a Complex World”. The AHP method can divide complex problems into different levels for processing, and is suitable for decision-making problems that are difficult to accurately measure and calculate. When using the AHP to solve problems, it is necessary to construct a hierarchical structure. For each index, the Saaty1–9 scaling method is used for expert scoring, and to assign values to the index influence degree. The Saaty1–9 scale table is shown in Table 3.



Using the Saaty1–9 scaling method, the indicators are assigned values through expert scores, qualitative factors are quantified, and the weights of various indicators are calculated. The weight of the impact of each indicator on the comprehensive benefits of the entire life cycle of the prefabricated building can be obtained by comparing the indicators in pairs and constructing a judgment matrix. In order to further ensure the accuracy of the research, this paper has increased the sample size and issued 300 questionnaires to senior leaders, project managers and domain experts in the prefabricated construction industry. The above-listed experts completed the questionnaires through the mobile application and a total of 237 valid questionnaires were received. The experts who responded to the effective questionnaire were architects, project managers, chief engineers, and scientific researchers with rich academic achievements in the field of prefabricated construction from China’s leading construction companies. They have worked or researched for a total of 3508 years (average 14.8 years). The occupational distribution chart is shown in Figure 3.



According to the scoring results of each expert, a corresponding judgment matrix can be constructed, and the judgment matrix of each expert can be analyzed separately, and the index weight value given by each expert can be calculated. In order to ensure the accuracy of the calculation results, it is necessary to check the consistency of the judgment matrix, eliminate the questionnaire results that fail the consistency check, and then average the index weights given by each expert to obtain the average weight of each index.



The method of calculating the index weight according to the judgment matrix is as follows. First, multiply the data of each row of the judgment matrix to obtain the row product of each row, then calculate the 6th root of the row product, and normalize the calculation result by column to get the weight of each indicator. Finally, in order to test the accuracy of the weight calculation results, it is also necessary to calculate the maximum eigen value of the judgment matrix for consistency testing. The calculation process is as follows:








	(1)

	
Calculate the row product of each element of the matrix.











   M i  =   ∏  j = 1  n    b  i j      



(5)




where bij represents the element in the i-th row and j-th column of the matrix.








	(2)

	
Calculate the n-th root of Mi.











   w i ′  =    M i   n   



(6)




where Mi represents the product of each element in each row of the matrix, and n represents the number of rows in the matrix. In this paper, the value of n is 6.








	(3)

	
Normalize wi by column to get the index weight.











   w i  =    w i  ′     ∑  i = 1  n    w i       



(7)




where wi′ is the sixth root of the product of the elements in each row.








	(4)

	
Calculate the maximum eigen value.











   λ  m a x   =   ∑  i = 1  n      w i    n   r  i   W i       



(8)




where ri represents the i-th row vector in the matrix and wi represents the weight value corresponding to each indicator calculated by Formula (7). Wi represents a column vector composed of each w value, and n represents the number of rows in the matrix. In this paper, the value of n is 6.



Experts may have fuzzy judgments when scoring elements, leading to inconsistent influence of element values in the matrix. It is necessary to check the coordination between the importance of elements to avoid the occurrence of A is more important than B, B is more important than C, but C is more important than A. In order to ensure the accuracy of the weights, a consistency check is required. Determine whether there is a significant difference between the average value or the variance of each party at a certain level of significance. If there is no significant difference, the average value or variance of each party is consistent. When the CR calculation result is less than 0.1, it proves that there is no significant difference in the evaluation process, the index weight calculation is correct, and the result of the judgment matrix passes the consistency test. Refer to the inspection method proposed by Saaty [37] in “The Analytic Hierarchy Process” and the calculation method of CI and CR is as follows:








	(1)

	
Calculate the consistency index CI.











  CI =    λ  m a x   − n   n − 1    



(9)




where λmax is the calculation result of Formula (8), and n represents the number of rows in the matrix. In this paper, the value of n is 6.



	(2)

	
The average consistency index is taken.







In the consistency test, the average consistency index RI needs to be used. RI is a constant used to calculate the consistency ratio CR of the judgment matrix, and the value is obtained according to the order of the matrix. By consulting the analytic hierarchy process (AHP) average consistency index value table, the RI values corresponding to different matrix orders can be obtained. This paper refers to the RI value table used by Zhang [38] in the consistency test. RI values are shown in Table 4.








	(3)

	
Calculate the consistency ratio CR.











    CR =    CI   RI     



(10)







The value of RI is obtained by looking up the table. This paper uses a 6-order matrix, so RI is 1.24.



When CR < 0.1, the matrix meets the consistency requirement.



Taking an expert’s scoring result as an example, the judgment matrix and calculation results constructed based on the expert’s scoring result are shown in Table 5.



The calculation process is as follows. Taking B1 as an example, by multiplying the elements in the first column of the judgment matrix, M1 = 0.74 corresponding to B1 can be obtained. Take the 6th root of the calculated M1 to get wi′ = 0.74. Using the same method, we can calculate the wi′ corresponding to each indicator, and then divide the wi′ corresponding to each indicator by Σwi′ to get the weight wi corresponding to each indicator. The weight corresponding to index B1 is w1 = 0.1. Similarly, the weight corresponding to other indexes can also be obtained. After obtaining the column vector Wi composed of the index weights wi, Formula (8) can be used to calculate the λmax = 6.08. By substituting λmax into Formula (9), CI = 0.016 can be calculated. By looking up Table 4, RI = 1.24 can be determined, and then CI is divided by RI to get CR = 0.013.



Table 5 shows the evaluation results of this expert, CR = 0.013 < 0.1, which proves that the matrix passes the consistency test. Research and development costs (B1) weight is 0.10, component production cost (B2) weight is 0.25, construction cost (B3) weight is 0.38, resource consumption (B4) weight is 0.07, building demolition cost (B5) weight is 0.04, and seasonal freezing effect (B6) weight is 0.16. The influence degree of the indexes can be ranked according to the weight; the greater the weight, the greater the influence degree of the indexes. The ranking of the indexes of this expert is B3, B2, B6, B1, B4 and B5, and the influence degree decreases sequentially.



Based on the evaluation results of 237 questionnaires, a judgment matrix for each expert can be constructed. According to the above steps, the corresponding index weight value and CI can be calculated according to the scoring results of each expert. Through calculation, 24 questionnaire results failed the consistency test (CR > 0.1), and the 24 questionnaire results were removed and the average weight of each indicator was calculated. The calculation process of the average weight refers to the method adopted by Suganthi [32], and the weights calculated from the remaining 213 questionnaire results are averaged to obtain the average weight of each indicator. The calculation results are shown in Table 6.



In order to further verify the accuracy of the conclusions, this paper compares the ranking of the calculation results of various indicators with the ranking of the scoring results of the experts. We used Statistical Product and Service Solutions (SPSS) software (25.0.0, IBM, Armonk, NY, USA) to describe the distribution curve of the data set, and calculate the kurtosis and skewness to determine whether the expert scoring results conformed to the normal distribution. The judgment criteria are shown in Table 7.



When making judgments, the distribution data set of expert opinions can be obtained by calculating the difference between the calculation ranking of each indicator and the expert scoring ranking. Taking B1 research and development cost as an example: According to the calculation results in Table 6, the research and development costs index is ranked as 2. If the expert believes that the research and development costs ranking is 2, the corresponding ranking score is 0 points. If the expert believes that the research and development costs ranking is 3, which is 1 place lower than the calculated ranking, the corresponding ranking score is −1 point. Comparing the scoring results of each expert with the calculation results in this paper, a data set reflecting the gap between the opinions of all experts and the calculation results can be obtained. According to the kurtosis and skewness values of the data set, this determines whether the data obeys a normal distribution. The difference data set is shown in Figure 4.



Figure 4 describes the distribution of the data set of expert opinion and average ranking difference, and lists the kurtosis and skewness values. It can be seen from the figure that the values of kurtosis and skewness are both close to zero. It can be judged that the data set obeys the normal distribution, and the calculation result of the weight of each indicator is correct.




2.3.2. Establish Benefit Evaluation Model


When building the model, this paper refers to the method of Zhao et al. [39] using various parameters to predict the international roughness index of cement pavement in seasonal frozen areas, and the method of He et al. [40] using weights to arithmetically weight various indicators, so as to obtain a model building method that affects the comprehensive benefit value. Since the comprehensive life cycle benefits of prefabricated buildings are determined by multiple variables, the use of the arithmetic weighting method to build a comprehensive life cycle comprehensive benefit evaluation model for prefabricated buildings can realize the evaluation of comprehensive benefits throughout the life cycle of prefabricated buildings, which is shown as follows:


  Y =   ∑  i = 1  n    ω i     X i   



(11)




where Xi represents the i-th index, and ωi represents the weight value of the i-th index. According to the comprehensive benefit evaluation model for the whole life cycle of prefabricated buildings, the benefits of prefabricated buildings can be judged as a whole.



Bringing the weights calculated by the analytic hierarchy process into the model, the full life cycle benefit evaluation model of prefabricated buildings can be obtained as follows:


  y = 0.23  x 1  + 0.10  x 2  + 0.22  x 3  + 0.25  x 4  + 0.04  x 5  + 0.16  x 6   



(12)







There are 100 test samples in total, 4 of which are 1 group, with a total of 25 groups. There are 68.26% of the observations within one standard deviation of the average; 95.43% of the observations are within two standard deviations of the average; 99.73% of the observations are within three standard deviations of the average within range. The mean is 0.37 and the standard deviation is 0.65. The normal distribution analysis of the distribution of the difference between the estimated value and the measured value (residual error) obtained after the solution of the proposed evaluation model is shown in Figure 5a. It can be seen from the figure that the residual distribution is in line with the normal distribution curve trending. This shows that the regression prediction model has universal applicability in statistical significance; Figure 5b is the PP diagram of the regression standardized residuals of the prefabricated building life cycle benefit evaluation model, which is the cumulative probability and expectation of the actual measured value, the residual P-P diagram between the cumulative probability of the estimation results. It can be seen from the figure that the residual distribution curve surrounds the pre-specified distribution line and changes around the line. The distribution of the residual P-P diagram can meet the pre-set normal distribution. It shows that the distribution of the residual P-P diagram can meet the pre-set normal distribution and the equation has practical significance. In summary, the benefit evaluation model for the entire life cycle of prefabricated buildings has passed various tests, and the fitting effect is very good.






3. Results


In order to test the accuracy of the model, this paper refers to the verification method of Zhao et al. [41] model comparison. The evaluation model proposed by Zhao et al. [42] when studying the comprehensive benefits of prefabricated buildings was compared with the evaluation model established in this paper. Zhao et al. calculated 19 indicators and their weights as shown in Table 8.



Using the expert scoring method, the evaluation model of this paper and the evaluation model proposed by Zhao et al. are used to evaluate the actual situation of the prefabricated building case in Shenyang, China. Shenyang is located in the northeast of China, and the climate has obvious seasonal frozen characteristics, which can effectively test the accuracy of the whole life cycle benefit evaluation model of prefabricated buildings in seasonal frozen areas. Since there is no seasonal freezing effect in the original model, in the expert scoring link, on the basis of the original 19 indicators, one item is added for a total of 20 evaluation indicators. In order to improve the accuracy of the scoring result data, this paper selected 100 valid questionnaires. The selection criteria for the number of questionnaires have been discussed in the previous section. The interviewees were experts in the prefabricated construction industry in Shenyang, China, including architects, project managers, and chief engineers. The occupational distribution chart is shown in Figure 6.



The scoring results of 100 experts are averaged, as shown in Table 9.



Bringing the scoring results into the model can get the benefit scores and comprehensive benefit scores of each stage of the prefabricated building life cycle, so as to compare the differences in the evaluation results of the two models. Through calculation, in the design stage, the benefit score of this research model is 28.18 points, and the benefit score of the reference model is 27.46 points. In the construction phase, the benefit score of the research model is 30.76 points, and the benefit score of the reference model is 33.58 points. In the operation stage, the benefit score of the research model is 23.00 points, and the benefit score of the reference model is 24.23 points. In the demolition stage, the benefit score of the research model is 3.76 points, and the benefit score of the reference model is 1.88 points. After summing the scores of each stage, the comprehensive benefit score of the model is obtained. The comprehensive benefit score of the research model is 85.7 points, and the comprehensive benefit score of the reference model is 87.15 points.




4. Discussion


First, the calculation results of the two models in each stage of the prefabricated building’s life cycle are compared, and then the comprehensive benefit calculation results of the two models are compared. The comparison results are shown in Figure 7 and Figure 8.



This paper refers to the histogram comparison method used by Zhao et al. [43], and draws a histogram of the benefit scores of each stage of the prefabricated building. It can be seen from Figure 7 that in the design stage and the operation stage, the difference between the benefit score calculated by the model in this paper and the benefit score calculated by the model of Zhao et al. is relatively small. In the design stage, the calculation result of this paper is 2.6% higher than the calculation result of the model of Zhao et al. In the operation stage, the calculation results in this paper are 5.3% lower than the calculation result of the model of Zhao et al. The score gap between the two is mainly due to the difference between the weights of indicators in this paper and the model of Zhao et al. In order to make the benefit evaluation process more concise and efficient, this paper uses hierarchical clustering to filter out the key indicator groups, and only considers the 1–2 key indicators with the greatest impact in each stage. However, the model proposed by Zhao et al. lacks the steps of extracting key indicators, which leads to more complicated calculations. From the perspective of comparison results, the score gap between the two models is relatively small, but the calculation process of the model in this paper is more concise, reflecting the efficiency of the model in this paper.



In the construction stage, there is a big gap between the benefit score calculated by the model in this paper and the benefit score calculated by the model of Zhao et al. In the construction stage, the calculation result of this paper is 9.2% lower than the calculation result of the model of Zhao et al. The difference between the scores of the two comes from the fact that this paper combines the actual conditions of the seasonal frozen area during the construction stage, and proposes the index of the seasonal frozen effects, but the model of Zhao et al. does not take into account the seasonal frost influence. This case is located in Shenyang, China. This area belongs to the frozen regions of China. During winter construction, it will be affected by seasonal frozen regions, which will reduce the benefit score of the construction stage. When evaluating the benefits of prefabricated buildings in seasonal frozen regions, this paper can more truly reflect the benefit scores during the construction stage, which demonstrates the practicality of the model in this paper.



In the demolition stage, the calculation result of this paper is twice as high as the calculation result of the model of Zhao et al. However, because the benefit of the demolition stage has a very low impact on the comprehensive benefit of the entire life cycle of the prefabricated building, the index weight of the demolition stage is much smaller than that of other stages. Therefore, the benefit scores of this model and the model of Zhao et al. are both very low, and the comparison between the two has no practical research significance.



It can be seen from the comparison in Figure 8 that from the perspective of the comprehensive benefit scores of the whole life cycle, the difference between the benefit scores calculated by the model in this paper and that calculated by the model of Zhao et al. is very small. The calculation results in this paper are 1.7% lower than the case calculation results. The evaluation results of the two models are basically the same, which reflects the accuracy of the model in this paper.



Analyzing the parameters of the model, it can be seen that the weight of resource consumption is 0.25, which is the most influential index. This also shows that prefabricated buildings have obvious advantages in reducing energy consumption. Therefore, it is necessary to be more detailed when evaluating the energy consumption of prefabricated buildings. It is necessary to comprehensively consider energy efficiency factors such as carbon emissions and resource reuse, make accurate judgments on the energy consumption of prefabricated buildings, and convert the advantages of low energy consumption of prefabricated buildings into the actual data reflected to make the model evaluation result more accurate. Therefore, the research results of this paper can promote the development of energy efficiency evaluation of prefabricated buildings, make the energy efficiency evaluation process of prefabricated buildings more detailed and the evaluation results more accurate.




5. Conclusions


	(1)

	
This paper divides the prefabricated building into the planning and design phase, the construction phase, the operation and maintenance phase, the demolition and recycling phase based on the prefabricated building life cycle theory. From the perspectives of economy, environment, and society, 16 items are selected through literature research. It also creatively proposes the impact indicators of the climate characteristics of seasonally frozen regions, and comprehensively evaluates the comprehensive benefits of prefabricated buildings throughout the life cycle.




	(2)

	
The relative importance and standard deviation of each indicator are calculated by issuing questionnaires to senior leaders, project managers and field experts engaged in the prefabricated construction industry. The SPSS nearest neighbor element analysis method is used to group the indicators, and the indicator group that has the greatest impact on the comprehensive benefits of the entire life cycle of the prefabricated building is selected including design costs, component production costs, construction costs, resource consumption, construction recovery benefits, and seasonal frozen effects.




	(3)

	
A life-cycle benefit evaluation model for prefabricated buildings in seasonal frozen areas is proposed, and the analytic hierarchy process is used to calculate the weight of each index in the index group based on the results of experts’ scoring, and the consistency test is carried out. Among them, the weight of research and development cost is 0.23, the weight of component production cost is 0.10, the weight of construction cost is 0.22, the weight of resource consumption is 0.25, the weight of building demolition cost is 0.04, and the weight of seasonal frozen effects is 0.16. Judging by the data distribution graph, kurtosis value and skewness value, the expert scoring data conforms to the normal distribution, and the calculation result is accurate.




	(4)

	
Compared with other models, the evaluation model proposed in this paper can evaluate the benefits of prefabricated buildings in seasonal frozen areas more concisely and efficiently. In the design stage, the calculation result of the model proposed in this paper is 2.6% higher than the calculation result of the model of Zhao et al. In the operation phase, the calculation result of the model proposed in this paper is 5.3% lower than the model of Zhao et al. During the construction phase, it is proposed that the calculation result of the model proposed in this paper is 9.2% lower than the calculation result of the model of Zhao et al. In the demolition phase, the calculation result of the model proposed in this paper is twice the model of Zhao et al. From the whole life cycle comprehensive benefit score, the model calculation result is 1.7% lower than the calculation result of the model of Zhao et al.




	(5)

	
The model proposed in this paper has high practical application value, and can be applied to the benefit evaluation of prefabricated buildings in various seasonal frozen ground regions, and improve the accuracy of the comprehensive benefit evaluation results of prefabricated buildings in seasonal frozen ground regions. The research significance of this paper is also reflected in the development process of the project. Operators can start from the six key influencing factors screened out in this paper, according to the actual situation of different projects, rationally allocate resources, and achieve the goal of maximizing comprehensive benefits. In the research and development stage, the research and development cost of prefabricated buildings can be reduced by applying building information modeling (BIM) technology to assist development; the production of prefabricated components adopts an assembly line production method to improve production efficiency and reduce production energy consumption. In the construction stage, the use of subgrade soil replacement and artificial salinization of roadbed soil will reduce the impact of seasonal frozen soil on the project; the use of segmented construction methods can achieve simultaneous multi-process construction, reduce energy consumption during construction, and increase construction efficiency. In the operation stage, in order to reduce energy consumption in the operation process, new technologies such as solar photovoltaic power generation technology and rainwater and sewage reuse can be adopted to reduce resource consumption and carbon emissions. In the demolition stage, it is possible to take full advantage of the high component-recycling rate of prefabricated buildings, increase component-recycling revenue, and reduce demolition costs.
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Figure 1. Occupational distribution map of 55 respondents. 
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Figure 2. Grouping diagram of nearest neighbor elements. 
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Figure 3. Occupational distribution map of 237 respondents. 
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Figure 4. Expert opinion distribution. 
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Figure 5. Residual Histogram and Residual Regression P-P Diagram of DBL. (a) Residual Histogram (b) Residual Regression P-P Diagram. 
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Figure 6. Occupational distribution map of 100 respondents. 
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Figure 7. Comparison of benefit scores at various stages. 
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Figure 8. Comparison of comprehensive benefit scores. 
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Table 1. Questionnaire survey results.
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Point

	
1

	
2

	
3

	
4

	
5




	
Index

	






	
research and development cost C11

	
0

	
0

	
20

	
15

	
20




	
design cost C12

	
0

	
0

	
7

	
23

	
25




	
building green space rate C13

	
0

	
3

	
15

	
19

	
18




	
heat island effect C14

	
0

	
6

	
17

	
19

	
13




	
component production cost C21

	
0

	
0

	
10

	
21

	
24




	
construction cost C22

	
0

	
0

	
10

	
22

	
23




	
seasonal frozen effect C23

	
0

	
0

	
13

	
21

	
21




	
dust pollution C24

	
0

	
0

	
17

	
15

	
23




	
noise pollution C25

	
0

	
6

	
20

	
12

	
17




	
carbon emission C26

	
0

	
7

	
19

	
18

	
11




	
resource consumption C31

	
0

	
0

	
14

	
21

	
20




	
maintenance cost C32

	
0

	
8

	
20

	
17

	
10




	
owner satisfaction C33

	
0

	
3

	
15

	
20

	
17




	
green building concept C34

	
0

	
4

	
19

	
15

	
17




	
building demolition cost C41

	
0

	
7

	
14

	
19

	
15




	
component recycling benefit C42

	
0

	
0

	
14

	
20

	
21
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Table 2. Index cluster calculation results.






Table 2. Index cluster calculation results.





	Evaluation Index
	Z(RIV)
	Z(SDV)





	research and development cost C11
	0.22
	−0.14



	design cost C12
	1.63
	−1.65



	building green space rate C13
	−0.06
	0.47



	heat island effect C14
	−1.19
	1.09



	component production cost C21
	1.46
	−1.21



	construction cost C22
	1.33
	−1.29



	seasonal frozen effect C23
	0.95
	−0.94



	dust pollution C24
	0.32
	−0.24



	noise pollution C25
	−1.06
	1.68



	carbon emission C26
	−1.69
	1.00



	resource consumption C31
	0.70
	−0.86



	maintenance cost C32
	−2.20
	1.09



	owner satisfaction C33
	−0.18
	0.29



	green building concept C34
	−0.69
	1.09



	building demolition cost C41
	−0.94
	1.60



	component recycling benefit C42
	0.83
	−0.74
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Table 3. Assignment of the Saaty1–9 scale method.
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	Quantized Value
	Relative Importance





	1
	Equally important



	3
	Slightly important



	5
	Obviously important



	7
	Strongly important



	9
	Extremely important



	2,4,6,8
	Intermediate values
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Table 4. AHP average consistency index value table (adapted from [38]).
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	Matrix Order
	1
	2
	3
	4
	5
	6
	7
	8
	9





	RI
	0
	0
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
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Table 5. This expert’s AHP calculated the results.
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	A
	B1
	B2
	B3
	B4
	B5
	B6
	Mi
	wi′
	wi
	Consistency
	Rank





	B1
	1
	1/3
	1/4
	2
	3
	1/3
	0.17
	0.74
	0.10
	
	4



	B2
	3
	1
	1/2
	4
	5
	2
	60
	1.98
	0.25
	λmax = 6.08
	2



	B3
	4
	2
	1
	5
	6
	3
	720
	3.00
	0.38
	CI = 0.016
	1



	B4
	1/2
	1/4
	1/5
	1
	2
	1/3
	0.02
	0.51
	0.07
	RI = 1.24
	5



	B5
	1/3
	1/5
	1/6
	1/2
	1
	1/4
	0.001
	0.33
	0.04
	CR = 0.013 < 0.1
	6



	B6
	3
	1/2
	1/3
	3
	4
	1
	4
	1.26
	0.16
	
	3
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Table 6. Average weight of the indicator.
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	A
	Weights
	Rank





	B1
	0.23
	2



	B2
	0.10
	5



	B3
	0.22
	3



	B4
	0.25
	1



	B5
	0.04
	6



	B6
	0.16
	4
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Table 7. Normal distribution test table.






Table 7. Normal distribution test table.





	Rank Score
	Difference between Expert Opinion and Calculation Result Ranking





	−5
	5 places lower than the calculated rank



	−4
	4 places lower than the calculated rank



	−3
	3 places lower than the calculated rank



	−2
	2 places lower than the calculated rank



	−1
	1 places lower than the calculated rank



	0
	Consistent with calculation order



	1
	1 place higher than the calculated rank



	2
	2 place higher than the calculated rank



	3
	3 place higher than the calculated rank



	4
	4 place higher than the calculated rank



	5
	5 place higher than the calculated rank










[image: Table] 





Table 8. Reference model indicators and weights.
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	Evaluation Index
	Weight





	production research and development costs
	0.206



	component design cost
	0.116



	component production cost
	0.056



	component marketing expense
	0.034



	construction and installation expense
	0.087



	maintenance and management expense
	0.056



	recycling and dismantling expense
	0.021



	resource consumption
	0.096



	energy consumption
	0.055



	garbage emission
	0.025



	dust pollution
	0.037



	noise pollution
	0.01



	labor productivity level
	0.058



	product performance benefit
	0.02



	customer satisfaction
	0.035



	product related benefit
	0.012



	construction safety level
	0.05



	safety education, protection, inspection level
	0.018



	supervision level
	0.009










[image: Table] 





Table 9. Expert scoring results table.






Table 9. Expert scoring results table.





	Evaluation Index
	Score Results





	production research and development costs
	86



	component design cost
	84



	component production cost
	84



	component marketing cost
	89



	construction and installation cost
	86



	maintenance and management cost
	79



	seasonal frozen effects
	74



	resource consumption
	92



	energy consumption
	92



	garbage emission
	86



	dust pollution
	89



	noise pollution
	87



	labor productivity level
	90



	product performance benefit
	86



	customer satisfaction
	91



	product related benefit
	84



	construction safety level
	87



	safety education, protection, inspection level
	94



	supervision level
	88



	recycling and dismantling expense
	94
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