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Abstract


The development of higher education has led to an increasing demand for campus buildings. To promote the sustainable development of campus buildings, this paper combines social willingness-to-pay (WTP) with the analytic hierarchy process (AHP) based on the characteristics of Chinese campus buildings to establish a life cycle assessment–life cycle cost (LCA–LCC) integrated model. Based on this model, this paper analyses the teaching building at a university in North China. The results show that the environmental impacts and economic costs are largest in the operation phase of the life cycle, mainly because of the use of electric energy. The environmental impacts and economic costs during the construction phase mainly come from the building material production process (BMPP); in this process, steel is the main source. Throughout the life cycle, abiotic depletion-fossil fuel potential (ADP fossil) and global warming potential (GWP) are the most prominent indexes. Further analysis shows that these two indexes should be the emphases of similar building assessments in the near future. Finally, this study offers suggestions for the proposed buildings and existing buildings based on the prominent problems found in the case study, with the aim to provide reference for the design, construction, and operation management of similar buildings.
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1. Introduction


The university is an important place for social transformation, performing the functions of education, research, and governance, and it is a key place for promoting current and future development [1]. Many scholars have pointed out the important role played by universities in the process of achieving sustainable development goals [2,3,4]. Since the early 1970s, the academic community has recognized that the continued deterioration of the environment will affect economic and social development, and the concern for the internal environment and sustainability of higher education institutions is increasing. The rapid development of higher education in recent years has led to an increasing demand for university buildings, and the construction and operation of buildings have had a significant impact on the environment and the economy [5,6]. Therefore, to minimize the environmental impacts, construction cost, and operating cost of campus buildings, a comprehensive method for evaluating campus buildings is urgently needed.



As a special “product”, buildings have a long life, and the influence of different building phases on evaluation indexes is significant. Research has devoted gradually increasing attention to applying the life cycle concept to the evaluation and management of buildings, depicting the influence of different building phases and proposing management suggestions. Some developed countries have begun performing comprehensive building evaluations and produced results. For example, the UK’s BREEAM (Building Research Institute Environmental Assessment Methodology) uses the LCA&LCC (LCA, life cycle assessment; LCC, life cycle cost) tool to evaluate buildings in terms of building materials, energy, and management [7,8]. LEED (Leadership in Energy and Environmental Design) in the United States focuses on building materials LCA [9]. Japan’s CASBEE (Comprehensive Assessment System for Building Environmental Efficiency) assesses the life cycle carbon emissions of objects [7]. Germany’s BNB/DGNB (Bewertungs system Nachhaltiges Bauen/Deutsches Gutesiegel fur Nachhaltiges Bauen) emphasizes the quantitative assessment of resource consumption, environmental impacts and costs at various phases of the building life cycle [10,11]. In general, these assessment methods are comprehensive and quantitative and have good reference value.



LCA is a widely recognized environmental management method. In recent years, many experts and scholars have studied the building LCA methodology [12,13,14]. Some scholars have conducted case studies on specific buildings using the LCA method and put forward suggestions for addressing existing problems [15,16,17]. Due to the uncertainty of the decommissioning phase, Vitale et al. [18,19] conducted an in-depth study on this phase to further enhance building sustainability. Chhabra et al. [20,21] considered the impact of natural disasters in their evaluation, fully considering the flexibility of the LCA method in building evaluation. In addition, under many scholars’ unremitting efforts, the Chinese Life Cycle Database has been established; it includes life cycle data such as data on energy, raw materials, and transportation, and has created conditions for the application of LCA methods in the Chinese construction field [22,23,24]. In recent years, some popular LCA software and database companies in the world have started to develop the Chinese LCA database, which supports convenient LCA in China.



In addition to environmental impacts, economic costs are a key component of building development [25]. The LCC method can be used to evaluate the cost of each phase of the product life cycle. Scholars have carried out building LCC and LCA analyses [26,27]. However, although these studies considered the environmental and economic indexes of buildings, they carried out the evaluation process separately. These studies are limited in offering comprehensive indexes or supporting decision makers. Thus, research on LCA–LCC integration is needed.



Before this study was officially launched, over the course of one year, our research group collated and analyzed related studies on construction LCA published in recent years and completed a review entitled “Application and development of life cycle assessment (LCA) in the field of construction” [28]. In the literature review process, we identified the need to apply LCA and LCC methods to building evaluation. We also found that there is no related research on LCA–LCC integrated models at the building level, particularly in educational buildings. In the field of LCA–LCC integration research, some scholars have made contributions, some of which are summarized in Table 1. In general, there are relatively few LCA–LCC integration studies in the field of construction, and most of the LCA–LCC integration research focuses on developed countries with relatively complete basic data. Due to the different development levels of various aspects of Chinese buildings, these methods are difficult to apply in the evaluation of Chinese buildings. Therefore, it is urgent to establish a set of LCA–LCC integrated models applicable to the evaluation of Chinese buildings.



Multiple criteria decision analysis (MCDA) is increasingly being used to facilitate stakeholder involvement in technology-selection processes and in decision support, and some recent studies have confirmed the advantages of this method for decision analysis [29,30]. It is undeniable that this evaluation method has a strong advantage in the flexibility of index selection, which is the mainstream method in current auxiliary decision analyses. However, the life cycle-based evaluation method has greater advantages in index quantification, and the evaluation results can better reflect the impact of each stage of the evaluation target. For the LCA–LCC integrated model, we refer to the idea of MCDA and comprehensively consider the environmental and economic impacts of buildings.



Table 1 shows that the current LCA and LCC integration methods mainly include the analytic hierarchy process (AHP), social willingness-to-pay (WTP), CO2 conversion and fuzzy inference. Among them, social WTP and AHP are the most widely used methods. The AHP has been widely used because of its flexibility and low data requirements. However, because of the complexity of the hierarchy model, establishing a judgment matrix is difficult. Based on the Chinese social background, Professor Li and his group [36] established an environmental impact assessment model and weight determination method based on social WTP and determined the currency factors of nine environmental impact categories, thus providing a basis for establishing a comprehensive assessment system of campus buildings in China. However, it is difficult to reflect the weight relationship between the environment and the economy using this method alone. To establish a practical comprehensive evaluation model, this study combines social WTP and the AHP. This model not only considers the influence of different social backgrounds on the evaluation model but also greatly reduces the complexity of the judgment matrix in the AHP and improves the pertinence and feasibility of the evaluation.



In recent years, a few scholars have conducted research on the evaluation of campus buildings. For example, Soares et al. [37] proposed an energy efficiency plan for a Portuguese higher education building. In this study, an energy audit was conducted, a monitoring campaign was carried out to measure and disaggregate electricity consumption, the consumption of natural gas and water were assessed, and the building envelope and heating and lighting systems were evaluated. However, the results of this study are restricted to the case study, and their generalization outside of the studied context is limited. Xiong et al. [38] used the LCA method to conduct a comparative analysis of teaching buildings with different structures. They found that the use of the timber structure instead of the RC-frame structure could result in good environmental performance, but economic factors were not considered in this study. Huang et al. [25] assessed university dormitories in terms of life cycle environmental impact and cost. The results showed that the consumption of electricity as well as windows, concrete, steel, and cement made the strongest contributions to life cycle environmental impacts, and the use phase was the dominant component of the environmental impacts and cost of university dormitories. The researchers thus proposed two major opportunities for reducing environmental impacts. This line of research closely follows the development trend of Chinese education, and the evaluation results are of high reference value. However, it did not link environmental and economic evaluation results. To better guide the construction and management of campus buildings, it is necessary to establish a comprehensive environmental and economic evaluation system for such buildings in order to provide a scientific theoretical basis for campus design, construction and management.



This paper is organized as follows. The second section describes the establishment of an LCA–LCC integrated model for campus buildings based on the AHP and social WTP. In the third section, the teaching building at a university in North China is taken as an example for analysis using the above model, and improvement suggestions are put forward based on the evaluation results. The fourth section summarizes the research results.




2. Method


This section defines the evaluation goals and boundaries, functional units, inventory contents, and life cycle impact assessment method based on the characteristics of Chinese campus buildings. Based on the investigation, the index weights were obtained based on the AHP and social WTP, and the LCA–LCC integrated model of the campus building was established. This LCA follows the ISO 14040/44 methodology [39,40], and the LCC refers to the ISO 15686-5 standard and the studies of Sun and Buyle et al. [26,41,42].



2.1. Establishment of LCA and LCC Models for Campus Buildings


2.1.1. Goal and Scope Definition


The goals of this LCA and LCC study of campus buildings are (1) to obtain quantitative values for environmental impacts and economic costs in different phases and to propose suggestions on outstanding issues at each phase; (2) to provide a scientific basis for future green campus construction, operation and management; and (3) to lay the foundation for LCA–LCC integration and the establishment of a comprehensive assessment index.



When establishing a comprehensive assessment index of campus buildings, the temporal and physical boundaries of the LCA and LCC should be consistent. Due to the high uncertainty of the building decommissioning phase and its relatively low environmental impact [43], this study does not consider this phase. The temporal boundaries are determined from the building materials acquisition phase to the end of the operation phase.



Construction projects can generally be divided into six phases: The investment decision phase, the design phase, the bidding phase, the construction phase, the operation phase, and the renovation and demolition phase. In this study, the purpose of establishing the LCA–LCC integrated model is to compare the different schemes for proposed buildings or to propose an environmental and economic management plan for existing buildings. Therefore, the physical boundary should contain certain environmental and economic contributions. However, the environmental impacts of the investment decision phase, the design phase and the bidding phase are relatively low [44,45], and these three phases are not considered in most current building LCA, such as Kamal et al. [46] applied a cradle-to-gate LCA to benchmark the environmental performance during the construction phase of residential buildings. In this study, the author only considered the materials and energy associated with the production of raw materials to the finished building. Morales et al. [47] performed an LCA that compared two types of public housing in southern Brazil. The construction phase of the public housing in this study included the building material production process, the transportation process and the construction and installation process. Petrovic et al. [48] recently evaluated a house in Sweden. The construction phase included both the material production process and the transportation process. To facilitate follow-up assessment, the physical boundaries of the research system distinguish the construction phase and the operation phase. The construction phase involves the building material production process (BMPP), the building material transportation process (BMTP), and construction energy consumption (CEC). The operation phase mainly involves operational energy consumption, water consumption and building maintenance. The system boundary is shown in Figure 1. To facilitate comparison between buildings of different scales, the functional unit is set to a use area of 1 m2.



Unlike most other products, buildings have a long service life, complex construction technology and a variety of materials. To facilitate follow-up assessment, in this paper, the following assumptions are made:




	
Due to the large-scale and complex materials used to construct university buildings in China, it is difficult to obtain all the data on buildings and to perform an accurate evaluation of their life cycle. Therefore, this study focuses on the main raw materials in buildings.



	
We consider only the consumption of energy, water, and building maintenance in the operation phase of buildings. The average annual consumption data are taken as the consumption of energy, water, and maintenance materials during the operation phase, and it is assumed that the level of consumption remains unchanged during the operation phase.



	
We assume that buildings can operate for 50 years and that building technology will not change during these 50 years.



	
Given the long operating life of a building, the time span of the construction phase can be neglected.



	
Due to the lack of basic data in China, it is difficult to determine the currency factors of some evaluation indexes. Therefore, at this stage, it is infeasible to evaluate all LCA indexes in the integrated model. In this regard, we analyzed some building LCA cases, building materials LCA cases and some related studies and found that the indexes related to greenhouse gases, sulfur oxides, nitrogen oxides, photochemical oxidants, and resource consumption were concerned in the construction field [48,49,50,51]. Considering the limitations of actual conditions, at present, the selection of LCA indexes in the integrated model would focus on the environmental impact brought by the above substances. With the development of future construction technology and the improvement of relevant studies on currency factors, the LCA indexes can be further adjusted to improve the integrated model.









2.1.2. Inventory Analysis


Based on the characteristics of campus building construction and operation, Table 2 lists the inventory of campus building LCA and LCC requirements. Because the characterized results will be converted to social WTP, considering that money has a time value, the converted results should be discounted. Therefore, to facilitate integration, the operation phase inventory is collected based on annual consumption. For the inventory data for specific production processes, such as the different building materials and energy, refer to the background databases of evaluation software. The evaluation software and database can be selected according to the characteristics of the building and the habits of users. To make the evaluation results accurate, a local database is preferable.




2.1.3. Impact Assessment


In our review entitled “Application and development of life cycle assessment (LCA) in the field of construction” [28], our group collated and analyzed evaluation indexes from studies related to construction LCA published in recent years and tried to classify these common indexes according to their damage types, as shown in Table 3. When selecting indexes, we should follow the assumption 5 mentioned in Section 2.1.1, and try to make selected indexes cover these four categories. In the end, we select: Global warming potential (GWP), photochemical oxidant creation potential (POCP), acidification potential (AP), eutrophication potential (EP), and abiotic depletion-fossil fuel potential (ADP fossil) as LCA indexes in this study.



Considering the time value of money, the cost of each phase should be discounted. Given the long operating life of a building, the time span of the construction phase can be neglected. The cost of the operation phase should be calculated by the net present value and discounted to the initial phase of the project so that the following model can be established:


  L C C =  C C  +  C O  ×     ( 1 + i )  T  − 1   i ×   ( 1 + i )  T    ,  



(1)




where LCC is the life cycle cost of the building, CC is the construction cost of the building, CO is the annual operating cost of the building, T is the life cycle, and i is the discount rate. Due to the long life cycle of campus buildings, a lower discount rate should be chosen for calculation. The discount rate for this study is set at 6% [52].





2.2. Establishment of a Comprehensive Index for Campus Building Assessment


To establish a comprehensive assessment model that is easy to promote, we combine social WTP with the AHP. The LCA–LCC integrated framework for campus buildings is shown in Figure 2. Social WTP is used to monetize the environmental impact potential. The AHP is used only to judge the weight of the LCC results and the LCA results for the comprehensive index. The weight was determined by a questionnaire survey shown in Appendix A; the research objects include students, campus managers, and architectural design and construction firms. The hierarchical structural model is shown in Figure 3. Based on the survey, the weight for LCA results is 0.730, while the weight for LCC results is 0.270. (The establishment of the judgment matrix and its solution process can be found in monograph [53]).



Social WTP can be calculated from the following formula:


   W i  =  E i  ×  C i   



(2)




where    W i    is the  i th social WTP result,    E i    is the  i th environmental impact potential, and    C i    is the currency factor of the ith environmental impact.



Due to the particularity of the building,    W i    in the operation phase must be discounted to the initial phase of building construction, and the discounting method is the same as that of CO.



Based on Li’s research [36], we selected five of these currency factors and adjusted the currency factors corresponding to the EP and ADP fossil based on the characteristics of the integrated model and assessment goal. The currency factors involved in this study are shown in Table 4.





3. Case Study


This section takes the teaching building of a university in North China as a case to study the building’s environmental impact, cost expenditure and comprehensive impact. The purpose is to identify the main problems in each phase of the teaching building and to put forward suggestions, providing a reference for similar research.



3.1. Case Overview


The teaching building was built in 2015 and is located in a coastal city with a monsoon climate and four distinct seasons. The average annual temperature is 12–15 °C, and the average annual sunshine hours are 2471–2769 h. The teaching building is open from March to July and from September to December every year, for a total of 9 months. Due to the winter and summer holiday periods in Chinese universities, the heating and cooling energy consumption of the building is low.



This teaching building has a multi-story reinforced concrete frame structure with a total construction area of 10,762.1 m2 and a total height of 15.75 m. It incorporates passive energy-saving technologies such as natural ventilation and natural lighting and mainly uses a centralized ground source heat pump air-conditioning system for heating and cooling, and the input inventory mainly includes water and electricity. This university has established a water-saving system that makes full use of reclaimed water and rainwater, reducing the consumption of water resources. This teaching building was awarded the green building design label certificate issued by the Chinese Society for Urban Studies in January 2017. The research results can provide further suggestions for the construction and operation of the teaching building and provide a reference for the construction and operation of campus buildings in the future.




3.2. Inventory Analysis


The main foreground system data during the construction phase originate from (1) the bill of quantities, (2) the main material equipment list, and (3) the engineering cost list. These lists are provided by the university’s infrastructure office, and the data quality is high.



Because the building materials transport data are difficult to obtain, this study assumes that all materials are supplied by the manufacturer nearest to the construction site and transported by a 22 t payload capacity truck, and the transport distance is calculated by Google Maps. Table 5 summarizes the main material consumption, energy consumption, cost and transportation distance information in the teaching building construction phase.



The main foreground system data during the operation phase originate from (1) water and energy bills of this building over the past 3 years and (2) damage and maintenance reports of this building over the past 3 years. These lists are provided by the university’s logistics departments, and the data quality is high. Table 6 summarizes the main material consumption, energy consumption and cost information in the operation phase of the teaching building. Because the transportation process of building maintenance materials has little influence, this study does not consider it.



To meet the needs of Chinese customer groups, some popular LCA software and database companies in the world have started to develop a Chinese LCA database. We found that the Professional+Extension database in GaBi 8.7.1.30 software meets the needs of our case evaluation data. Given the conditions of our research group, we chose GaBi 8.7.1.30 software and the Professional+Extension database to analyze this case.




3.3. Results and Interpretation


3.3.1. Construction Phase


Based on the inventory collection, using GaBi software modelling and analysis, the environmental impact potential of the teaching building construction phase is shown in Table A2 (see Appendix B), and the normalized results are converted into the percentages shown in Figure 4. Figure 4a shows that the five types of environmental impacts in the BMPP account for more than 95% of the sum of the various environmental impact potentials during the construction phase, followed by CEC, and the proportion of all types of environmental impact potentials is approximately 3%. The environmental impact potentials of the BMTP are the lowest. According to the above analysis, the construction phase of similar buildings should focus on optimizing the BMPP, and the results of Kamali et al. [46] also confirm this conclusion to some extent. In addition, this case assumes that the building materials are transported from the manufacturer nearest to the construction site. If the transportation distance changes, the evaluation results will also change.



Figure 4b shows that the environmental impact potentials during the construction phase are as follows (in descending order): GWP, ADP fossil, AP, POCP, and EP. Notably, the GWP and ADP fossil are particularly prominent during the BMTP; these two impact potentials account for 35.64% and 30.69% of the total environmental impact of BMTP, respectively. Further analysis revealed that under the assumptions of this case, the contributions of diesel production and vehicle transportation to the GWP during the BMTP are almost equal, indicating that the contribution of the vehicle transportation process cannot be ignored. Therefore, it is necessary for managers to consider the distance between the supply point of building materials and the construction site during the bidding phase.



Based on the above analysis, BMPP is the main control process for reducing environmental impacts during the construction phase. Figure 5 shows that the environmental impacts of steel, which accounted for only 6.67% of building material consumption, are the largest. Liu’s [54] research also indicates that China’s steel companies need to improve their carbon management efforts. Among the five environmental impact potentials, the GWP and ADP fossil are the most prominent impacts in the BMPP. In this regard, steel, concrete and cement are the main sources contributing to the GWP, while steel, concrete and tile are the main sources contributing to ADP fossil.



The production of these building materials requires the consumption of a high amount of energy and fossil fuels. Power generation and the burning of fossil fuels are the main source of greenhouse gases and also cause non-living resource consumption. Therefore, for the construction phase of similar buildings, using environmentally friendly building materials and reducing the consumption of electricity and fossil fuels in the production of building materials should be the top priority for reducing the environmental impact in the construction phase.



Compared with the operation phase of the building, the building construction phase has a short time span; thus, the discount rate is not considered. The costs of the construction phase are the sum of the building materials costs, the energy charge and the transportation costs, that is, CC=1324.76 RMB/m2. The building materials costs accounted for 99% of the total construction costs, while the transportation costs and energy charge accounted for less than 1%.




3.3.2. Operation Phase


Based on the above inventories, the annual environmental impact of the operation phase as analysed by GaBi software is shown in Table A3 (see Appendix B); the normalized results in Table A3 are converted into the percentages shown in Figure 6. Figure 6a shows that electricity consumption has the largest environmental impact; its contribution to the five environmental impacts is more than 90%, and its total environmental impact potential accounts for 96.06% of the operation phase’s impact. Water consumption accounts for 2.67% and the maintenance process accounts for only 1.26% of the total environmental impact. Figure 6b shows that the environmental impacts during the operation phase are as follows (in descending order): ADP fossil, GWP, AP, POCP, and EP. The main reasons for these problems are resource consumption and environmental pollution in the power generation process. Therefore, we will conduct an in-depth analysis in the following.



Coal-fired power generation accounts for a large proportion of power generation in China. The life cycle of the coal-fired power process can be divided into four stages: coal mining, coal washing, coal transportation, and coal-fired power generation; the main emissions at each stage are shown in Figure 7. The main contributor to ADP fossil is the consumption of coal resources. The main contributor to the GWP is the H2O (gas), CO2, N2O, and CH4 generated during power generation. The AP is mainly derived from SO2 and NOx emissions, and the EP is mainly derived from N (NO3–) and P (PO4–) discharged to bodies of water. The POCP is mainly derived from strong oxidants formed by photochemical reactions of NOx, CH and other substances under light conditions.



At present, dust removal, denitration and desulfurization are required before the emission of flue gas from coal-fired power plants in China. Dust removal mainly uses electrostatic precipitation or bag filters, denitration mainly uses selective catalytic reduction technology, and desulfurization mainly uses wet desulfurization. These treatment processes can achieve great effects; thus, the dust, NOx and SO2 in the flue gas emitted by coal-fired power plants have been greatly reduced. In the coal mining and coal washing stages, wastewater will also be treated so that the COD, BOD, SS, N, and P of the treated water meet the emission standards. In this part of the assessment, we did not consider the flue gas treatment of coal-fired power plants or the wastewater treatment for coal mining and coal washing. It is assumed that flue gas and wastewater are directly discharged, so the actual AP and EP will be further reduced.



Coal remains the dominant fossil fuel in the power sector, accounting for 90% of the thermal power installed capacity [55]. The coal-fired power industry is an important field for carbon emission reduction, and the Ministry of Ecology and Environment of the People’s Republic of China is accelerating the construction of China’s carbon market infrastructure. However, there is still a long way to go before the comprehensive transformation of carbon emissions in the coal-fired power industry, which means that the emissions from coal-fired power plants will contain a large amount of greenhouse gases. Yu et al. [56] carried out LCA for different types of power plants in China, and their research results also reflect the impact of coal-fired power plants on climate change and resource consumption. In summary, the issue of fossil fuel consumption and global warming in the operation phase of similar buildings should be taken seriously.



The operation phase has a long time span, and the time value of money should be considered. The cost of the operation phase calculated by the method presented in 2.1.3 is 1309.97 RMB/m2. Electricity costs account for 58.47% of the operating cost, maintenance costs account for 20.86%, and water costs account for 20.67%.




3.3.3. Full Life Cycle Impact and Integration Results


Table A4 shows the environmental impact potential in the full life cycle of the teaching building (see Appendix B); the normalized results in Table A4 are shown in Figure 8. Figure 8 shows that the environmental impacts in the operation phase are greater than those in the construction phase. The environmental impact potentials are as follows (in descending order): ADP fossil, GWP, AP, POCP, and EP; among them, ADP fossil and GWP are the most prominent. Based on the previous analysis, the main contributor to such environmental problems is the coal-fired power process.



The construction cost and operating cost above are summarized in Table 7, which shows that the construction cost of the teaching building is greater than the operating cost when considering its 50-year lifespan. However, the lifespan of teaching buildings in Chinese universities is generally more than 50 years. Therefore, for teaching buildings, cost control in the operating phase is also very important.



For this case, Formula (2) is used to calculate social WTP (Wi) in the construction phase and the operation phase. Wi during the construction phase and Wi during the operation phase after discounting are summed to obtain the social WTP results for the impact on the environment in the life cycle of the teaching building, as shown in Table 8.



After weighting the environmental impact and economic costs, the comprehensive index is 927.31 RMB. This comprehensive index provides a reference for the selection of alternative scenarios in the future.





3.4. Improvement Suggestions


Based on the above analysis, it can be seen that the main environmental impacts and costs of the teaching building are derived from power consumption and BMPP. The main environmental impacts are ADP fossil and GWP. In this section, based on the above evaluation results, improvement suggestions for similar proposed buildings and existing buildings will be proposed. The purpose is to provide guidance for the operation management of this building and to provide a reference for the design, construction, and operation management of similar buildings.



3.4.1. Suggestions for the Proposed Buildings


Architects should mainly consider the selection of building materials and the energy consumption of building operation in the building design phase. Meanwhile, this study found that although the transportation process of building materials has relatively little impact, it has certain energy-saving potential. Therefore, we propose the following suggestions:




	
Select suitable building materials. For the selection of building materials, environmentally friendly building materials are preferable. At the same time, regional characteristics should be considered in the selection of building materials to avoid transferring the environmental impact of the construction phase to the construction operation phase. Some scholars have compared building materials [26,57,58,59,60,61,62,63,64,65], and some scholars have considered the influence of the external environment when evaluating building materials [13,20,21,66] These studies can provide a reference for building designers to choose building materials.



	
Design low-energy buildings. The “Design Standard for Energy Efficiency of Public Buildings” (GB50189-2015) should be strictly implemented during the process of building design. Appropriate heating and cooling methods should be determined based on local characteristics. Conditional areas can consider accessing the electricity generated by new energy, which can greatly reduce resource consumption and environmental pollution. However, the cost of some new energy generation methods is relatively high, so economic factors should be taken into consideration when making decisions. The LCA–LCC integrated model constructed in this study can be used for scheme comparison and selection.



	
Improve the bidding scheme. In this study, we found that although the impact of the BMTP is small, the contributions of diesel production and vehicle transportation to the GWP during the BMTP are almost equal. The environmental impact and cost of vehicle transportation are directly related to the transportation distance. Therefore, it is necessary for managers to consider the distance between the supply point of building materials and the construction site during the bidding phase.









3.4.2. Suggestions for Existing Buildings


For existing buildings, the operational process is the primary concern. Our study shows that the impact potential brought by the electricity consumption in the operation phase accounts for a large proportion of the total impact. In this regard, we will put forward improvement suggestions based on the development planning and climate characteristics of the area where the teaching building is located. Suggestions are as follows:




	
Renovate the power supply system of the teaching building. Based on the survey, we propose two alternative scenarios. Scenario 1: The teaching building is located in a coastal city in North China, where solar energy resources are relatively abundant. In addition, the school building roof area is large. Distributed photovoltaic power can be designed in combination with architectural features, and a photovoltaic unit can be installed on the roof. Therefore, distributed photovoltaic power can be considered. Scenario 2: Relevant departments intend to develop wind power in the area, which would make the use of wind power at the university possible. However, it is undeniable that the above two power generation methods have higher cost than the original power generation method [67]. Therefore, it is advisable for decision makers to evaluate the above alternative scenarios with the LCA–LCC integrated model before making a decision.



	
Reduce the use of electrical energy. Reducing the use of electric energy can be achieved in the following three ways: a. Strengthening environmental education for students, b. formulating rules for the use of public resources on campus, and c. strengthening supervision and management. Ding et al. recently conducted a study on the behaviour of students in a Chinese university and proposed a strategy for reducing energy consumption via behavioural changes. The results of this study indicate that the improvement in energy-saving education for Chinese college students is imminent [68]. The teaching building is mainly open to college students. By strengthening students’ environmental education and cultivating energy-saving habits, the energy consumption of the teaching building can be reduced to some extent. In addition, relevant departments can formulate rules for the use of public resources on campus. For the teaching building, study lounges and other places, an appointment system can be adopted and an online point assessment system can be established. A user needs to turn off indoor electrical equipment after using it. If an administrator finds that the electrical equipment is not turned off, the user’s points will be deducted. After points are deducted to a certain point, the user will be restricted from using the public resources. Through this approach, administrators can strengthen supervision and effectively reduce the waste of electric energy.











4. Conclusions


Based on the actual situation of campus buildings in China, this study combined social WTP with the AHP to establish the LCA–LCC integrated model for the comprehensive assessment of campus buildings. The model can obtain quantitative environmental and economic indexes, which can be used for comprehensive evaluation of campus buildings and comparative analysis of alternative scenarios.



This study used the above integrated model to evaluate the teaching building at a university in North China. The results show that during the building’s life cycle, the environmental impacts and economic costs of the operation phase were the largest, mainly because of the use of electric energy. The environmental impacts and economic costs during the construction phase mainly came from the BMPP; in this process, steel was the main source. Although the environmental impact during the BMTP was small, it also had a certain energy-saving potential. Overall, the sources of the life cycle impact of the teaching building are as follows (in descending order): ADP fossil, GWP, AP, POCP, and EP. Further analysis shows that ADP fossil and GWP should be the emphases of similar building assessments in the near future.



This paper can help guide the construction and operation of campus buildings and provide assistance for campus management and operations. In addition, the results of the study provide a reference for the improvement of environmental and economic evaluation in China’s green campus evaluation standards and relevant green campus policies in China. However, due to the lack of basic data in China, it is difficult to determine the currency factors for some evaluation indexes, so there are relatively few LCA indexes in this study. We will conduct in-depth studies on currency factors in the future to improve the evaluation model.
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Appendix A. Questionnaire


LCA results and LCC results weight determination questionnaire based on analytic hierarchy process



Instruction:



Please utilize the pairwise comparison to determine the importance of the six indexes (Human health, Ecosystem quality, Climate change, Resource consumption, Construction cost, Operating cost) for the green campus comprehensive assessment and fill in Table A1. For example, if A (Human health) is moderately important, fill in “A” in the corresponding bracket under “Moderate importance”. Conversely, if you think that B (Ecosystem quality) is strongly important, fill in “B” in the corresponding bracket under “Strong importance”. If you think that A (Human health) is as important as B (Ecosystem quality), then fill in “AB” in the corresponding brackets under “Equal importance”. Pairwise comparisons of each line can only be filled in “A”, “B”, or “AB” in one bracket. Thank you for your cooperation and support.





 





Table A1. Importance judgment table.






Table A1. Importance judgment table.





	Comparative Indexes
	Equal Importance
	Between Equal Importance and Moderate Importance
	Moderate Importance
	Between Moderate Importance and Strong Importance
	Strong Importance
	Between Strong Importance and Very Strong Importance
	Very Strong Importance
	Between Very Strong Importance and Extreme Importance
	Extreme Importance





	A (Human health)

B (Ecosystem quality)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Human health)

B (Climate change)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Human health)

B (Resource consumption)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Human health)

B (Construction cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Human health)

B (Operating cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Ecosystem quality)

B (Climate change)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Ecosystem quality)

B (Resource consumption)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Ecosystem quality)

B (Construction cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Ecosystem quality)

B (Operating cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Climate change)

B (Resource consumption)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Climate change)

B (Construction cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Climate change)

B (Operating cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Resource consumption)

B (Construction cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Resource consumption)

B (Operating cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )



	A (Construction cos)

B (Operating cost)
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )
	( )









Appendix B. The Environmental Impact Potentials at Various Phases in the Case Study




 





Table A2. The environmental impact potential of the teaching building construction phase.






Table A2. The environmental impact potential of the teaching building construction phase.





	
Item

	
AP

	
EP

	
GWP

	
POCP

	
ADP Fossil




	
Characterization

(kg SO2 eq.)

	
Normalization

	
Characterization

(kg Phosphate eq.)

	
Normalization

	
Characterization

(kg CO2 eq.)

	
Normalization

	
Characterization

(kg Ethene eq.)

	
Normalization

	
Characterization

(MJ)

	
Normalization






	
Building materials production

	
1.63

	
6.81 × 10−12

	
0.157

	
9.94 × 10−13

	
5.80 × 102

	
1.39 × 10−11

	
0.19

	
5.17 × 10−12

	
4.50 × 103

	
1.18 × 10−11




	
Building materials transportation

	
9.65 × 10−4

	
4.04 × 10−15

	
1.28 × 10−4

	
8.11 × 10−16

	
0.952

	
2.27 × 10−14

	
2.81 × 10−6

	
7.62 × 10−17

	
12.8

	
3.38 × 10−14




	
Construction energy consumption

	
7.07 × 10−2

	
2.96 × 10−13

	
4.87 × 10−3

	
3.08 × 10−14

	
16.9

	
4.03 × 10−13

	
6.74 × 10−3

	
1.83 × 10−13

	
1.67 × 102

	
4.41 × 10−13











 





Table A3. The annual environmental impact potential of the teaching building operation phase.






Table A3. The annual environmental impact potential of the teaching building operation phase.





	
Item

	
AP

	
EP

	
GWP

	
POCP

	
ADP Fossil




	
Characterization

(kg SO2 eq.)

	
Normalization

	
Characterization

(kg Phosphate eq.)

	
Normalization

	
Characterization

(kg CO2 eq.)

	
Normalization

	
Characterization

(kg Ethene eq.)

	
Normalization

	
Characterization

(MJ)

	
Normalization






	
Electricity

	
0.18

	
7.53 × 10−13

	
1.24 × 10−2

	
7.83 × 10−14

	
43

	
1.03 × 10−12

	
1.72 × 10−2

	
4.67 × 10−13

	
4.27 × 102

	
1.12 × 10−12




	
Water

	
2.14 × 10−3

	
8.97 × 10−15

	
5.19 × 10−4

	
3.28 × 10−15

	
1.66

	
3.97 × 10−14

	
1.83 × 10−4

	
4.97 × 10−15

	
14.8

	
3.90 × 10−14




	
Maintenance

	
1.40 × 10−3

	
5.88 × 10−15

	
1.88 × 10−4

	
1.19× 10−15

	
0.609

	
1.45 × 10−14

	
9.83 × 10−5

	
2.67 × 10−15

	
8.09

	
2.13 × 10−14











 





Table A4. The environmental impact potential of the full life cycle of the teaching building.






Table A4. The environmental impact potential of the full life cycle of the teaching building.





	
Item

	
AP

	
EP

	
GWP

	
POCP

	
ADP Fossil

	
ADP Fossil




	
Characterization

(kg SO2 eq.)

	
Normalization

	
Characterization

(kg Phosphate eq.)

	
Normalization

	
Characterization

(kg CO2 eq.)

	
Normalization

	
Characterization

(kg Ethene eq.)

	
Normalization

	
Characterization

(MJ)

	
Normalization






	
Construction phase

	
1.70

	
7.11 × 10−12

	
0.162

	
1.03 × 10−12

	
5.98 × 102

	
1.42 × 10−11

	
0.197

	
5.36 × 10−12

	
4.68 × 103

	
1.23 × 10−11




	
Operation phase

	
9.18

	
3.84 × 10−11

	
0.655

	
4.14 × 10−12

	
2.26 × 103

	
5.42 × 10−11

	
0.874

	
2.37 × 10−11

	
2.25 × 104

	
5.90 × 10−11




	
Grand total

	
10.9

	
4.55 × 10−11

	
0.817

	
5.16 × 10−12

	
2.86 × 103

	
6.85 × 10−11

	
1.07

	
2.91 × 10−11

	
2.72 × 104

	
7.13 × 10−11
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Figure 1. Campus building assessment system boundary. BMPP: building material production process; BMTP: building material transportation process; CEC: construction energy consumption. 
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Figure 2. Campus building LCA–LCC integrated framework. GWP: global warming potential POCP: photochemical oxidant creation potential; AP: acidification potential; EP: eutrophication potential ADP fossil: abiotic depletion-fossil fuel potential. 
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Figure 3. Hierarchical structural model. 
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Figure 4. Percentage results for the environmental impact potential during the construction phase. (a) Source composition of different environmental impact potentials; (b) the environmental impact potential composition of different construction processes. 
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Figure 5. Environmental impact potential of BMPP. 
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Figure 6. Percentage results for the environmental impact potential during the operation phase: (a) Source composition of different environmental impact potentials; (b) the environmental impact potential composition of different operation processes. 
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Figure 7. Coal-fired power process and major pollutants. 
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Figure 8. Coal-fired power process and major pollutants. 
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Table 1. The summary of life cycle assessment–life cycle cost (LCA–LCC) integration studies.






Table 1. The summary of life cycle assessment–life cycle cost (LCA–LCC) integration studies.





	Topic
	Indexes
	Country
	Integration Method
	Source





	The research on assessment of environment and economic performance for recycled concrete based on LCA–LCC
	Climate change; Acidification; Water resource consumption; Mineral resource consumption; Solid waste; Photochemical pollution; Fossil energy consumption; Economic indexes.
	China
	Social willingness-to-pay (WTP)
	[31]



	Environmental impact assessment and eco-friendly decision-making in civil structures
	Global warming; Ozone depletion; Acidification; Eutrophication; Photochemistry ozone creation; Economic indexes.
	Korea
	Analytic hierarchy process (AHP); CO2 conversion method
	[32]



	An integrated environment and cost assessment method based on LCA and LCC for mechanical product manufacturing
	Chinese resource depletion potential; Global warming potential; Photochemical ozone creation potential; Eutrophication potential; Acidification potential; Economic indexes.
	China
	Social WTP
	[33]



	Comparative life cycle sustainability assessment of urban water reuse at various centralization scales
	Human health; Ecosystems; Resources; Social indexes; Economic indexes.
	Israel
	AHP
	[34]



	Integrated life cycle sustainability assessment using fuzzy inference: A novel FELICITA model
	Recyclability of power plant construction materials; Global warming potential; Ozone layer depletion potential; Acidification potential; Eutrophication potential; Photochemical ozone creation potential; Social indexes; Economic indexes.
	England
	Fuzzy inference
	[35]










 





Table 2. Inventory of campus building life cycle assessment (LCA) and life cycle cost (LCC) requirements.






Table 2. Inventory of campus building life cycle assessment (LCA) and life cycle cost (LCC) requirements.





	
Life Cycle

	
Inventory Category

	
Comments




	
LCA

	
LCC






	
Construction phase

	
Building materials inventory

	
Building materials cost inventory

	
Main building materials consumption and cost.




	
Energy consumption inventory

	
Energy charge inventory

	
Energy consumption and energy charge for on-site building construction. (Transportation energy consumption is not included).




	
Building materials transport inventory

	
Building materials transportation cost inventory

	
Transportation distance and cost from building materials production site to construction site.




	
Operation phase

	
Energy and water consumption inventory

	
Energy and water bills

	
Energy and water consumption quantities and charges during building operation.




	
Building maintenance inventory

	
Building maintenance cost inventory

	
The replacement quantity and cost of building materials in the process of building operation.











 





Table 3. Evaluation index classification in the field of construction (source [28]).






Table 3. Evaluation index classification in the field of construction (source [28]).





	Indexes Category
	Evaluation Indexes





	Human health
	Ionizing radiation, ozone layer destruction, human toxicity, photochemical oxidant, inhalable particles, other special substances



	Ecosystem quality
	Acidification, ecotoxicity, eutrophication



	Climate change
	Global warming, CO2 emissions



	Resource consumption
	Land occupation, fossil energy consumption, mineral resource consumption, freshwater consumption










 





Table 4. Currency factors of different environmental impact categories (source [36]).






Table 4. Currency factors of different environmental impact categories (source [36]).





	Environmental Influence
	Currency Factor
	Unit





	GWP
	0.22
	RMB/kg CO2 eq.



	AP
	0.71
	RMB/kg SO2 eq.



	EP
	5.60
	RMB/kg Phosphate eq.



	POCP
	3.41
	RMB/kg Ethene eq.



	ADP fossil
	3.34 × 10−5
	RMB/MJ










 





Table 5. Main material consumption, energy consumption, cost and transportation distance information in the teaching building construction phase.






Table 5. Main material consumption, energy consumption, cost and transportation distance information in the teaching building construction phase.





	
Item

	
Quantity

	
Price (RMB/m2)

	
Distance (km)

	
Comments




	
Unit

	
Amount






	
Steel

	
kg/m2

	
146.56

	
583.75

	
25.00

	
-




	
Cement

	
kg/m2

	
38.85

	
15.60

	
18.00

	
-




	
Cement

	
kg/m2

	
1667.77

	
299.28

	
5.20

	
-




	
Mortar

	
kg/m2

	
216.96

	
50.13

	
14.00

	
-




	
Gravel

	
kg/m2

	
16.52

	
1.64

	
14.00

	
-




	
Brick

	
kg/m2

	
33.23

	
8.55

	
3.80

	
-




	
Glass

	
kg/m2

	
0.52

	
306.86

	
8.10

	
-




	
Aluminium products

	
kg/m2

	
0.38

	
11.37

	
15.00

	
-




	
Tile

	
kg/m2

	
76.30

	
32.60

	
18.00

	
-




	
Diesel

	
kg/m2

	
0.50

	
3.32

	
-

	
Mainly used for building materials transportation.




	
Electricity

	
kw·h/m2

	
15.52

	
11.66

	
-

	
Mainly used for field construction.











 





Table 6. Main material consumption, energy consumption, and cost information in the teaching building operation phase.






Table 6. Main material consumption, energy consumption, and cost information in the teaching building operation phase.





	
Item

	
Quantity

	
Price (RMB/a·m2)

	
Comments




	
Unit

	
Amount






	
Cement

	
kg/a·m2

	
0.13

	
0.05

	
Since the wind speed of the location is high in winter and spring, the maintenance process mainly considers the replacement of glass and tile.




	
Glass

	
kg/a·m2

	
0.03

	
17.7




	
Tile

	
kg/a·m2

	
1.22

	
0.52




	
Water

	
m3/a·m2

	
2.88

	
15.98

	
-




	
Electricity

	
kw·h/a·m2

	
39.55

	
48.87

	
-











 





Table 7. The cost in the life cycle of the teaching building (unit: RMB/m2).






Table 7. The cost in the life cycle of the teaching building (unit: RMB/m2).





	Construction Cost
	Operating Cost
	Total





	1324.76
	1309.97
	2634.73










 





Table 8. The social WTP results for the impact on the environment in the life cycle of the teaching building (unit: RMB).






Table 8. The social WTP results for the impact on the environment in the life cycle of the teaching building (unit: RMB).





	AP
	EP
	GWP
	POCP
	ADP Fossil





	3.26
	2.06
	288.48
	1.61
	0.39
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