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Abstract

:

The transportation sector generates enormous amount of environmental emission. This study aims to assess the environmental impact of the environmental emissions in a transportation infrastructure project life cycle. Using the fast track transportation project in China as a case study, the materials used and the energy consumed over the life cycle were converted into environmental emissions. The life cycle of fast track transportation project was divided into three phases including construction, maintenance and repair, and demolition phases. Both qualitative and quantitative method were applied to explore the environmental impact of transportation project. The life cycle assessment (LCA) method was used for the development environmental impact assessment (EIA) model to analyze the contribution of each process in the transportation project life cycle. The empirical results show that the construction phase has the highest environmental impact (62.7%) in the fast track transportation project life cycle, followed by the demolition (35.8%) and maintenance phases (1.7%). Among the materials used in the fast track transportation project, steel has the highest proportion of environmental impact in the construction phase (55.5%). This indicates the enormous environmental impact of the construction phase in fast track transportation project life cycle results from the use of steel material. This study contributes to reducing environmental emissions by revealing the greatest phase of environmental impact and material-source of environmental impact over the life cycle in a transportation infrastructure project.






Keywords:


transportation infrastructure; environmental emissions; environmental impact assessment (EIA); life cycle assessment (LCA)












1. Introduction


Investment in transportation infrastructure has increased drastically in many countries in recent years. For instance, the Indian government has embarked on an ambitious transportation infrastructure development program, and consequently, the total length of India’s national highway network nearly doubled between 2000 and 2015 [1]. In China, investment in transportation infrastructure is a long-term development strategy of the government and the transportation infrastructure is continuously expanding [2]. At the end of 2017, the total mileage of China’s highways was 4,773,500 km and the railway mileage was 127,000 km. At the same time, the number of highway bridges reached 805,300 and the total length of high-speed railway bridges exceeded 10,000 km [3].



However, extensive statistics and studies have demonstrated that the transportation sector is one of the main sources of environmental emissions [4,5]. The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) revealed that 11% of environmental emissions comes from the transportation sector [6]. In 2015, the transportation sector accounted for 28% of the total environmental emissions in Malaysia [7], while 27% in the United States [8] and 15.6% in China [9]. The rapid expansion of the transportation infrastructure has accelerated the environmental emissions in China. Between 2012 and 2022, the environmental emissions in China is expected to increase at an average rate of 17.46% annually [10].



Due to the enormous environmental emissions resulting from the activities in the transportation sector, some attempts have been made to reduce the problem, such as developing railways, improving traffic management, promoting intelligent transportation systems, and strengthening parking management [11]. However, these measures have not yielded the desired effects [11]. Elsewhere, other measures at stemming environmental emissions in the transportation sector focused only on the construction phase in the transportation infrastructure [12,13,14]. These include the establishment of transportation infrastructure network design problem in the construction phase for carbon emissions reduction [13] and developing a holistic approach for estimating carbon emissions in the construction phase of transportation infrastructure [14].



However, there are only few attempts to evaluate the environmental emissions over the life cycle of large-scale transportation infrastructure [15]. Especially, there is lack of life cycle assessment model for evaluating the environmental emissions and the consequent impact on transportation infrastructure [16]. To appropriately mitigate environmental impacts from transportation infrastructure, it is necessary for decision makers to consider the life-cycle energy use and emissions [17]. Therefore, there is a need for the life cycle assessment of the environmental emissions in transportation infrastructure to help understanding how to reduce long-term environmental emissions and promote the development of environmental friendly transportation infrastructure.



In order to response this problem, the present study aims improving the knowledge on the field of transportation infrastructure life cycle assessment by developing an environmental impact assessment (EIA) model for transportation infrastructure over the life cycle. Using the fast track transportation project in China as a case study, the development of EIA model provides an environmental impact assessment process that can be applied to environmental emissions analysis in transportation infrastructure projects. The proposed model will be able to convert the materials and energy resources into environmental emissions data over the life cycle of the transportation infrastructure project. The suggestions for the mitigation of environmental emissions from transportation infrastructure projects are provided. This study contributes to addressing the problem of enormous environmental emissions in the transportation sector and filling the gap in literature which has so far not adequately addressed the life cycle impact of environmental emissions in transportation infrastructure.




2. Literature Review


2.1. Environmental Impact Assessment (EIA) of Transportation Infrastructure


The transportation sector has a very strong potential for environmental emissions reduction and sustainable urban development [18,19,20]. Ren et al. [18] found that changes in urban transportation structure have a large impact on urban environmental emissions. Sustainable transportation will support more effectively low carbon development strategies to promote sustainable urban development [19]. Since the 1990s, there has been increasing research focusing on the EIA of transportation infrastructure projects, especially in Europe and the USA. For example, Hammervold et al. [21] compared EIA of three bridges over the life cycle in Norway, and found that the global warming, abiotic depletion, and acidification are the most important environmental issues affecting environmental degradation. In addition, O’Born [22] conducted a comparative EIA between the wooden bridge and the concrete bridge, and revealed that the environmental emissions of the wooden bridge were significantly lower than those of concrete bridges.



Furthermore, other studies focused on the carbon emissions of transportation infrastructure such as bridges, roads, and railways [23,24,25,26,27]. For example, Liu et al. [26] used 20 asphalt and 18 concrete road projects to evaluate the carbon emission over the life cycle. In order to reduce carbon emissions during road construction, Wang et al. [27] compared the total emissions in different types of transportation projects such as roadbeds, roads, bridges, and tunnels. The study found that the carbon emissions from bridges and tunnel structures are higher than those of roadbeds and pavements. Furthermore, Sun et al. [28] established a carbon footprint model, which fused environmental impact and economic costs together for the calculation of the life cycle carbon footprint of Wuhan Nanhu Bridge. The model calculates the carbon footprint of different sources such as energy and resource consumption, materials, transportation, buildings, and facilities. Therefore, it is a reference model for the management of environmental impact of bridges.



Meanwhile, the existing research focuses on carbon emissions in the construction of transportation infrastructure. Thus, there is lack of research on environmental emissions over the life cycle of transportation infrastructure projects [29]. To ensure that the problem of environmental emissions in the transportation sector is adequately addressed, there is a need for more research on the environmental emissions in transportation infrastructure projects [30].




2.2. Application of LCA Method in Environmental Impact Assessment


Commonly, LCA is also a versatile method for quantifying the effect of resource and process selection decisions. This method has been used for the environmental impacts assessment in different kinds of roads and bridges projects [31]. For example, Itoya et al. [32] developed a project-centric tool based on a robust LCA approach to assess carbon emissions and emissions reductions in highway projects. Dos Santos et al. [33] developed a standardized framework for the LCA in road pavements, which enables the road pavement LCA to be adapted to various tools and follow the international standards. Peñaloza et al. [34] used a small highway bridge in Sweden as a test model to assess the effects of concrete carbonation and bio-carbon storage through the dynamic LCA assessment of road bridges. Their study revealed that the climate impact of the bridge is influenced by both phenomena, and the gap between the impacts from both designs increases if the phenomena are accounted for. In addition, Manzo and Salling [35] and Manzo et al. [36] combined LCA approach with standard transport cost-benefit analysis as a tool for transportation infrastructure environmental assessment, which makes it possible to include the life cycle impacts on human health, ecosystem and natural resource depletion in the project assessment.



In addition to LCA, some mixed methods have been used for evaluating environmental emissions. For instance, Xie et al. [37]’s genetic algorithm can optimize minimum environmental impacts in bridge project over the life cycle. The Coston et al. [38]’s EIA quantification method, which is based on the ecosystem approach, can be employed to address societal demands to link socio-economic and ecological processes (e.g., population dynamics). Ali et al. [39]’s study used an energy-based calculation program to evaluate the environmental impacts of different waste disposal scenarios. The program was based on an input-output table of energy values and environmental emissions.



However, while the above mixed methods provided a sound approach for LCA [40], they are difficult to adapt for the EIA of transportation infrastructure projects over the life cycle. This is because the genetic algorithm and the energy-based calculation program do not consider the background system database such as production of materials, machinery or electricity to calculate environmental emissions of transportation infrastructure projects from the conception to the end of use.



In this study, the LCA method for the EIA in transportation infrastructure was applied. A proposed EIA model that comprises the extraction of raw materials, recycling process of production, transportation, use and post-abatement recycling processes and how these processes impact on the natural environment were developed. Additionally, the model covered the three phases of the life cycle of fast track transportation project, namely the construction phase, maintenance and repair phase, and demolition phase.




2.3. Gaps in Knowledge


Currently, the EIA of transportation infrastructure focuses more on the calculation of the carbon emissions in roads, railways, and bridges, especially in the construction phase. Although there are no uniform standards for the evaluation of carbon emissions, the most commonly used are the total amount of carbon emissions and carbon emissions per functional length [16]. At the same time, due to the different types and functional requirements of transportation infrastructure, the coverage of the overall project or functional length always varies. Therefore, it is difficult to use the total amount of carbon emissions or the carbon emissions of unit functional length of transportation infrastructure as the standard evaluation index. This study used the environmental emissions per unit functional area of transportation infrastructure as evaluation index. The functional unit is defined as 1 m2 effective transportation infrastructure area. The index stands for the environmental emissions of the transportation infrastructure life cycle per unit area. This kind of evaluation index can be used for EIA of different kinds of transportation infrastructure including the fast track project Therefore, the results obtained are more generalizable.





3. Research Methodology


In this study, the SimaPro software (SimaPro 8.3, Institute of Environmental Sciences (CML), Leiden University, Leiden, Netherlands) was used for the data analysis. And the LCA method was used for the development EIA model to analyze the contribution of each process in the transportation project life cycle. This study employed a mixed research approach, which is depicted in Figure 1. It combined both qualitative and quantitative methods.



In terms of qualitative analysis, the case study of a fast track transportation project in China was carried out to obtain the materials and energy-use data. With the acceleration of the urbanization process in China, the number of urban population and cars are increasing constantly, which leads to a series of transportation problems (e.g., serious traffic congestion and increased travel time) and environmental problems (e.g., carbon pollution). The fast track transportation project which enables faster transportation plays a vital role in alleviating the problem of urban transportation congestion. The fast track transportation project selected in this study consists of an elevated bridge with two-way six lanes and a ground auxiliary road with two-way eight lanes. Additionally, this project has a four-linked trunk overpass with five pairs of upper and lower bridge ramp. The total length of the fast track is 4307 m and the standard red line is 60 m. This project provides transportation link among the aviation port, development zone, and old city in Zhengzhou City, Henan Province. The materials used for the fast track transportation project are shown in Table 1.



Regarding the quantitative method, the LCA was used for the EIA of fast track transportation project. To carry out the LCA, data about the background system such as production of materials, machinery, and electricity were obtained from the Ecoinvent, which is the largest environmental impact database. In the database, the production process of transportation infrastructure can be adjusted and standardized, and raw materials can be compared to the impact of the environment. The SimaPro was used for the data analysis. It is a professional software for LCA used for EIA of transportation infrastructure projects [41]. Since the development of the software in 1990, its database of materials and processes have been continuously updated, while the array of LCA cases over the years has provided more extensive data [42]. With the collected data, the emissions from the fast track transportation project can be quantified and derived, including the output of various pollutants and the emission of various greenhouse gases. This can be used to generate environmental index for various environmental impacts. In addition to generating the index, the network structure maps were used to characterize environmental loads [43]. Furthermore, input data can be clearly shown by branches of network structure maps so that the impact of energy and materials on the environment can be easily evaluated.



After collecting the data, it was organized according to the unit functional area. Three stages of data analysis were conducted to calculate the transportation measurement and energy consumptions, which provided the necessary energy data for input data in the development EIA model (Figure 2). In the first step, in the construction phase, the amount of materials used was directly fed into the proposed EIA model and the transportation measurement was calculated by Equation (1):


Transportation measurement(t⋅km/m2)=The total weight of the material(t/m2)×Material transport distance(km)



(1)







In the second step, in the maintenance and repair phase, energy consumption was calculated by Equation (2). The energy consumption of each maintenance is calculated at 0.0237 t/m2 standard coal, and 1 ton of standard coal is converted at 3000 kW∙h:


Energy consumption(kW⋅h/m2)=Single maintenance coal consumption(t/m2)×3000(kW⋅h/t)×Useful life(a)÷Maintenance cycle(a)



(2)







In the third step, in the demolition phase, energy consumption was calculated by Equation (3). During the demolition phase, 0.0028 tons of standard coal are consumed for the dismantling of the functional area of the transportation infrastructure pavement:


Energy consumption(kW⋅h/m2)=Coal consumption for pavement demolition(t/m2)×3000(kW⋅h/t)



(3)








4. Data analysis


4.1. Input Data


The energy consumption of the fast track transportation project in the construction, maintenance and repair, and demolition phases was calculated using Equations 1–3, which was used as the energy input data. The material input data are shown in Table 1. Combined energy input data with material input data, the input data for the EIA model are shown in Table 2.




4.2. Results


In this section, the network structure diagram is used to represent the contribution of each process and the column chart clearly shows the relative proportion of the contribution of the three phases to the various impact categories. The results show the contribution of the various processes of the transportation project to the environmental impact.



4.2.1. EIA in the Life Cycle


Figure 3 shows the results of the analysis of the EIA model for fast track transportation project. The different colors of column chart represents the different phases of the fast track life cycle: the blue refers to the construction phase, yellow represents the maintenance and repair phase, and jacinth refers to the demolition phase. The abscissa indicates the environmental impact categories, and the ordinate indicates the contribution rate of the three phases for each environmental impact category.



As shown in Figure 3, in the eight impact categories, the blue is dominant than other colors. It means that the environmental impact of environmental emissions in the construction phase are greater than those in other phases. Among the three colors, yellow had the smallest contribution. It indicates that the environmental emissions in the maintenance and repair phase during the fast track life cycle had the least contribution to environmental impact.



Figure 3 visually depicted the comparison of the contribution of environmental emissions in each phase of the life cycle of the fast track transportation project to the category of environmental impact. More detailed data analysis on the contribution of environmental emissions to the environmental impact of the fast track transportation project in each life cycle phase is shown in Table 3.



As shown in Table 3, there are eight categories of environmental impact on the fast track transportation project, including Global warming, Acidification, Eutrophication, Ecotoxicity, Smog, Natural resource depletion, Habitat alteration, and Ozone depletion. In the construction phase, it can be seen that the greatest environmental impact of the fast track transportation project is on Global warming, Acidification, Smog, Natural resource depletion, and Ozone depletion, with the life cycle environmental emissions contribution ranging between 61% and 94%. In the maintenance and repair phase, the environmental emissions have a relatively small contribution on the eight environmental categories, the highest being the 10% impact on Acidification. Lastly, in the demolition phase, the largest environmental impact of fast track transportation project is on Eutrophication, Ecotoxicity, and Habitat alteration, with the life cycle environmental emissions contribution ranging between 71% and 96%.



Overall, as shown in Figure 4, it can be seen that environmental emissions in construction phase contribute 62.7% of the environmental impact throughout the entire lifecycle of the fast track transportation project, while the maintenance and repair and demolition phases account for 1.7% and 35.8%, respectively. Therefore, the environmental emission in the construction phase constitute the largest environmental impact, and distantly followed by the environmental emissions in the demolition and maintenance and repair phases.




4.2.2. EIA in Construction Phase


As the environmental emissions in the construction phase constituted the largest environmental impact in the fast track transportation project life cycle, further analysis (see Figure 5) was carried out to reveal the proportion of each major material identified in Table 1 that impacts the environment in the construction phase. This is useful to identify the materials that are harmful to the environment in the fast track transportation project.



In Figure 5, gray represents concrete and blue represents steel. Obviously, gray and blue occupied the largest proportion of contributions. This means that during the construction phase, steel and concrete caused the greatest environmental emissions.



Furthermore, in the construction phase of the fast track transportation project life cycle, the contribution of different materials’ environmental emissions to different categories of environmental impact is presented in Table 4. It shows that the steel material contributed to 52.20% of environmental emissions to global warming, 64.80% to eutrophication, 49.20% to natural resource depletion, 75.40% to habitat alteration, and 54.60% to ozone layer depletion. The concrete material contributed to 79.20% of environmental emissions to acidification, 92.10% to ecotoxicity, and 62.90% to Smog. The diagrammatic representation of materials’ environmental emissions to the entire environmental impact is further illustrated in Figure 6. The thickness of the red line indicates the degree of contribution of different materials’ environmental emissions to the entire environmental impact. With the thickest line, the environmental emissions from steel had the greatest environmental impact.






5. Discussion


This study employed the fast track transportation project to develop an EIA model for transportation infrastructure over the life cycle. The current study found that the construction phase in fast track transportation project contributed to the highest environmental emissions at 62.7%. One possible explanation is that the construction phase encompasses many processes such as material production, transportation, and on-site project construction. Consequently, the energy consumption of fast track transportation project is concentrated in this phase. This finding was consistent with previous studies which revealed that the construction phase contributes to the most environmental impact of the three phases of the transportation infrastructure lifecycle [44,45].



Additionally, this study found that the demolition and maintenance and repair phases accounted for 35.8% and 1.7% of the environmental emissions over the life cycle of fast track. The environmental emissions in both phases were lower than that in the construction phase. Furthermore, the studies of Penades et al. [46] and Tang et al. [47] have shown that the environmental emissions in the demolition phase in road and highway projects are higher than in the maintenance and repair phase. Therefore, this study aligns with both studies. In reality, the reasons why the environmental emission at the demolition phase is greater than the maintenance and repair phase is the former encompasses the crushing roads, transportation of waste materials and the improper disposal of the waste generated that causes eutrophication, ecotoxicity, and habitat alteration [48].



Reuse represents the highest level in construction products recovery. However, when this is not possible, recycling is a better approach to re-introduce the materials into the cycle and thereby protect the environment [49,50]. Di Maria et al. [51] have found that recycling after selective demolition can reduce 59% of environmental impacts in the demolition phase. The decrease in environmental impacts is mostly due to the avoided landfilling of demolition waste and the recovery of materials from selective demolition. Therefore, in the demolition phase, recycling is a solution to the environmental impact.



The environmental impact of different materials in the construction phase of the fast track life cycle revealed that steel had the greatest environmental impact (55.5% of emissions), followed by concrete (37.3% of emissions). It means that steel is the most harmful to the environment, followed by concrete. In corroboration, Gudukeya and Mbohwa [52] have found that in the production of 1kg of various building materials, steel emits the largest amount of carbon dioxide, carbon monoxide, sulfur oxides and nitrogen oxides, causing harsh environmental impacts. Similarly, other studies that the environmental impact of steel per unit weight is the largest of all construction materials [53,54,55]. Therefore, the use of steel needs to be minimized to ensure minimal environmental impact in the construction phase of transportation infrastructure project.



Many suggestions have been made to reduce the harmful environmental impact of steel in transportation infrastructure life cycle. According to the study of Su [56], there is a need for green and non-polluting production of steel. To achieve this requires a high-efficiency equipment and the use of improved production technology in the delivery of transportation infrastructure life cycle to reduce resource consumption in the production process [57]. Additionally, the environmental impact of steel can be lessened by adjusting the mix ratio of the raw materials used for steel making.



Since environmental emissions during the construction phase have little impact on ecotoxicity (3.98% of emissions), the impact of concrete environmental emissions on ecotoxicity in this phase was ignored in the current study. Babbitt and Lindner [58] have found that the ecotoxicity category was most susceptible to change, causing the low impact of concrete on ecotoxicity, while other impact categories had more robust results. However, the contribution of concrete to acidification (79.2% of emissions) and Smog (62.9% of emissions) cannot be ignored. High-level contribution of acidification and smog can wreak havoc on ecosystems and further damage human health [59]. Therefore, it is necessary to optimize the production process of concrete and improve the efficiency of energy use in its construction process to reduce its environmental hazards. For example, a novel process including a high water to cement ratio mix, a precondition drying, and a static carbonation curing can be used to accelerate hydration, shorten production time and enhance carbon dioxide uptake of concrete [60].



Finally, as shown in Manzo et al. [36]’s research, uncertainty analysis should be considered in the LCA process. In this study, a large number of substances and raw materials are considered in the LCA process base on the Ecoinvent database. Therefore, the LCA results are more detailed and less affected by the uncertainty introduced in the environmental impact assessment. Meanwhile, the contribution analysis is used in understanding the uncertainty of the LCA results. When there are important assumptions in the process with the greatest contribution, the LCA results will be greatly affected by uncertainty. From Figure 4, the process that maximizes the contribution is the construction phase (62.7%), while there are no important assumptions within this phase. Thence, the results of this study are less affected by uncertainty and the LCA results are reliable.




6. Conclusions


Enormous environmental emissions are generated in the transportation sector. This study has developed an environmental impact assessment model for transportation infrastructure over the life cycle. A case study of a fast track transportation project in China was carried out to obtain and analyze both qualitative and quantitative data. The data obtained were analyzed using the SimaPro software and the following conclusions are made.



Firstly, the construction phase contributed to the largest environmental impact over the life cycle of the fast track transportation project. In line with the body of knowledge, this phase contributed the largest environmental impact over the life cycle of transportation infrastructure project. Of the materials used in the fast track transportation project, the steel had the highest impact on the environment in the construction phase. Therefore, the environmental impact of steel was greatest in the construction phase of transportation infrastructure project. Optimizing steel production processes is suggested to reduce the environmental impact in the construction phase of transportation infrastructure. Alternatively, the proportion of steel usage in transportation infrastructure should be lessened. Energy efficient concrete can be used instead.



Secondly, the demolition phase has the greatest environmental impact on eutrophication, habitat alteration, and ecotoxicity. Therefore, the recycling of wastes generated in the demolition phase in the transportation infrastructure life cycle is suggested. This will minimize the amount of wastes exposed to the environment. Additionally, recycling wastes can be reused thereby reducing the overall amount of materials used in the delivery of transportation infrastructure.



This study used the fast track transportation project in China to develop an EIA model for transportation infrastructure over the life cycle. Theoretically, the development of EIA model serves as a guideline for the EIA of environmental emissions in other contexts. The research methods in this paper can be applied to other types of transportation infrastructure and applied to multiple case studies. Meanwhile, the study is limited to the singularity of the case, thus the results of the environmental emissions may not be generalizable. In the future, comparative study of the EIA of the environmental emissions in different kinds of transportation infrastructure projects is suggested.
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Figure 1. Framework of the research methodology. 
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Figure 2. The development EIA model. 






Figure 2. The development EIA model.



[image: Energies 12 01015 g002]







[image: Energies 12 01015 g003 550]





Figure 3. The characterization result of fast track transportation project in life cycle. Note: HH cancer, HH noncancer, HH criteria air pollutants, and Water intake are redundant Environmental impact categories which are currently used less frequently. This study does not take those four categories into account. The meanings of the ①~⑧ are: ① Global warming, ② Acidification, ③ Eutrophication, ④ Ecotoxicity, ⑤ Smog, ⑥ Natural resource depletion, ⑦ Habitat alteration, ⑧ Ozone depletion. 
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Figure 4. The network structure of environmental emissions for fast track transportation project in the life cycle. Note: Construction phase—accounts for 62.7% of the total environmental impact on the environment. Maintenance and repair phase—accounts for 1.7% of the environmental impact over the entire life cycle. Demolition phase—accounts for 35.8% of the environmental impact over the total life cycle. 
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Figure 5. The characterization result of fast track transportation project in construction phase. Note: HH cancer, HH noncancer, HH criteria air pollutants, and Water intake are redundant Environmental impact categories which are currently used less frequently. This study does not take those four categories into account. The meanings of the ①~⑧ are: ① Global warming, ② Acidification, ③ Eutrophication, ④ Ecotoxicity, ⑤ Smog, ⑥ Natural resource depletion, ⑦ Habitat alteration, ⑧ Ozone depletion. 
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Figure 6. The environmental emissions network structure of fast track transportation project in construction phase. Note: Steel—the production of steel contributed to 55.5% of the environmental impact in the construction phase, Quicklime—the production of quicklime contributed to 1.8% of the environmental impact in the construction phase, Gravel—the production of gravel contributed to 2.33% of the environmental impact in the construction phase, Pitch—the production of pitch contributed to 1.34% of the environmental impact in the construction phase, Sand—the production of sand contributed to 2.43% of the environmental impact in the construction phase, Clay—the production of clay contributed to 1.31% of the environmental impact in the construction phase, Transport—the transportation of materials contributed to 1.21% of the environmental impact in the construction phase, Concrete—the production of concrete contributed to 37.3% of the environmental impact in the construction phase, Other materials and processes contributing to less than 1% of the environmental impact are not shown in this figure. 






Figure 6. The environmental emissions network structure of fast track transportation project in construction phase. Note: Steel—the production of steel contributed to 55.5% of the environmental impact in the construction phase, Quicklime—the production of quicklime contributed to 1.8% of the environmental impact in the construction phase, Gravel—the production of gravel contributed to 2.33% of the environmental impact in the construction phase, Pitch—the production of pitch contributed to 1.34% of the environmental impact in the construction phase, Sand—the production of sand contributed to 2.43% of the environmental impact in the construction phase, Clay—the production of clay contributed to 1.31% of the environmental impact in the construction phase, Transport—the transportation of materials contributed to 1.21% of the environmental impact in the construction phase, Concrete—the production of concrete contributed to 37.3% of the environmental impact in the construction phase, Other materials and processes contributing to less than 1% of the environmental impact are not shown in this figure.



[image: Energies 12 01015 g006]







[image: Table]





Table 1. The materials used in the fast track transportation project per unit area.
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	Materials
	Amount





	Steel (kg/m2)
	261.02



	Concrete (m3/m2)
	1.89



	Quicklime (kg/m2)
	32.72



	Cement mortar (kg/m2)
	72.68



	Gravel (kg/m2)
	714.70



	Pitch (kg/m2)
	11.21



	Sand (kg/m2)
	340.82



	Fly ash (kg/m2)
	0.30



	Clay brick (kg/m2)
	29.55



	Clay (kg/m2)
	678.24
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Table 2. The input data of EIA model.
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Construction Phase

	
Materials/Assemblies

	
Amount

	
Unit






	

	
Steel

	
261.02

	
kg




	
Concrete

	
1.89

	
m3




	
Quicklime

	
32.72

	
kg




	
Cement mortar

	
72.68

	
kg




	
Gravel

	
714.70

	
kg




	
Pitch

	
11.21

	
kg




	
Sand

	
340.82

	
kg




	
Fly ash

	
0.30

	
kg




	
Clay brick

	
29.55

	
kg




	
Clay

	
678.24

	
kg




	
Processes

	
Amount

	
Unit




	
Transport, combination truck, average fuel mix

	
199.33

	
tkm




	
Diesel, burned in agricultural machinery

	
13.11

	
MJ




	
Maintenance and repair phase

	
The energy consumption

	
Amount

	
Unit




	

	
Electricity, low voltage

	
71.1

	
kWh




	
Demolition phase

	
The energy consumption

	
Amount

	
Unit




	

	
Electricity, low voltage

	
8.4

	
kWh




	
Waste specification

	
Amount

	
Unit




	
Construction waste

	
6644.21

	
kg




	
Disposal scenario

	
Percentage




	
Municipal solid waste (waste scenario) (Treatment of municipal solid waste, landfill)

	
100%
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Table 3. The contribution of environmental emissions to environmental impact of fast track transportation project in each life cycle phase (%).
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	Impact Category
	Construction Phase
	Maintenance and Repair Phase
	Demolition Phase





	① Global warming
	61.82
	1.48
	36.70



	② Acidification
	72.50
	10.20
	17.30



	③ Eutrophication
	21.00
	1.20
	77.80



	④ Ecotoxicity
	3.98
	0.62
	95.40



	⑤ Smog
	85.80
	4.06
	10.10



	⑥ Natural resource depletion
	91.40
	2.26
	6.30



	⑦ Habitat alteration
	28.30
	0.65
	71.10



	⑧ Ozone depletion
	93.20
	0.32
	6.51
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Table 4. The contribution of environmental emissions to various environmental impact categories in construction phase (%).
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	Impact Category
	Steel
	Concrete
	Quicklime
	Cement Mortar
	Pitch
	Sand
	Clay Brick
	Clay





	① Global warming
	52.20
	40.80
	2.65
	-
	-
	0.27
	-
	-



	② Acidification
	−19.00
	79.20
	2.83
	1.80
	3.40
	1.30
	1.76
	2.26



	③ Eutrophication
	64.80
	29.50
	0.61
	1.06
	1.43
	0.36
	0.59
	1.04



	④ Ecotoxicity
	−15.70
	92.10
	1.34
	1.53
	0.89
	0.46
	0.72
	1.48



	⑤ Smog
	20.80
	62.90
	1.60
	1.30
	1.27
	1.06
	1.16
	1.89



	⑥ Natural resource depletion
	49.20
	35.20
	2.14
	-
	6.9
	0.54
	1.10
	0.98



	⑦ Habitat alteration
	75.40
	22.40
	0.25
	-
	-
	0.30
	0.30
	0.68



	⑧ Ozone depletion
	54.60
	30.90
	2.51
	0.31
	8.37
	0.60
	0.73
	1.06







Note: The “-” sign indicates that this contribution is about 0. Because of the small contribution of gravel and fly ash to various environmental categories, it is not shown here.
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