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Abstract

:

Rivers play a key role in regulating urban ecology, which can improve urban climate while slowing the heat island effect. As one of embodied energy in the field of ecology, emergy theory can be used to quantitatively evaluate the ecological characteristics of a system. This will help to further explore urban ecological sustainability in this article. In this study, four ecological riverbank reconstruction projects have been executed to restore the ecology along the banks of the Jinchuan River in Nanjing, China, which focus on the key river–lakeside and waterfront space in the main urban area. The LCA–emergy–carbon emission method was applied through a series of indicators, including emergy indexes and carbon emission indicators. It is important to distinguish prior research, and few have utilized this approach on urban waterways and waterscapes. The results illustrate that the reconstruction system has obvious improvement significance to the whole river ecology. This change can also be seen when using LCA–emergy analysis. In a 20-year cycle, the emergy of the material production stage and maintenance phase account for a major emergy share, followed by the construction stage, transportation process, and design process stage. The sustainability (ESI indicator) has been improved after carrying out the reconstruction projects. By choosing water and gravel as the primary material, the carbon emission can be reduced. The water treatment process accounts for the vast majority of carbon emissions. Secondly, gravel also plays an important role in carbon emission. Finally, an improved measure (clean energy reuse) was conducted to enhance the ecology of the reconstruction projects and obtained a significant ecological sustainability boost.
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1. Introduction


1.1. Background


As the urban environment continues to deteriorate, achieving a sustainable urban environment has become a top priority for governments and urban managers [1,2]. With global environmental degradation accelerating and the urban heat island effect becoming more prevalent, it is essential to find ways to address and mitigate these issues [3,4]. Urban rivers and their surrounding ecological environment are integral parts of the urban environment and play a crucial role in the overall ecology of the city. The positive impact that water and greenery can have on the urban environment makes it imperative to conduct sustainability assessments of urban waterscape belt ecological reconstruction using the LCA–emergy–carbon emission methodology. This study aims to provide a meaningful reference for future urban planning and management by government and urban managers.




1.2. Literature Review


1.2.1. Emergy Method


Emergy was first introduced as an energy concept around 40 years ago and has been used to assess the sustainability of various systems [5]. This approach was initially used in agriculture and ecology to evaluate the sustainable state of agricultural and ecosystem systems [6,7], before expanding into other fields such as urban studies [8,9], industry [10,11], building systems [12,13], and economics [14]. Today, more and more cross-over studies are being conducted using the emergy approach, with a series of combinations involving GIS tools [15,16], carbon emission methods [17,18], ecological footprint assessments [19,20,21], life cycle assessments (LCA) [22,23], and other approaches.



Taking a green urban district as an example, Daniel et al. (2020) implemented a sustainability analysis based on emergy view [8]. By integrating the emergy method and ecological footprint approach, urban ecological security was assessed to explore the environmental state [9]. Industrial systems are also the focus of emergy evaluation, especially the whole-life-cycle approach framework [10]. Junxue et al. (2023) conducted an emergy analysis based on the point of view of raw material emergy and chemical composition for the building glass industry [11]. Some authors studied an emergy synthesis for a systemic evaluation of a major highway expansion [12]. Through the integration of the emergy perspective and the fuzzy multi-criteria method, a series of sustainable indexes were displayed for green building manufacturing [13]. Sustainability at the economic level is the focus of national attention, and some researchers have introduced emergy methods into the economic field to investigate sustainable hierarchy [14]. Xueqi et al. (2019) executed a study on the emergy-based thermodynamic geography of the Jing-Jin-Ji region with a lot of measured data [15]. To analyze the global ecosystem structure and productivity, the LCA–emergy method has been utilized for sustainability assessment [16]. From the view of ecology and a low-carbon perspective, a solar power plant was selected for sustainability analysis [17]. A sustainable living environment is the premise of healthy living, which has been investigated with the holistic environmental emergy evaluation of Chongming Eco-island in China [18]. Shanghai port logistics were chosen to evaluate the ecological sustainability in view of the emergy ecological footprint framework [19]. The marine ranching resources and environmental carrying capacity were considered through an ecological emergy footprint methodology [20]. A comparative sustainability investigation was conducted using ecological footprint sustainability and emergy analysis in Iran [21]. The sustainability evaluation of a residential building was carried out using the LCA–emergy approach [22]. To confirm the ecological level of typical agricultural products, the emergy–life cycle assessment framework was adopted to test the sustainability effect [23].




1.2.2. LCA–Emergy


Life cycle assessment (LCA) is an authoritative methodology that plays a critical role and is widely used in various systems, including building systems. Urban river ecological environment reconstruction belongs to the construction process, which can be classified as a building system. The LCA–emergy method has been applied to several studies, including the environmental sustainability assessment of highway engineering [12], residential building environment study [22], and building cement material system evaluation [23], among others.



Several scholars have applied the LCA method in the field of building systems. For instance, Vivian et al. (2022) collected a series of BIM and LCA studies to display the development trend of both, especially for the combination investigation [24]. Similarly, based on BIM and LCA, a prefabricated building was chosen and assessed to confirm its sustainability state [25]. The latest advances in both BIM and LCA studies were presented through a systematic review [26]. The life cycle assessment tool was used and tested for the final effect in early decision support design [27], while a comprehensive survey was conducted and presented through a summary of challenges and directions for future research in view of LCA in building systems [28]. Fatma and Brian (2022) studied the relationship between circular economy and the environment using the life cycle sustainability assessment [29]. To analyze the sustainability comparison of different renewal strategies in the building system, the LCA–emergy approach was selected and verified [30].



There are many ecological studies on urban waterways and waterscapes, but research using the LCA–emergy methodology in this area is relatively rare. This is one of the distinctive features of this study, which to some extent supplements current research on ecological assessments of urban river landscapes.




1.2.3. Carbon Emissions of Building Systems


The carbon emissions of building systems have drawn constant attention, especially with China’s goal to achieve carbon neutrality by 2060. Many scholars have explored ways to reduce carbon emissions in building systems to mitigate the impact of climate change. Shan et al. (2022) analyzed the challenges and opportunities for carbon neutrality in China’s building sector [31]. The integrated carbon dynamic emission framework was used to analyze carbon emissions in commercial buildings as an example [32], while low-carbon cities were investigated through a building-stock-level carbon emission model [33]. Public buildings are a type of mass building that needs to be focused on for regional inequality in carbon emission intensity [34]. Xiaoyan et al. (2022) selected the prefabricated building supply chain for low carbon model analysis [35], while a low-carbon residential building style was tried and verified by incorporating green space and water bodies in the design [36]. Korean scholars explored the possibility of carbon-neutral apartment building renovation with passive house-certified components [37,38], while relevant scholars in several countries such as China [39,40], Australia [41,42], the USA [43], and Iran [44] conducted in-depth research on building carbon emissions.





1.3. Motivations, Innovations, and Contributions


To date, no other researchers have studied the combination of LCA–emergy and LCA–carbon emission perspectives in construction projects. While the LCA–emergy method enables quantitative ecological investigation, it cannot analyze the state in terms of carbon view. By adding the new perspective of LCA–carbon emission, the LCA–emergy–carbon emission framework can be established to cover ecological and low-carbon research for building construction projects.



In this paper, a representative reconstruction project along the urban waterscape belt was selected, and its ecological degree and carbon emission state were analyzed and displayed using the LCA–emergy–carbon emission methodology. This analysis could provide a valuable reference for designers and managers.





2. Material and Methods


2.1. Research Framework


To verify the sustainability effect of the urban waterscape renovation project, a comprehensive research framework needs to be considered and utilized. In this context, a composite framework was designed based on the ecological emergy perspective and carbon emission view to investigate the sustainability of the entire water landscape renovation project. The framework is displayed in Figure 1. To address the two questions (on the left side of Figure 1), the logic process path was arranged from left to right, which includes project process, analysis view, and sustainable indicators. Thus, the basic framework is shown to explore the sustainability level of the urban waterscape reconstruction project.




2.2. LCA–Emergy Model


2.2.1. Emergy Introduction


Emergy is an ecological concept that was proposed by H. T. Odum, a professor at the University of Florida, in the 1980s [5]. Its purpose is to evaluate the sustainability of a target system using solar emjoules (sej) as the unit. Since then, this theory has been widely used in various fields, including ecological systems, urban studies, agriculture, and industrial processes. The main advantage of emergy analysis is that it can integrate the concepts of different physical dimensions for unified comparisons, such as matter flow, energy flow, and information flow. Its calculation can be realized based on basic data and unit emergy values (UEVs). The UEVs consist of three types, which are sej/kg, sej/j, and sej/USD [44].




2.2.2. LCA–Emergy


By integrating the emergy perspective into the LCA process of the urban waterscape reconstruction project, an LCA–emergy approach was proposed based on five stages of emergy coupling, including the design stage, material production stage, material transportation stage, construction stage, and maintenance stage. This approach enables a detailed ecological assessment of the entire renovation project to check its sustainable effect.



In this study, a series of emergy indicators were adopted to assess the project system, which can be divided into two parts. On the one hand, basic indexes were used to adjust the hierarchy of renewable rate and non-renewable ratio. On the other hand, higher level indicators were designed to evaluate the sustainability state in terms of environmental load rate, emergy yield rate, and environmental sustainability parameters [45].



To conduct the emergy calculation and analysis, the latest emergy calculation criteria were applied in this study [46].




2.2.3. Emergy Diagram


To analyze the urban waterscape belt project as a case study, four sections should be focused on in Figure 2. On the left, renewable energy is involved, which has two parts, and most of it goes into the system for evaluation. At the top of the figure, six types of inputs are listed, including materials, energy, services, transportation, environment, and information, which will support the completion of the entire waterscape reconstruction system.



Within the framework of the evaluation system, five stages have been selected as the core sections for the full life cycle analysis. Finally, the waterscape restoration system will have economic benefits and environmental impacts on external systems.




2.2.4. Emergy Indicators


The sustainability hierarchy can be realized based on a set of emergy indicators. In this study, there are four critical indexes (ELR, EYR, ESI and UEVs) that have been displayed in Table 1.



	(1)

	
Environmental loading ratio (EIR)







EIR expresses the relationship between negative elements and the environment for the target system. It can be calculated through Equation (1). The ELR standard is divided into three levels, which are low level (  E L R < 2  ), moderate intensity (  3 < E L R < 10  ), and high level (  E L R > 10  ).


  E L R =   (  E p  +  E a  )    E  t o t a l      



(1)




where     E   p     is the non-renewable resource emergy,     E   a     is the non-renewable energy emergy, and     E   t o t a l     is the entire emergy of the target system.



	(2)

	
Emergy yield ratio (EYR)







EYR reveals the impact of the external system, which can be calculated by Equation (2). It explains how dependent the waterscape reconstruction project system is on the outside world. The larger the value, the closer the relationship.


  E Y R =    E m     E  t o t a l      



(2)




where     E   m     is the external emergy input, and     E   t o t a l     is the holistic emergy for the waterscape reconstruction project system.



	(3)

	
Emergy sustainability indicator (ESI)







ESI is a comprehensive index that can be obtained based on the EYR and ELR (Equation (3)), which illustrates the final sustainable state for the waterscape reconstruction project system. Generally speaking, it can be divided into three sustainability degrees, which are ESI < 1 (low level), 1 < ESI < 5 (medium level), and ESI > 5 (high sustainability).


  E S I =   E Y R   E L R    



(3)







	(4)

	
Unit emergy values (UEVs)








   U E V s =    E t     E  t o t a l − i n p u t       



(4)





UEVs represent the unit emergy amount, including unit mass (sej/kg), unit energy (sej/j), unit labor service (sej/USD), etc. It reveals the conversion efficiency and hierarchy of the target system.




2.2.5. Sensitivity Analysis


Because this study involves a lot of data analysis, sensitivity analysis needs to be conducted to confirm and guarantee the study’s accuracy. In this study, four types of assumptions are implemented to explore the uncertainty analysis of the whole system [22]:




	(1)

	
Hypothesis model A: 10% of the underlying data will be adjusted, and then the changes in three key indicators (ELR/EYR/ESI) will be checked.




	(2)

	
Hypothesis model B: 8% of the basic indicators for data adjustment, to verify the floating of three critical indicators (ELR/EYR/ESI).




	(3)

	
Hypothesis model C: the basic data will be considered with a 5% float. After calculation, the floating range of the index group will be verified.




	(4)

	
Hypothesis model D: a smaller data float (3%) will be performed, and sensitivity analysis will show the sensitivity precision on the basis of a diminutive range variation.











2.3. LCA–Carbon Calculation Model


According to the latest standard of building project carbon emission calculation, a reconstruction project can be assessed quantitatively. In this study, the carbon sink was also considered (the right side of Figure 3). Depending on the exact path of the carbon sink, it was divided into two paths, which are the natural system carbon sink and the artificial system carbon sink.



	(1)

	
Natural carbon sink system implementation path




	
Soil type method calculation model



Average organic carbon in each area unit:


   T  j d   =   ∑  i = 1  k    ρ i     P i   D i  ( 1 −  S i  )  



(5)




where     ρ   i     is soil weight;     P   i     is the average organic carbon storage;     D   i     is soil thickness; and     S   i     is the average gravel content.



Total soil organic carbon of regional area:


   M d  =   ∑  j = 1  k    A j     T  j d    



(6)




where     A   j     is the area of a grid cell,     T   j d     is the unit mean organic carbon density, and n is the total soil area grid units.



	
Life zone method computational model



Relationship between the density and depth of soil organic carbon:


   B D  =  b 0  +  b  1 D   +  b 2  lg  C f   



(7)




where     B   D     is soil weight; b1, b2, b3 are constants of soil weight and carbon density under different vegetation types; D is the depth from the surface to the center of the soil layer; and Cf is the organic carbon mass fraction.



The average carbon density of layers per unit area:


  C =  C f  +  B D  ( 1 −  δ  2 m m   ) V  



(8)




where     δ   2 m m     is the gravel fraction; V is soil layer volume.



	
Estimation model of remote sensing technology method



The total amount of carbon in all types of soil:


   C i  = 0.58  S i   ∑  (  H j   Q j   W j  )    



(9)




where i is soil type;     C   i     is soil organic carbon storage (t); 0.58 is the carbon storage conversion factor;     S   i     is soil area;     H   j     is mean soil thickness;     Q   j     is average mass fraction of soil organic matter; and     W   j     is average soil weight.









	(2)

	
Artificial carbon sink system implementation path



Building materials with carbon adsorption are mainly concentrated in concrete materials, mortar, and non-metallic oxides, among which concrete materials are the main channel of carbon sinks. The carbonization process involves temperature, humidity, exposure conditions, porosity, water–cement ratio, strength grade, ambient CO2 concentration, surface coatings, and other complex factors.




	
Classical concrete carbonation theory estimation model










  d =     2  D  C  O 2     C 0     m 0      ×  t   



(10)




where d is the concrete carbonation depth;     D   C   O   2       is the effective diffusion coefficient of carbon dioxide in concrete;     C   0     is the concentration of the concrete surface;     m   0     is carbon dioxide absorption per unit volume of concrete; and t is the carbonization time.




	
Molecular level carbonization theory estimation model










  d =     2  D  C  O 2      [ C  O 2  ]  0      [ C a   ( O H )  2  ]  0  + 3   [ C S H ]  0  + 3   [  C 3  S ]  0  + 2   [  C 2  S ]  0      ×  t   



(11)




where   [ C a ( O H   )   2     ]   0   [ C S H   ]   0   [   C   3   S   ]   0   [   C   2   S   ]   0     is the initial concentration of each carbide-able substance;     D   C   O   2       is the effective diffusion coefficient of carbon dioxide in concrete; and   [ C   O   2     ]   0     is the concentration of carbon dioxide on the concrete surface.



	
Carbonization estimation model based on water–cement ratio






The water–cement ratio is greater than 0.6,


  d =  r c  ×  r a  ×  r s  ×     W / C − 0.25   0.3 × ( 1.15 + 3 W / C )     ×  t   



(12)







The water–cement ratio is less than 0.6,


  d =  r c  ×  r a  ×  r s  ×   4.6 W / C − 1.76     7.2     ×  t   



(13)




where   W / C   is the water–cement ratio;     r   c     is the influence coefficient of cement variety;     r   a     is the aggregate variety influence coefficient; and     r   s     is the influence coefficient of concrete admixture.




	
Carbonation estimation model based on compressive strength of concrete










  d =  k 1  ×  k 2  ×  k 3  × [   24.48    f    − 2.74 ] ×  t   



(14)




where f is the standard compressive strength of concrete; k1 is the regional influence coefficient; k2 is indoor and outdoor influence coefficient; and k3 is the curing time coefficient of concrete.




	
Carbonization estimation model based on different material correction coefficients










  d =  K W  ×  K C  ×  K g  ×  K  F A   ×  K b  ×  K t  × α ×  t   



(15)




where   α   is the coefficient of concrete carbonation velocity;     K   W   ,   K   C    ,     K   g    ,     K   F A    ,     K   b    , and     K   t     are the influence coefficients of water–cement ratio, cement dosage, aggregate type, fly-ash-to-cement content ratio, curing method, and cement variety, respectively; and t is the carbonization time.




	
Carbonization estimation model for diffusion theory










  d = 839   ( 1 − R H )   1.1   ×     W / C − 0.34  C    ×  V 0  ×  t   



(16)




where RH is ambient relative humidity;   W / C   is water–cement ratio; C is cement dosage; and     V   0     is the volume fraction of carbon dioxide.







Note: Equations (5)–(16) are referred to in [47].





3. Case Study


3.1. Case Introduction


The study area is located in the Jinchuan River (main river) basin in Nanjing. The total length of waterfront roads in the Jinchuan River basin, including Xuanwu Lake, is 48.85 km, and the current penetration rate is 54.14%. Most of the waterways in the Jinchuan River system have been restored to a waterfront recreational green belt with a width of about 2–10 m, but there are many breaks in the trails and poor accessibility. The present situation of the riverfront green buffer zone is quite different, as some river sections have narrow landscape spaces, and the waterfront buffer zone is missing. Most river plants lack species diversity and are single in planting form, resulting in linear and monotonous river landscapes that lack ecological characteristics.



Currently, there is a major problem concerning the ecology on both sides of the river which needs to be addressed (Figure 4 and Table 2).



The current hard bank protection structure used for most of the protection constructions results in isolated water and land ecosystems. Fish, amphibians, aquatic insects, and other aquatic animals have lost their habitats for reproduction and refuge, while various aquatic plants have lost their natural growth space. The river water ecosystem structure has been destroyed, resulting in the river gradually losing its ability to self-purify and conserve aquatic biodiversity, among other ecological functions.



In Figure 5, several strategies and projects have been designed to promote ecological sustainability in the urban waterscape reconstruction project. For example, stepped levees are being constructed in reconstruction project 1, while coupled small ecological banks are being considered to reduce carbon emissions across the river in project 2. A green walking path is arranged near the river bank to enhance interaction between residents and the river environment in project 3. Comprehensive riverbank types are also being implemented to improve the overall environmental sustainability while enhancing ornamental value in project 3.



The reconstruction process focuses on the key river–lakeside and waterfront spaces in the main urban area. Through spatial investigation, big data analysis, connectivity and ecological analysis of the waterfront, a multi-dimensional evaluation of spatial development and construction, ecological environment, transportation accessibility, waterfront facilities, spatial vitality, and other aspects of the waterfront is conducted. Based on this, objectives and strategies for the connectivity and ecological transformation of the waterfront are proposed for planning research, followed by the proposal of different regional construction schemes according to local conditions.




3.2. Data Collection


To assess the ecological reconstruction project, a range of data needs to be collected. In this study, most of the data were collected through the documents of the construction enterprise, especially the construction list, including the material list, energy list, manual service list, etc. Site material data were obtained from the local government department, and all site images were collected from on-site surveys.





4. Results and Discussion


4.1. LCA–Emergy Analysis


This section considers and analyzes two aspects, including LCA–emergy discussion and LCA–carbon emission analysis. Based on these two perspectives, the ecological assessment and carbon emission effect evaluation are shown for the reconstruction project, which has positive implications for sustainability improvement.



4.1.1. Dominated Contributor


In this study, for reconstruction project 1, five stages were selected and analyzed, including the design process, material production, transportation process, construction stage, and maintenance phase. According to the final calculation, in a 20-year cycle, the emergy of the material production stage and maintenance phase accounted for 78.5% of the entire emergy, followed by the construction stage, transportation process, and design process stage. The comparative analysis diagram identifies the major contributors. In Figure 6, it is clear that the emergy of the material production stage and maintenance phase plays the primary role in the overall reconstruction project.




4.1.2. Emergy Indexes Analysis


In Table 3 and Figure 7, three key categories of indicators were evaluated and calculated, including EYR, ELR, and ESI. Based on the basic data, the ELR of the whole river landscape project is 357.6, which is much higher than the standard line (357.6 >> 5), resulting in a very low emergy sustainability indicator (0.073 << 1).



For the whole reconstruction project, there is the original project and four sub-renovation projects, which are reconstruction projects 1 through 4. By comparing with the original state from the view of ESI, the sustainability has been improved obviously (from 0.073 to 0.49/0.41/0.67/0.44) after carrying out the reconstruction works.



In Figure 8, the general trend has been displayed (Figure 8A), and the ELR and EYR values have been compared (Figure 8B,C). Figure 8A illustrates the comparison of three indexes (ESI/ELR/EYR) in five states. The color cloud map on the right side of the table in Figure 8 represents the line colors of the three indicators. The closer the color is to blue, the higher the value.



In addition to the improvement in ESI indicators, the ELR and EYR have also been improved from 357.9 to 79.3/143.2/127.4/109.5 and from 26.1 to 39.6/57.8/64.9/48.3, respectively. In an ecological system analysis based on the emergy concept, a smaller value of the ELR demonstrates a lighter environmental load pressure and a more sustainable system. The EYR represents how closely the system is connected to the outside world and explains the proportion of material flow, energy flow, and information flow input from the outside world to the reconstructed system. In this study, the original engineering system had a high environmental load rate (35.7), indicating that the previous river landscape system had a poor ecological state.



After ecosystem reconstruction, the environmental load rate was reduced, and the ecology of the system was greatly enhanced (79.3/143.2/127.4/109.5), roughly by 4.51 times (reconstruction project 1). On the contrary, taking the EYR as an example, the higher the EYR, the more beneficial it is to the sustainability of the reconstruction system, which has been improved by about 2.49 times (reconstruction project 3). Based on the above information (ELR and EYR), the ESI was calculated in Figure 7 and was found to have been improved by approximately 9.18 times (reconstruction project 3).




4.1.3. Sensitivity Analysis


To assess the uncertainty of the study outcome, a sensitivity analysis was conducted and explored with the following two hypotheses:



Hypothesis H1.

By adjusting the magnitude of the underlying data by roughly 10%, the result of the emergy analysis is confirmed.





Hypothesis H2.

Identify changes in sustainability parameters by changing the fluctuation of unit emergy values by approximately 5%.





The indicators of the four implemented reconstruction projects were analyzed to evaluate the degree of sensitivity. Table 4 displays the change data of indicators under these two kinds of assumptions, and Figure 9 and Figure 10 display sensitivity analysis in all states.



In the case of Hypothesis H1, Figure 9 demonstrates the sensitivity variation level, and the change gap is clear. The EYR showed the most obvious difference (about 9.38%), followed by the ESI (roughly 5.19%) and the ELR (3.09%). Figure 10 presents the sensitivity change maps of the four reconstruction projects. Reconstruction project 3 shows the optimal stability, followed by Project 2, project 4, and project 1, which can be clearly checked and verified using Figure 10.



In the case of Hypothesis H2, Figure 11 and Figure 12 show the gap level. In Figure 11, the ELR has the greatest influence on sensitivity (clear difference), followed by the EYR and ESI (not obvious). The variation fluctuation variances after the reconstruction projects are displayed in Figure 12. In general, the ELR has a high value, resulting in the most obvious changes in its sensitivity. From reconstruction projects 1 to 4, a similar pattern can be seen in Figure 12. For the same reason, the variation in the EYR is the second highest (project 3 > project 2 > project 4 > project 1). For the ESI, there was little noticeable change.




4.1.4. Unit Emergy Values (UEVs)


As a core concept, unit emergy values (UEVs) play a critical role in ecological assessment based on the emergy method. They represent an ecological level to describe energy and the resource input efficiency of the target system. In this study, the UEVs of the reconstruction projects were computed and found to be 3.79 × 1014 sej/m2, 4.05 × 1016 sej/m2, 3.61 × 1014 sej/m2, and 3.98 × 1016 sej/m2. From the perspective of UEVs, the ranking of sustainability views is project 3 > project 1 > project 4 > project 2, which is consistent with the evaluation of the emergy index.





4.2. LCA–Carbon Emission Analysis


In this section, two parts will be discussed: carbon emission calculation and carbon sink evaluation. The carbon emission analysis for all four types of projects will be covered and discussed.



4.2.1. The Carbon Emission Analysis of Reconstruction Project 1


Table 5 lists the primary material, energy inputs, and carbon emission factors, including major data for project 1. A total of 15 inputs were counted, with the main contributor being clean water to support river flow, which can be verified from Table 5 and Figure 13. In order to maintain the ecological level of the entire construction process, non-ecological types of materials are minimized, such as steel, cement, diesel fuel, etc. Water and gravel were selected as major elements to complete reconstruction project 1, representing ecological options. Figure 14 clearly expresses the designer’s choice of elements.




4.2.2. The Carbon Emission Comparative Analysis of Reconstruction Projects 1 to 4


Figure 15 and Figure 16 compare the critical carbon emission factors of the reconstruction projects. The water treatment process accounts for most of the carbon emissions, which were 516,600 tCO2 in project 1, 729,800 tCO2 in project 2, 282,900 tCO2 in project 3, and 395,240 tCO2 in project 4 (refer to Table A1 in Appendix A). Secondly, gravel also plays an important role (roughly 19.6%, 12.6%, 13.2%, and 20.1% in projects 1 to 4). In addition, other carbon emissions are minimal, which is also in line with the requirements of ecological engineering. The most important design requirement of this reconstruction project was to minimize the input of non-renewable resources and try to use natural materials to ensure the ecology of the whole project. Based on the core design concept, water and gravel were selected as the primary materials in Figure 15.




4.2.3. Carbon Sink Analysis


The natural carbon sink system analysis shows that the soil absorption of carbon dioxide is the main route. Based on the experimental sample of the Jinchuan River (Main river) basin, the mean carbon concentration in the soil along the river was 26.41 g/kg (1–20 cm), and the carbon density was 3.98 kg/m2. There are three types of regional variation coefficients, which are 0.45, 0.51, and 0.63. By estimating the carbon sink of the reconstructed area, the total carbon uptake is about 5000 t.



Soil under water in rivers also has an adsorption effect on carbon dioxide. The research area for this part is the sediment on the riverbed (20 cm thick), with an average organic carbon density of 40.92 t·hm-2. Based on the length of the entire river, which is 48.85 km, the preliminary calculation of the carbon sink of the river bottom soil sediment is 7996 t, indicating that the carbon sink capacity of the river bottom is stronger than that of terrestrial soils. In this calculation process, the difference in the riverbed is not considered.



To reinforce the banks of the river, a significant amount of concrete was used in the reconstruction projects. Concrete will absorb a certain amount of carbon dioxide in the process of curing and continuous carbonization, which can effectively reduce carbon dioxide emissions. According to the equation in Section 2.3 and concrete data collection from the four reconstruction projects, their comparisons have been conducted and analyzed in Figure 16. The research in this paper shows that the carbonization depth of concrete directly affects the amount of carbon dioxide absorption, which can be evaluated according to the work quantity of the reconstruction projects. In accordance with the service life estimate of 20 years, the carbon sinks of the four types of reconstruction projects are 600 t, 650 t, 680 t, and 720 t.



Through the comprehensive consideration of natural and artificial carbon sink systems, the four ecological reconstruction projects can reduce carbon emissions by 0.85% (project 1), 0.66% (project 2), 1.64% (project 3), and 1.09% (project 4).





4.3. Comparison with Existing Research Progress


Until now, for the study of the water landscape, the popular design means are ecological methods, such as emergy assessment, the ecological footprint method, carbon emission design, landscape pattern index, ecological security, etc. The similarity is that some scholars have studied the waterscape zone with a single method, rather than comprehensively. This is the limitation of current research and the direction that needs to be improved [48,49,50,51,52].



In this study, an LCA–emergy–carbon emission framework was designed and used to evaluate the ecological sustainability of the urban waterscape belt. Through the review in this paper, the research methodology of the ecological sustainability of the waterscape zone is expanded, which is conducive to the deepening and expansion of this kind of research.





5. Clean Energy Improvement Strategy


To enhance the ecological level and optimize carbon emissions, improvement measures need to be proposed. In this study, a clean energy (solar energy) input measure was adopted and implemented.



For a construction project, the use of renewable energy can improve the sustainability of the entire system and reduce carbon emissions simultaneously [53,54,55,56,57,58]. For example, if the utilization rate of renewable energy is increased by 20%, the environmental loading ratio will change significantly. The change in emergy parameters is shown in Table 6.



In Figure 17, the gaps between the former and latter values have been displayed. The most significant change is the environmental load rate in project 2 (15.3 difference), which is significantly reduced, followed by project 4 (11.9 difference), project 1 (11.4 difference), and project 3 (5.5 difference), which were all caused by the input of renewable energy. The increase in new energy input leads to an increase in renewable emergy and reduces the environmental load on the whole system. Simultaneously, the entire ecological level has been clearly enhanced, which can be verified in Figure 18. Among them, the order of change rates is project 1 (18.39%), project 2 (18.37%), project 4 (13.64%), and project 3 (5.97%). It demonstrates that the impact of clean energy on the four reconstructed systems is different, depending on the structure level of each reconstruction project system.




6. Conclusions


In this study, four ecological reconstruction projects along the Jinchuan River (main river) basin in Nanjing were conducted and analyzed to explore environmental sustainability based on the LCA–emergy method and the LCA–carbon emission approach.



From the view of LCA–emergy, the primary contributors have been found, which dominate the ecological emergy change in the whole reconstructed system. Taking reconstruction project 1 as an example, over a 20-year cycle, the emergy of the material production stage and maintenance phase account for 78.5% of the entire emergy, followed by the construction stage, transportation process, and design process stage. In view of emergy indicator analysis, by comparing with the original state from the view of ESI, the sustainability has been improved significantly (from 0.073 to 0.49/0.41/0.67/0.44) after carrying out the reconstruction works.



From the perspective of carbon emission, based on the core design concept, water and gravel were selected as the primary materials to reduce the amount of carbon emissions. The water treatment process accounted for the vast majority of carbon emissions, which were 516,600 tCO2 in project 1, 729,800 tCO2 in project 2, 282,900 tCO2 in project 3, and 395,240 tCO2 in project 4. Secondly, gravel also played an important role (roughly 19.6%, 12.6%, 13.2%, and 20.1% of projects 1 to 4). Through the comprehensive consideration of natural and artificial carbon sink systems, the four ecological reconstruction projects can reduce carbon emissions by 0.85% (project 1), 0.66% (project 2), 1.64% (project 3), and 1.09% (project 4).



To improve the ecological level of the entire rebuilt system, a clean energy improvement strategy was considered in this study, which had clear enhancements for the four reconstruction projects and testified to the effectiveness of the improvement measures.
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Table A1. Comparison of carbon emissions across the four projects.
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	Types
	Project 1
	Project 2
	Project 3
	Project 4
	Unit





	Steel
	189.6
	189.6
	189.6
	189.6
	tCO2



	Cement
	26.6
	26.6
	26.6
	26.6
	tCO2



	Gravel
	129,600
	107,200
	44,800
	102,400
	tCO2



	Brick
	9.8
	9.8
	9.8
	9.8
	tCO2



	Lime
	316.8
	316.8
	316.8
	316.8
	tCO2



	Sand
	13,052.0
	9538
	9538
	9538
	tCO2



	Water
	516,600
	729,800
	282,900
	395,240
	tCO2



	Iron
	43.1
	43.1
	43.1
	43.1
	tCO2



	Wood
	1999.5
	1999.5
	1999.5
	1999.5
	tCO2



	Polyester
	89.4
	89.4
	89.4
	89.4
	tCO2



	Adhesive
	7.2
	7.2
	7.2
	7.2
	tCO2



	Bituminous
	0.4
	0.4
	0.4
	0.4
	tCO2



	Fly ash
	119.5
	119.5
	119.5
	119.5
	tCO2



	PVC
	33.3
	33.3
	33.3
	33.3
	tCO2



	Diesel fuel
	253.8
	253.8
	253.8
	253.8
	tCO2
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Figure 1. Research Framework of the waterscape belt reconstruction project. 
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Figure 2. Emergy diagram of water landscape belt reconstruction system. 
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Figure 3. Low-carbon design methods for whole life cycle building systems. 
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Figure 4. Main status quo of the urban rivers in the study area. 
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Figure 5. The scenes after ecological reconstruction projects. 
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Figure 6. Contribution rate of each stage (reconstruction project 1). 
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Figure 7. ESI comparisons before and after renovation. 
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Figure 8. Trend chart of three critical indicators. 
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Figure 9. Sensitivity change of the original state under Hypothesis H1. 






Figure 9. Sensitivity change of the original state under Hypothesis H1.



[image: Water 15 02345 g009]







[image: Water 15 02345 g010 550] 





Figure 10. Sensitivity changes of four reconstruction projects under Hypothesis H1. 
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Figure 11. Sensitivity change of the original state under Hypothesis H2. 
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Figure 12. Sensitivity changes of the four reconstruction projects under Hypothesis H2. 
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Figure 13. Dominated carbon emission differentiation. 
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Figure 14. Design element selection in reconstruction project 1. 
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Figure 15. Carbon emission amount change in reconstruction projects 1 to 4. 
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Figure 16. Carbon emission amount comparison. 
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Figure 17. Emergy indicator improvements based on clear energy replacement. 
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Figure 18. ESI indicator changes from projects 1 to 4. 
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Table 1. Eco-efficiency emergy indicators.
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	No.
	Indicators
	Symbol
	Meaning





	1
	Environmental loading ratio
	ELR
	Natural environmental stress



	2
	Emergy yield ratio
	EYR
	Production efficiency



	3
	Emergy sustainability indicator
	ESI
	Environmental sustainability degree



	4
	Unit emergy values
	UEVs
	Entire system efficiency
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Table 2. Part of the shoreline investigation and reconstruction.
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	Name

(Branch/River)
	Form
	Hard Shoreline Proportion
	Ecological Shoreline

Ratio
	Ecological

Proportion after Reconstruction





	Pearl River
	Masonry and ecological shoreline
	90%
	10%
	75%



	Northern section
	Masonry and ecological shoreline
	80%
	20%
	75%



	Eastern section
	Masonry and ecological shoreline
	90%
	10%
	75%



	Middle section
	Masonry and ecological shoreline
	85%
	15%
	75%



	Southern section
	Masonry and ecological shoreline
	92%
	8%
	75%



	Outside the Qinhuai River
	Masonry and ecological shoreline
	50%
	50%
	75%



	Qingxi River
	Masonry and ecological shoreline
	90%
	10%
	75%



	Yudai River
	Masonry and ecological shoreline
	95%
	5%
	75%



	East Jade Belt River
	Masonry and ecological shoreline
	93%
	7%
	75%



	West Jade Belt River
	Masonry and ecological shoreline
	93%
	7%
	75%



	Mingyu River
	Masonry and ecological shoreline
	85%
	15%
	75%



	Binhu district
	Masonry and ecological shoreline
	95%
	5%
	75%
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Table 3. Emergy indexes list.
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No.

	
Indicators

	
Values






	
Original state




	
1

	
Emergy yield ratio (EYR)

	
26.1




	
2

	
Environmental loading ratio (ELR)

	
357.9




	
3

	
Emergy sustainability indicator (ESI)

	
0.073




	
Reconstruction project 1




	
4

	
Emergy yield ratio (EYR)

	
39.6




	
5

	
Environmental loading ratio (ELR)

	
79.3




	
6

	
Emergy sustainability indicator (ESI)

	
0.49




	
Reconstruction project 2




	
7

	
Emergy yield ratio (EYR)

	
57.8




	
8

	
Environmental loading ratio (ELR)

	
143.2




	
9

	
Emergy sustainability indicator (ESI)

	
0.41




	
Reconstruction project 3




	
10

	
Emergy yield ratio (EYR)

	
64.9




	
11

	
Environmental loading ratio (ELR)

	
96.9




	
12

	
Emergy sustainability indicator (ESI)

	
0.67




	
Reconstruction project 4




	
13

	
Emergy yield ratio (EYR)

	
48.3




	
14

	
Environmental loading ratio (ELR)

	
109.5




	
15

	
Emergy sustainability indicator (ESI)

	
0.44
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Table 4. Sensitivity change list.
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No.

	
Indicators

	
Former Value

	
Hypothesis H1

	
Hypothesis H2




	
Latter Value

	
Latter Value






	
Original state

	




	
1

	
EYR

	
26.1

	
28.8

	
26.3




	
2

	
ELR

	
357.9

	
369.3

	
336.9




	
3

	
ESI

	
0.073

	
0.077

	
0.078




	
Reconstruction project 1

	




	
4

	
EYR

	
39.6

	
43.3

	
39.5




	
5

	
ELR

	
79.3

	
83.2

	
75.9




	
6

	
ESI

	
0.49

	
0.52

	
0.520




	
Reconstruction project 2

	




	
7

	
EYR

	
57.8

	
61.9

	
56.5




	
8

	
ELR

	
143.2

	
141.7

	
129.3




	
9

	
ESI

	
0.41

	
0.44

	
0.437




	
Reconstruction project 3

	




	
10

	
EYR

	
64.9

	
66.4

	
60.6




	
11

	
ELR

	
96.9

	
128.2

	
117.0




	
12

	
ESI

	
0.67

	
0.52

	
0.518




	
Reconstruction project 4

	




	
13

	
EYR

	
48.3

	
54.3

	
49.5




	
14

	
ELR

	
109.5

	
110.6

	
100.9




	
15

	
ESI

	
0.44

	
0.49

	
0.491
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Table 5. The carbon emission of reconstruction project 1.






Table 5. The carbon emission of reconstruction project 1.





	Item
	Data
	Unit
	Carbon Emission Factors
	Carbon Emission
	Unit





	Steel
	7.10 × 104
	kg
	2.67 tCO2/t
	189.6
	tCO2



	Cement
	3.80 × 105
	kg
	0.07 tCO2/t
	26.6
	tCO2



	Gravel
	8.10 × 106
	kg
	16 kgCO2/kg
	129,600
	tCO2



	Brick
	4.10 × 104
	kg
	0.24 kgCO2/kg
	9.8
	tCO2



	Lime
	7.20 × 105
	kg
	0.44 tCO2/t
	316.8
	tCO2



	Sand
	5.20 × 106
	kg
	2.51 kgCO2/t
	13,052.0
	tCO2



	Water
	6.30 × 108
	m3
	0.82 kgCO2/m3
	516,600
	tCO2



	Iron
	2.10 × 104
	kg
	2.05 tCO2/t
	43.1
	tCO2



	Wood
	6.45 × 106
	kg
	0.31 kgCO2/kg
	1999.5
	tCO2



	Polyester
	1.23 × 103
	kg
	72.65tCO2/t
	89.4
	tCO2



	Adhesive
	6.51 × 103
	kg
	1.1 kgCO2/kg
	7.2
	tCO2



	Bituminous
	9.52 × 103
	kg
	0.04 kgCO2/kg
	0.4
	tCO2



	Fly ash
	6.64 × 105
	kg
	0.18 tCO2/t
	119.5
	tCO2



	PVC
	6.95 × 103
	kg
	4.79 kgCO2/kg
	33.3
	tCO2



	Diesel fuel
	6.68 × 104
	kg
	3.797 tCO2/t
	253.8
	tCO2
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Table 6. Improvement in emergy indexes.






Table 6. Improvement in emergy indexes.





	
No.

	
Indicators

	
Former Values

	
Latter Values






	
Reconstruction project 1




	
1

	
Emergy yield ratio (EYR)

	
39.6

	
39.6




	
2

	
Environmental loading ratio (ELR)

	
79.3

	
68.3




	
3

	
Emergy sustainability indicator (ESI)

	
0.49

	
0.58




	
Reconstruction project 2




	
4

	
Emergy yield ratio (EYR)

	
57.8

	
57.8




	
5

	
Environmental loading ratio (ELR)

	
143.2

	
117.9




	
6

	
Emergy sustainability indicator (ESI)

	
0.41

	
0.49




	
Reconstruction project 3




	
7

	
Emergy yield ratio (EYR)

	
64.9

	
64.9




	
8

	
Environmental loading ratio (ELR)

	
96.9

	
91.4




	
9

	
Emergy sustainability indicator (ESI)

	
0.67

	
0.71




	
Reconstruction project 4




	
10

	
Emergy yield ratio (EYR)

	
48.3

	
48.3




	
11

	
Environmental loading ratio (ELR)

	
109.5

	
97.6




	
12

	
Emergy sustainability indicator (ESI)

	
0.44

	
0.50
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