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Abstract

:

The effectiveness and feasibility of urban planning are significantly influenced by the supply capacity and net value of ecosystem services offered by blue–green–grey infrastructure. This study used a cost–benefit analysis (CBA) to ascertain and contrast the ecological net present value (NPV) of the blue–green–grey infrastructure in three distinct functional areas (a park, a square, and a residential district) under 12 scenarios during the period characterized by representative summer temperature, which we refer to as “warm periods”. Our findings suggest varied optimal scenarios for the three functional areas. For the park, the most beneficial scenario involved an integrated approach with a 5% increase in grey infrastructure and a 5% replacement of green infrastructure with grey. This scenario yielded an NPV of 7.31 USD/m2 in a short-term life span (25 years) and 11.59 USD/m2 in a long-term life span (150 years). In the case of the square, the introduction of an additional 5% of blue infrastructure led to the highest NPV of ecological benefits, resulting in gains of 1.49 USD/m2 for a short-term life span and 2.18 USD/m2 for a long-term life span. For the residential district, the scenario where 5% of green infrastructure was replaced with blue infrastructure resulted in the highest NPV across all scenarios, with values of 8.02 USD/m2 and 10.65 USD/m2 for a short- and long-term life span, respectively. Generally, the most beneficial scenario yielded greater benefits over the long term compared with short-term projects. By quantifying the ecological benefits of different blue–green–grey infrastructure combinations, our research provides theoretical support for optimizing both the ecological and economic value of urban infrastructures. This study could benefit academics, practitioners, and policymakers in urban planning in optimizing the allocation of the blue–green–grey infrastructure.
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1. Introduction


Blue–green–grey infrastructure serves as an important provider of regulating and supporting services in urban ecosystems. However, previous research often focused on the selection of a single infrastructure type as a means to cope with climate change, when in fact, there are many complementary benefits among blue–green–grey infrastructure [1]. Urban ecosystem services may be enhanced with the reciprocal complement of infrastructures. When ecosystem service assessments are included in urban infrastructure planning, the decision outcomes may be dramatically varied [2]. Our previous study demonstrated that blue–green infrastructure performs better in improving environmental thermal comfort through synergies with grey infrastructure; furthermore, there were great differences in the requirements of different urban functional areas for the combination of blue–green–grey infrastructure [3]. Therefore, the efficiency of combined infrastructures needs to be assessed in the process of urban planning and design. With an economic valuation of ecosystem service benefits, decision-makers can be advised on the feasibility of planning options and improve the efficiency of decision-making [4]. Potential stakeholders may include academics, practitioners, and urban planning decision-makers.



Cost–benefit analysis (CBA) is a commonly used method to assess the feasibility of a project. When benefits exceed costs, the solution is considered competitive and feasible [5]. However, the practice of assessing the ecological benefits of urban infrastructure was usually performed only in terms of a single functional dimension, such as climate regulation [6]. The ecological benefits provided by blue–green infrastructures, such as carbon sequestration, oxygen production, and air purification, were often overlooked [7]. Once multiple benefits were involved, it became difficult to establish a uniform and effective approach to their value transformation. However, the economic viability of blue–green–grey infrastructure became significantly higher when multiple benefits were taken into account [8,9]. In other words, there is a lack of simple, comprehensive, and replicable methods for assessing the total benefits of blue–green–grey infrastructure for obtaining direct and convincing monetized data to assist relevant government management and policymakers (i.e., the key stakeholders) in making objective judgments and choices. To be specific, a value assessment in monetary units helps us measure the relative value of ecosystem services to society and allocate decisions in the resource competition of urban planning [10]. CBA has been used to study optimal urban flood risk adaptation strategies, selecting the most co-beneficial blue–green–grey infrastructure options for decision-makers [11]. Specifically, the replacement cost method has been used to assess the ecological protection value rendered by shelterbelts in alpine regions [12]. Both the replacement cost method and the avoided cost method have been synergistically utilized to effectively select an urban stormwater infrastructure portfolio that yielded the highest net benefits [13]. Although current studies have used value assessment or spatial and temporal variation analysis methods to compare and measure ecological benefits at a macro-scale, there are few studies on infrastructure trade-offs in different functional areas at the small-scale and regional scales. Hence, it is urgent to provide targeted assessments of ecological benefits at a small/regional scale.



This study simulated a variety of blue–green–grey infrastructure planning scenarios and calculated the net present value (NPV) using a CBA, thus exploring the trade-offs between costs and multiple benefits and seeking the maximum NPV and the highest feasible solution for urban design. We assume that by applying a detailed CBA, decision-makers will be able to make more scientific decisions, leading to improved management and allocation of blue–green–grey infrastructure resources, ultimately maximizing their ecosystem services supply.




2. Material and Methods


2.1. Study Area


The geographic location and remote sensing images of the study area are shown in Figure 1. Located at the center of Guangzhou’s axle wire, Haixinsha represents an important urban image of the city. The cultural square for citizens, Haixinsha along with Ersha Island, which is positioned as a natural recreational attraction, are popular tourist attractions all year around. As the important landmarks in Guangzhou, the planning of the outdoor environment is particularly important. Not only does the impact on environmental comfort and aesthetics need to be considered but also the regional suitability and economic viability of urban planning. The quality and sustainability of the outdoor environment not only affects the experience of residents and visitors to public spaces but also the regional economic development.



Our study focuses on the city of Guangzhou, China, which is located on the southern coast of China and has a typical tropical monsoon climate. GBA is the most populous of China’s four major bay areas. The region is in the midst of a rapid urbanization process, and the conflict between economic development and the ecological environment is becoming more and more prominent. Therefore, choosing Guangzhou as the study area is beneficial to our understanding of how to build sustainable cities in a region with high environmental protection pressure. The results of this study, as a modelable experience, can be applied to cities with similar climatic conditions and social attributes, and also provide a pilot program for other regions with less pressure to mitigate conservation.



In this study, two adjacent islands, namely, Ersha Island and Haixinsha, were selected. Both are located in the Pearl River Basin of Guangzhou (latitude: 23.1°, longitude: 113.3°). Three functional areas (i.e., a park, a square, and a residential district) from the two islands were selected for this study. Figure 2b shows their exact locations. The classification and proportion of infrastructures for the three functional areas are shown in Table 1.




2.2. Data Collection


2.2.1. Case Study Area and Data for Ecological Benefits


The ENVI-met model can simulate not only the environmental microclimate but also the pollutant concentration variation. Recently, the ENVI-met model has been extensively validated and used in similar studies assessing the environmental benefits of urban infrastructures [14,15,16], demonstrating its reliability and effectiveness for corresponding ecosystem service analysis. In addition, it provides temperature/pollutant concentration distributions horizontally and vertically from 0 to 2500 m in height, which is essential for assessing the air purification and cooling effect of urban infrastructures at a localized level. The three-dimensional data help researchers quantify the cooling/purification effects of blue–green–grey infrastructure and estimate the potential cooling energy-saving/air purification benefits within the modeled area. ENVI-met integrates various environmental factors such as temperature, humidity, wind speed, and direction, as well as the presence of vegetation and building materials. Such a holistic approach is crucial for our research, as it allows us to consider how these factors interact to influence air quality and cooling effect. Furthermore, by adjusting the parameters of different functional area substrates and varying the configuration of the infrastructure in the modeled scene, ENVI-met allowed us to simulate different scenarios of blue–green–grey infrastructure planning. Consequently, spaces with heights equal to or higher than the highest plant/building height were selected for a temperature analysis based on the modeled area [17]. In this study, both the average building height and the highest plant height were approximately 22 m. Therefore, the adjacent grid above 22 m (i.e., 22.5 m) was selected as the upper limit of the vertical range. The data underlying the cooling energy-saving and air purification benefits, temperature, and PM2.5 concentration, accordingly, were obtained with extraction from ENVI-met.



The infrastructure planning scenarios were divided into two categories: “adding” and “replacing” (adding 5% blue, green, or grey infrastructures to the study area or replacing 5% of the green infrastructure with blue or grey, respectively), as shown in Figure 2a. However, due to the dense buildings and the compact distribution of facilities, the adding scenarios were not conducted in the residential district. Therefore, a total of six adding scenarios and six replacing scenarios were performed. In addition to the adding and replacing scenarios, the two were combined to create an integrated environmental planning simulation in the park and square (no overlap between the added or replaced areas), resulting in the overall scenario for the three functional areas. Since no adding scenario was made to the residential district, the integrated scenario was not planned there either. A more thorough description of the study area and model inputs is included in previous work [3].



In urban infrastructure planning, common transformation scenarios include additions, replacements/renewals, reconstruction, intelligentization, and rehabilitation/maintenance. To the operating range permitted by the ENVI-met model, we selected adding and replacing scenarios and also introduced the addition of integrated scenarios. In the finalized 12 scenarios, we provided researchers and urban planners with as many basic and diverse scenarios as possible so that the results could serve as a theoretical reference for engineering practice.




2.2.2. Sources of Cost


The specific types of blue–green–grey infrastructure involved in the planning scenarios (trees, grasslands, pools, fountains, pavilions, and promenades) were divided into green spaces and building facilities to calculate their market construction standard values as well as costs. The construction costs of green spaces, pavilions, trees, and pools under different scenarios were specifically calculated by referring to the “Guangzhou City Housing Construction Engineering Technical and Economic Indicators” issued by the Guangzhou Municipal Housing and Urban–Rural Development Bureau in 2019. The average value of maintenance costs was calculated according to “Estimated Indicators of Routine Maintenance Annual Costs Projects of Urban Green Spaces in Guangzhou city” and “Comprehensive Quotas for Housing Construction and Municipal Repair Works in Guangdong Province”.





2.3. Cost–Benefit Analysis (CBA)


CBA requires calculating all relevant benefits and costs arising from blue–green–grey infrastructure. Currently, there are four main types of ecological benefit measurements [18,19]:




	(1)

	
Revealed preference methods mainly use the travel costs method and the hedonic price method to estimate ecological benefits. The travel costs method is based on the idea that the time and travel cost expenses that people incur to visit a site represent the “ecological value” of access to the site. The hedonic price method involves determining the impact of a particular service on the price of a corresponding market good, typically residential properties. This approach seeks to isolate and quantify the contribution of the service to the overall market value of the property.




	(2)

	
Stated preference methods include the contingent behavior method and the choice modeling method. The contingent behavior method needs researchers to directly ask survey respondents about their willingness to pay for the enhanced benefits brought by public goods and services. Its appeal lies in providing researchers with a direct view of economic decisions associated with the goods in question.




	(3)

	
Market goods methods estimate ecological benefits using the opportunity cost method, the replacement cost method, and the shadow price method. These methods are usually based on direct measurement or statistical data. The opportunity cost method represents the value that could have been derived if the resource had been used in its next best alternative way. For instance, if a piece of forest land is preserved for its biodiversity value instead of being used for logging, the opportunity cost would be the income that could have been generated from logging. The shadow price method is a way of estimating the cost or benefit of an activity or project that is not reflected in the market price. It provides a monetary measure of the economic impact that would occur if the activity or project was implemented.




	(4)

	
RS-GIS-GPS integration technology combined with professional calculation models.









2.3.1. Replacement Cost Method


This research used the replacement cost method, whereby the services provided by the ecosystem can relatively be provided by an artificial system [20]. At this point, the value of ecosystem services equals the cost of the artificial system, as an equal cost must be paid to obtain these services [21]. For example, it can be assumed that if a forest did not exist, a reservoir that holds equivalent water could replace its position. Then, the economic value of the forested water source would be the cost of investment, operation, and management of the reservoir. The difficulty in the replacement cost method is determining reasonable costs of the alternative processes, as the costs vary with different processes and levels of technology.



In our study, we opted for the replacement cost method mainly for two reasons. Firstly, this method is particularly effective when the direct market valuation of ecosystem services is not feasible. It allows us to quantify the ecological benefits by calculating the cost of replacing or restoring the services provided by the ecosystem, which is especially relevant for our study on the ecosystem service of blue–green–grey infrastructure. The replacement cost method was also commonly used in existing case studies to evaluate air purification and heat island mitigation services [22]. Secondly, our research does not involve travel activities, alternative planning of natural resources, or payable services for residents. Therefore, methods such as the travel costs method, opportunity cost method, and stated preferences methods are not applicable in this context.




2.3.2. Screening of Cost and Benefit Calculation Indicators


According to the urban design and construction objectives, determining all the possible costs and benefits indicators is a prerequisite in measuring the total costs or benefits of blue–green–grey infrastructure.



By integrating dense vegetation into urban areas, we can mitigate the urban heat island effect with enhanced cooling processes and the absorption of short-wave radiation. This strategic approach not only regulates the local climate but also elevates the comfort level of the urban environment. Moreover, it reduces the energy required for cooling buildings, which in turn decreases pollutant emissions, contributing to a healthier and more sustainable urban landscape [23]. The amalgamation of blue–green–grey infrastructure is pivotal in enhancing the climate resilience of cities, for instance, when confronted with threats of heat stress and air pollution [11,24]. This strategic blend of infrastructures provides a robust framework for cities to withstand and adapt to environmental challenges, ensuring healthier and more sustainable urban ecosystems. Therefore, the cooling energy-saving benefits and the air purification benefits of blue–green–grey infrastructure were measured in this study.



Guangzhou is located in a subtropical monsoon climate zone with lengthy hot summers and mild winters. According to the Chinese climate definition method in the “Division of Climatic Season (QX/T 152-2012)” [25], the average multi-year start of summer and autumn in Guangzhou is 16 April and 29 October, respectively. Therefore, the city has an average summer of 196 days, which means the warm period accounts for 53.7% of one year. The local winter rarely requires heating; thus, the infrastructures mainly contributed to cooling energy savings during the warm period, according to local research [26]. Therefore, this study chose a representative day during the warm period (15 June 2019) to carry out field measurements. As construction and maintenance costs are not affected by seasonal variation, they were calculated by multiplying the annual average by the percentage of warm periods.




2.3.3. Calculation of Cost and Benefit Indicators


	(1)

	
Cost calculation







The construction and maintenance costs were calculated based on the types of blue–green–grey infrastructure. The adopted infrastructures including trees, grasslands, pools, fountains, pavilions, and promenades were divided into green spaces and built facilities for calculation. The two were summed to obtain the total cost (  C  ) for one year under different scenarios, as shown in Equation (1):


  C =   C   A   +   C   B    



(1)




where



	
C—the total cost;



	
    C   A    —the construction cost;



	
    C   B    —the maintenance cost.






The variation in costs is obtained by the calculated costs of each scenario subtracting the one in a realistic scenario. Such variation equals the extra or reduced cost to plan for the simulated scenarios. The total cost is then averaged over the overall area to obtain the variation in cost (  Δ   C  ¯   ) per unit of area (m2), which is shown in Equation (2):


  Δ   C  ¯  =   Δ C   A    



(2)




where



	
  Δ  C—the value of variation in cost;



	
𝐴—the regional area (m2).






	(2)

	
Cooling energy-saving benefits calculation







As the cooling energy-saving effect of blue–green–grey infrastructure is expressed in the outdoor space, the definition of the spatial extent is necessary. Since the area above buildings and vegetation lacks human activity, the highest plant/building height (hmax) is selected as the upper limit for the temperature analysis [17]. This study extracted the daily average temperature at different heights within the study area and subtracted the realistic scenario. The daily average cumulative temperature variation (  ∆ T a  ) from ground level to height (  h  ) was calculated using Equation (3):


  ∆ T a =   ∫  0   h m a x        g   h   − f ( h )     d h    



(3)




where   g   h     and   f ( h )   denote the daily average temperature at height (  h  ) under the scenario simulations and the realistic scenario, respectively. ∆Ta is then converted into energy consumption variation (  ∆ Q  , the average daily variation in the energy value), as described in Equation (4):


  ∆ Q = c m ∆ T a = c ρ s   ∫  0   h m a x        g   h   − f ( h )     d h    



(4)




where



	
  h  —the height above ground (m);



	
  c  —the specific heat capacity (J/kg·°C);



	
  m  —the air mass (kg);



	
  ρ  —the air density (kg/m3);



	
  s  —the size of the study area (excluding built-up areas).






The difference in energy consumption between the scenario simulations and reality can be seen as the variation in air conditioning energy consumption. For the results, the air conditioning energy consumption difference is converted into kW·h units to count electrical energy. By multiplying the energy variation by the electricity price, the cooling energy-saving benefits (    B   q    ) can be calculated, as shown in in Equation (5):


    B   q   = Q ×   P   q    



(5)




where Q—the difference in energy consumption for air conditioning (kW·h);



    P   q    —the electricity charge, calculated at 0.086 USD/kW·h in this study. (The detailed meanings of all the units in this study are explained in Table S1).



	(3)

	
Air purification benefit calculation







In the same way, the highest plant/building height (hmax) in the study area is used as the upper limit of the vertical range. We measure the average PM2.5 concentrations at different heights within the spatial extent using the ENVI-met model. Then, we subtract the realistic scenario to obtain the daily variation in the average cumulative PM2.5 concentration (∆PM2.5) from the ground to height h. The calculation is shown in Equation (6):


    ∆ P M   2.5   =   ∫  0   h m a x        g   h   − f ( h )     d h    



(6)




where   g   h     and   f ( h )   denote the daily average     P M   2.5     concentrations at height h under the simulated scenarios and reality, respectively. The     ∆ P M   2.5     can be regarded as the variation in pollution concentration (M) in the region. With the replacement cost method, we multiply     ∆ P M   2.5     by the cost of cleaning equivalent     P M   2.5     to obtain the air purification benefit     B   m     [27], as shown in Equation (7):


    B   m   = M ×   P   m    



(7)




where



	
M—the difference in the amount of pollution (g/m3);



	
    P   m    —the air purification cost.








2.4. Analysis Period


The analysis period is the key variate affecting the CBA; hence, it is essential to rigorously define the analysis period [1,8]. The analysis period is not only the process of comparing costs throughout service life but is also a key point in determining the break-even point of a project. Therefore, the calculation of the period should take into account the properties and usage of the construction. It is generally accepted that the concept of endurance life is related to the life-cycle accounting approach to building design, construction, and management. The optimal expected service life is assigned to each subsystem and installed accordingly.



According to a field survey of eight urban areas in Guangzhou, the average longest lifetime of greenways and woods was 25 and 150 years [28]. In other words, outdated green infrastructure needs to be upgraded if it exceeds that period. Given that CBA encompasses the costs of infrastructure construction and maintenance, it is pivotal to align the simulation duration with the infrastructure’s life cycle. This application enriches the practical relevance of the results in real scenarios. Thus, in this study, 25 years and 150 years were defined as short-term and long-term, respectively, to assess the costs and benefits of blue–green–grey infrastructure over their lifetime.




2.5. Discount Rate and Net Present Value of Benefits


The value of future costs differs from the current one, even if they are of the same nominal value. To address this difference, the discount rate was used. The discount rate is an interest rate used to convert future cash flows into current values. It reflects the effect of time on the value of money. The higher the discount rate, the lower the value of future cash flows as they appear today. The discount rate, also called the interest rate, is often used to determine the present value of future cash flows in a discounted cash flow analysis. Interest rates can be divided into a nominal discount rate (which does not consider inflation) and a real discount rate (which includes inflation).



Here, we discounted the maintenance costs and ecological benefits to the initial investing year within the whole service life. Referring to the “Construction Projects Economic Evaluation Method and Parameter (third edition)” issued in China and the recommended values in recent research [29], a discount rate of 6% was used. In our study, the discount rate allowed us to compare costs and benefits occurring at different points in time on a common footing. It is important to note that a higher discount rate would reduce the present value of future benefits, making projects with long-term benefits less attractive. Conversely, a lower discount rate would increase the present value of future benefits. Thus, the choice of discount rate will impact the results of our cost–benefit analysis. However, we believe that 6% is a reasonable and commonly accepted average rate for relevant studies in China.



The Net Present Value (NPV) measures a project’s financial benefit by discounting all resulting cash flows (at a certain internal rate of return) to the project’s start time. Therefore, NPV can be viewed as the “cash equivalent” of executing the project [30]. With the introduction of the discount rate, the NPV of the ecological benefits of the blue–green–grey infrastructure can be calculated, as shown in Equation (8):


  N P V =   ∑  t = 1   n        B   t   −   C   B t         1 + k     t       −   C   A    



(8)




where



	
  n  —the life span of the construction project (year);



	
  t  —the time when the cash flow occurs (year);



	
  k  —the discount rate (%);



	
    B   t    —the ecological benefits in year   t  ;



	
    C   B t    —the maintenance cost in year   t  ;



	
    C   A    —the construction cost.








3. Results and Discussion


3.1. Cooling Energy-Saving Benefits under Different Scenarios


3.1.1. Comparison of Energy Variation


The overall average temperature at different heights was extracted using the ENVI-met model. The trend in temperature variation with height is demonstrated in Figure 3.



As shown in Figure 3, the temperature increased with height in the park and the square. For the residential district, there was an initial decrease followed by a slow increase. The residential district in the study area had more trees than the other two sites, which probably led to the initial decrease in temperature. The subsequent increase was probably caused by the sparser trees and less shade as the height increased [31,32]. Furthermore, by comparing the three types of infrastructures, it was found that the temperatures were always the minimum when both adding and replacing blue infrastructure. In other words, the blue infrastructure showed the most outstanding cooling effect among all functional areas in different scenarios. This might be because the blue infrastructure was effective in reducing ambient temperatures through the evaporation and convection of water [33,34,35]. Urban water bodies such as reservoirs, lakes, and rivers, with their inherent high thermal capacity and fluidity, could play an important role in mitigating the urban heat island effect [36]. Saaroni et al., also found that even small water bodies had a cooling effect under both dry and hot and humid conditions within a distance of approximately 40 m [31]. Table 2 shows the multiple nonlinear regression equations between temperature and height under different scenarios.



The integral operation from the fitted equations gave the energy variation over the whole space (Figure 4). The actual situation was subtracted from the results to obtain the average daily energy variation for each scenario. If a positive value was obtained, representing an increase in temperature, it brought a negative cooling energy-saving effect, and vice versa. The formula (Table 2) might be more applicable to subtropical climates in the summer.



The energy consumption in most adding scenarios was significantly reduced compared with reality, demonstrating a positive cooling energy-saving effect (Figure 4). Blue infrastructure had the most significant cooling effect in both the park and square, with an average daily cooling energy savings of 1.21 W/m2 and 0.47 W/m2. This was consistent with the results of previous studies. Su et al., studied 17 parks in Guangzhou and found that parks with a larger proportion of water bodies had greater thermal mitigation capacity than parks with smaller water bodies [37]. The reason why the cooling capacity of adding blue infrastructure in the park was stronger than that in the square might be the configuration of the water body. Sun et al., found that the landscape shape index of a wetland had a negative correlation with cooling intensity, which meant a circular-shaped wetland performed better than an elongated one [38].



However, the results in the replacing scenarios were more functionally characterized by variability (Figure 4). For the park, while adding grey infrastructure slightly increased energy consumption, replacing 5% of the green with grey infrastructure resulted in significant cooling energy savings. Replacing the infrastructure with blue, on the other hand, increased the temperature and resulted in negative energy savings. It was worth noting that the integrated scenario (i.e., adding 5% grey infrastructure and replacing 5% of the green with grey infrastructure) performed the best in terms of energy savings, with an average daily energy consumption reduction of 2.46 W/m2. The results demonstrated that for parks with abundant green infrastructure, the combination of grey and green infrastructures not only improved human thermal comfort but also saved energy. Some studies have found that combinations of different parameters created special synergies and provided better mitigation. For example, in a park in Beijing, it was observed that the combination of trees and gazebos was much better than solitary structures [39].



For squares, replacing some of the green infrastructure with grey infrastructure slightly increased the temperature. However, the highest cooling energy savings were obtained when combined with adding more grey infrastructure. This might be because for squares with large fountains, promoting the circulation of water vapor in the water body is an important factor in determining the local microclimate [40]. Buildings such as semi-enclosed pavilions with adequate ventilation can effectively promote airflow and provide stable shade for reducing direct sunlight on the water body. Thus, they could reduce the temperature of the water body and allow it to better absorb ambient heat, resulting in a cooling and energy-saving effect.



For the residential district, replacing 5% of the green with blue infrastructure reduced the overall density, and the evaporation of water promoted heat dissipation. Such a scenario effectively reduced temperatures and saved cooling energy by 1.66 W/m2. Outdoor artificial water bodies, such as fountains and pools, could reduce ambient temperature by evaporating water and dissipating heat, thus saving energy [41]. Studies on the cooling effect of blue infrastructure have been reported in many regions. A study found a positive effect of river evaporation on reducing urban temperatures in London [42]. The results were also related to the functional characteristics of the specific region. Liu et al., explored the relationship between microclimatic factors and residents’ activities within landscape gardening areas in the urban residential district of Shanghai [43]. They found residents preferred the waterfront as a resting place during lunchtime hours, which was considered to be more comfortable [43].




3.1.2. Comparison of Cooling Energy-Saving Benefits


The energy efficiency under different scenarios was converted into cooling energy savings using the replacement cost method. Figure 5 shows the ecological benefits per square meter by converting cooling energy savings into an equivalent amount of electricity. The annual average energy savings for the three sites under different scenarios were first compared regardless of seasonal differences in benefits. By screening the planning scenarios for optimal cooling energy savings, we found that the best scenarios differed for different functional areas. For the park, adding blue infrastructure and replacing green with grey infrastructure resulted in favorable cooling energy savings, with benefits augmented by 0.91 USD/m2/yr and 1.39 USD/m2/yr, respectively. Moreover, the integrated scenario resulted in the greatest cooling energy-saving benefit of 1.98 USD/m2/yr. In terms of the square, the integrated scenario also resulted in the highest cooling energy savings, with an annual benefit addition of 0.38 USD/m2. For the residential district, replacing green with blue infrastructure provided the best cooling energy savings. The combination of blue and grey infrastructure yielded an annual benefit of 1.24 USD/m2. A plausible reason could be that the dense building shadows were effective in blocking out sunlight [44] and the cooling effect of evaporating water from blue infrastructure reduced the surrounding temperatures.





3.2. Air Purification Benefits under Different Scenarios


3.2.1. Comparison of Air Purification Effectiveness


Figure 6 shows the annual average variation in PM2.5 concentrations, and it indicates that the changes in infrastructure had the greatest impact on the park. The variation in PM2.5 concentrations was almost ten times greater than the other two sites with the same proportion of addition or replacement. The reason might be that the park was adjacent to a major traffic artery to the west, which had a higher traffic flow than the other two sites. Vehicle exhaust was the main source of pollutants, so the concentration of particulate pollutants was higher, and the change range was greater. The results of atmospheric monitoring experiments conducted by Wang et al. [45] showed that the closer the road, the greater the impact on PM2.5 concentrations.



In addition to the adding and replacing scenarios, the two were combined to create a holistic environmental planning simulation, obtaining an integrated scenario. It is also worth noting that the residential area was too densely built for the adding scenario, and the replacing scenario gave good results in terms of air purification and energy efficiency. Therefore, no further integrated scenarios were planned in this area.



Based on the comparison of air pollution reduction effectiveness (Figure 5), the integrated scenario could effectively clean the air with a reduction in PM2.5 concentration of 3.6 μg/m3 in the park and 0.56 μg/m3 in the square. A subsequent comparison of the PM2.5 concentrations at different heights in the integrated scenario is sown in Figure 7. There was a significant reduction in PM2.5 concentrations at different heights when comparing the integrated scenario with the realistic situation. In the park, a maximum reduction of 22 μg/m3 (at 1.5 m) was achieved. The PM2.5 concentration also decreased with increasing height. Song summarized the dispersion pattern of inhalable particles in the vertical direction, where the concentration of pollutants decreased with increasing height [46]. The results of Viecco et al., showed that green roofs were effective in reducing PM2.5 concentrations at building heights of 5 m and 10 m [14]. However, they failed to improve air quality at pedestrian levels at building heights of 20 m and 30 m. In this study, the air purification effect of the infrastructures also decreased with increasing height, which was probably caused by the lower density of vegetation at higher heights. The main purification effect occurred below 12.5 m, which was the main area of human activity in the park and square. Overall, the results were consistent with the study by Viecco, Jorquera, Sharma, Bustamante, Fernando, and Vera [14].



To sum up, there was a significant reduction in air pollution under the integrated design scenario, bringing considerable air purification benefits. The air environment in the park and square was effectively improved and was of reference for practical planning.




3.2.2. Comparison of Purification Benefits


By extracting the pollutant concentrations and with the relationship between concentration and height, the pollutant concentrations in the height space of the buildings were calculated. Subsequently, the value was averaged over the whole area. Then, it was subtracted from the realistic scenario to obtain the air purification effect under different scenarios without considering seasonal differences. The results are shown in Figure 5.



The results show that both blue and grey infrastructures had a certain effect on PM2.5 purification. Blue infrastructure removed dust by increasing air humidity. A study by Zhu et al. [47] showed that when the area of urban lake wetlands increased, the humidifying effect gradually strengthened and the PM2.5 and PM10 concentrations decreased. When the area of lake wetlands reached a certain value, the lake wetlands promoted surrounding cool and warm airflow. This made the dust particles in the air more easily disperse in the direction of lower humidity, thus improving the air quality in wetlands. The air pollution reduction effect of grey infrastructure was more pronounced. The result suggested that semi-enclosed grey infrastructure like gazebos were instead less likely to trap airborne pollutant particles through a certain layout. Previous research showed that vegetated surfaces trap thirty times more particulate pollution than smooth concrete surfaces [48]. However, adding more green infrastructure also increases the adsorption of particulate matter and impedes air circulation [49], exacerbating air pollution [50]. Therefore, a higher proportion of green infrastructure is not always a better choice. Tree stand density, leaf area density, and tree canopy bottom height need to be taken into account to avoid the weakening of the dispersion effect brought by porous vegetated barriers [51].



Figure 5 also shows that the air purification benefits were greatest for the park in the scenario with 5% grey infrastructure added, obtaining 15.22 × 10−3 USD/m2/yr. For the square, the integrated scenario had the greatest increase in annual benefits, being 2.46 × 10−3 USD/m2/yr. For the residential district, replacing green with grey infrastructure showed the best air pollution reduction effect, with a gain of 0.29 × 10−3 USD/m2/yr. Thus, it can be seen that grey infrastructure was most effective in purifying the park, square, and residential districts because most of the areas added and replaced infrastructures were in the upwind direction (southeast wind, wind direction 135°). Buildings such as semi-enclosed permeable gazebos could help airflow and reduce pollutant concentrations. Wu et al., concluded that the distribution of PM2.5 concentrations in residential districts with different layouts differed significantly [52].



Overall, the ecological benefits showed positive variation under most scenarios (Figure 5), while the changing value of cost (provided in Table S2) also needed to be considered for estimating the feasibility further.





3.3. Trade-Offs under Different Scenarios


3.3.1. Temporal-Scale Scenarios


The total costs and benefits were combined to obtain the total NPV of ecological benefits under different scenarios. The seasonal differences in benefits were taken into account in this step. The results are shown in the form of the short-term life span (25 years, Figure 8a) and the long-term life span (150 years, Figure 8b) during warm periods. If the value was negative, the scenario was not only costly but also harmful to the environment. Conversely, if the value was positive, it had a positive ecological benefit to some extent and improved the environmental quality.



In Figure 5, it can be seen that both adding and replacing the blue–green–grey infrastructure yielded much stronger cooling energy savings than purification benefits. This suggested that cooling energy savings played a decisive role in the CBA. Field measurements in Guangzhou also found that urban green spaces had a more significant effect on heat regulation than air purification [53]. The positive and negative trends in the NPV of ecological benefits were consistent for the short term and the long term during warm periods, with the latter yielding greater absolute values.



For the park, adding green or blue infrastructures, replacing some of the green with grey infrastructure, and the integrated scenario all yielded positive NPV of ecological benefits. The highest effect was achieved with the integrated scenario at 7.31 USD/m2 in the short term and 11.59 USD/m2 in the long term. The NPV turned positive after eight years of operation to recover costs. At this point, the two ecological benefits were the highest among all scenarios for the park.



For the square, the NPV obtained by adding more blue infrastructure was the highest, at 1.49 USD/m2 for the short term and 2.18 USD/m2 for the long term, respectively. The cost could be recovered after operating for six years. However, for squares with a large area of blue infrastructure originally, the expansion of the area of blue infrastructure needed to further consider the actual needs and feasibility. On the premise of considering the balance of the blue–green–grey infrastructure ratio and ecosystem stability, it was recommended to choose the option of adding green infrastructure, which could also achieve a positive NPV.



For the residential area, replacing part of the green infrastructure with grey or blue infrastructure gave very different results. The NPV reached −6.87 USD/m2 and 10.65 USD/m2, respectively, for the long term. The results suggested that it was not advisable to expand the buildings in the residential district. Meanwhile, the proportion of green infrastructure should be maintained to preserve the local ecological function. If some of the green was replaced with blue infrastructure, a positive NPV could be achieved after one year of operation. The water landscape could regulate temperature, purify the air, and improve the microclimate in residential districts [54]. Therefore, for the residential district, adding more blue infrastructure could improve the quality of the environment and ecology. This also provided a theoretical basis for the feasibility and necessity of planning blue infrastructure such as pools and fountains in residential districts.



Based on the results in Figure 8, we weighed up the scenarios for each functional area to achieve the best NPV. All the scenarios could recover costs in a relatively short period of operation. In addition, it was helpful to conduct a more comprehensive CBA analysis by considering as many infrastructure-related costs and environmental benefits as possible [55]. For some scenarios with a negative NPV, it might result from excluding the cool period or calculating too few types of ecological benefits. If more ecological benefits such as CO2 absorption, a reduction in surface runoff, or social and economic benefits were included, a different result might be achieved. When multiple ecological benefits were introduced, it was necessary to consider the characteristics and needs of the functional areas and seek to maximize the synergy between multiple functions [56].




3.3.2. Spatial-Scale Scenarios


According to the statistics from the “Guangzhou City Master Plan” issued in 2018, it is known that the total area of Guangzhou’s parks, squares, and residential districts is 7.47 × 107 m2, 1.08 × 106 m2, and 2.15 × 108 m2, respectively. Finally, a CBA of the overall infrastructure planning in Guangzhou was carried out based on the total NPV of ecological benefits per unit area. Figure 8 shows an assessment of the environmental impact of optimizing blue–green–grey infrastructure at the urban scale during warm periods. The results showed that the integrated scenario in Guangzhou’s parks achieved the highest NPV. The NPV reached 546.01 million USD/25y in the short term (Figure 8c) and 865.94 million USD/150y in the long term (Figure 8d). For the square, the highest NPV was obtained with the inclusion of 5% blue infrastructure. The highest NPV (2291.86 million USD/150y) could be achieved in the long term if 5% of the green infrastructure was replaced with blue infrastructure in residential districts.





3.4. Implications for Urban Planning


The findings of this study suggested that the economic benefits of optimizing the configuration of infrastructure aiming at the characteristics of different functional areas were considerable in urban planning. The same type of infrastructure performed differently in different functional areas and also on different ecosystem services. However, in particular, grey infrastructure showed excellent air pollution reduction capacity in all functional areas due to its dispersion effect on the urban environment. Therefore, in the design of sustainable cities, the configuration and addition of blue–green infrastructure, as well as the combination of grey infrastructure with them, are equally important. These infrastructures can produce the maximum comprehensive ecological benefits according to local conditions only when people make full use of the ventilation and heat dissipation capacity of constructions. Specifically, we can appropriately add pavilions and promenades in parks, enlarge the area of artificial lakes and rivers in squares, and build fountains and swimming pools in residential districts, which can improve the ecosystem service benefits of the original blue–green–grey infrastructure. By comparing the two ecological service benefits in the same scenario, it could be seen that the cooling energy-saving benefits were more pronounced than the air purification benefits, reaching a difference of several times to several hundred times. The phenomenon suggests to us that it is necessary to identify the most influential one when evaluating the ecosystem service benefits of infrastructures in a certain region, which is related to the climatic conditions and regional environment in the study area. For example, the heat mitigation effect of trees was noteworthy during the warm period while it was small during the cool period [17]. Because the contribution of a certain service might be predominant, such identification is further effective for the trade-offs in land use and resource allocation, which is similar to the use of the Ecosystem Service Value Database established by de Groot et al. [10].





4. Conclusions


In this research, the environmental benefits under different blue–green–grey infrastructure plans were monetized from an economic perspective, incorporating costs to explore the applicability of different planning scenarios. The replacement cost method was used here to assess the environmental benefits of urban infrastructures under different scenarios. While this study only measured cooling energy-saving and air purification benefits, the total environmental benefits were relatively high. We found that the integrated scenarios (adding 5% grey infrastructure and replacing 5% of the green with grey infrastructure) resulted in the best cooling energy savings for parks and squares and that increasing the proportion of blue infrastructure contributed more to heat mitigation in the residential district. As for air purification benefits, adding 5% grey infrastructure in parks, implementing integrated scenarios in squares, and replacing 5% of the green infrastructure with grey infrastructure in the residential district became the optimal scenarios, respectively.



By comparing the NPV of the ecological benefits under different scenarios during warm periods, it was concluded that the optimal planning scenarios for different functional areas differed. A long-term project generally yielded higher benefits than a short-term one. Adding 5% grey infrastructure and replacing 5% of the green with grey infrastructure was the best option for parks and would pay for itself after operating for eight years, which not only reduced the ambient temperature and provided significant cooling energy savings but also provided a high level of air purification benefits. At the urban scale, the NPV was USD 546.01 million in the short-term life span and USD 865.94 million in the long-term life span. For squares, the highest NPV was obtained by further adding 5% blue infrastructure, while for a square with a large water area, the feasibility needed to be analyzed in combination with other ecological benefits. Finally, for the residential district, replacing the 5% of the green with blue infrastructure, with only warm periods benefits calculated, resulted in a total NPV after just one year of operation, and a return of USD 1726.77 million in the short-term life span, which was the most competitive among all scenarios.



Considering the shortcomings of this study, we suggest that future studies could involve more ecological benefits of blue–green–grey infrastructure, such as water retention, carbon sequestration, oxygen absorption, and their synergies. The benefits during the cool period could also be included to make the CBA more comprehensive. In addition, exploring more combinations of blue–green–grey infrastructure is an effective means of building climate-resilient cities. For example, rainwater harvesting tanks and rain gardens can be used as a combination of blue–green infrastructure, and green roofs and buildings with high albedo materials can be applied as a combination of green–grey infrastructure. Further research could also be conducted on the improvement in the spatial configuration of different types of infrastructures, rather than just changing the proportional configuration.



By conducting cost–benefit analyses of 12 scenarios in Guangzhou City, our study obtained the optimal blue, green, and grey infrastructure retrofitting scenarios applicable to three functional areas (a park, a square, and a residential district). This study’s results were analyzed using detailed accounting and comparison, providing quantifiable evidence for optimizing the ecological and economic values of urban infrastructures and offering valuable insights for urban planning stakeholders.
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Figure 1. Location of the study area and measured functional areas. (a) Location of Guangzhou in China. (b) Location of the study area. (c) Remote-sensing image of the three functional areas (1: Ersha Island Park, 2: Haixinsha Square, and 3: Residential district). 
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Figure 2. Scenario simulations for the functional areas. (a) Summary of the scenario design (red areas: adding scenarios; blue areas: replacing scenarios). (b) Specific locations for the three functional areas. 
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Figure 3. Regional mean temperature variation with height under different scenarios. 
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Figure 4. Average energy consumption variation in the whole region under different scenarios. 
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Figure 5. Variation in ecological benefits under different scenarios. (For the legend, “+” represents adding scenario, “→” represents replacing scenario.) 
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Figure 6. Average variation in PM2.5 concentrations under different scenarios. 
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Figure 7. Variation in PM2.5 concentrations with height for the integrated scenario. 
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Figure 8. Total NPV of ecological benefits under different planning scenarios. (a) Short-term NPV in the study area. (b) Long-term NPV in the study area. (c) Short-term NPV in Guangzhou. (d) Long-term NPV in Guangzhou. (For the legend, “+” represents adding scenario, “→” represents replacing scenario.) 
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Table 1. Infrastructures and their coverage area ratio.
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Infrastructure Types

	
Coverage Area Ratio




	
Ersha Island Park

	
Haixinsha Square

	
Residential District






	
Green

	
Trees, lawns

	
50.5

	
16.5

	
44.9




	
Grey

	
Pavilions, promenades

	
1.8

	
5.8

	
12.7




	
Blue

	
Fountains, pools

	
6.4

	
48.5

	
5.0











 





Table 2. Ta-h fitted equations for different scenarios.
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Study Area

	
Fitted Equation

	
R2






	
Ersha Island

Park

	
Ta Current(h) = 0.000647h2 − 0.007035h + 30.8963

	
0.9789




	
Ta Add Grey(h) = 0.000512h2 − 0.007115h + 30.9651

	
0.8434




	
Ta Add Green(h) = 0.000892h2 − 0.013329h + 30.9147

	
0.8972




	
Ta Add Blue(h) = 0.000911h2 − 0.012688h + 30.8373

	
0.9158




	
Ta Replace Grey(h) = 0.000635h2 − 0.008892h + 30.9528

	
0.9608




	
Ta Replace Blue(h) = 0.000639h2 − 0.006952h + 30.9053

	
0.9823




	
Haixinsha

Square

	
Ta Current(h) = 0.000468052h2 − 0.00510h + 31.80

	
0.9987




	
Ta Add Grey(h) = 0.000384870h2 − 0.00411h + 31.7922

	
0.9941




	
Ta Add Green(h) = 0.000408949h2 − 0.00375h + 31.7894

	
0.9994




	
Ta Add Blue(h) = 0.000407291h2 − 0.00235h + 31.7521

	
0.9995




	
Ta Replace Grey(h) = 0.000366996h2 − 0.00431h + 31.8162

	
0.9951




	
Ta Replace Blue(h) = 0.000465534h2 − 0.00458h + 31.7865

	
0.9981




	
Residential

district

	
Ta Current(h) = 0.00043h2 − 0.013437h + 30.6292

	
0.4476




	
Ta Replace Grey(h) = 0.000371h2 − 0.012293h + 30.6391

	
0.6828




	
Ta Replace Blue(h) = 0.000482h2 − 0.011632h + 30.5511

	
0.8670
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