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Abstract

:

Urban areas are significant centers of human activity and are recognized as major contributors to global carbon emissions. The establishment of urban green spaces plays a crucial role in enhancing carbon sinks and mitigating carbon emissions, thereby fostering a low-carbon cycle within cities. However, the existing literature on the carbon sequestration of green spaces in Chinese cities often overlooks the role of water bodies, which are a significant characteristic of wetland cities. Therefore, it is necessary to investigate the carbon sequestration potential of green spaces in wetland cities, taking into account the contribution of water bodies to carbon sinks. This study aims to analyze the quantitative structure of urban green spaces through the lens of carbon balance, which can effectively enhance a city’s overall carbon sequestration capacity. Utilizing carbon balance theory, this research first assesses the carbon offsetting capability (COC) of urban green spaces in Wuhan for the year 2019. It then forecasts future carbon emissions, sets improvement targets for COC, and calculates the required area of standard green space to achieve these targets by 2030. A multi-objective programming (MOP) model is developed to identify the optimal solution that aligns with urban development planning constraints while maximizing carbon sinks. Lastly, we analyzed the contribution rates of different types of urban green spaces to the total carbon sequestration capacity of green spaces to clarify the characteristics of carbon absorption in green spaces of Wuhan, a wetland city. The findings indicate the following: (1) In 2019, Wuhan’s carbon emissions from human activities reached approximately 38.20 Mt, with urban green spaces absorbing around 5.62 Mt of carbon, and a COC of about 14.71%. (2) Projections for 2030 suggest that carbon emissions in Wuhan will rise to approximately 42.64 Mt. Depending on the targeted COC improvement rates of 5%, 10%, 15%, 20%, and 25%, the required values of carbon sequestration will be 6.59 Mt, 6.90 Mt, 7.21 Mt, 7.53 Mt and 7.84 Mt, respectively. (3) The results of the MOP model indicate that the optimal COC for 2030 is projected to be 16.33%, which necessitates a carbon sequestration of 6.97 Mt. (4) Water bodies accounted for 56.23% of the total carbon absorption in green spaces in 2019 and are projected to represent 45.37% in 2030, highlighting the distinctive characteristics of Wuhan as a wetland city in terms of its green space carbon sequestrations. The management and enhancement of water body carbon sequestration capacity is crucial for the carbon sequestration potential of urban green space in Wuhan. The results of this study can provide evidence and recommendations for the low-carbon development patterns of wetland cities across China.
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1. Introduction


Cities and urban ecosystems serve as vital nodes for human activities. As of 2000, more than 47% of the global population was urban, with 10% residing in megacities that host over 10 million inhabitants. Anticipated projections indicate that the proportion of the world’s urban population will increase from 56% in 2021 to 68% by 2050 [1]. Concurrently, by 2023, urbanization in China had escalated to 66.66%, encompassing a permanent urban dweller count of 932.67 million [2]. Compared to other ecosystems, cities consume significantly more energy; in parallel with urbanization, industrialization, and economic development, they emit the majority of the world’s CO2 [3,4]. In 2022, the concentration of atmospheric carbon dioxide (CO2) in China reached 419.3 ± 0.2 ppm [5], comparable to the global 417.9 ± 0.2 ppm [6]. These values represent 150% of the pre-industrial average of 280 ppm [7]. Mitigating carbon dioxide emissions and enhancing carbon sequestration capabilities are two pivotal strategies for cities to attain low-carbon and sustainable development. Urban green spaces serve as highly effective carbon sinks [8]. In recent years, concerns about climate change and rapid urbanization have prompted research into the impact of urban green spaces in offsetting carbon emissions [9,10,11].



Urban green spaces are defined as “all urban land covered by any type of vegetation” [12]. These spaces typically involve public green spaces from the perspective of garden landscapes [13], and they also encompass forest lands, agricultural lands, grasslands, wetlands, and unused lands based on the perspective of land use/cover [14,15,16].



The ratio of carbon sequestration by green space to carbon emissions caused by human activities has been defined as the carbon offsetting capacity (COC) of green space [17]. Consequently, research has been conducted to assess both carbon sequestration and carbon emissions, with the aim of accurately evaluating the COC. Assessing COC typically includes methods such as greenhouse gas accounting standards (WRI & WBCSD, 2004) [18], life cycle assessment [19] (ISO 14040, 2006), the emission factor method (IPCC, 2006) [20], input–output analysis [21], surveys and questionnaires [22], carbon footprint pressure [23,24], satellite remote sensing [25], modeling and simulation [26], and direct monitoring and measurement [27].



Based on the carbon balance theory, a certain proportion of the COC serves as a foundation for estimating the urban green space required to sustain a favorable ecosystem carbon cycle. Terrestrial ecosystems absorb and sequester approximately 30% of the CO2 emissions resulting from human activities on a global scale [28]. While setting the COC target for urban ecosystems at 30% may be inappropriate, as it does not consider the specific conditions and potential of urban green spaces in different cities. For instance, the COC among the 35 principal cities in China spans from 0.01% to 22.45% [17]. During the period from 2008 to 2019 in Xi’an city of China, the COC exhibited significant variation, with a maximum value of 19.31% in 2010, a minimum value of 7.44% in 2019, and an average of 12.55% [29]. The COC for Beijing, China, was reported to be 3.47% as of 2020 [10]. In Nanjing, China, the cumulative carbon sequestration from 2000 to 2015 accounted for merely 2% of the overall carbon emissions [30], whereas that in Hangzhou accounted for 9.87% [31]. Consequently, it is imperative to conduct carbon emission and sequestration assessments across diverse cities and regions, ascertain the prevailing COC, and scientifically establish optimization objectives based on their specific conditions and constraints, thereby serving as a benchmark for assessing carbon balance. Furthermore, the inflexible urban development demands are likely to limit the expansion of green spaces. It is essential to identify pragmatic strategies that harmonize the quantitative land use structure with diverse functions, foster the alignment of ecological and economic advantages, and strive for the optimization of land’s aggregate benefits [32,33]. The multi-objective programming (MOP) model facilitates the reconciliation of intricate urban land use and socioeconomic constraints to identify the most effective solutions, taking into account the variability of these constraints to enhance the rational distribution of land resources [34,35,36]. This model has been extensively applied in the planning of urban land use and ecological spaces and holds significant potential for the advancement of urban green space development [37,38,39].



Green space carbon sequestration efficiency is influenced by spatial morphology and the surrounding environment. Jiang et al., 2023 [16], reported that the waterfront distance factor’s contribution to the carbon sink impact is as high as 28.88%, with its influence diminishing as the distance from water bodies increases from south to north. Furthermore, Li et al., 2024 [40] discovered that hydrological elements, specifically when the water surface ratio falls within the range of 0.245 to 0.281, can significantly enhance the carbon sink capacity of green spaces. Consequently, water bodies are a critical factor affecting urban green spaces’ carbon sequestration potential. However, in the literature concerning the green space carbon sequestration potential and optimization of green spaces in Chinese cities [10,29,30,31,41,42], water bodies such as urban lakes, rivers, artificial wetlands, and other inland waters are often overlooked. However, as an integral component of green spaces in wetland cities, these water bodies inevitably impact the optimization of the quantitative structure of green spaces. Therefore, investigating the optimization of green spaces, including water bodies, is essential for understanding and enhancing the unique role that green spaces play in urban carbon sequestration. Wuhan, recognized as a wetland city, has a water body coverage that constitutes approximately 25% of its total urban area, setting it apart from non-wetland cities. Thus, research on multi-objective urban green space optimization of wetland cities based on the carbon balance, taking Wuhan as a case study, can provide evidence and recommendations for the optimization of urban green spaces in wetland cities, aiming for carbon peak and neutrality goals.



This study focuses on the green spaces in Wuhan, which encompass various types such as water bodies, forests, grasslands, arable land, orchards, public parks, and unused areas. Forests serve as the benchmark for green space classification. The research employs a MOP model to enhance green spaces with the aim of maximizing carbon sequestration. The objectives of this study are as follows: (1) to assess the COC of green spaces by analyzing urban carbon emissions and the net carbon sequestration of green areas in 2019; (2) to set improvement targets for the COC of green spaces for 2030 and to evaluate the required quantity of standard green spaces to meet these targets; (3) to construct a MOP model and determine the optimal quantity of green space needed by 2030; (4) to illustrate the characteristics of carbon absorption in green spaces of Wuhan, a wetland city.




2. Study Area and Data Sources


2.1. Study Area


Wuhan City is located in the eastern part of the Jianghan Plain in China (29°58′–31°22′ N, 113°41′–115°05′ E), covering a total area of 8569.15 square km2. The Yangtze River and the Han River converge in Wuhan. The area features a typical subtropical monsoon humid climate, with an average temperature ranging from 16.9 °C to 17.5 °C, a frost-free period of between 211 and 272 days, an annual sunshine duration of 1810 to 2100 h, and annual precipitation ranging from 1228 to 1389 mm [43]. Wuhan is a quintessential wetland city characterized by an extensive network of rivers and a dense distribution of lakes (Figure 1). By the end of 2022, the wetlands and freshwater ecosystems constituted 18.9% and 25% of Wuhan’s total urban area, respectively [43]. Additionally, the city boasted an urban greening coverage rate of 14.74%, complemented by a per capita allocation of public green space amounting to 14.99 square meters [43].



Wuhan, renowned as the “city of hundreds of lakes”, holds a prominent position among the world’s inland cities. It is blessed with extremely rich lake resources and ranks as one of the largest cities in this regard. In 2022, it was officially certified as an “international wetland city” [44]. By the end of 2022, the wetlands and freshwater ecosystems constituted 18.9% and 25% of Wuhan’s total urban area, respectively [43]. There are 165 rivers with a length of over 5000 m, and 166 lakes are included in the lake protection register. The blue-line area of lake waters is 867.07 square kilometers, and the area of lake conservation zones is 1403.4 square kilometers. There are 9 large and medium-sized reservoirs with a total capacity of 710 million cubic meters [43]. Wuhan City has demonstrated a strong commitment to the protection of wetland and freshwater resources through the implementation of a series of policies and regulations. The following is a chronologically ordered list of these policies and their purposes, which underscores the city’s emphasis on conservation efforts: ① “Wuhan City Wetland Nature Reserve Regulations” [45,46] (This regulation, passed in 2009 and effective from 1 March 2010, aims to strengthen the protection of wetland nature reserves, maintain their ecological functions, and preserve biodiversity, thereby promoting harmonious coexistence between humans and nature. It applies to the establishment, protection, and management activities within the city’s administrative region); ② “Wuhan City Water Resource Protection Regulations” [47] (Adopted in 2011, this regulation is designed to protect water resources, prevent water pollution, ensure water safety, improve the efficiency and benefits of water resource utilization, and enhance the water ecological environment. It is applicable to the protection of water resources, including surface and groundwater, within the administrative area of Wuhan City); ③ “Opinions on Implementing the Strictest Water Resource Management System” [48] and “Wuhan City Implements the Strictest Water Resources Management System Assessment Measures (Trial)” [49] (Released in 2014, these opinions and measures are designed to implement the strictest water resource management system, control water use and pollutant discharge volumes, and improve water use efficiency. The main goals include controlling the total water use within 50.3 billion cubic meters by 2030 and achieving a water function area water quality compliance rate of over 95%); ④ “Wuhan City Water Pollution Prevention Action Plan Work Plan (2016–2020)” [50] (Promulgated and implemented in 2016, this work plan outlines measures to protect aquatic ecosystems and advance pollution prevention and control in river basins, with the aim of improving water environmental quality); ⑤ “Wuhan City Wetland Protection and Restoration System Implementation Plan” [51] (Issued in 2018, this plan is based on national and provincial guidelines and aims to strengthen wetland protection, accelerate the restoration of degraded wetlands, and establish a comprehensive wetland protection and restoration system. It sets specific targets for the control of wetland areas, the improvement of wetland protection rates, and the enhancement of wetland ecological functions); ⑥ “Implementation Plan of Wuhan Yangtze River High-level Protection Ten Major Tackling and Upgrading Actions” [52] (Issued in 2022, it specifically includes six major pollution control tackling and upgrading actions and four major ecological protection and restoration tackling and upgrading actions. Among them, the tackling and upgrading action plan for land greening and wetland protection and restoration directly reflects Wuhan’s determination and measures to strengthen wetland protection, aiming to further improve the ecological environment of wetlands and enhance their ecological service functions); ⑦ ”Wuhan City Water Ecological Environment Protection Plan (2023–2025)” [53] (This plan, effective for the years 2023 to 2025, focuses on improving water environmental quality, controlling pollution sources, enhancing environmental efficiency, and constructing a good water ecological environment. It outlines key tasks such as source water protection, comprehensive management of substandard water bodies, pollution discharge management, optimization of industrial structure, and prevention and control of agricultural non-point source pollution). In summary, through the successive introduction and implementation of these policy documents, it can be clearly seen that Wuhan has been continuously strengthening its measures and determination to protect wetlands and freshwater resources in different fields and at different times, making important contributions to regional ecological civilization construction and sustainable development.




2.2. Data Sources


Two data sets, a land use data set and a panel data set, were used in this study (Table 1). The land use data set included the data for Wuhan City in 2019 sourced from the main data bulletin of the third national land survey of Wuhan City. In this bulletin, land use data were categorized into eight types: cultivated land, orchard, forest land, grassland, wetland, urban and rural land and mining areas, transportation land, and water and water conservancy facilities.




2.3. Carbon Offsetting Capability (COC) Calculation for Urban Green Space


The COC of urban green areas can be quantified as the proportion of net carbon sequestration by green spaces to the total urban carbon emissions, as proposed by Chen in 2015 [17]:


  C O C =    C  s e q    /   C T    × 100 %  



(1)







Here, Cseq (Mt C/yr) signifies the aggregate net carbon sequestration achieved by green spaces, while CT (Mt C/yr) represents the total anthropogenic carbon emissions in the urban environment. Generally, the COC index ranges from 0 to 100%, with a lower value indicating a more significant urban carbon imbalance. Conversely, a COC value greater than or equal to 100% suggests that the vegetation in green spaces has the potential to entirely compensate for and sequester urban carbon emissions.



2.3.1. Evaluation of CT


Most studies focus on assessing carbon emissions stemming from energy consumption, primarily due to the fact that energy consumption contributes to over 90% of the total carbon emissions [54,55]. Some studies also evaluate carbon emissions from industry and agriculture [10]. CT was calculated using the method proposed by the IPCC (2006) [20]:


   C T  =  C E  +  C I  +  C A   



(2)




where CE (Mt carbon per year) represents carbon emissions from energy consumption, and CI (Mt carbon per year) and CA (Mt carbon per year) represent carbon emissions from industry and agriculture, respectively.



The CE was calculated as follows:


   C E  = S C × 0.73257 × 0.982  



(3)




where SC (Mt carbon per year) is standard coal, 0.73257 is the carbon content of standard coal, and 0.982 is the effective oxidation coefficient [56].



CI was calculated using the method proposed by Yang et al., 2023 [10]:


   C I  =  M c  × 75 % × 0.52  



(4)




where Mc (Mt carbon per year) represents cement consumption, 75% represents the proportion of clinker, and 0.52 represents the carbon emission factor of cement clinker.



In the assessment of carbon emissions from agricultural activities, special attention was given to the utilization of chemical fertilizers, pesticides, plastic film, and machinery. Since the carbon emissions resulting from the operation of agricultural machinery have already been accounted for in the energy consumption sector, the focus was narrowed to the emissions stemming from the use of fertilizers, pesticides, and plastic film. Drawing on the methodology established by Cui et al., 2021 [57], the emissions from these agricultural inputs were determined using the following formula:


   C A  =   ∑  i = 1  n      Q i  ×  B i       



(5)




where Qi (Mt carbon per year) represents the input quantity of the respective agricultural material, and Bi (Mt carbon per year) signifies the carbon emission factor specific to each type of input. The correlation data are presented within Table S1.




2.3.2. Calculation of Carbon Sequestration


The total carbon sequestration of urban green space was calculated using the following formula [58]:


   C  s u m   =   ∑  i = 1  n      A i  ×  k i       



(6)




where Csum (tons of carbon per year) signifies the aggregate net carbon sequestration by urban green spaces; Ai (ha) is the area of the ith green space type; and ki (tons of carbon per hectare per year) is the carbon sink coefficient for green space type i. Based on the land use data set, in this study, we classified the green space types in Wuhan into six categories, namely agricultural lands (containing cultivated land and orchard land), water bodies (including wetlands and water areas), forest land, public green space, grassland, and unused land. The carbon sink coefficients for the seven types of green spaces are listed in Table 2.



In the middle and lower reaches of the Yangtze River, the carbon uptake by rice plants is 4.3 tons of carbon per hectare per growing season [19]. Wuhan, located in this region, has a cropping index for paddy fields of 2.0 [20]. Consequently, the annual carbon uptake by rice plants in Wuhan’s paddy fields is calculated as 4.33 × 2.0 = 8.66 tons of carbon per hectare per year. The carbon uptake by the soil in paddy fields in the middle and lower reaches of the Yangtze River is 0.17 tons of carbon/ha, and this value is adopted for the carbon uptake of Wuhan’s paddy fields in this study. Wuhan is the capital city of Hubei Province, China. The carbon emission from paddy fields per growing season in Hubei Province of China, is 1.87 tons of carbon per hectare per year [61]. Since Wuhan is situated within Hubei Province, the carbon emission from its paddy fields is 1.87 × 2.0 = 3.74 tons of carbon per hectare per year. Therefore, the net carbon sink coefficient for Wuhan’s paddy fields is 8.66 + 0.17 − 3.74 = 5.09 tons of carbon per hectare per year. In the middle and lower reaches of the Yangtze River, the plant carbon uptake for wheat, corn, and rapeseed per growing season is 1.1, 2.5, and 2.5 tons of carbon/ha, respectively [19]. Wuhan, being in this region, typically practices a crop rotation pattern of wheat with corn or wheat with rapeseed on dry land. Thus, the plant carbon uptake for Wuhan’s dry land is 1.1 + 2.5 = 3.6 tons of carbon per hectare per year. The carbon uptake by the soil in dry land in the middle and lower reaches of the Yangtze River is 0.17 tons of carbon per hectare per year, and this value is used for the soil carbon uptake of Wuhan’s dry land in this study. Hence, the net carbon sink coefficient for Wuhan’s dry land is 3.6 + 0.17 = 3.77 tons of carbon per hectare per year. Thus, this study finds that Wuhan’s cultivated land, including paddy fields and dry land, has a net carbon sink of 3.77 tons of carbon per hectare per year.



No studies on the carbon sequestration of garden vegetation in Wuhan were found in our literature review; hence, this study utilizes the average carbon sequestration value for garden vegetation in China, which is 4.14, as cited in [68], as the carbon sequestration value for Wuhan’s garden vegetation.



Wuhan City is located at 29°58′–31°22′ N, and the NPP of the water body (wetland) within this latitude exceeds 10.00 tons of carbon per hectare per year [62,63]. The maximum values of NPP in Wuhan for 2017, 2018, and 2020 are 13.11, 11.63, and 12.58 tons of carbon/ha/year with the average value of 12.44 tons of carbon per hectare per year [64]. Therefore, the value of 12.44 tons of carbon per hectare per year is used as the carbon sequestration of vegetation in water bodies. Based on [62], 4.5% of the NPP of water bodies is assumed as the carbon emissions. The soil carbon sequestration in the water bodies of Wuhan is valued at 1.29 tons of carbon per hectare per year, based on Duan’s research on the carbon sequestration rate of East Lake in Wuhan [65]. Therefore, the net carbon sink of water bodies in Wuhan is 12.44 + 1.29 − 0.53 = 13.20 tons of carbon per hectare per year (Table 2).



The net primary productivity (NPP) of forests in Wuhan ranges from 9.00 to 11.00 tons of carbon/ha/year [66]. Therefore, the average carbon sequestration by Wuhan’s forest vegetation is estimated at 10.00 tons of carbon per hectare per year, which is the midpoint of the 9.00 to 11.00 tons of carbon/ha/year range. The carbon sequestration of Wuhan’s forest soil is valued at 0.20 tons of carbon per hectare per year in this study, based on the average value of carbon sequestration in China’s forest soils as reported by Fang et al. in 2018 [67].



Chen et al., 2015 [68], reported an average carbon sequestration value of 5.52 tons of carbon/ha/year for Wuhan’s shrub land. Additionally, the average carbon sequestration in China’s shrub land soils is 0.18 tons of carbon/ha/year, as cited in [67]. Consequently, the carbon sequestration values for Wuhan’s shrub vegetation and soil are estimated at 5.52 and 0.18 tons of carbon per hectare per year in this study, respectively.



The carbon sequestration by grassland vegetation in Wuhan has been reported as 4.24 tons per hectare per year [66] and 4.33 tons per hectare per year [68]. Therefore, this study adopts the average value of 4.29 tons per hectare per year as the carbon sequestration by Wuhan’s grassland vegetation.



No research reports on the carbon sequestration of public green space vegetation in Wuhan were identified in our literature search. Consequently, this study adopts the average carbon sequestration values of Wuhan’s forest, shrub, and grassland vegetation as the carbon sequestration value for Wuhan’s public green space vegetation, given that public green spaces encompass trees, shrubs, and herbaceous vegetation. As shown in Table 2, the carbon sequestration amounts for forest, shrub, and grassland vegetation are 10.00, 5.52, and 4.29 tons per hectare per year, respectively. The average of these values, 6.60 tons per hectare per year, is considered to be the carbon sequestration for the vegetation of public green spaces in Wuhan in this study.





2.4. Calculation of Cseq Under Each Corresponding COC Preset Target


2.4.1. COC Preset Target in 2030


Drawing from the 2019 COC values, a 5% increment in COC has been established as the benchmark for improvement, aligning with scholarly findings [31]. Utilizing this 5% increment as our baseline, we have delineated COC objectives for the year 2030, with varying enhancement rates of 5%, 10%, 15%, 20%, and 25%. For each of these targets, we have computed the requisite area of standard green space to achieve these benchmarks:


   C  s e q   =  C T  ×  λ i   



(7)






   λ i  =  λ  2019   ×   1 + i    



(8)







Here, Cseq (Mt carbon) denotes the carbon sequestration by green space area projected for the year 2030, CT (106 tons of carbon) is the total carbon emissions in 2030, λi signifies the COC in 2030 corresponding to various improvement gradients i, which are 5%, 10%, 15%, 20%, and 25%, and λ2019 is the COC of urban green space in 2019.




2.4.2. Construction of Carbon Emission Model


In accordance with China’s ambition to reach a peak in carbon emissions by 2030, and drawing on previous studies that have underscored the significant impact of CE on the CT, we have developed a carbon emission forecasting model using the following approach. Initially, we establish a linear relationship between CE and CT, which is formulated as


   C T  = m + n ∗  C E   



(9)




where m and n are empirical coefficients. Subsequently, we construct the calculation equation for CE:


   C E  = ( E I ) ∗ G D P ∗ 0.73257 ∗ 0.982  



(10)




where EI (ton per 104 yuan) represents the energy intensity, defined as the ratio of standard coal consumption to regional GDP; GDP (104 yuan) stands for the Gross Domestic Product; 0.73257 is the carbon content of standard coal; and 0.982 is the effective oxidation coefficient. Finally, by substituting Equation (9) into Equation (8), we derive the calculation formula for CT:


   C T  = m + n ∗   ( E I ) ∗ G D P ∗ 0.73257 ∗ 0.982    



(11)







For Equation (10), the EI and GDP for the year 2030 are predicted based on the development plan of Wuhan City. Equation (9) is fitted using CE and CT data from 2013 to 2022. According to Equation (3), the calculation of CE requires knowledge of the total energy consumption within a region. However, the statistical yearbook of Wuhan City records the energy consumption of large-scale industries, not the total energy consumption. Therefore, this study employs an indirect estimation method to calculate Wuhan’s CE. Population and GDP are two significant factors influencing energy consumption, and thus, Wuhan’s CE is indirectly calculated based on both population and GDP factors. The first method’s calculation formula is


   C  E 1   =  C  E ( H )   ∗  R P   



(12)







Here, CE(H) represents the CE value of Hubei Province, and RP is the ratio of Wuhan’s population to Hubei’s population. The second method’s calculation formula is


   C  E 2   =  C  E ( H )   ∗  R  G D P    



(13)




where RGDP is the ratio of Wuhan’s GDP to Hubei’s GDP. Subsequently, Wuhan’s CE (CE(W)) is determined by taking the average of CE1 and CE2, which is


   C  E ( W )   =  C  E 1   +  C  E 2    



(14)









2.5. Formulation of the Multi-Objective Programming Model


Efforts to expand green space must consider the diverse benefits of different land uses; the significant demand for construction land to support economic and social growth will constrain the expansion of green areas. This study applied a multi-objective programming model to enhance green spaces’ quantitative configuration. The optimal outcome, aiming to maximize carbon sequestration while adhering to urban land use restrictions, was derived through several calculations, as detailed subsequently.



2.5.1. Setting Model Variables


Taking into account Wuhan’s land availability, economic conditions, and urban planning priorities, the decision variables were categorized as follows: cultivated land (X1), orchard land (X2), water body (X3), forest land (X4), grassland (X5), construction land (X6), and unused land (X7). To facilitate the establishment of decision variables, cultivated land construction is further divided into paddy land (X1a) and irrigated land and dry land (X1a); forest land is further divided into arboreal forest land (X4a) and shrub land (X4b).




2.5.2. Setting Constraints


Constraints were established to ensure the rational and scientific optimization of green space. The primary constraint was the carbon sequestration required for carbon balance. In this study, we set quantity constraints for arable land, orchard land, water bodies, forest land, shrub land, construction land, public green space, grassland, and unused land by referring to the planning indicators issued by the Wuhan City Overall Land Use Planning (2016–2020) and the Wuhan City Overall Territorial Space Plan (2021–2035).




2.5.3. Objective Function Construction


To maximize the economic and ecological benefits of land use, we used the standard version of SPSSPPRO v29 software to calculate the global optimal solution of multi-objective programming. The economic and ecological benefits of each land use type were determined by multiplying the benefit value per unit area by the actual area of each land use type. For economic benefits, we followed the method of Gong et al., 2010 [69]. We calculated the economic output of each land use type from 2013 to 2022 to determine its relative weight. Specifically, we calculated the economic benefits per unit area of cultivated land from 2013 to 2022 and used a grey prediction model to estimate its value for 2030. Based on this, we derived the economic benefits per unit area for other land use types using their relative weights. For ecological benefits, we followed the method of Xie et al., 2003 [70].






3. Results


3.1. Carbon Emission and Carbon Offsetting Capability (COC)


3.1.1. The Carbon Emissions from 2013 to 2022


Figure 2 illustrates the carbon emissions in Wuhan from 2013 to 2022. As can be seen from Figure 2, the lowest carbon emission over this decade occurred in 2016, with 34.65 Mt carbon (Figure 2A). From 2016 to 2020, China was in the period of its 13th Five-Year Plan. During this period, Wuhan City’s average annual carbon emissions amounted to 36.49 Mt. The carbon emissions in Wuhan City increased year by year from 2016 to 2019. However, the emissions in 2020 were lower than those in 2019, likely due to the economic stagnation caused by the COVID-19 pandemic, which in turn led to a decrease in energy consumption. The years 2021 to 2025 mark China’s 14th Five-Year Plan period. Although data for 2023 and 2024 are not available for Wuhan, the carbon emissions in 2022, at 42.55 Mt, were slightly higher than the 43.03 Mt in 2021. Therefore, it is plausible to suggest that there is the potential for a gradual increase in Wuhan’s carbon emissions during the 2021–2025 period. CE dominates the carbon emissions in Wuhan. The minimum percentage of CE in total emissions was 86.86% in 2014, while the maximum was 90.30% in 2021 (Figure 2B).




3.1.2. The COC of Wuhan in 2019


Given that the land use data set is from 2019, we analyzed the COC of Wuhan for the year 2019. The CT value of Wuhan in 2019 was 38.20 Mt, including CE, CI, and CA of 34.03, 3.96, and 0.21 Mt (Figure 2), respectively, representing 89.08%, 10.37%, and 0.55% of the CT. The net carbon sequestration of urban green space in 2019 was about 5.62 Mt. The water body-dominated green spaces emerged as the primary contributor to carbon sequestration, achieving a net carbon uptake of 3.16 Mt. Forest land and cultivated land followed closely in terms of carbon sequestration, with respective net uptakes of 1.13 Mt and 1.07 Mt. The carbon sequestration amounts of public green spaces, garden land, and grassland are 0.19, 0.05, and 0.02 Mt, respectively. The average carbon sequestration capacity indicates that the net carbon sequestration per unit area of total green space is 8.33 tons of carbon per hectare per year. According to Equation (1), the COC of green space in 2019 was determined to be 14.71%.





3.2. Carbon Sequestration Under Carbon Balance Target in 2030


Referring to Equation (7) and utilizing the 2019 COC value of 14.71%, we have projected the COC for green spaces in 2030 to increase to 15.46%, 16.19%, 16.92%, 17.65%, and 18.39% corresponding to the improvement gradients of 5%, 10%, 15%, 20%, and 25%, respectively. Equation (11) was employed to predict the CT of Wuhan in 2030. To ascertain the parameters m and n within Equation (11), the relationship between CE and CT was initially modeled using Equation (9). A significant linear relationship between CE and CT was identified for the period from 2013 and 2022, as depicted in Figure 3. This correlation can be mathematically articulated as


   C T  = 0.9324  C E  + 6.525   (  R 2  = 0.9905 , P < 0.001 )  



(15)




where CT (Mt C/yr) represents the total carbon emissions and CE (Mt C/yr) represents carbon emissions from energy consumption. Consequently, within the framework of Equation (11), the empirically derived coefficients m and n are determined to be 6.525 and 0.9324, respectively.



In alignment with outline of the 14th Five-Year Plan for National Economic and Social Development of Wuhan and Long-Range Objectives Through the Year 2035, GDP and EI are projected to be approximately CNY 2.8 trillion and 0.1923 tons per CNY 104 by 2030, respectively. Utilizing these projections in Equation (11), we estimate Wuhan’s carbon emissions to reach approximately 42.64 Mt in 2030. Furthermore, applying Equation (7) and considering various COC targets for 2030—ranging from 15.45% to 18.39%—we have calculated the carbon sequestration by green space area to mitigate these emissions. The calculated Cabs are 6.59 Mt for 15.45%, 6.90 Mt for 16.18%, 7.21 Mt for 16.92%, 7.53 Mt ha for 17.65%, and 7.84 Mt for 18.39% COC, respectively.




3.3. Optimal Green Space Quantities Derived from the Multi-Objective Programming Model


3.3.1. Constraint Setting Results


In accordance with the required amounts of standard green space for various predefined COC targets, and taking into account the guidelines from Wuhan’s Overall Territorial Space Planning 2021–2035 along with Wuhan’s Overall Territorial Space Planning 2006–2020, the constraints have been established as detailed in Table 3.




3.3.2. Construction of the Objective Function and Solution Results


Table 4 presents the unit area benefits of various land use types, both economically and ecologically. In this study, the weights for economic benefits and ecological benefits are both taken as 0.5. Utilizing These Data, we set an objective to optimize the economic and ecological advantages for Wuhan by the year 2030 as follows:


     F   X   = m a x (  80,569.85   X   1   + 161,675.7   X   2   + 566,322.2   X   3   + 31,981.45   X   4   +   27,679.05 X   5   + 6,724,295.5   X   6                + 185.7   X   7   )     











The constraints were integrated into the objective function to determine the optimal quantity of standard green space. Analysis revealed that for improvement gradients of 10% or higher, obtaining a global optimum was infeasible, suggesting that the optimal gradient lies between 10% and 15%. Consequently, we incrementally adjusted the COC targets by 1% increments within this range. Specifically, for improvement gradients of 10%, 11%, 12%, 13%, and 14%, the COC targets for 2030 were set at 16.18%, 16.33%, 16.48%, 16.62%, and 16.77%, respectively. Following these calculations, the most suitable COC that aligns with urban development planning constraints was identified as 16.33%, corresponding to a Cseq of 6.96 Mt/year. The comprehensive optimal solution derived from the objective function is presented in Table 5.



As depicted in Table 5, the area of arboreal forest land in 2030 increased from 76,598.92 hectares in 2019 to 192,228.63 hectares, marking an increment of 115,629.71 ha. This expansion was sourced from various land types: 61,443.18 hectares from shrub land, 5433.3 hectares from grassland, 39,580.56 ha from construction land, and 9172.67 hectares from unused land. The area of paddy fields increased from 125,189.34 hectares in 2019 to 226,875.74 hectares in 2030, an expansion of 101,686.4 hectares. This increase was entirely attributable to the conversion of dry land. Consequently, the total cultivated land area, which includes both paddy fields and dry land, remained unchanged between 2019 and 2030. The area of construction land of Wuhan is projected to be 171,383 hectares by 2030. In this study, we utilized a green space ratio of 0.35 for calculating the area of public green spaces, based on the general requirement that the green space ratio for institutions such as schools, hospitals, sanitariums, government agencies, and public cultural facilities should not fall below 35%. Thus, the public green space are of Wuhan is projected to be 59,984 hectares by 2030.





3.4. Role of Water Bodies in Carbon Sequestration


3.4.1. Effect of Water Bodies on the Total Carbon Sequestration


In 2019, the total carbon sequestration amounted to 5.62 Mt. Among the various land uses, water bodies played the most significant role, contributing 56.23% to the overall carbon sequestration. This was followed by forest land and cultivated land, which accounted for 20.11% and 19.04%, respectively. The contributions from public green spaces, orchard land, and grassland were comparatively smaller, constituting 3.38%, 0.89%, and 0.36% of the total, respectively. Projecting forward to 2030, the anticipated total carbon sequestration is estimated to reach 6.96 Mt. The projected contributions from water bodies, forest lands, and public green spaces are expected to be 45.37%, 28.17%, and 5.69%, respectively. Therefore, water bodies play the most significant and indispensable role in the carbon absorption of Wuhan’s urban green spaces.




3.4.2. The Quantitative Structure of Green Spaces


As of 2019, the total area of green space in Wuhan was 665,566.67 hectares, with cultivated land occupying the largest share at 36.12%. Water bodies closely followed, comprising 35.94% of the total green space, underscoring their vital role in the urban ecosystem. Forest lands and public green spaces accounted for 20.74% and 4.33%, respectively.



Looking ahead to 2030, projections from a multi-objective programming model suggest that the optimal green space area will expand to 745,516.05 hectares. In this future scenario, cultivated land is expected to remain slightly ahead at 32.25%, but the contribution of water bodies will remain significant at 32.09%. This highlights the essential function of aquatic environments in urban green space planning. Additionally, forest lands and public green spaces are anticipated to increase their shares to 25.78% and 8.05%, respectively.






4. Discussion


4.1. Comparing the Net Carbon Sink of Wuhan with Those of Other Areas


The COC value for Wuhan in 2019 was recorded at 14.71%, which exceeds that of Beijing (3.74%) in 2020 [10], as well as Xi’an (7.44%) in 2019 [29] and Hangzhou (9.87%) in 2020 [31] within the context of Chinese cities. The high COC observed in Wuhan can be attributed to its robust carbon sequestration capability. In 2019, Xi’an’s carbon emissions were recorded at 39.60 Mt [29], slightly exceeding Wuhan’s emissions of 38.20 Mt for the same year. However, Xi’an’s carbon absorption was only 2.747 Mt [29], significantly lower than Wuhan’s 5.62 Mt. In terms of average carbon sequestration capacity, the net carbon sequestration per unit area of total green space in Wuhan in 2019 was 8.33 tons of carbon per hectare per year, which was higher than that of Beijing’s 7.87 tons of carbon per hectare per year in 2020 and Hangzhou’s 1.45 tons of carbon per hectare per year in 2020, as well as the 0.66 to 3.01 tons of carbon per hectare per year recorded in 34 other major cities from 2004 to 2013.



The COC value for Wuhan in 2019, at 14.71%, also exceeded those of several cities outside of China: Bangkok, Thailand, with 0.12% in 2020 [8], and Tabriz, Iran, with 0.2% in 2019 [71]. The net carbon sequestration per unit area of total green space in Bangkok, Thailand, in 2020 was 4.28 tons of carbon per hectare per year [8], and in Tabriz, Iran, in 2019, it was 0.37 tons of carbon per hectare per year [71], both of which are lower than Wuhan’s 8.33 tons of carbon per hectare per year. However, Wuhan’s annual carbon sequestration rate of 8.33 tons per hectare is comparatively lower than the range of 8.5 to 20.8 tons per hectare observed in four water body and wetland-based parks within and around Kolkata, India, in 2017 [72].




4.2. The Significance of Water Bodies for Carbon Sequestration in Wuhan


The results presented in this study underscore the pivotal role of water bodies in the carbon sequestration and overall carbon balance of Wuhan’s urban green spaces. In 2019, water bodies contributed an impressive 56.23% to the city’s total carbon sequestration, significantly outpacing other land use types. This finding emphasizes the critical importance of aquatic environments in enhancing the carbon-absorbing capacity of Wuhan’s urban ecosystem. Looking ahead to 2030, our projections suggest that the role of water bodies in carbon sequestration will remain significant, with an anticipated contribution of 45.37% to the total carbon sequestration. Despite a slight decrease in their proportional contribution compared to 2019, water bodies will continue to be the largest contributor to carbon sequestration among the various land use types. This highlights the enduring importance of preserving and managing aquatic environments in urban green space planning to mitigate climate change and enhance urban resilience.



The quantitative structure of Wuhan’s green spaces further underscores the significance of water bodies. By 2019, water bodies comprised 35.94% of the total green space area, making them nearly as prevalent as cultivated land, which occupied the largest share at 36.12%. The projection for 2030 indicates a slight decrease in the proportion of water bodies in the green space area to 32.09%, which is nearly equal to that of cultivated land at 32.25%. This distribution reflects the unique urban geography of Wuhan, a city characterized by its numerous lakes and rivers. As the city expands and green spaces are planned for the future, it is crucial to maintain and even enhance the presence of water bodies to ensure their continued contribution to carbon sequestration and overall urban ecological health.



In summary, the dominance of water body carbon sequestration emerges as a defining characteristic of Wuhan’s carbon sequestration profile as a “wetland city”. As urbanization continues to expand, it is imperative that policymakers and urban planners prioritize the preservation and enhancement of aquatic environments within urban green spaces.




4.3. The Experience of Wuhan in Water Body Carbon Sequestration Management


Water bodies play a crucial role in the carbon sink potential of urban green spaces. The carbon sequestration capabilities of these water bodies and wetlands are attributed not only to the net primary productivity (NPP) of aquatic vegetation [62] but also to the mechanisms by which atmospheric carbon is captured and stored in the soil carbon pool as soil organic matter (SOM) [73]. Proximity to water bodies enhances the carbon sink capacity of the surrounding green spaces [16]; however, this influence gradually diminishes with increasing distance from the water bodies [16], with a maximum effective distance of approximately 1800 m [40].



Methods to enhance the carbon sequestration potential of water bodies in urban green spaces include increasing the surface area of water bodies [36], improving the efficiency of carbon sequestration in these areas [74], and restoring wetlands [75]. In 2023, Wuhan achieved the restoration of 17,000 hectares of lakes by retreating from pond fields and fisheries, rehabilitated 1400 hectares of degraded wetlands, and established ten new small and micro wetlands [76]. In 2022, a total of 32 small and micro wetlands were developed in Wuhan [43]. These measures represent Wuhan’s concrete efforts to enhance the carbon sequestration capacity of water bodies.



In fact, Wuhan has established a comprehensive and effective system of measures to enhance the carbon sequestration potential of water bodies. These measures include ① setting clear targets, such as maintaining Wuhan’s 162,000 hectares of wetland area and improving carbon sequestration efficiency [77], and creating 50 small and micro wetlands by 2025 [78]; ② advancing the rule of law in water body protection, exemplified by the promulgation of the “Opinions on Promoting High-Quality Development of Wetland Protection” in 2023, as well as initiating research on the “Wuhan City Wetland Nature Reserve Regulations”, which have been implemented since 2010, to strengthen water body protection through legal means [77]; ③ developing institutional plans or roadmaps, such as compiling the “Wuhan City Wetland Protection and Utilization Development Plan (2023—2035)”, which proposes a protection management system encompassing “wetland nature reserves, wetland natural parks, rural wetland parks, urban wetland parks, and small and micro wetlands” [77]; ④ implementing water body protection and restoration projects (for instance, in 2023, Wuhan initiated 18 key demonstration projects for wetland ecological comprehensive management, constructed 13 km of river beach and 162.5 hectares of new area, added 12 km of riverside greenways, and gradually integrated 830 hectares of riverside ecological space along the Yangtze River and Han River, forming a waterfront wetland landscape that integrates flood control, ecology, and aesthetics [77]); ⑤ achieving harmonious coexistence between water body protection and the lives of urban residents, with Wuhan reaching 70 lake parks [79] and 14 wetland schools by the end of 2023 [77]; ⑥ strengthening exchanges and cooperation (The 14th Conference of the Parties to the Ramsar Convention on Wetlands was held simultaneously in Wuhan and Geneva from 5 to 13 November 2022. On 5 November 2023, a national symposium on wetland protection and management took place in Wuhan [77]. The city actively applied to establish a National Innovation Alliance for Urban Wetland Protection and Development [80] and the East Asia–Australia Migratory Bird Flyway Research Center in Wuhan [43], contributing to the global progress of wetland conservation); ⑦ utilizing smart management platforms. Wuhan deepened the application of the “Smart Wetland” information management platform, strengthening research on wetlands in relation to climate change and the protection of aquatic life, while also promoting the control of invasive species in wetlands [43]. These measures can be referred to as the “Wuhan experience”, providing evidence and recommendations for carbon sink management in other wetland cities such as Changde and Nanchang, which are located in the same region of the Yangtze River middle and lower reaches as Wuhan.




4.4. Approaches to Enhance COC


The projected COC for Wuhan in 2030, as determined by a multi-objective programming model, stands at 16.33%, which is lower than the approximate 30% COC potential of terrestrial ecosystems [28]. This discrepancy is attributed to Wuhan’s carbon emissions forecast for 2030, reaching 42.64 Mt. Reducing carbon emissions and bolstering green space carbon sequestration are dual imperatives for improving the COC. However, based on the results from the multi-objective function, further enhancing the carbon sink capacity of Wuhan’s green spaces presents challenges. Therefore, mitigating carbon emissions is a crucial measure for further improving COC. Policy initiatives should focus on vigorously developing non-fossil energy sources, reducing the intensity of energy consumption, constructing a new type of power system, increasing the rate of electricity substitution, and promoting the clean and efficient use of fossil fuels, as well as advocating for the widespread adoption of renewable energy sources.




4.5. Limitations and Further Research


This study has certain limitations that can be explored and improved upon in future research. First, while we classified urban land use in Hangzhou into seven categories, various factors such as tree age, density, and overall health also impact the capacity of urban natural carbon sinks [58]. Future research could develop a more comprehensive classification system using more extensive data, enabling a more precise assessment of natural carbon sink capacity [31]. Second, the coefficients applied to evaluate carbon sink capacity of green space were primarily sourced from the existing literature, making them secondary data rather than direct field measurements. Consequently, these coefficients may not accurately represent the current conditions of a specific city. Future investigations could enhance the results of this study by incorporating field measurements. Lastly, we analyzed the optimal quantitative structure of urban green spaces; however, the optimization of the spatial pattern of green space was not examined, which should be a focal point for future research [10,31].





5. Conclusions


In this research, we conducted a scientific assessment of the COC for 2019, taking into account both carbon emissions and net sequestration. Using these findings, we established COC enhancement goals for 2030 and determined the necessary carbon sequestration for each target. We then employed the multi-objective programming model to forecast the optimal COC and green space volume for the year 2030, factoring in socioeconomic and ecosystem service values.



In 2019, Wuhan emitted approximately 38.20 Mt of carbon, with 89.08% originating from energy consumption. The city achieved a net carbon sequestration of around 5.62 Mt, resulting in an overall COC of 14.71%. By 2030, emissions are projected to rise to approximately 42.64 Mt. To align with urban development strategies, the optimal COC is set at 16.33%, necessitating a carbon sequestration of 6.96 Mt. Achieving carbon neutrality in Wuhan requires a dual approach focused on reducing carbon emissions and enhancing carbon sequestration. A critical strategy for achieving this dual objective, while sustaining GDP growth, is to decrease energy intensity.



The carbon sequestration of water bodies contributes the largest proportion to the total carbon sequestration of green spaces in Wuhan, accounting for 56.23% in 2109 and a projected 45.37% in 2030. Forest land follows closely, with contributions of 20.11% and 28.17%, respectively, for the same periods. Therefore, it is crucial to maintain and enhance the stability and health of urban green space systems primarily characterized by water bodies and forest lands. This necessitates strengthening the protection and monitoring of natural resources such as water bodies and forest lands, as well as undertaking significant ecosystem conservation and restoration initiatives. The results of this study can offer the “Wuhan experience” as a template for the low-carbon development patterns of wetland cities across China.
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Figure 1. The distribution of green space in Wuhan. 
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Figure 2. The carbon emissions (A) of Wuhan from 2013 to 2022 (CE, CI and CA represent carbon emissions from energy consumption, industry and agriculture, respectively) and the percentage of CE, CI and CA in total carbon emissions (B). 
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Figure 3. Relationship between carbon emissions from energy consumption and total carbon emissions of Wuhan from 2013 and 2022. 
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Table 1. Details of data.
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	Data Set
	Sub-Data
	Year(s)
	Sources or Data Processing





	Land use data set
	Land use
	2019
	The main data bulletin of the third national land survey of Wuhan City

(https://zrzyhgh.wuhan.gov.cn/zwdt/tzgg/qtgg/202206/t20220608_1983957.shtml (accessed on 7 November 2024))



	Panel data set
	Carbon emission

calculation parameters

GDP
	2013–2022
	Wuhan statistical yearbooks

(https://tjj.wuhan.gov.cn/tjfw/tjnj/ (accessed on 7 November 2024))

Hubei Province statistical yearbooks

(http://tjj.hubei.gov.cn/tjsj/sjkscx/tjnj/qstjnj/ (accessed on 7 November 2024))

National Territorial Planning Outline (2016–2030)

(https://www.gov.cn/zhengce/content/2017-02/04/content_5165309.htm (accessed on 7 November 2024))

Wuhan’s Overall Territorial Space Planning 2006–2020 (https://zrzyhgh.wuhan.gov.cn/zwgk_18/fdzdgk/ghjh/zzqgh/202001/t20200107_602862.shtml (accessed on 7 November 2024))

Wuhan’s Overall Territorial Space Planning 2021–2035

(https://zrzyhgh.wuhan.gov.cn/zwdt/tzgg/qtgs/202107/t20210713_1737340.shtml (accessed on 7 November 2024))

Outline of the 14th Five-Year Plan for National Economic and Social Development of Wuhan and Long-Range Objectives Through the Year 2035

(https://zrzyhgh.wuhan.gov.cn/zwgk_18/fdzdgk/ghjh/zzqgh/202112/t20211202_1865294.shtml (accessed on 7 November 2024))

Hubei Province Energy Development 14th Five-Year Plan

(https://fgw.hubei.gov.cn/fbjd/xxgkml/jgzn/wgdw/nyj/nyfzzlc/gzdt/202205/t20220530_4152170.shtml (accessed on 7 November 2024))

Wuhan Greening Bulletin

(https://tjj.wuhan.gov.cn/tjfw/tjnj/ (accessed on 7 November 2024))










 





Table 2. Green space types and corresponding carbon sink coefficients (unit: ton C/ha/year).
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Land Use Types

	
Carbon Sequestration

	
Carbon Emission

	
Net Carbon Sequestration




	
Vegetation

	
Soil






	
Paddy land

	
8.66 [59,60]

	
0.17 [59]

	
3.74 [60,61]

	
5.09




	
Dry land

	
3.60 [59]

	
0.17 [59]

	
-

	
3.77




	
Orchard land

	
4.1 [20]

	
-

	
-

	
4.1




	
Water body

	
12.44 [62,63,64]

	
1.29 [65]

	
0.53 [62]

	
13.20




	
Arboreal forest land

	
10.00 [66]

	
0.2 [67]

	
-

	
10.2




	
Shrub land

	
5.52 [68]

	
0.18 [67]

	
-

	
5.70




	
Grasslands

	
4.29 [66,68]

	
-

	
-

	
4.29




	
Public Green Space

	
6.60 [66,68]

	
-

	
-

	
6.60




	
Unused land

	
-

	
-

	
-

	
-











 





Table 3. Constraints of multi-objective programming model.
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	Constraint Type
	Constraints (ha)
	Description





	Carbon sequestration
	5.9X1a + 3.77X1b + 4.1X2 + 13.2X3 + 10.2X4a + 5.70X4b + 4.29X5 + 6.60 × 0.35X6 + 0.5 × X7 ≥ (6.59 Mt, 6.90 Mt, 7.21 Mt, 7.53 Mt, 7.84 Mt)
	The quantity of green spaces should be greater than or equal to the predicted results under different carbon offset capability preset targets; ”0.35X6” represents that public green space accounts for 35% of the construction land.



	Cultivated

land (X1)
	X1 ≥ 240,435.92, X1a ≥ 125,189.34, 115,246.58 ≥ X1b ≥ 0,
	The cultivated land area in 2030 will not be less than that in 2019, the paddy land area (X1a) will not be less than that in 2019, and the irrigated and dry land area will not be more than that in 2019.



	Orchard land (X2),
	X2 ≥ 13,370.39
	The orchard land area in 2030 will not be less than that in 2019.



	Water body (X3)
	X3 = 239,217.06
	The water area in 2030 will not be less than that in 2019.



	Arboreal forest land (X4a),
	X4a ≥ 76,598.92
	The arboreal forest land in 2030 will not be less than that in 2019.



	Shrub land (X4b),
	61,443.18 ≥ X4b ≥ 0
	The shrub land in 2030 will not be more than that in 2019.



	Grassland (X5),
	X5 ≥ 280
	Wuhan’s Overall Territorial Space Planning 2006–2020 proposed that the grassland will not be less than 280 ha.



	Construction land (X6)
	X6 = 171,383
	Construction land accounts for 20% of Wuhan’s total area.



	Unused land (X7)
	X7 ≥ 0
	Each variable must be non-negative










 





Table 4. Economic value and ecological values of land use types in Wuhan City.
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	Cultivated Land (X1)
	Orchard Land (X2)
	Water Body (X3)
	Forest Land (X4)
	Grassland (X5)
	Construction Land (X6)
	Unused Land (X7)





	Economic benefit weight coefficient (%)
	1.33
	0.15
	0.64
	0.22
	0.01
	97.65
	0



	Economic value per unit area (CNY/ha)
	154,885
	314,127
	72,588
	44,624
	49,008
	13,448,591
	0



	Ecological value per unit area (CNY/ha)
	6254.7
	9224.4
	40,676.4
	19,338.9
	6350.1
	0
	371.4










 





Table 5. Comparison between land use structure in 2019 and comprehensive optimal solution in 2030.
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Land Use Type

	
2019

	
2030

	
Change in Area (ha)

	
Change Amplitude (%)




	
Area (ha)

	
%

	
Area (ha)

	
%






	
Paddy field

	
125,189.34

	
15.00

	
226,875.74

	
26.48

	
101,686.4

	
81.23




	
Dry land

	
115,246.58

	
13.00

	
13,560.18

	
1.58

	
−101,686.4

	
−88.23




	
Orchard land

	
13,370.39

	
2.00

	
13,370.39

	
1.56

	
0

	
0.00




	
Water body

	
239,217.06

	
28.00

	
239,217.06

	
27.92

	
0

	
0.00




	
Arboreal forest land

	
76,598.92

	
9.00

	
192,228.63

	
22.43

	
115,629.71

	
150.95




	
Shrub land

	
61,443.18

	
7.00

	
0

	
0.00

	
−61,443.18

	
−100.00




	
Grassland

	
5713.3

	
1.00

	
280

	
0.03

	
−5433.3

	
−95.10




	
Construction land

	
210,963.56

	
25.00

	
171,383

	
20.00

	
−39,580.56

	
−18.76




	
Unused land

	
9172.67

	
1.00

	
0

	
0.00

	
−9172.67

	
−100




	
Total area

	
856,915

	
100.00

	
856,915

	
100.00

	
0

	
0
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