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Abstract

:

To achieve the global temperature control target under the background of climate warming, it is necessary to establish a systematic carbon dioxide (CO2) emission accounting method system in the field of water resources as soon as possible. In this study, the carbon dioxide emission equivalent analysis (CEEA) method for different water resource behaviors (WRBs) is proposed from four dimensions of development, allocation, utilization, and protection, and a function table of CEEA (FT-CEEA) for WRBs is constructed. The FT-CEEA includes CEEA formulae for 16 aspects in four categories of water resource development, allocation, utilization, and protection. The CEEA method is applied to 31 provinces in China. The results reveal that: (1) There are significant spatial differences in the carbon dioxide emission equivalent (CEE) of WRBs in different provinces of China under the influence of various factors such as water supply structure and natural conditions. (2) Reservoir storage, tap water allocation, and wastewater treatment are the main contributors to CEE in the categories of water resource development, allocation, and protection behaviors, respectively. (3) The water resource utilization behavior category has the most significant CO2 emission and absorption effects, and industrial and domestic water utilization behaviors are the main sources of emission effects. (4) The overall CO2 emission effect of WRBs is greater than the absorption effect. Measures such as increasing the proportion of hydroelectric power generation, improving ecological water security capacity, and strengthening the level of wastewater treatment and reclaimed water reuse are effective ways to promote the goal of carbon neutrality in the field of water resources.
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1. Introduction


1.1. Motivation


Since the industrial civilization, under the combined influence of human activities and natural factors, the global warming trend has become increasingly significant. How to deal with the challenges posed by climate change to sustainable development has become a major scientific issue facing mankind [1]. Building a low-carbon future development mode has gradually become a global consensus. The United Nations Framework Convention on Climate Change (UNFCCC), as the world’s first international convention to control carbon dioxide (CO2) emissions, provides a basic framework for international cooperation on climate change [2]. The 21st United Nations Climate Change Conference (UNFCCC COP21) held in 2015 formally adopted the Paris Agreement, which sets the global average temperature increase within 2 °C as an explicit goal [3]. However, with the current trend of CO2 emissions, the temperature control targets of the Paris Agreement will be difficult to achieve. Deep CO2 reductions in the coming years are key to achieving that goal [4,5]. Currently, 133 countries have made carbon neutral commitments. China has adopted “carbon neutrality” as a long-term national strategy to address climate change. Compared with developed countries that have achieved carbon peak, developing countries are currently facing the dual pressures of low-carbon transformation and economic development [6,7].



Water resources are the material basis for human survival and the key support for social development and ecological protection. The field of water resources is an important area for implementing the goal of “carbon neutrality” and supporting sustainable development. The “2030 Carbon Peak Action Plan” issued by the Chinese government in 2021 regards hydropower generation, water ecological protection, and efficient utilization of water resources as important ways to promote carbon neutrality [8]. In addition, improving the carbon emission accounting mechanism in different fields and carrying out research on CO2 emission accounting methods are also important contents of the action plan. Therefore, it is of great significance to explore the CO2 emission equivalent analysis (CEEA) method for different water resource behaviors (WRBs), and to find a reference “ruler” for the accounting of CO2 emission equivalent (CEE) in the field of water resources. This “ruler” also has certain positive significance for the global control of CO2 emissions.




1.2. Literature Review


The identification of source-sink relationships and the assessment of emission intensity of CO2 are the basis for scientific research in the field of climate change. Accounting for carbon emission and sink effects has been a popular research topic in this field. In terms of carbon emission assessment, most studies have focused on the carbon emission intensity of human activities and carbon footprint accounting in different fields. Carbon footprint can be simply defined as the total amount of greenhouse gases (GHG), mainly carbon dioxide, released directly or indirectly from human activities [9]. Carbon footprint accounting can be divided into macro and micro levels. The methods involved are mainly input-output analysis (IOA) [10] and life cycle assessment (LCA) [11]. In recent years, many scholars have carried out multidimensional accounting of carbon footprints at the mesoscale and macroscale, such as countries [12], cities [13], and industries [14]. Carbon footprint accounting research on the microscale such as enterprise [15], product [16], and technology [17] is also ongoing. For example, Chai et al. [17] used a life-cycle approach to compare the carbon footprints of three mainstream wastewater treatment technologies in China. Accounting for CO2 emissions caused by land use change [18] is also a popular research topic. In addition, some studies have explored the carbon emission effects of lake wetland [19], reservoir [20], farmland [21], and other ecosystems. For example, Keller et al. conducted a study on carbon emissions from reservoir fallout zones and concluded that reservoirs are a source rather than a sink of carbon in the global carbon cycle [20].



In terms of carbon sink effect assessment, relevant studies have mostly focused on carbon sink effects in terrestrial ecosystems such as forest, grassland, and wetland. The research methods include ground investigation, eddy covariance carbon flux observation [22], ecosystem process model simulation [23], etc. It is worth mentioning that in 2019, the IPCC added the “top-down” atmospheric inversion methodological system to the basic methodological framework for future global GHG accounting [24]. Atmospheric inversion methods have received more attention in recent years in the study of ecosystem carbon sinks. For example, Fernández-Martínez et al. [25] analyzed the trend of global carbon sinks based on atmospheric inversion and vegetation models and explored the relationship between CO2 emissions and temperature. The research on the carbon sink effects of terrestrial ecosystems has formed a sound theoretical and methodological system. However, compared to terrestrial ecosystems, research on carbon sinks in marine ecosystems is still in the developmental stage.



In particular, studies on energy consumption and CO2 emission accounting in the field of water resources have been carried out by relevant institutions. In 2005, California released a report on California’s water–energy nexus [26], which systematically studied the energy consumption of water supply, water transmission, water utilization, and water treatment in California. Further, the River Network, a U.S. research organization, released The Carbon Footprint of Water [27] in 2009 comprehensively assessed the various water-related carbon footprints in the United States. In addition, the issue of energy consumption and carbon emissions in the field of water resources has been actively discussed by scholars from different countries. LCA and IOA are still the most mainstream research methods under this research topic. The research results basically cover all aspects of social water cycle and urban water system. Although more research has been done in urban water systems, the scale of research has involved countries [28], regions [29], cities [30], schools [31], etc. For example, Wakeel et al. [28] analyzed the energy consumption of different countries in various segments of the social water cycle and compared different methods for measuring energy consumption in the water sector. Using energy consumption as a bridge to quantitatively assess the relationship between water and carbon emissions, Rothausen and Conway [29] systematically explored the GHG emissions in the water sector in different countries and regions. At the urban scale, Valek et al. [32] quantified the CO2 emissions associated with the water system in Mexico City based on survey data. Based on the LCA method, Friedrich et al. [30] assessed the carbon footprint of different parts of the urban water system (storage, treatment, distribution, collection, and wastewater treatment) in Durban, South Africa. Similarly, Sambito and Freni [33] used the LCA method to quantify the carbon footprint of a metropolitan water system in Italy. In addition, Li et al. [31] quantified the water–energy–carbon relationship on a campus in northern China and explored the spatial distribution pattern of carbon sources/sinks at a small scale.



In addition to the overall study of the carbon emissions from the social water cycle and urban water system, some scholars have carried out targeted discussions on different links of the water system (water production and supply, desalination, water utilization, wastewater treatment, etc.). In terms of water production and supply, relevant studies mainly focus on carbon footprint accounting of water supply system and water distribution system. For example, Fang and Newell [34] used the LCA method to assess the carbon footprint of Southern California’s water supply system, arguing that the carbon footprint of local reclaimed water is much lower than that of long-distance water supply. Boulos and Bros [35] proposed a WNEE (Water network energy efficiency) method for measuring the carbon footprint of energy consumption in a water distribution system, which was applied in a European city. Moreover, Heihsel and Lenzen [36] constructed a multi-regional input-output model (MIOA) for measuring GHG emissions from desalination in Australia, which provides a solution for the calculation of the carbon footprint of desalination at a macro-scale. In terms of water end-use, the studies mainly cover energy consumption and carbon emission measurement for domestic and agricultural water use. For example, Siddiqi and Fletcher [37] summarized the range of energy intensity of domestic water and agricultural water in the end-use process. Escriva-Bou et al. [38] simulated GHG emissions associated with domestic water use in California using probability distribution models and emission factors. Wang et al. [39] evaluated the carbon footprint of agricultural groundwater use in 31 provinces of China based on statistical survey data. In terms of wastewater collection and treatment, the carbon emission effects and measurement methods of wastewater treatment plants and municipal wastewater sectors in different countries such as China [40], the United States [41], and Italy [42] have been deeply discussed. Further, the carbon emission effects of different wastewater treatment technologies and options have been studied in comparison [43]. It is worth mentioning that research on carbon emissions accounting for water saving behavior has also been carried out, covering different scales such as city [44] and campus [45]. In addition, Wang et al. [46] explored the water footprint and carbon footprint in hydropower stations in China and made recommendations for carbon emission reduction of hydropower stations. Some of the studies addressing the carbon emission effects in the water resources sector are summarized in Table 1.



In general, relevant research results provide important reference value for the quantitative identification of water-carbon relationship and carbon neutrality in the field of water resources. However, some of the studies are too targeted, difficult to obtain data, and the experimental methods are not easily reproducible to meet the demand for systematic research on CO2 emission accounting in the field of water resources. In addition, carbon dioxide emissions related to water resource behaviors involve many links and are not limited to the scope discussed above. How to make a comprehensive and feasible “ruler” to provide convenience and reference for the estimation of water-related CO2 emissions is still a problem to be further explored. To facilitate the discussion of CO2 emission or absorption effects in the field of water resources, this paper is devoted to the study of water resource behaviors, that is, a series of activities related to the development, allocation, utilization, and protection of water resources. Different links of the water cycle or water resources system can be understood as different WRBs. Researching the methodologies for quantifying the CO2 emission effects of different WRBs is a further refinement and extension of the carbon source/sink effects accounting in the field of water resources.




1.3. Contribution and Objectives


Based on the literature review, this study proposes a carbon dioxide emission equivalent analysis (CEEA) method for several common water resource behaviors (WRBs) from four dimensions: water resources development, water resources allocation, water resources utilization, and water resources protection. The function table of CO2 emission equivalent analysis (FT-CEEA) of WRBs is constructed for the first time, which provides a method set for researchers in different regions and industries to evaluate the CO2 emission equivalent (CEE) of WRBs. Compared to existing studies, the contributions of this study are: (1) The CEEA method is proposed to realize the quantitative calculation of CEE for different WRBs; (2) the FT-CEEA is developed to provide a convenient and feasible “ruler” for the measurement of CEE in the field of water resources; (3) based on the FT-CEEA, the spatial distribution characteristics of CO2 emission or absorption effects of WRBs in 31 provinces in China are clarified.



This paper is organized as follows: Section 2 is the introduction of the CEEA method and FT-CEEA; Section 3 is the study area and data description, as well as results analysis and discussion; Section 4 is the main conclusion and research prospect.





2. Methodology


2.1. CEEA Method Framework of Water Resource Behaviors


Water resource behavior (WRB) is a collective term for a range of activities related to the development, allocation, utilization, and protection of water resources. The carbon dioxide emission equivalent (CEE) of water resource behaviors refers to the CO2 emission or absorption effects directly or indirectly caused by water resource behaviors. In this study, the method to quantify the CEE generated by WRBs is called the carbon dioxide emission equivalent analysis method (CEEA) of WRBs. Most WRBs do not emit CO2 themselves and are not explicitly linked to CO2. However, WRBs are often accompanied by energy consumption, which in turn leads to CO2 emissions. Therefore, compared to “carbon dioxide emission”, “carbon dioxide emission equivalent” is more accurate to represent the CO2 emission or absorption effects of WRBs.



This study proposes the CEEA method and develops the FT-CEEA (the function table of carbon dioxide emission equivalent analysis), aiming to find a reference “ruler” to provide methodological reference and technical support for the accounting of CEE related to WRBs. The general idea of the CEEA method is to develop diversified CEE functions for WRBs in different dimensions by direct reference, refinement, and innovation, and finally integrate them into a unified calculation platform to form a relatively complete “ruler”, namely FT-CEEA. The general idea diagram of the CEEA method is shown in Figure 1.



The WRBs involve a wide range of fields and factors, and the CEE accounting of WRBs should have a clear system boundary to avoid the infinite extension of indirect calculations. The principle of this study for system boundary formulation is to focus on CEE directly caused by WRBs, with appropriate consideration of indirect CEE that are closely related to such WRBs. Based on the definition of WRBs, the system boundary of CEE accounting is determined, as shown in Figure 2. The categories of WRBs can be roughly divided into water resource development behaviors (WRDBs), water resource allocation behaviors (WRABs), water resource utilization behaviors (WRUBs), and water resource protection behaviors (WRPBs). Each category contains a variety of typical WRBs, each WRB has a corresponding CEEA method.




2.2. CEEA Method to Water Resource Development Behaviors


Water resource development behaviors (WRDBs) refer to a series of activities related to water resources development. In this study, WRDBs are preliminarily defined as surface water lifting (WRDB1), groundwater extraction (WRDB2), reservoir storage (WRDB3), raw water treatment (WRDB4), and seawater desalination (WRDB5).



(1) Surface water lifting (WRDB1): Surface water resources are extracted from natural rivers or lakes to higher elevations using water extraction projects to achieve centralized treatment and unified distribution of “raw freshwater”. The electric energy consumed by the water lifting project is converted into the mechanical energy needed for water resources lifting, so the CO2 emissions of this behavior are mainly concentrated in the energy consumption link of the water lifting project. The CEEA formula of WRDB1 based on emission factor [52] is as follows:


   E 1  =  Q 1  ×  EI 1  × E F  



(1)






   EI 1  =   ρ × g ×  h 1    3.6 ×   10  6  × η    



(2)






  E F =     ∑ i    (  F  C  i , y   × N C  V  i , y   × E  F   CO 2  , i , y    )      E  G y     



(3)




where E1 is the carbon dioxide emission equivalent of surface water lifting behavior, kg; Q1 is the amount of surface water lifting, m3; EI1 is the energy intensity of WRDB1 (the amount of electricity required to lift per unit of surface water) kWh/m3; ρ is the density of surface water (typically 1000), kg/m3; g is the acceleration of gravity (typically 9.8), m/s2; h1 is the surface water lifting head, m; η is the efficiency of the water lifting project; EI1 is the power system CO2 emission factor (the amount of CO2 emitted per unit of electricity consumed), kg/kWh; EG is the total net power generation during the calculation period of the power system, kWh; FC is the consumption of fuel by the generator set during the calculation period, in mass or volume units; NCV is the average low-level heat content of the fuel during the calculation period, in GJ/mass or volume units; EFCO2 is the CO2 emission factor of the fuel (amount of CO2 emitted per unit of energy) during the calculation period, kgCO2/GJ; i is the type of fossil fuels consumed to generate electricity; and y is the year. Power-related departments in different countries will regularly release the EF of the power system. For example, the Ministry of Ecology and Environment of China has issued EF reference values for different provinces in China. In China, EI1 is mainly related to the water head, which can be 0.2 kWh/m3 [53,54] on average. The global level can refer to the value range given by relevant research: 0.0002–1.74 kWh/m3 [55].



(2) Groundwater extraction (WRDB2): Similar to the principle of WRDB1, groundwater extraction behavior also needs to convert the electrical energy of pumping equipment into the mechanical energy required for groundwater rise. CO2 emissions are mainly concentrated in the energy consumption of pumping equipment:


   E 2  =  Q 2  ×  EI 2  × E F  



(4)






   EI 2  =   9.8 × ρ ×  h 2    3.6 ×   10  6  × η    



(5)




where E2 is the CEE of WRDB2, kg; Q2 is the amount of groundwater extraction, m3; EI2 is the energy intensity of WRDB2 (the amount of electricity required to extract per unit of groundwater) kWh/m3; h2 is the groundwater depth, m. Other variables have the same meaning as above. Unlike surface water, the energy intensity of WRDB2 varies considerably with different groundwater burial depths. The value of EI2 can be obtained according to the actual situation of the study area, and EI2 in different regions of China can also refer to Table 4 [39]. In addition, the EI2 of different countries is available in studies: 0.18–0.49 kWh/m3 (USA) [56], 0.48–0.53 kWh/m3 (Australia) [57], and 0.37–1.44 kWh/m3 (Global) [55].



(3) Reservoir storage (WRDB3): The energy consumption of WRDB3 mainly comes from the daily operation and management of water storage infrastructure [54], such as gate control, lighting, and monitoring equipment operation. This process also produces CO2 emissions. The calculation formula is as follows:


   E 3  =  Q 3  ×  EI 3  × E F  



(6)




where E3 is the CEE of WRDB3, kg; Q3 is the actual volume of water stored in the reservoir, m3; EI3 is the energy intensity of WRDB3 (the amount of electricity required to store per unit of water in the reservoir) kWh/m3. EI3 varies due to differences in reservoir conditions in different regions. Field visits to reservoirs can be conducted to obtain the value of EI3. EI3 can also refer to existing research. Studies have shown that the energy intensity range of WRDB3 in China is [0.07,0.2] kWh/m3 [54], and 0.14 kWh/m3 can be used to study the average state of China [58].



(4) Raw water treatment (WRDB4): After taking raw water from the water source, it needs to be treated by the waterworks, including coagulation, sedimentation, filtration, and disinfection [41]. Each process relies mainly on electricity to maintain the normal operation of the processing equipment, so WRDB4 also produces CO2 emissions [51]:


   E 4  =  Q 4  ×  EI 4  × E F  



(7)




where E4 is the CEE of WRDB4, kg; Q4 is the volume of raw water treatment, m3; EI4 is the energy intensity of WRDB4 (the amount of electricity required to treat per unit of raw water) kWh/m3. EI4 can be determined by the statistical calculation of energy consumption data of each link of WRDB4. According to the yearbook of Chinese urban water supply, the national average is 0.31 kWh/m3 [54,59], which can be used for reference. Existing studies have also given the values of different countries for reference: 0.371–0.392 kWh/m3 (USA) [56]; 0.1–0.6 kWh/m3 (Australia) [60]; 0.38–1.44 kWh/m3 (Canada) [61]; 0.11–1.5 kWh/m3 (Spain) [62]; 0.15–0.44 kWh/m3 (New Zealand) [63].



(5) Seawater Desalination (WRDB5): Nine coastal provinces in China have large-scale seawater desalination capacity. Although the industrialization process of desalination in China is slow, seawater desalination is an important behavior in the process of sustainable development of water resources in the future [51].


   E 5  =  Q 5  ×  EI 5  × E F  



(8)




where E5 is the CEE of WRDB5, kg; Q5 is the volume of seawater desalination, m3; EI5 is the energy intensity of WRDB5 (the amount of electricity required to treat per unit of seawater) kWh/m3; EI5 should be obtained based on the survey data of desalination plants, and can also refer to existing studies: 5.9 kWh/m3 (China) [64,65,66]; 4 kWh/m3 (Australia) [57]; 2.4–8.5 kWh/m3 (Global) [55,67].




2.3. CEEA Method to Water Resource Allocation Behaviors


Water resource allocation behaviors (WRABs) refer to a series of activities related to water resource transportation and distribution. Representative WRABs include urban-rural tap water allocation (WRAB1) and inter-regional water transfer (WRAB2).



(1) Tap water allocation (WRAB1): The treated water from the waterworks is distributed to individual water users through the urban and rural water distribution system. The energy consumption of WRAB1 is mainly the head loss in the water transmission and distribution process, and the CEE is focused on the power consumption in the pressurization process [68]:


   E 6  =  Q 6  ×  EI 6  × E F  



(9)






   EI 6  =   9.8 × ρ × (  h f  +  h j  )   3.6 ×   10  6  × η    



(10)






   h f  = λ  l  4 R      v 2    2 g    



(11)






   h j  = ζ    v 2    2 g    



(12)




where E6 is the CEE of WRAB1, kg; Q6 is the amount of urban and rural tap water allocation, m3; EI6 is the energy intensity of WRAB1 (the amount of electricity required to distribute per unit of tap water) kWh/m3; hf is head loss along the path, λ is the drag coefficient along the path, l is the length of tap water allocation, R is the hydraulic radius, m; v is the average velocity of tap water transmission and distribution, m3/s; hj is local head loss, m; ζ is local drag coefficient; η is the efficiency of the pressurized pump station. Head loss can be calculated by the Darcy formula. EI6 can be obtained according to the investigation and statistics of unit water distribution power consumption data of water supply company. The energy intensity of tap water companies in different regions of China is quite different [69]. Combined with the China Urban Water Supply Yearbook and related research [68,69,70], the recommended value is 0.2 kWh/m3 for reference. Reference values of EI6 in other countries: 0.2–0.32 kWh/m3 (California, USA) [26]; 0.12–0.22 kWh/m3 (Spain) [71]; 0.1 kWh/m3 (South Africa) [72].



(2) Inter-regional water transfer (WRAB2): Most of the inter-regional water transfer projects require pumping stations for pressurized delivery to overcome the energy loss from head loss. The CEE calculation principle of WRAB2 is similar to that of WRAB1. The difference is that the urban and rural tap water allocation system is mostly pressure pipe flow, while the inter-regional water transfer is mostly open channel constant flow:


   E 7  =  Q 7  ×  EI 7  × E F  



(13)






   EI 7  =   ρ × g × (  h f  +  h j  )   3.6 ×   10  6  × η    



(14)




where E7 is the CEE of WRAB2, kg; Q7 is the amount of water transferred across regions, m3; EI7 is the energy intensity of WRAB2 (the amount of electricity required to transfer per unit water resources across regions) kWh/m3; hf and hj are the head loss along the open channel and local head loss, m; the specific calculation can be referred to the relevant formula of open channel hydraulics [73]. In the absence of the necessary investigation conditions, EI7 can refer to the value of 0.815 kWh/m3 (China) taken in existing studies [54,74].




2.4. CEEA Method to Water Resource Utilization Behaviors


Water resource utilization behaviors (WRUBs) refer to a series of activities related to water use. WRUBs include domestic water utilization (WRUB1), industrial water utilization (WRUB2), agricultural water utilization (WRUB3), ecological water utilization (WRUB4), and hydroelectric power generation (WRUB5). Many carbon emission studies based on LCA methods do not consider the end-use process, because the emission effects caused by end-use are not part of the life cycle [29]. However, some indirect emission effects closely related to WRBs are generated or caused by these behaviors, and end-use often results in a high proportion of CEE [27]. Therefore, based on the definition of WRBs, this study also includes CEE in the end-use process of water resources in the calculation range.



(1) Domestic water utilization (WRUB1): WRUB1 does not include public domestic water because the end-use purpose of public domestic water is so broad that it is difficult to achieve a relatively accurate quantification. The main source of CO2 emissions from WRUB1 is the energy consumption of the heating process [27]. Combined with the actual domestic water consumption in China, CO2 emissions in the energy-consuming process of cooking and bath heating can be taken as the CEE of WRUB1, and its CEEA method is as follows:


   E 8  =  Q 8  ×  EI 8  × E F  



(15)






   EI 8  = ρ ×  R  h o u s e h o l d   × (  R  h e a t 1   +  R  h e a t 2   ) ×  C w  × Δ T × 1 / η  



(16)




where E8 is the CEE of WRUB1, kg; Q8 is the total amount of domestic water consumption, m3; ρ is the density of surface water (typically 1000), kg/m3; Cw is the heat capacity of the water (generally 1.162 × 10−3 kWh/(kg·°C) [74]); ∆T is the temperature difference before and after heating, °C; η is the efficiency of the heating equipment (generally 95% [74]). Rhousehold is the proportion of residential household domestic water consumption in total domestic water consumption; Rheat is the proportion of water used for heating in residential household domestic water consumption, where Rheat1 is the proportion of cooking and drinking water, and Rheat2 is the proportion of bathing water. Depending on different research needs, Rhousehold can be obtained according to the actual investigation, or according to the proportion in the water resources bulletin. In addition, studies have examined the energy intensity (EI8) of household water use in different regions for reference: 7.43 kWh/m3 (China) [75], 24.6 kWh/m3 (Ontario, Canada) [61].



(2) Industrial water utilization (WRUB2): China has a wide range of industrial sectors, and the water use processes in different sectors have different CO2 emission characteristics. The energy consumption of WRUB2 is mainly concentrated in the link of water cooling and water heating [59], which is also the main source of CO2 emission. There are two ideas for calculating the CEE of WRUB2:


   E 9  =  Q 9  ×  EI 9  × E F  



(17)






   E 9  =  C  i n d u s t r y   ×  R  w a t e r   × E F  



(18)




where E9 is the CEE of WRUB2, kg; Q9 is the total amount of industrial water consumption, m3; EI9 is the energy intensity of WRUB2 (energy consumption per unit of industrial water) kWh/m3. EI9 can be determined from field surveys, and relevant studies have concluded that the energy intensity of industrial water use in a typical Chinese city is 5.033 kWh/m3 [76]. Another idea is to calculate CEE by determining the power consumption of WRUB2 through the power consumption structure of the industrial sector [59]. A study suggests that water-related electricity consumption in the industrial sector in typical Chinese cities accounts for about 10% [59]. Cindustry is total industrial electricity consumption, kWh; Rwater is the ratio of water cooling and water heating power consumption to total power consumption in the industrial sector, %.



(3) Agricultural water utilization (WRUB3): Unlike domestic and industrial water, CO2 emissions from agricultural water utilization are mainly concentrated in the irrigation process. There are five main sources of carbon emissions from farmland ecosystems: chemical fertilizers, pesticides, agricultural films, agricultural machinery, and agricultural irrigation [77]. In this study, CO2 emissions from agricultural irrigation are used as the CEE of WRUB3. In addition, the carbon sink effect occurs on farmland due to photosynthesis during crop growth [78]. Therefore, the CO2 absorption effect of WRUB3 should be considered [79]. The three elements of crop growth are: sunlight, water, and fertilizer, and the carbon sink effect in farmland is the result of the joint action of these three elements. Obviously, it is not appropriate to consider the entire amount of CO2 absorbed by the farmland as the CO2 absorption effect of WRUB3. Therefore, the CO2 absorption effect of WRUB3 is separated from the overall CO2 absorption effect of farmland by setting weights. Assuming that the three elements of sunlight, water, and fertilizer are equally important for the crop growth process [80], the contribution of these three elements to the carbon sink effect can be distributed by equal weight method. Of course, the weight distribution scheme can be discussed and adjusted according to the actual situation of crop planting. The CEE calculation method of WRUB3 is as follows:


   E 10  =  E  10 e m i s s i o n   −  E  10 a b s o r p t i o n    



(19)






   E  10 e m i s s i o n   = A ×  δ e  ×   44   12    



(20)






   E  10 a b s o r p t i o n   = ω × A ×  δ a  ×   44   12    



(21)




where E10 is the CEE of WRUB3, kg; E10emission is the total CO2 emissions of WRUB3, kg; E10absorption is the amount of CO2 absorbed by agricultural water utilization; A is the actual agricultural irrigation area, ha; δe and δa are CO2 emission and absorption coefficient per unit irrigated area, t/ha; ω is the weight, which is initially set to 1/3.



(4) Ecological water utilization (WRUB4): Water resources are the foundation and core of ecosystem functions. The function of ecosystems such as woodlands, grasslands, wetlands, and watersheds cannot be performed without the maintenance of ecological water [81]. WRUB4 refers to artificial ecological water, that is, urban environmental water and rivers, lakes, and wetland replenishment water supplied by human measures [82]. Different from domestic and production water utilization behaviors, the CEE of WRUB4 cannot be directly quantified by energy as a medium. Therefore, in this study, the CO2 absorbed by four land types closely related to ecological water use, namely, urban garden, urban green space (excluding garden area), water area within the jurisdiction, and wetland within the jurisdiction, is roughly taken as the CEE of WRUB4. Of course, the actual process of CO2 absorption from WRUB4 is far more complicated than described.


   E 11  = −   ∑ i n    A i    ×  δ i  ×   44   12    



(22)




where E11 is the CEE of WRUB4, kg; A is the area of ecological water land type, ha; δ is the CO2 absorption coefficient of ecological water land type (the amount of CO2 absorbed per unit area of ecological water land), t/ha. i is the type of land. δ can be obtained by field measurements in the study area, or by referring to existing studies [78].



(5) Hydroelectric power generation (WRUB5): CO2 emissions from hydropower generation are much lower than those from thermal power [83]. Based on the UN CDM (United Nations’ Clean Development Mechanism), GHG emissions from hydropower generation can be disregarded in the calculation of hydropower CDM projects [84]. Therefore, the relative carbon reduction effect of hydropower compared to thermal power is used in this study to quantify the CEE of WRUB5.


   E 12  = − G × C P G × E  F c   



(23)




where E12 is the CEE of WRUB5, kg; G is the total amount of hydroelectric power, kWh; CPG is the standard coal consumption of power generation unit, tce/kWh; EFc is the CO2 emission coefficient of standard coal, kg/tce. CPG can be obtained from the investigation of the thermal power industry in the study area. Studies have shown that the average coal consumption of thermal power generating units in China is 3.7 × 10−4 tce/kWh [85]. EFc can refer to IPCC guidelines for national greenhouse gas inventories [52] or existing studies [85].




2.5. CEEA Method to Water Resource Protection Behaviors


Water resource protection behaviors (WRPBs) refer to a series of activities related to water resources protection, including water saving (WRPB1), wastewater collection (WRPB2), wastewater treatment (WRPB3), and reclaimed water reuse (WRPB4).



(1) Water saving (WRPB1): Water saving behavior directly avoids part of the energy consumed in the development and allocation of water resources, so it can be regarded as a carbon reduction behavior [32,86]. Its CEEA method is as follows:


   E 13  = −  Q 13  × (   E P   e x p l o i t a t i o n   +   E P   d i s t r i b u t i o n   )  



(24)






    E P   e x p l o i t a t i o n   = (  E 1  +  E 2  ) / (  Q 1  +  Q 2  )  



(25)






    E P   d i s t r i b u t i o n   =  E 7  /  Q 7   



(26)




where E13 is the CEE of WRPB1, kg; Q13 is the total amount of water saved, m3; EPexploitation is the comprehensive CO2 emission coefficient of water resource exploitation (CO2 emissions per unit of water resource exploitation), kg/m3; EPdistribution is the comprehensive CO2 emission coefficient of water resource allocation (CO2 emissions per unit of water resource allocation), kg/m3. Other variables have the same meaning as above.



(2) Wastewater collection (WRPB2): Wastewater from different sources usually relies on gravity to converge to the wastewater network, and then is pressurized by the wastewater network pump to the wastewater treatment plant. Similar to WRAB1, the CEE of WRPB2 is mainly generated by energy consumption to overcome head loss [49]:


   E 14  =  Q 14  ×  EI 14  × E F  



(27)






   EI 14  =   9.8 × ρ × (  h f  +  h j  )   3.6 ×   10  6  × η    



(28)




where E14 is the CEE of WRPB2, kg; Q14 is the total amount of wastewater collected, m3; EI14 is the energy intensity of WRPB2 (electricity consumption by collecting unit of wastewater), kWh/m3. EI14 should be obtained based on the investigation and statistics of the wastewater collection system in the study area, and can also refer to the values in related studies: 0.013 kWh/m3 (China) [86].



(3) Wastewater treatment (WRPB3): The treatment methods of wastewater treatment plants in different countries are different, but generally include three stages: primary treatment, secondary treatment, and tertiary treatment. Each stage has different processes, and the energy consumption intensity of each process is different. The main CO2 emissions are concentrated in the secondary and tertiary treatment stages [87]. On the other hand, untreated wastewater contains more pollutants such as COD and BOD5, which can produce large amounts of carbon emissions. WRPB3 has a positive CO2 reduction effect by reducing the concentration of such pollutants [88]. In addition, wastewater treatment plants generally use sludge in wastewater for power generation [89], and its carbon reduction effect should also be considered. In this study, the CO2 absorption effect of WRPB3 is considered based on the concentration difference of major carbon emission pollutants before and after wastewater treatment and the sludge power generation:


   E 15  =  E  15 e m i s s i o n   −  E  15 a b s o r p t i o n    



(29)






   E  15 e m i s s i o n   =  Q 15  ×  EI 15  × E F −  Q 15  ×  R s  ×  P s  × E F  



(30)






   EI 15  =   ∑  i = 1  3     ∑ j   E  I  i j        



(31)






   E  15 a b s o r p t i o n   =  Q 15  × Δ  R  C O D   ×   E F   C O D   +  Q 15  × Δ  R  B O D 5   ×   E F   B O D 5    



(32)




where E15 is the CEE of wastewater treatment behavior, kg; Q15 is the total amount of wastewater treatment, m3; EI15 is the energy intensity of WRPB3 (electricity consumption by treating unit of wastewater), kWh/m3. EIij is the energy consumption intensity of the process j in stage i, kWh/m3. The energy intensity or emission factor of unit wastewater treatment can be obtained by investigating the energy consumption and treatment capacity of the wastewater treatment plant [28,29]. EI15 from relevant studies are available for reference: 0.24 kWh/m3 (China) [74]; 0.8–1.5 kWh/m3 (Australia) [60]; 0.177–0.78 kWh/m3 (USA) [56]; 0.41–0.61 kWh/m3 (Spain) [71]; 0.44 kWh/m3 (South Africa) [72]; 0.38–1.122 kWh/m3 (Global) [55]. Rs is the sludge concentration in wastewater, generally 0.3–0.5% [90]; Ps is the power generation of unit sludge, and the coefficient in related research is 14.27 kWh/m3 for reference [89]. ∆RCOD and ∆RBOD5 are the concentration differences of COD and BOD5 before and after wastewater treatment, respectively. When the measurement conditions are available, the measurement results shall prevail. When conducting large-scale research, ∆RCOD and ∆RBOD5 can also be determined according to relevant emission standards. According to China’s comprehensive wastewater discharge standard, the concentration difference between COD and BOD5 before wastewater treatment (Level 3 standard) and after wastewater treatment (Level 1 standard) is 0.94 kg/m3 and 0.58 kg/m3. EFCOD and EFBOD5 are the amount of CO2 reduced by removing unit COD and BOD5, and the units are kgCO2/kgCOD and kgCO2/kgBOD5, respectively. According to the relevant emission factors released by IPCC [52], EFCOD and EFBOD5 are 0.69 and 1.65, respectively.



(4) Reclaimed water reuse (WRPB4): Reclaimed water reuse reduces the extraction of surface water and groundwater, and can therefore be considered as a WRB to reduce CO2 emissions. The calculation formula of CEE is as follows:


   E 16  = −  Q 16  ×   E P   e x p l o i t a t i o n    



(33)






    E P   e x p l o i t a t i o n   = (  E 1  +  E 2  ) / (  Q 1  +  Q 2  )  



(34)




where E16 is the CEE of reclaimed water reuse behavior, kg; Q16 is the amount of reclaimed water reuse, m3; EP is the comprehensive CO2 emission coefficient of water resources exploitation (CO2 emissions per unit of water resource exploitation), kg/m3.




2.6. Function Table of CEEA for Water Resource Behaviors


The above methods and ideas are summarized and all the CEEA formulas are combined to form a table, which is the function table of CEEA (FT-CEEA) for WRBs (Table 2). In addition, in view of the large regional differences in the grid CO2 emission factor and the energy intensity of groundwater extraction, the referenceable values (Table 3 and Table 4) for different regions of China are given [54], which can be selected according to the actual situation of the study area. The instructions for using FT-CEEA are as follows.



(1) FT-CEEA is a collection of formulas for estimating and cross-sectionally comparing the CEE of various WRBs. The CEEA formulas for different WRBs in FT-CEEA can be used selectively depending on the study purpose and study scale. The quantity, type, and calculation method of WRBs in FT-CEEA are not static and can be updated and improved according to the changing situation and new research progress.



(2) The results of each formula are not necessarily an absolute measurement of the emission or absorption effects of CO2, but the idea of each formula is relatively reasonable. FT-CEEA is equivalent to setting up a “ruler” as a relative comparison of CEE generated by WRBs calculated by different researchers. FT-CEEA has no scale limitation and can be applied to different scales with limited accuracy requirements. However, the specific parameters need to be adjusted according to the actual situation of the research object.



(3) Most of the formulas in FT-CEEA need to be supported by relevant parameters, but in most cases, it is difficult to carry out field investigations and measurements of the parameters. Given this situation, some valuable reference values are provided in this table. Of course, some changes can be made in the selection of parameter reference values according to different research needs and actual conditions.





3. Case Study


3.1. Overview of the Study Area


China has a vast territory, and there are significant spatial differences in industrial structure, water use mode, and carbon emission intensity in different regions. In terms of CO2 emissions in 2019, Shanxi (the province with the highest emission intensity) is 37 times higher than Qinghai (the province with the lowest emission intensity) under different development orientation [91]. In the past 20 years, under the background of rapid economic and social development, some provinces in China are facing many challenges such as the insufficient capacity for sustainable utilization of water resources and prominent conflict between carbon emission reduction and economic development [92]. Since the 1990s, China has been in a new period of rapid growth in carbon emissions, lagging behind developed countries in time. Although China’s total carbon emissions ranked first in the world in recent years, China’s per capita carbon emissions are still far lower than developed countries. Many traditional industries in China still maintain a production mode with high consumption and high emission. Promoting the low-carbon transformation of traditional industries has become an urgent bottleneck to achieving China’s carbon neutrality goal [7].



In this study, 31 provincial administrative regions in mainland of China are divided into 8 regions [93]. The regional division, elevation distribution, water supply structure, and CO2 emission intensity of the study area are shown in Figure 3.




3.2. Data source and Description


In addition to the important parameters in FT-CEEA, the data used in the case study are mainly the data of indicators involved in different WRBs of 31 provinces in China in 2020. The data involved in WRABs include tap water allocation and inter-regional water transfer. The data involved in WRUBs include domestic water consumption, industrial water consumption, actual agricultural irrigation area, land area of four kinds of artificial ecological water utilization, and hydroelectric power generation. The data involved in WRPBs include water saving, wastewater treatment, and reclaimed water reuse.



The sources of the above data include China Water Resources Bulletin 2020, China Seawater Utilization Bulletin 2020, Water Resources Bulletin of 31 provinces in 2020, China Statistical Yearbook 2021, China Water Statistical Yearbook 2021, China Energy Statistical Yearbook 2021, China Environmental Statistical Yearbook 2021, and China Urban Construction Statistical Yearbook 2021.




3.3. Results and Discussion


3.3.1. Carbon Dioxide Emission Equivalent Analysis of WRDBs


Based on FT-CEEA and the above data, the CEE of WRBs in 31 provinces and 8 regions of China in 2020 was calculated. The calculation results of the eight regions are obtained by summing the included provinces.



The CEEA results of WRDBs are presented in Table 5. In 2020, the surface water lifting behavior (WRDB1) in eight regions of China generated 63.52 million tons of CEE, accounting for 29.8% of the total CEE produced by WRDBs. Among them, the WRDB1 in middle Yangtze River and east coast provinces produced higher CEE of 12.63 million tons and 11.9 million tons, respectively. The three provinces of Shanghai, Jiangsu, and Zhejiang in the east coast region are dominated by surface water utilization. The surface water supply of Jiangsu Province in 2020 is 55.6 billion cubic meters, resulting in the CEE generated by WRDB1 ranking first among 31 provinces (8.18 million tons). The region with the smallest CEE of WRDB1 is the north coast region (4.64 million tons). On the other hand, WRDB2 in the north coast region produced the most CEE (8.2 million tons). In contrast, groundwater extraction in the east coast region produced only 0.12 million tons of CEE in 2020. The spatial distribution characteristics of CEEA results of WRDB1 and WRDB2 are closely related to the water supply structure in different regions. Compared with the southern provinces of China, the northern provinces have a higher degree of groundwater exploitation and a larger proportion of groundwater utilization, which is also a manifestation of the uneven spatial distribution of water resources in China [94]. In addition, Xinjiang is the province with the most CEE generated by WRDB2 in 31 provinces (5.69 million tons). The reason is that Xinjiang has a large amount of groundwater supply. In 2020, the groundwater supply in Xinjiang is 12.43 billion cubic meters, second only to Heilongjiang (12.94 billion cubic meters). Another important factor is that Xinjiang’s higher altitude means it takes much more energy to extract per unit of groundwater than the eastern provinces [39].



WRDB3 is the behavior that produces the most CEE in WRDBs, generating 75.9 million tons of CEE in 2020, accounting for 35.6% of the total CEE produced by WRDBs. Among them, the CEE produced in middle Yangtze River and southwest regions was significantly higher than that in other regions, and the CEE produced by WRDB3 in the east coast region was less (4.69 million tons). Raw water treatment behavior (WRDB4) produced 39.55 million tons of CEE in 2020. Due to the high proportion of domestic and industrial water, the east coast, the middle Yangtze River and the southern coastal provinces have become the main contributors to the CEE generated by WRDB4. In 2020, the CEE generated by seawater desalination behavior (WRDB5) was 2.92 million tons, accounting for 1.4% of the total CEE generated by WRDBs. China’s desalination plants are mainly concentrated in 9 coastal provinces [64], which are Shandong, Hebei, Zhejiang, Tianjin, Liaoning, Guangdong, Fujian, Hainan, and Jiangsu in descending order according to CEE. The proportion of CEE generated by WRDB5 in the north and east coast provinces exceeded 87%.




3.3.2. Carbon Dioxide Emission Equivalent Analysis of WRABs


The CEEA results of water resource allocation behaviors (WRABs) are shown in Table 5. WRAB1 produced 26.36 million tons of CEE in 2020, accounting for 60.9% of the total CEE produced by WRABs. The CEE of WRAB1 is similar to WRDB4 in spatial distribution. The difference in water resources utilization structure in different regions of China can explain the distribution characteristics to some extent. Compared with the eastern provinces of China, the northwest provinces have a higher proportion of agricultural water and a lower proportion of industrial and domestic water [95]. Tap water supply is mainly concentrated in industrial and domestic water. Therefore, the water use structure dominated by agricultural water has led to the CO2 emission effect of WRAB1 in the northwest region being much lower than that in the eastern region. Cross-regional water transfer behavior produced 16.95 million tons of CEE in 2020. Due to the existence of large-scale water diversion projects such as the South-to-North Water Diversion Project and the Luanhe River Diversion Project, the CEE generated by WRAB2 in the north coast and the middle Yellow River provinces accounted for up to 89%. This spatial distribution feature is similar to the research results of Xiang and Jia [54].




3.3.3. Carbon Dioxide Emission Equivalent Analysis of WRUBs


The CEEA results of WRUBs are shown in Table 6. Among the five kinds of WRUBs, the CEE value of domestic water utilization and industrial water utilization is positive, resulting in the CO2 emission effect. The CEE value of agricultural water utilization, ecological water utilization, and hydroelectric power generation is negative, resulting in the CO2 absorption effect. Among them, the CEE calculation of WRUB2 is based on the first calculation scheme (energy intensity scheme).



In 2020, the CEE of WRUB1 (326.88 million tons) and WRUB2 (353.54 million tons) in 31 provinces of China are not very different in total, but there are large differences between regions. The CEE generated by WRUB2 in the east coast and middle Yangtze River provinces is higher than that generated by WRUB1, especially in the east coast provinces. The outstanding proportion of industrial and domestic water in Jiangsu Province leads to the highest CEE generated by WRUB2. The difference in water use structure is the main reason for the difference in CEE of industrial and domestic water in different regions [96]. The absorption effect of WRUB3 (288.84 million tons) is greater than the emission effect (57.02 million tons), so the CEE of agricultural water utilization behavior is negative in total (−231.83 million tons). The WRUB3 of the northwest provinces has produced a considerable CO2 emission effect (6.48 million tons), which is consistent with the local water resource utilization structure [97]. The middle Yangtze River provinces have more agricultural irrigation area, and the CO2 absorption effect produced by WRUB3 is also the highest among the eight regions (51.9 million tons).



Ecological water utilization behavior (WRUB4) produced −144.06 million tons of CEE in 2020. The CEE of WRUB4 in southwest and northwest provinces was nearly half of the total CEE produced by WRUB4. The main reason is that the wetland and water area of Sichuan, Tibet, Qinghai, Xinjiang, and other provinces is much higher than other regions. The strong guarantee of ecological water use in the above-mentioned provinces has played an important role in maintaining the carbon sink function of wetland and water ecosystem [98]. In 2020, the hydroelectric power generation behavior (WRUB5) in eight regions of China produced a total of −335.95 million tons of CEE with significant spatial differences. Southwest provinces have the most abundant hydropower resources [99], while the proportion of hydropower in the energy structure of the north coast provinces is very small. The distribution of hydropower resources in China is the main reason for the CEE spatial difference of WRUB5.




3.3.4. Carbon Dioxide Emission Equivalent Analysis of WRPBs


The CEEA results of WRPBs are shown in Table 7. Among the four WRPBs, only the CEE value of wastewater collection behavior (WRPB2) is positive, resulting in CO2 emission effect. The CEE values of the other three WRPBs are negative, resulting in the CO2 absorption effect. Water saving behavior (WRPB1) can undoubtedly provide a positive impact on reducing CO2 emissions [100]. If only the energy saving effect of WRPB1 on water resources development and allocation is considered, the CEE of WRPB1 in 2020 is −2.05 million tons. In general, Shanghai, Guangdong, Zhejiang, Jiangsu, and Beijing are at the forefront of the construction of water-saving society [101], and there is still a large room for improvement in the capacity of water-saving and emission reduction in northwest provinces. The CEE of WRPB2 is the smallest among all WRBs in FT-CEEA (0.5 million tons). The CO2 absorption effect produced by wastewater treatment behavior (WRPB3) is significantly greater than the emission effect. The spatial distribution characteristics of CEE of WRPB3 are directly related to the wastewater treatment capacity of different regions. The east coast and south coast provinces have a large amount of wastewater discharge and a strong wastewater treatment capacity [102], which correspondingly brings a higher carbon dioxide emission and absorption effect. If only the energy saving effect of reclaimed water reuse behavior on water resources development is considered, the CEE generated by WRPB4 in 2020 is −2.68 million tons. The CEEA results of WRPB4 are closely related to regional water resource endowment and water supply structure. Compared with the southern provinces, Beijing, Hebei, Shandong, Henan, and other northern provinces are relatively short of water, so the reuse of reclaimed water has become an effective means to alleviate the contradiction between local water supply and demand [103]. As a result, the amount of reclaimed water supplied by these provinces is much higher than that of other provinces, and correspondingly, more CO2 absorption effect is generated.






4. Conclusions


In this study, the carbon dioxide emission equivalent analysis (CEEA) method of water resource behaviors (WRBs) was developed, and a function table of carbon dioxide emission equivalent (FT-CEEA) was constructed. Based on the FT-CEEA, the CEE of different WRBs in 31 provinces of China in 2020 was analyzed. Some valuable conclusions are as follows:




	(1)

	
Four categories of WRBs in 31 provinces of China produced a total of 0.137 billion tons of CEE in 2020, of which the emission effect was 1.001 billion tons and the absorption effect was 0.864 billion tons. There is significant spatial variability in CEE of WRBs in eight regions of China, and the spatial distribution characteristics of CEE produced by different WRBs are also different. Water supply/utilization structure, energy consumption structure, water resources endowment, physical geographic characteristics, hydropower resources distribution are important reasons for the spatial differences of CEE.




	(2)

	
The WRDBs and WRABs produced a total of 0.256 billion tons of CEE. Among the WRDBs, reservoir storage and surface water lifting have the most CO2 emission effect. Among the WRABs, the CEE from inter-regional water transfer is smaller than that from tap water allocation. Water resource protection behaviors produced −87 million tons of CEE. The absorption effect of wastewater treatment behavior is the main contributor to CEE, followed by reclaimed water reuse behavior and water saving behavior.




	(3)

	
The CO2 emission and absorption effects of WRUBs are most significant among four categories. Domestic water and industrial water utilization are the two main sources of emission effects, hydroelectric power generation behavior produced the greatest absorption effect. There is still a certain distance to achieve carbon neutrality in the field of water resources.









Based on the above conclusions, some targeted measures and suggestions are discussed for the carbon neutrality goal in the field of water resources. Increasing the proportion of hydropower generation, improving the capacity of ecological water security, strengthening wastewater treatment and reclaimed water reuse, and promoting the construction of water-saving society can be considered as effective ways to promote carbon neutrality in this field.



However, there are still some limitations. The consideration of water resource behavior categories may not be comprehensive. In this study, the water resource behaviors were divided into four categories: development, allocation, utilization, and protection. However, water resource behaviors are not limited to the four categories, and the number of WRBs is far more than 16. Therefore, FT-CEEA is dynamic rather than static, and needs to be constantly updated. In addition, many CEE calculations of WRB are completed by using energy as an intermediate medium, which is the quantitative scheme adopted by most related studies. Although the energy consumption is the major factor in the generation of CEE by those WRBs, it cannot be excluded that there may be other potential factors contributing to carbon emissions. When these potential factors reach a certain scale, the resulting CEE also needs to be considered. Moreover, for some WRBs, the CEEA method may not be considered perfect. For example, the CO2 absorbed by the four types of land closely related to ecological water utilization was roughly used as the CEE of WRUB3. In fact, the CO2 absorbed by the lands is due to many factors, including ecological water utilization. How to separate the CEE of ecological water and CEE produced by other factors? Further exploration and refinement are still needed.
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Figure 1. The general idea of the CEEA method. 
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Figure 2. Schematic diagram of CEE accounting for WRBs. 
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Figure 3. The study area. 
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Table 1. Selected representative literature of carbon emission effect studies in the field of water resources.
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Author(s)

	
Region(s)

	
Water-Related Activities

	
Methodology






	
Griffiths-Sattenspiel et al. [27]

	
United States

	
Water Supply and Conveyance

	
Carbon emission estimation based on statistical survey data and emission factors




	
Water Treatment




	
Water Distribution




	
Water End-Uses




	
Wastewater Collection and Treatment




	
Wastewater Discharge




	
Friedrich et al. [30]

	
Durban, South Africa

	
Water Impoundment

	
Carbon footprint analysis based on LCA method




	
Water Treatment




	
Water Distribution




	
Water Collection




	
Wastewater Treatment




	
Water Recycling




	
Bottled Water




	
Zhang et al. [47]

	
All cities in Guangdong Province, China

	
Water Extraction and Conveyance

	
Accounting for CO2 emissions based on energy intensity and emission factors




	
Water Purification and Supply




	
Water Distribution




	
Wastewater Treatment




	
Venkatesh et al. [48]

	
Nantes (France), Oslo (Norway), Turin (Italy), Toronto (Canada)

	
Water Supply

	
System analysis method




	
Water Treatment




	
Water Distribution




	
Wastewater Collection




	
Wastewater Treatment




	
Bakhshi and Demonsabert [49]

	
Loudoun, United States

	
Raw Water Extraction and Treatment

	
Carbon emission estimation based on survey data and Geographic information system models




	
Water Distribution




	
Wastewater Collection




	
Wastewater Treatment




	
Stokes and Horvath [50]

	
Southern California, United States

	
Imported Water

	
Carbon emission measurement of water supply system based on hybrid LCA method




	
Desalinated Ocean Water (Conventional pretreatment)




	
Desalinated Ocean Water (Membrane pretreatment)




	
Desalinated Brackish Groundwater




	
Recycled Water




	
Valek et al. [32]

	
México City, México

	
Water Supply

	
CO2 equivalent analysis based on statistical survey data and emission factors




	
Water Treatment System




	
Sambito and Freni [33]

	
Sicily, Italy

	
Water Supply and Treatment System

	
Carbon footprint analysis based on LCA approach




	
Distribution of Water and Sewer System




	
Wastewater Treatment Plant




	
Presura and Robescu [51]

	
Constanta, Romania

	
Potable Water Treatment

	
Carbon footprint analysis based on energy intensity and emission factors




	
Wastewater Treatment




	
Heihsel and Lenzen [36]

	
Australia

	
Seawater Desalination

	
Carbon footprint analysis based on multi-regional input-output model




	
Wang et al. [39]

	
China

	
Groundwater Use for Agriculture

	
Carbon footprint analysis based on energy intensity and emission factors




	
Wu et al. [43]

	
Australia

	
Wastewater Treatment (Direct emission)

	
Carbon footprint analysis based on emission factors




	
Wastewater Treatment (Indirect emission)




	
Wastewater Treatment (Value chain emission)
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Table 2. FT-CEEA for water resource behaviors.
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	WRBs
	CEEA Formulas
	Parameter Reference Values





	WRDB1

(Surface water lifting)
	    E 1  =  Q 1  ×  EI 1  × E F   

    EI 1  =   ρ × g ×  h 1    3.6 ×   10  6  × η     

   E F =     ∑ i    (  F  C  i , y   × N C  V  i , y   × E  F   CO 2  , i , y    )      E  G y      
	   EI 1   : 0.2 kWh/m3 (China); 0.0002–1.74 kWh/m3 (Global)

  E F  : Table 3 (China)



	WRDB2

(Groundwater extraction)
	    E 2  =  Q 2  ×  EI 2  × E F   

    EI 2  =   9.8 × ρ ×  h 2    3.6 ×   10  6  × η     
	   EI 2   : Table 4 (China); 0.18–0.49 kWh/m3 kWh/m3 (USA); 0.48–0.53 kWh/m3 (Australia); 0.37–1.44 kWh/m3 (Global)



	WRDB3

(Reservoir storage)
	    E 3  =  Q 3  ×  EI 3  × E F   
	   EI 3   : 0.14 kWh/m3 (China)



	WRDB4

(Raw water treatment)
	    E 4  =  Q 4  ×  EI 4  × E F   
	   EI 4   : 0.31 kWh/m3 (China); 0.371–0.392 kWh/m3 (USA); 0.1–0.6 kWh/m3 (Australia); 0.38–1.44 kWh/m3 (Canada); 0.11–1.5 kWh/m3 (Spain); 0.15–0.44 kWh/m3 (New Zealand)



	WRDB5

(Seawater Desalination)
	    E 5  =  Q 5  ×  EI 5  × E F   
	   EI 5   : 5.9 kWh/m3 (China); 4 kWh/m3 (Australia); 2.4–8.5 kWh/m3 (Global)



	WRAB1

(Tap water allocation)
	   E 6  =  Q 6  ×  EI 6  × E F  

   EI 6  =   9.8 × ρ × (  h f  +  h j  )   3.6 ×   10  6  × η    

   h f  = λ  l  4 R      v 2    2 g    ;   h j  = ζ    v 2    2 g    
	   EI 6   : 0.2 kWh/m3 (China); 0.2–0.32 kWh/m3 (California, USA); 0.12–0.22 kWh/m3 (Spain); 0.1 kWh/m3 (South Africa)



	WRAB2

(Inter–regional water transfer)
	    E 7  =  Q 7  ×  EI 7  × E F   

    EI 7  =   ρ × g × (  h f  +  h j  )   3.6 ×   10  6  × η     
	   EI 7   : 0.815 kWh/m3 (China)



	WRUB1

(Domestic water utilization)
	    E 8  =  Q 8  ×   EI 8   × E F   

     EI 8   = ρ ×  R  h o u s e h o l d   × (  R  h e a t 1   +  R  h e a t 2   ) × C w × Δ T × 1 / η   
	    EI 8    : 7.43 kWh/m3 (China); 24.6 kWh/m3 (Ontario, Canada)



	WRUB2

(Industrial water utilization)
	      E 9  =  Q 9  ×   EI 9   × E F      E 9  =  C  i n d u s t r y   ×  R  w a t e r   × E F     
	    EI 9    : 5.033 kWh/m3 (China)

   R  w a t e r    : 10% (China)



	WRUB3

(Agricultural water utilization)
	      E 10  =  E  10 e m i s s i o n   −  E  10 a b s o r p t i o n        E  10 e m i s s i o n   = A ×  δ e  ×   44   12        E  10 a b s o r p t i o n   = ω × A ×  δ a  ×   44   12       
	   δ e   : 0.266 tC/ha (China)

   δ a   : 4.05 tC/ha (China)

 ω : 1/3



	WRUB4

(Ecological water utilization)
	    E 11  = −   ∑ i n    A i    ×  δ i  ×   44   12     
	 δ : Garden 3.81 tC/ha; Green Space 0.948 tC/ha; Wetland 0.567 tC/ha; Water Area 0.567 tC/ha (China)



	WRUB5

(Hydroelectric power generation)
	    E 12  = − G × C P G × E  F c    
	  C P G  : 3.7 × 10−4 tce/kWh (China)

  E  F c   : 670 kg/tce (China)



	WRPB1

(Water saving)
	    E 13  = −  Q 13  × (   E P   e x p l o i t a t i o n   +   E P   d i s t r i b u t i o n   )   

     E P   e x p l o i t a t i o n   = (  E 1  +  E 2  ) / (  Q 1  +  Q 2  )   

     E P   d i s t r i b u t i o n   =  E 7  /  Q 7    
	For the parameters of E1, E2, and E7, see WRDB1, WRDB2, and WRAB2



	WRPB2

(Wastewater collection)
	    E 14  =  Q 14  ×  EI 14  × E F   

    EI 14  =   9.8 × ρ × (  h f  +  h j  )   3.6 ×   10  6  × η     
	   EI 14   : 0.013 kWh/m3 (China)



	WRPB3

(Wastewater treatment)
	      E 15  =  E  15 e m i s s i o n   −  E  15 a b s o r p t i o n        E  15 e m i s s i o n   =  Q 15  ×  EI 15  × E F −  Q 15  ×  R s  ×  P s  × E F      EI 15  =   ∑  i = 1  3     ∑ j   E  I  i j            E  15 a b s o r p t i o n   =  Q 15  × ( Δ  R  C O D   ×   E F   C O D   + Δ  R  B O D 5   ×   E F   B O D 5   )     
	   EI 15   : 0.24 kWh/m3 (China); 0.8–1.5 kWh/m3 (Australia); 0.177–0.78 kWh/m3 (USA); 0.41–0.61 kWh/m3 (Spain); 0.44 kWh/m3 (South Africa); 0.38–1.122 kWh/m3 (Global)

   R s   : 0.3~0.5% (China)

    E F   C O D    : 0.69 kgCO2/kgCOD (IPCC);

    E F   B O D    : 1.65 kgCO2/kgBOD5 (IPCC)



	WRPB4

(Reclaimed water reuse)
	    E 16  = −  Q 16  ×   E P   e x p l o i t a t i o n          E P   e x p l o i t a t i o n   = (  E 1  +  E 2  ) / (  Q 1  +  Q 2  )   
	For the parameters of E1 and E2, see WRDB1 and WRDB2










[image: Table] 





Table 3. Average CO2 emission factor of power grids in different regions of China (kgCO2/kWh).
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	Provinces
	EF
	Provinces
	EF





	Beijing
	0.8292
	Henan
	0.8444



	Tianjin
	0.8733
	Hubei
	0.3717



	Hebei
	0.9148
	Hunan
	0.5523



	Shanxi
	0.8798
	Chongqing
	0.6294



	Inner Mongolia
	0.8503
	Sichuan
	0.2891



	Shandong
	0.9236
	Guangdong
	0.6379



	Liaoning
	0.8357
	Guangxi
	0.4821



	Jilin
	0.6787
	Guizhou
	0.6556



	Heilongjiang
	0.8158
	Yunnan
	0.415



	Shanghai
	0.7934
	Hainan
	0.6463



	Jiangsu
	0.7356
	Shaanxi
	0.8696



	Zhejiang
	0.6822
	Gansu
	0.6124



	Anhui
	0.7913
	Qinghai
	0.2263



	Fujian
	0.5439
	Ningxia
	0.8184



	Jiangxi
	0.7635
	Xinjiang
	0.7636
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Table 4. Energy intensity of unit groundwater extraction in different regions of China (kWh/m3).
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	Provinces
	EI2
	Provinces
	EI2





	Beijing
	0.44
	Henan
	0.3



	Tianjin
	0.66
	Hubei
	0.22



	Hebei
	0.53
	Hunan
	0.4



	Shanxi
	0.62
	Chongqing
	0.57



	Inner Mongolia
	0.3
	Sichuan
	0.3



	Shandong
	0.47
	Guangdong
	0.41



	Liaoning
	0.21
	Guangxi
	0.34



	Jilin
	0.35
	Guizhou
	0.36



	Heilongjiang
	0.43
	Yunnan
	0.45



	Shanghai
	0.39
	Hainan
	0.41



	Jiangsu
	0.36
	Shaanxi
	0.64



	Zhejiang
	0.43
	Gansu
	0.5



	Anhui
	0.32
	Qinghai
	0.52



	Fujian
	0.4
	Ningxia
	0.27



	Jiangxi
	0.37
	Xinjiang
	0.6
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Table 5. CEE of WRDBs and WRABs in eight regions of China in 2020 (10,000 tons).
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	Regions
	WRDB1
	WRDB2
	WRDB3
	WRDB4
	WRDB5
	WRAB1
	WRAB2





	North coast
	464.39
	819.75
	595.18
	408.86
	193.61
	275.50
	1062.86



	Middle Yellow River
	550.14
	799.23
	943.75
	425.88
	0.00
	268.61
	447.79



	Northeast
	528.18
	628.60
	983.30
	243.08
	20.66
	157.29
	0.00



	East coast
	1190.44
	12.27
	468.52
	1061.67
	61.60
	725.56
	34.30



	Middle Yangtze River
	1262.68
	103.99
	1650.82
	793.48
	0.00
	530.31
	40.53



	South coast
	746.55
	39.34
	663.31
	516.33
	16.56
	336.86
	90.46



	Southwest
	720.44
	44.23
	1807.78
	385.87
	0.00
	260.99
	6.60



	Northwest
	889.61
	660.88
	477.18
	119.54
	0.00
	80.88
	12.48



	Total
	6352.42
	3108.29
	7589.83
	3954.71
	292.43
	2636.02
	1695.02
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Table 6. CEE of WRUBs in eight regions of China in 2020 (10,000 tons).
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Regions

	
WRUB1

	
WRUB2

	
WRUB3

	
WRUB3

	
WRUB3

	
WRUB4

	
WRUB5




	
Emission

	
Absorption






	
North coast

	
4684.22

	
2643.82

	
−3600.23

	
885.44

	
4485.67

	
−873.39

	
−87.73




	
Middle Yellow River

	
4514.91

	
3112.55

	
−3901.06

	
959.42

	
4860.49

	
−1514.52

	
−923.25




	
Northeast

	
2547.60

	
1812.01

	
−2873.56

	
706.72

	
3580.28

	
−1629.72

	
−452.12




	
East coast

	
5229.36

	
12,308.51

	
−2085.14

	
512.82

	
2597.96

	
−1188.59

	
−598.08




	
Middle Yangtze River

	
5225.80

	
8202.69

	
−4165.40

	
1024.44

	
5189.84

	
−1616.46

	
−6028.88




	
South coast

	
5044.67

	
3755.17

	
−1065.50

	
262.05

	
1327.55

	
−858.01

	
−1472.20




	
Southwest

	
4103.96

	
2716.85

	
−2855.96

	
702.39

	
3558.36

	
−3286.00

	
−20,571.24




	
Northwest

	
1337.90

	
802.65

	
−2635.73

	
648.23

	
3283.96

	
−3439.65

	
−3461.95




	
Total

	
32,688.42

	
35,354.25

	
−23,182.59

	
5701.51

	
28,884.10

	
−14,406.34

	
−33,595.46
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Table 7. CEE of WRPBs in eight regions of China in 2020 (10,000 tons).
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Regions

	
WRPB1

	
WRPB2

	
WRPB3

	
WRPB3

	
WRPB3

	
WRPB4




	
Emission

	
Absorption






	
North coast

	
−24.69

	
9.33

	
−1158.76

	
131.27

	
1290.03

	
−109.55




	
Middle Yellow River

	
−24.16

	
5.42

	
−703.43

	
76.30

	
779.73

	
−67.26




	
Northeast

	
−12.51

	
5.73

	
−809.33

	
80.63

	
889.96

	
−17.91




	
East coast

	
−57.17

	
9.61

	
−1489.48

	
135.17

	
1624.65

	
−22.95




	
Middle Yangtze River

	
−38.73

	
6.29

	
−1255.82

	
88.55

	
1344.37

	
−16.36




	
South coast

	
−33.13

	
8.07

	
−1482.34

	
113.53

	
1595.87

	
−7.12




	
Southwest

	
−10.26

	
4.51

	
−1153.53

	
63.40

	
1216.93

	
−12.19




	
Northwest

	
−4.62

	
1.35

	
−231.80

	
19.06

	
250.86

	
−14.82




	
Total

	
−205.27

	
50.31

	
−8284.47

	
707.91

	
8992.38

	
−268.15
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