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Abstract

:

Apparel manufacturing involves high water consumption and heavy water pollution in its supply chain, e.g., planting cotton, producing chemical fibers, and dyeing. This study employs a multi-regional input–output (MRIO) model to (1) assess the life cycle of blue and grey water (chemical oxygen demand (COD) specific) of China’s apparel manufacturing; (2) reveal the hidden linkage among sectors and regions in the whole supply chain; and (3) identify the key regions and upstream sectors with the most water consumption and heaviest water pollution. We found that the agricultural sector (i.e., planting fiber crops) is responsible for primary water consumption and water pollution. In addition, different provinces assume different production roles. Guangdong is a major output province in apparel manufacturing. However, its economic output is contributed to by other regions, such as blue water from Xinjiang and Jiangsu and grey water from Hebei and Shandong. Our research reveals the significance of taking an inter-regional perspective on water resource issues throughout the supply chain in apparel manufacturing. The sustainable development of China’s apparel manufacturing relies on improving water-use efficiency and reasonable industrial layout. The results are of significance and informative for policymakers to build a water-sustainable apparel industry.
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1. Introduction


Water is an essential natural resource for human society, and it is significantly affected by human activities [1]. Globally, water use in manufacturing has caused severe environmental problems, such as water shortages and water pollution [2]. Apparel manufacturing is particularly serious in terms of water consumption and water pollution. As a major material in making apparel, cotton cultivation is water intensive, accounting for approximately 3% of global agricultural water use [3]. The intermediate processing sector of the apparel supply chain lies in the textile industry, one of the most water-polluting sectors [4]. The water use of the textile process not only causes serious groundwater depletion [5], but also discharges a large amount of toxic chemicals, causing serious water pollution issues [6,7].



As the biggest exporter of textile products worldwide [8], China has faced problems of high water consumption and heavy water pollution [9]. The textile industry ranked third among the largest dischargers of wastewater in 2015 [10]. As a water-intensive industry, achieving sustainable water resources management is a huge challenge for China’s apparel industry [11]. Li et al. (2021) [9] pointed out that the two ways to achieve water sustainability are reducing water consumption and water pollution.



To reveal the pressure on the environment caused by apparel manufacturing, quantifying the supply chain’s water consumption and water pollution is necessary. Chapagain et al. (2006) [12] estimated that global consumption of cotton, one of the primary materials, requires 256 Gm3 of water per year. Kazan et al. (2020) [13] concluded that pesticide and synthetic fertilizer usage during cotton cultivation are the major factors increasing environmental impacts. Liu et al. (2020) [14] evaluated the environmental impact of different melange yarns, seeking opportunities for improvement from the manufacturer’s perspective. Many studies have explored the potential environmental impacts of apparel manufacturing from the perspective of various raw materials [13,15,16], different processes and technologies [17], and diverse products [14,18,19]. Those studies employed process-based model from a bottom-up perspective to investigate the direct water use in each process and to assess the aggregated impacts. While bottom-up approaches have the advantage in analyzing product details, they lack comprehensive coverage of the industry chains, leading to underestimations of the overall environmental effect [20].



In the context of regional trade development, regions may be cast in different roles, according to their comparative advantages. As a basis for managing water resources and mitigating water scarcity in different economic sectors, input–output (IO) models are also widely used to account for the life cycle of water resources [21]. Many scholars have used input–output models for accounting in the environmental domain [22,23,24]. Water use is a complex process involving flows among different economic sectors, which causes complex interactions within the whole economic system [25]. The single IO model can hardly reveal the inherent relationship among sectors, which may impede the analysis of the system’s metabolic performance and water-use structure [26,27]. Developed based on the IO model, the multi-regional input–output (MRIO) model unites direct and indirect flows associated with economic activities and allows such links along the complete international or interregional supply chains of all products and services [28,29]. This model has been applied to various studies concentrated on environmental issues, including material use [30,31,32], greenhouse gas emissions [33,34], and land [35] and water resources [36]. Therefore, the MRIO model can be used to examine the water impacts and reveal the hidden linkages among regions and sectors in the supply chain of apparel manufacturing.



In order to mitigate the negative impacts of apparel manufacturing on water resources, identifying the interregional and intersectoral water transfer is essential for regional and industrial sustainable development. This study employs an MRIO model to assess China’s apparel manufacturing’s life cycle water consumption and pollution. The sectoral transfer and the spatial flow patterns of water are also analyzed by using this model. The results can help policymakers develop targeted recommendations by identifying the key regions and upstream sectors with the most water consumption and heaviest water pollution.




2. Materials and Methods


Water footprints, as an indicator proposed by Hoekstra et al., [37], have been widely used to assess the water impacts of human activities [24,38,39]. There are three components in a water footprint, i.e., green, blue, and grey water. They respectively indicate the occupation of the precipitation resource, freshwater resource (i.e., groundwater and surface water) and water quality. Due to data availability, this study does not consider green water. In this study, both water depletion (blue water) and pollution (grey water) are considered to examine the impacts on water resources. Many types of water pollutants are involved in the supply chain of apparel manufacturing, including chemical oxygen demand (COD), amino-nitrogen, heavy metals, etc. In this study, we select COD as the representative of water pollutants because (1) COD is a main monitoring water pollutant by China’s government, and therefore its discharge data are available publicly; and (2) COD is a major water pollutant discharged from the industrial sector and severely degrades China’s water quality [40,41].



COD-specific grey water refers to the freshwater amount required to dilute the discharged COD to a safe concentration, set by regulations. It quantifies the impacts of water pollution discharge on water resources. It can be calculated using the following equation:


  d  w  g r e y   = L /  (   C  m a x     −  C  n a t      )   



(1)




where   d  w  g r e y     is grey water;  L  is the discharge amount of pollutant to environment;    C  m a x       is the maximum permissible concentration for pollutant in the water body set by China’s quality standard for surface water (20 mg/L for COD); and    C  n a t       is the concentration of pollutant p in the natural water body, which is usually assumed to be zero.



The multi-regional input–output (MRIO) model is employed in this study to investigate the life-cycle of blue and grey water in apparel manufacturing. The MRIO model is widely used to assess the virtual water flows among sectors and regions [39,42].



The life cycle of blue (grey) water consists of indirect and direct components. The indirect component can be calculated, using the following equation:


  i d  w i  r , s   =  x i  r , s   · d  w i  r , s   +   ∑   s = 1     ∑   j = 1    (   x i  r , s   ·  b  i , j   r , s   · d  w j  r , s    )   



(2)




where   i d  w i  r , s     indicates the indirect blue (grey) water use by sector i of region r in the supply chain of region s’ apparel manufacturing;   d w   is the direct water use;    x i  r , s     refers to the demand of sector i of region r in the supply chain of region s’ apparel manufacturing; and    b  i , j   r , s     is the complete consumption coefficient of sector i in region r by sector j in region s.



Therefore, Equation (2) can be written as the following matrix equation:


  IDW = ( X +  B    ×    X  ) . ×    DW   



(3)







The complete consumption coefficient matrix B can be calculated as follows:


  B =    (  I − A  )    − 1   − I  



(4)




where      I    is an identify matrix; and  A  is the direct consumption matrix, which can be obtained from the MRIO table.



Equation (3) can be re-written as the following:


  IDW =    (  I − A  )    − 1      X  . ×    DW   



(5)







The life cycle of blue (grey) water use (  L  W  a p p a r e l    ) can be assessed by summing up the indirect component (  i d  w i  r , s    ) and the direct component (  d  w  a p p a r e l  s   ):


  L  W  a p p a r e l   =   ∑   s = 1    (    ∑   r = 1     ∑   i = 1   i d  w i  r , s   + d  w  a p p a r e l  s   )   



(6)







The life cycle of water use originating from region r (  L  W  a p p a r e l  r   ) can be estimated as follows:


  L  W  a p p a r e l  r  =   ∑   s = 1    (    ∑   i = 1   i d  w i  r , s   + d  w  a p p a r e l  s   )   



(7)







The life cycle of water use originating from sector i (  L  W  i , a p p a r e l    ) can be estimated as follows:


  L  W  i , a p p a r e l   =   ∑   s = 1    (    ∑   r = 1   i d  w i  r , s   + d  w  a p p a r e l  s   )   



(8)







The MRIO table of 2015 in China is obtained from the previous study (32 regions and 42 sectors in each region) [43]. The output value (unit is CNY) of apparel manufacturing in each region is obtained from the MRIO table. The sector-wise data of water consumption and COD discharge are obtained from Annual Statistic Report on Environment in China and China Statistical Yearbook on Environment [10].




3. Results


3.1. Water Transfer in the Apparel Manufacturing


As shown in Figure 1, China’s apparel manufacturing consumed 30.50 Gm3 of blue water and discharged 114.36 Gm3 of grey water in its life-cycle supply chain in 2015. Blue water refers to the water consumption in the apparel industry, and the water pollution is indicated by grey water (COD-specific). Grey water, once again, is not the same as “wastewater” but indicates the freshwater that is required to dilute the polluted water to a safe concentration. Grey water quantifies the impact of water pollutants (COD) on freshwater, and it may be more than water consumption when COD is discharged at a very high concentration. The results show that grey water was 4.58 times the amount of blue water, indicating that the water pollution induced by apparel industry is especially noteworthy.



The apparel industry’s supply chain is categorized into six sectors: agriculture, apparel manufacturing, chemicals production, textile manufacturing, power generation, and other sectors. Most of the blue water (27.23 Gm3) was consumed by the agriculture sector, accounting for 87.43% of the total, as the fiber plants (e.g., cotton) are water-intensive crops. The following sectors were power generation and textile manufacturing, consuming only 1.42 Gm3 and 0.72 Gm3 of blue water. The other three sectors contributed only 1.74 Gm3 of blue water consumption in total.



In the discharge of grey water, the agriculture sector is still the largest contributor; 49.11% of the total water pollution (i.e., COD pollution) was from planting raw materials for apparel manufacturing, which generated 69.65 Gm3 of grey water. The second largest sector discharging grey water is the apparel manufacturing sector, which generated 40.2 Gm3 of industrial grey water and occupied 28.34% of the total. For the other sectors in the supply chain of China’s apparel manufacturing and textile manufacturing, other sectors and chemicals production sectors discharged 18.99 Gm3, 7.37 Gm3, and 5.40 Gm3 grey water. In total, they account for 22.40% of the total grey water.




3.2. Output Value, Water Consumption and Water Pollution at the Provincial Level


Figure 2 illustrates the total output value of the apparel manufacturing in each province of China and the blue and grey water consumed behind this industry. Figure 2a shows an uneven distribution of China’s apparel manufacturing, with a high output value concentrated in the eastern coastal regions. Overall, the apparel manufacturing in China generated a total economic value of CNY 3981.42 billion, among which Guangdong (CNY 875.90 billion), Jiangsu (CNY 545.60 billion) and Fujian (CNY 493.70 billion) are the top three provinces, featuring 22.00%, 13.70% and 12.40% of the total value, respectively.



Figure 2b reveals the distribution of blue water consumption in apparel manufacturing. Except for Xinjiang, the regions with high blue water consumption are mainly distributed in the eastern and southeastern regions. Jiangsu, Xinjiang and Hebei are the provinces with the highest blue water consumption, consuming 3.71 Gm3, 2.91 Gm3 and 2.53 Gm3, respectively. Their blue water consumption accounted for 30.00% of the whole 30.50 Gm3 of blue water in China. As the major cotton producers, these provinces consumed a large amount of blue water.



As shown in Figure 2c, the grey water was mainly discharged from the eastern coastal regions. China’s apparel manufacturing discharged a total of 114.36 Gm3 of greywater in 2015, with Shandong (20.17 Gm3), Hebei (13.39 Gm3) and Henan (13.46 Gm3) generating the most, accounting for 17.66%, 11.71% and 11.80% of the total, respectively. As for Shandong, a vital textile production base in China, with high water consumption and high pollution characteristics, the textile industry discharged a large amount of grey water.



Overall, China’s apparel manufacturing is mainly located in the eastern and coastal regions, which have become important distribution centers for apparel products by their well-developed infrastructure and convenient transportation. While the apparel industry brings high output value, the related raw material supply areas also consume high water consumption and discharge water pollution, such as Xinjiang, from where cotton is supplied, and Shandong, from where textiles are supplied. This brings an environmental burden to the local area.




3.3. Spatial Transfer of Blue and Grey Water in China’s Apparel Manufacturing


Figure 3 illustrates the inter-provincial flows of blue water and grey water among 31 regions in China in 2015. Figure 3a shows that Xinjiang and Heilongjiang were the major blue water exporters, sending out 2.66 Gm3 and 1.71 Gm3 of blue water to other provinces, which feature 18.51% and 11.91% of the overall flows. Meanwhile, the blue water inflow to those provinces was very limited (only 0.01 and 0.06 Gm3). Therefore, it can be found that these two provinces take the essential task of blue water exporting in apparel manufacturing. On the other hand, Guangdong was the largest blue water receiver, which received 3.01 Gm3 of blue water, accounting for 20.94% of the whole. The following receivers were Henan (1.61 Gm3) and Zhejiang (1.46 Gm3). Among all the identified transfers, the flow of Xinjiang–Guangdong, –Henan, and –Shandong had the largest amount, with 0.53, 0.39 and 0.38 Gm3 of transferred blue water, respectively. This indicates that Xinjiang is an essential supplier in the supply chain of China’s apparel manufacturing, especially for the apparel manufacturing in Guangdong, Henan and Zhejiang.



The spatial transfer pattern of grey water in China’s apparel manufacturing in 2015 is shown in Figure 3b. The total grey water flows in the apparel supply chain were 39.55 Gm3. The largest grey water flow was from Hebei to Guangdong (1.31 Gm3), following by Henan–Guangdong (0.94 Gm3), Heilongjiang–Guangdong (0.90 Gm3) and Jiangsu–Guangdong (0.90 Gm3). Guangdong was the largest grey water receiver with a net inflow of 9.13 Gm3. The following top receivers were Zhejiang (4.55 Gm3), Henan (3.73 Gm3) and Jiangsu (3.51 Gm3). In contrast, Hebei contributed the most grey water (5.53 Gm3), occupying 14% of the total. This is following by Heilongjiang (4.42 Gm3), Henan (3.72 Gm3) and Shandong (3.42 Gm3).



As the largest recipient of blue water and grey water in China’s apparel manufacturing, Guangdong received a large amount of blue water from other regions and transferred massive grey water to the remaining provinces. Although Guangdong was the largest producer of apparel manufacturing in China, its industrial development heavily depended on other regions’ contributions. The major blue water contributors are Xinjiang, Heilongjiang, and Jiangsu. They exported 1.21 Gm3 in total, occupying 40.22% of the blue water transfer in Guangdong. On the other hand, the major grey water generators are Hebei, Henan and Heilongjiang. They discharged 3.15 Gm3 of grey water, with 34.52% of Guangdong’s total grey water transferred. Thus, identifying the source is the key point of solving the water consumption and water pollution problems in apparel manufacturing. For the major blue water contributors, such as Xinjiang and Heilongjiang, their water consumption should be strictly controlled to avoid local water shortages. In addition, for the major grey water producers, such as Hebei and Heilongjiang, stricter pollution discharge standards should be implemented to control water pollution problems.





4. Discussion


From the perspective of the entire supply chain of apparel manufacturing in China, the agricultural sector is the major water consumption and water pollution sector. It is mainly responsible for providing raw materials for its downstream textile industry, such as cotton cultivation. Cotton is a water-intensive crop that consumes a large amount of water in its growth. China is a sizeable cotton-producing country. The cotton planting area is 5.53 million hm2, accounting for 15% of the global cotton planting area [44]. The main cotton-producing areas in China are located in the Yellow River Basin, the Yangtze River Basin, and the inland northwest [45]. Xinjiang is the largest cotton-producing province, and all cotton cultivation here depends on irrigation, which is blue water [46]. This leads to Xinjiang being the largest blue water-consuming region in the apparel manufacturing’s supply chain. Planting cotton has caused some regions in China to experience a severe water crisis. Xinjiang is a typical arid area where the annual precipitation is only 50–250 mm, but the evaporation amount is more than four times its precipitation [47]. Therefore, it is necessary to improve the irrigation efficiency of planting sectors. It can significantly improve the supply chain’s overall water-use efficiency, reduce water consumption, and improve water productivity. In addition, the agricultural sector is also the largest generator of grey water. It discharges a large amount of grey water during production. Reducing water pollution from the agricultural sector is an effective measure to improve the water sustainability of apparel manufacturing.



Judging from the results in Figure 1, the sectors of apparel manufacturing, textile manufacturing, and chemicals production are also major dischargers of grey water. These sectors should implement stricter wastewater discharge standards and improve wastewater treatment capabilities. This can speed up the entire supply chain to achieve sustainable development of water resources.



It is meaningful to analyze the water problem from an interregional perspective. Our research reveals the distribution of blue water and gray water among 31 regions in China. The results show that the major contributor of apparel manufacturing is not necessarily the area most affected by water consumption and pollution. In China, each province plays a different role in the entire supply chain. The eastern coastal area headed by Guangdong is the primary output region of the apparel industry. However, its upstream sectors, such as fiber planting, are mainly concentrated in Xinjiang and Jiangsu. These regions usually consume large amounts of blue water, due to the heavy production tasks. Textile processing and chemical production are downstream of the planting sector. Shandong, Hebei and Henan mainly complete these processes. Therefore, their water pollution problems are more severe.



Furthermore, we applied the MRIO model to deeply analyze the spatial transfer pattern of blue and grey water among 31 regions. As the province with the largest apparel output, the industry development in Guangdong mainly depends on the support of other regions. The cotton supply in Xinjiang and Jiangsu eases the blue water pressure in Guangdong, and the textile manufacturing and processing in Hebei and Shandong also alleviate the gray water discharge. Analyzing the water transfer pattern of the industry from an interregional perspective can reveal the hidden linkage of water resources in China’s apparel manufacturing. This can help policymakers to formulate a targeted recommendation. For example, the major exporters of blue water should improve water-use efficiency to reduce water outflows. The major dischargers of grey water should improve their wastewater treatment capacity and prevent further polluting other regions. The regions such as Guangdong, which rely on foreign resources to develop their apparel industry, should rationalize their industrial structure to avoid further exacerbating water depletion and water pollution problems in other regions.



Understanding the spatial transfer of blue and grey water is also informative for water risk analysis. Assessing and monitoring the wastewater-related risk is vital to ensure the sustainable operation of the entire manufacturing facility [48]. This study indicates that “water risk” can spread and transfer among regions. For instance, in the life-cycle supply chain of China’s apparel manufacturing, the COD-pollution-related risk is transferred from Guangdong to Hebei, Jiangsu, etc. Thus, the spatial transfer of “water risk” is suggested to be considered and integrated into future studies of water risk.



Increasing the water cost is a potential way to reduce water consumption and pollution effectively. China’s government is pushing tiered pricing for industrial water users, i.e., the greater the water use, the higher the marginal water price. By doing this, those water-intensive factories are charged high prices for water use, and consequently, they have a strong motivation to reduce their water consumption as much as possible. Those industrial producers are also asked to ensure that their discharged water pollutants are within the allowed limits; otherwise, they will be fined.



However, the water pricing of the agricultural sector is quite different from that of the industrial sector in China. Currently, China’s agricultural producers can use the water resources at a very low cost (even at no cost in some regions) because (1) the government supports farmers’ incomes, (2) the food production cost is strongly related to food security, and (3) water use and pollution at farms sometimes are very hard to monitor. According to this study’s results, as shown in Figure 1, most water consumption and pollution originate from the agricultural sector, i.e., fiber crops planting. Thus, China’s government is strongly suggested to design an appropriate water pricing policy for the agricultural sector, especially for water-intensive crops, such as cotton, to mitigate its water crisis.



This study did not perform a comprehensive water cost analysis and, therefore, is unable to provide the water-pricing-related policy implications, which is the limitation of this study. Therefore, we encourage further studies to examine how to design an appropriate water-pricing policy to help mitigate the water stress induced by apparel manufacturing.




5. Conclusions


Water consumption and water pollution in apparel manufacturing impose a significant burden on the environment in China. This study employed an MRIO model to account for blue and grey water in the apparel sector in China in 2015 and analyze the sectoral transfer and spatial flow patterns of water. The results show that the agricultural sector was the main water-consuming and water-polluting sector. It consumed 87.43% of the total blue water and 49.12% of the total grey water. Thus, it is imperative to increase the water-use efficiency in irrigation and reduce water pollution. Meanwhile, different provinces play different roles in the whole supply chain. The regions with high output values were mainly concentrated in Guangdong, Fujian and Jiangsu, while upstream industries, such as fiber cultivation and textile manufacturing, with high water consumption and pollution, were primarily concentrated in Xinjiang, Shandong, and Hebei. Xinjiang exported the most blue water (2.66 Gm3), occupying 19.15% of the total blue water transfer in apparel manufacturing, while Shandong and Hebei discharged the most grey water, with 20.17 Gm3 and 13.39 Gm3. As the largest receiver of blue and grey water, Guangdong consumed a large amount of blue water from other regions and transferred massive grey water to other provinces. Although the environmental burden of Guangdong is primarily relieved by Xinjiang, Hebei and other regions, it also reflects that the development of apparel manufacturing in Guangdong is closely dependent on other regions. On the other hand, the regions such as Xinjiang, Heilongjiang and Hebei, the major water generator, will further increase their environmental burden and cause local water shortage and water pollution.



Our study has revealed the transfer of water resources throughout the supply chain in apparel manufacturing from an interregional and intersectoral perspective. Identifying the source of water consumption and pollution is the key point to solve the environmental problem. Furthermore, improving water-use efficiency and pollution control capacity will help the sustainable development of apparel manufacturing. More importantly, a reasonable industrial layout should be performed, according to the hidden linkage and use of resources in each region rationally to avoid aggravating environmental problems.
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Figure 1. The sector-wise blue and grey water use in the supply chain of China’s apparel manufacturing in 2015. 
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Figure 2. The output value (a), blue water (b), and grey water (c) in the supply chain of China’s apparel manufacturing. 
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Figure 3. Blue (a) and grey (b) water flows among 31 regions in China’s apparel manufacturing in 2015. 
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