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Driven by the digital economy, China’s Information and Communication Technology (ICT) industry has significantly intensified water and carbon pressures. By employing the Environmentally Extended Multi-Regional Input-Output (EE-MRIO) model in conjunction with the Tapio decoupling model and Structural Decomposition Analysis (SDA), this study quantifies interprovincial virtual water-carbon flows and their economic-environmental coupling from 2012 to 2017. The findings reveal a spatial imbalance characterized by “eastern agglomeration–western burden”, as well as a transition from unidirectional outflows to hub-based resource interactions. Decoupling trajectories exhibit regional variations: Jiangsu has achieved strong decoupling, Beijing remains heavily coupled, while Jiangxi and Yunnan demonstrate significant water decoupling. The SDA results indicate that structural expansion continues to be the primary driver: from 2012 to 2017, per capita demand contributed +2.06 and final demand structure +0.54 to the average growth in carbon footprint. Regarding the water footprint, the final demand structure contributed +0.085. Although reductions in intensity have provided localized mitigation, the persistence of structural pressures suggests that path dependence has not been entirely overcome. This study expands the analytical framework for measuring environmental footprints and decoupling within the ICT industry, providing valuable insights for decision-making towards regional green transformation and ecological responsibility reconstruction.
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1 INTRODUCTION
The ICT sector is characterized by a pronounced cross-regional production network (Zhang and Li, 2019), where raw material extraction, component manufacturing, equipment assembly, software services, and data processing occur across various provinces. This results in frequent virtual transfers of water resources and carbon emissions between regions (Zhang et al., 2019). Concurrently, significant differences in regional economic development levels, industrial structures, and resource endowments lead to notable coupling and decoupling conditions regarding water-carbon resource efficiency and ecological carrying capacities across regions (Liu et al., 2020; Lv et al., 2024). As a growth-oriented strategic sector, the ICT industry generates high economic value while exhibiting intensive resource consumption and environmental emissions (Charfeddine et al., 2023; Wang Q. et al., 2023; Siddik et al., 2021), manifesting a typical “high-carbon, high-water, high-impact” profile. Consequently, identifying the spatial flow patterns of water-carbon footprints within the ICT industry and evaluating their decoupling from economic growth is of both theoretical and practical significance for advancing green industrial transformation.
The Water Footprint (WF) and Carbon Footprint (CF) indicators, initially proposed by Hoekstra and Hung (2003) and Wiedmann and Minx (2008), have been extensively utilized to quantify the hidden resource burdens within supply chains. These indicators are also commonly known as virtual water and embodied carbon, respectively, highlighting the fact that resource consumption and pollution emissions can be geographically transferred through supply chains and international trade. These metrics are crucial in uncovering the hidden environmental burdens associated with products and in influencing discussions on global resource allocation and ecological responsibility (Allan, 1997; Peters et al., 2011; Jägerskog and Lundqvist, 2022).
Currently, the Input-Output model has been widely used to analyze the virtual transfer pathways of resource consumption and environmental burdens across regions. A growing body of research has employed this analytical framework to quantify carbon footprint (Liang et al., 2024), water footprint (Shen and Yao, 2023), land use (Costello et al., 2011), pollutant emissions (Sun et al., 2021), and energy consumption (Qian et al., 2025), thereby revealing the hidden ecological and environmental costs embedded in trade activities at the national (Fang et al., 2024), provincial (Li W. et al., 2023; Xu et al., 2024), and regional (Li et al., 2024; Yuan et al., 2022) levels. In the ICT sector, however, estimating and quantifying its environmental impacts remains a challenging yet compelling topic (Freitag et al., 2021). To date, only a limited number of studies have evaluated the sector from the perspectives of embodied energy use (Shi et al., 2022) and carbon footprints (Zhou et al., 2019; Wang et al., 2022). Moreover, identifying region-specific emission pathways and their structural drivers is critical for formulating differentiated and equitable environmental policies (Xu et al., 2024). This analytical perspective is equally relevant to the ICT sector, where extended supply chains and strong cross-regional linkages call for a deeper understanding of its resource-environment-economic interactions at the subnational level.
At the same time, the ICT industry provides a clear example for decoupling analysis, as some provinces enhance environmental efficiency while others continue to experience an increase in their environmental footprint. Structural decomposition analysis (SDA) and the Tapio decoupling model have proven effective in distinguishing the roles of scale, structural, and intensity changes (Shimotsuura, 2025; Oladunni et al., 2024; Zheng and Hu, 2025). However, current research still lacks a comprehensive investigation into the interprovincial dynamics of water-carbon footprint flows within China’s ICT industry and their decoupling from economic growth. Few studies have integrated the water and carbon dimensions within a unified framework, nor have they addressed the sector’s spatial heterogeneity and underlying drivers.
To bridge these gaps, this study integrates the Environmentally Extended Multi-Regional Input-Output (EE-MRIO) model, Structural Decomposition Analysis (SDA), and the Tapio decoupling model to systematically examine the spatial flow characteristics, evolutionary trends, and decoupling patterns of water and carbon footprints within China’s ICT industry from 2012 to 2017. By identifying the spatial distribution of water-carbon pressures, virtual resource transfer pathways, and key driving factors, this study aims to provide theoretical insights and policy guidance for regionally tailored green transitions. The findings are expected to advance the methodological integration of footprint accounting and decoupling analysis and to contribute constructively to environmental governance in industry and regional contexts.
2 METHOD AND DATA
2.1 Environmentally extended multi-regional Input−Output analysis
This study utilizes an EE-MRIO model to quantify the interprovincial transfers of water and carbon footprints linked to China’s ICT industry between 2012 and 2017. Previous research has extensively used Input-Output Analysis to characterize economic relationships between sectors, relying on input-output tables. By integrating environmental extensions into the conventional Multi-Regional Input-Output model, the EE-MRIO framework captures the embodied environmental impacts associated with the trade of goods and services. The fundamental formulation is as follows:
X=I−A−1Y+E(1)
The model structure incorporates a total economic output matrix X, comprised of sectoral outputs across provinces. The Leontief inverse matrix incorporates matrix A of direct consumption coefficients, calculated as where represents intermediate inputs flowing from sector i in province r to sector j in province s. The final demand matrix Y captures consumption patterns of goods from sector i in province r by province s. Additionally, the export matrix E encompasses provincial sectoral exports.
By incorporating the sectoral water withdrawal parameter wand direct carbon emission parameter c, Equation 1 can be extended to the EE-MRIO model. Given this study’s focus on water and carbon footprint analysis of China’s ICT industry, the environmental intensity coefficients are assigned only to the ICT-related sectors (sector codes 20 and 32 among the 42 sectors), while all other sector coefficients are set to zero.
W=wI−A−1Y+E,C=cI−A−1Y+E(2)
Here, W represents the total water footprint of the ICT industry, and C represents the total carbon footprint. Through transformation of Equation 2, the production-based and consumption-based water footprints driven by final consumption at the provincial level are derived as: Wpr=wrI−A−1Y and Wcr=wI−A−1Y. Similarly, the production-based and consumption-based carbon footprints are expressed as: Cpr=crI−A−1Y and Ccr=cI−A−1Y.
Additionally, the export-driven water and carbon footprints for province r are expressed as Wer=wrI−A−1E and Ccr=crI−A−1E. The water and carbon footprints of ICT sector in province r driven by final demand and exports from region s can be expressed as Equations 3, 4:
Wrs=wrI−A−1Ys+Es(3)
Crs=crI−A−1Ys+Es(4)
Through the introduction of transpose matrices, the ICT industry's water and carbon footprints in interprovincial trade for province r can be derived as shown in Equation 5:
WN=Wrs−Wsr,CN=Crs−Csr(5)
The study employs a static MRIO framework for comparative analysis across selected years. While it does not capture dynamic intertemporal feedbacks or adaptive adjustments, it remains a widely adopted approach for assessing structural drivers of environmental pressures over time. The comparability and sectoral consistency across benchmark years make it suitable for evaluating medium-term transitions, although temporal policy responsiveness may be limited. Although the EE-MRIO framework provides comprehensive accounting of embodied environmental flows across sectors and regions, it is not exempt from uncertainty arising from harmonization of inter-regional data, sectoral concordances, and coefficient assumptions. Prior studies (Lenzen et al., 2010; Wiedmann et al., 2011; Chen J. et al., 2018; Perez-Valdes et al., 2025) have systematically assessed the propagation and sources of uncertainty in MRIO model.
2.2 Decoupling analysis
Decoupling analysis is a method used to determine whether industrial development is synchronized with resource consumption and environmental changes. The status of decoupling indices provides a means to evaluate the sustainability of industrial development (Wang et al., 2018). In this study, we select the value-added of ICT trade along with water and carbon footprints as key indicators, applying the Tapio elasticity-based decoupling model for analysis. The aim is to assess the relationship between the growth rates of carbon (or water) footprints and the trade value-added (VA). If the footprint growth is lower than that of VA, it indicates a trend of decoupling, suggesting reduced environmental pressure alongside economic growth; otherwise, it reflects coupling.
The production-side decoupling, formally defined in Equation 6, reflects the relationship between local production activities and environmental pressure, while the consumption-side decoupling, given in Equation 7, represents the environmental burden induced by local final consumption.
DICF_P,i=Cp,t,i−Cp,0,i/Cp,0,iVp,t,i−Vp,0,i/Vp,0,i=∆Cp,i%∆VP,i%(6)
DICF_C,i=Cc,t,i−Cc,0,i/Cp,0,iVc,t,i−Vc,0,i/Vc,0,i=∆Cp,i%∆Vc,i%(7)
DIWF_P,i=Wp,t,i−Wp,0,i/Cp,0,iVp,t,i−Vp,0,i/Vp,0,i=∆Wp,i%∆Vp,i%(8)
WDIWF_C,i=Wc,t,i−Wc,0,i/Cp,0,iVc,t,i−Vc,0,i/Vc,0,i=∆Wp,i%∆Vc,i%(9)
As shown in Equations 8, 9, DICF_P,i and DICF_C,i denote the decoupling indices of carbon footprint for province i in the production-side and consumption-side of the ICT sector, respectively; DIWF_P,i and DIWF_C,i represent the corresponding decoupling indices of water footprint. ΔW indicates the growth rates of carbon and water footprints from year t to the base year, while ΔV refers to the growth rate of trade value-added (VA). Based on the calculated decoupling index (DI) values and by referring to the decoupling classification scheme, the decoupling status of both the production and consumption sides can be identified for each period. While the decoupling provide a summary measure of the relationship between environmental pressure and economic growth, they do not by themselves distinguish the underlying drivers of this relationship. To address this, we further apply Structural Decomposition Analysis (SDA) in later sections to disaggregate the changes in water and carbon footprints into five driving factors. Among these, the reduction in environmental intensity (e.g., water or carbon per unit value-added) reflects “technical decoupling”, indicating improved efficiency or cleaner technologies. In contrast, changes in trade structure and domestic production ratio represent “structural decoupling”, driven by shifts in supply chains, sectoral composition, or regional dependency. This classification allows us to link the decoupling index with specific policy-relevant mechanisms and quantify their respective contributions.
According to Tapio (2005), elasticity can be classified into eight decoupling states, as illustrated in Table 1. In this framework, the elasticity range of 0.8–1.2 is used to represent a coupling state, where the environmental pressure (e.g., water or carbon footprint) changes approximately in proportion to economic output. This interval accounts for normal statistical variation and measurement uncertainty in annual data and has been widely adopted in subsequent decoupling studies to ensure consistency and comparability across regions and years (Magazzino et al., 2024; Chen X. et al., 2018; Wu et al., 2018).
TABLE 1 | Classification of decoupling types.	Decoupling type	ΔV	ΔW (ΔC)	DI	Interpretation
	Strong decoupling	>0	<0	<0	Economic growth is achieved while the environmental footprint declines, indicating strong decoupling
	Weak decoupling	>0	>0	0–0.8	Footprint increases more slowly than the economy, indicating partial decoupling
	Expansive coupling	>0	>0	0.8–1.2	Footprint and economy grow in tandem, indicating no decoupling
	Expansive negative decoupling	>0	>0	>1.2	The footprint grows faster than the economy, indicating unsustainable expansion
	Strong negative decoupling	<0	>0	<0	Economy contracts while footprint still increases, indicating highly unsustainable
	Weak negative decoupling	<0	<0	0–0.8	Both decrease, but footprint declines more slowly
	Recessive coupling	<0	<0	0.8–1.2	Economy and footprint decline proportionally, indicating no structural shift
	Recessive decoupling	<0	<0	>1.2	Footprint shrinks faster than economy, indicating green transition


2.3 Structural decomposition analysis
To identify the driving forces behind the ICT sector’s water and carbon footprints, we adopt Structural Decomposition Analysis (SDA), a method widely used in energy and emission studies (Su and Ang, 2012; Li Y. et al., 2023).
We assume that the water (or carbon) footprint in the base year and year T are denoted as C0 and CT, respectively. The change in footprint over time can be described by the following equation:
∆C=CT−C0=∑i∑jfijTLiTRiTCiTPT−∑i∑jfij0Li0Ri0Ci0P0(10)
In Equation 10, each of the five terms represents the contribution of a single factor to the footprint change, assuming all other variables remain constant. To approximate the average of all possible decompositions, we apply the average of two polar decompositions.
This results in the simplified expression shown in Equation 11, where the change in the consumption-based footprint of provincial ICT sectors is attributed to five drivers:
∆C=CT−C0=∑i∑j12ΔfijLiTRiTCiTPT+ΔfijLi0Ri0Ci0P0 +∑i∑j12fij0ΔLiRiTCiTPT+fijTΔLiRi0Ci0P0+∑i∑j12fij0Li0ΔRiCiTPT+fijTLiTΔRiCi0P0+∑i∑j12fij0Li0Ri0ΔCiPT+fijTLiTRiTΔCiP0+∑i∑j12fij0Li0Ri0Ci0ΔP+fijTLiTRiTCiTΔP(11)
In Equation 11, ΔC represents the change in consumption-based emissions of the ICT sector across provinces. The five decomposition drivers are defined as follows:
Δfij: changes in water (or carbon) intensity, reflecting technological efficiency or environmental pressure per unit of output;
ΔLi: changes in the trade structure, indicating shifts in the origin or destination of intermediate inputs;
ΔRi: changes in the domestic production ratio, representing the share of locally produced goods in total inputs, used to capture shifts in production dependency;
ΔCi: changes in per capita consumption volume for ICT-related products, reflecting behavioral or economic demand shifts;
ΔP: changes in population, capturing demographic contributions to overall footprint changes.
2.4 Data source
The MRIO tables and carbon emissions data for China in 2012, 2015, and 2017 are sourced from the China Emission Accounts and Datasets (CEADs), which cover 31 provinces and 42 socio-economic sectors (Zheng et al., 2021; Shan et al., 2020). Although the use of three cross-sectional years may limit the inference of long-term dynamic trends, these selected years span key phases in China’s ICT development—covering the expansion of digital infrastructure, the implementation of national green policies, and the gradual transition toward service-oriented trade. Moreover, while incremental structural changes occurred in China’s economy during this period, the overall industrial composition and regional trade patterns did not undergo disruptive transformation. Therefore, these three data points can still reliably reflect medium-term decoupling behavior and spatial shifts in environmental burden. Similar time-window settings have been applied in other MRIO-based footprint studies in China (Yang et al., 2025; Jiang et al., 2023).
Water consumption data were compiled from multiple sources. Provincial-level water consumption statistics (spanning agricultural, industrial, domestic, ecological, and total usage) were extracted from the China Statistical Yearbook, while household water consumption was obtained from the China Urban and Rural Construction Statistical Yearbook.
To match the sectoral resolution adopted in this study, all raw data were preprocessed and reallocated as follows. Agricultural water use, including irrigation for farmland, orchards, pastures, fishponds, and livestock, was directly assigned to the agricultural sector; Industrial water use refers to water withdrawn by mining and manufacturing enterprises (excluding internal recycling), and was distributed across sectors using province-level water intensity coefficients from the 2008 China Economic Census Yearbook; Domestic water use encompasses household, tertiary sector, and construction activities. Construction water intensity was derived from the 2011 National Water Census (Ministry of Water Resources), with efficiency improvement projected backward to 2008 and forward to 2017 under a conservative 6% annual gain rate (Zhang and Anadon, 2014). The 6% is the binding target for the industrial sector in the 11th Five-Year Plan (National Development and Reform Commission’s 11th Five-Year Plan for the Construction of a Water-saving Society), and the construction industry, as a high-water consumption industry, needs to meet the standards simultaneously. Tertiary sector water use was disaggregated based on the intermediate input shares of the water production and supply sector to various service industries (Zhang and Anadon, 2014; Sun et al., 2017). Household water use was allocated to the water production and supply sector, while ecological water use was assigned to public utility management (Han et al., 2015). This study focuses on blue water-surface and groundwater withdrawals, excluding rainfall due to its non-competitive nature and measurement challenges. Similarly, grey water, defined as the volume of freshwater required to dilute pollutants, was omitted due to data unavailability.
3 RESULTS
3.1 Analysis of water–carbon footprints of the ICT sector from production and consumption perspectives
3.1.1 Assessment of ICT sector water and carbon footprints
Table 2 systematically presents the dynamic evolution of production-based and consumption-based water footprints (PBWF, CBWF) and carbon footprints (PBCF, CBCF) associated with China’s ICT industry across six major regions in the years 2012, 2015, and 2017.
TABLE 2 | Water and carbon footprints of China’s ICT sector by region.	Year	Region	PBWF	CBWF	PBCF	CBCF
	2012	NEIT	1.2187	1.3353	29.2093	28.82
	2015	NEIT	1.0914	1.4836	33.8147	31.8329
	2017	NEIT	0.7781	1.5305	29.9311	38.8515
	2012	DSEC	3.9961	4.6969	102.0656	110.8869
	2015	DSEC	5.4029	4.64	100.2300	96.1392
	2017	DSEC	7.7321	5.2143	92.2318	81.3700
	2012	NCPP	0.5135	1.1089	28.3931	31.4397
	2015	NCPP	0.4748	1.4874	28.2600	31.826
	2017	NCPP	0.9117	1.7065	24.9901	28.1779
	2012	NWEB	1.1224	1.0956	32.3617	23.9992
	2015	NWEB	1.2433	1.4115	30.6478	25.2635
	2017	NWEB	0.8241	1.1972	58.5832	53.7155
	2012	SWRO	4.9228	4.1393	39.1315	34.3072
	2015	SWRO	5.9303	5.0918	42.8310	43.4393
	2017	SWRO	2.7593	3.0575	44.6165	41.9868
	2012	CTRA	5.0913	4.4888	44.0541	45.7621
	2015	CTRA	5.5211	5.5494	55.6738	62.9566
	2017	CTRA	3.6445	3.9437	40.6721	46.9231


Note: Based on regional economic characteristics and environmental stress, China’s 31 provinces are grouped into six major zones: the Northeast Industrial Transition Region (Heilongjiang, Jilin, Liaoning); the Developed Southeast Coastal Region (Guangdong, Jiangsu, Zhejiang, Shandong, Shanghai, Fujian, Hainan); the High-Consumption North China Plain Region (Hebei, Tianjin, Beijing, Shanxi); the Southwest Resource-Oriented Region (Sichuan, Guizhou, Yunnan, Guangxi, Chongqing); and the Central Transition Region (Henan, Hunan, Hubei, Anhui, Jiangxi). NEIT: northeast industrial transition region; DSEC: developed southeast coastal region; NCPP: High-Consumption North China Plain Region; SWRO: Southwest Resource-Oriented Region; NWEB: northwest ecological barrier; CTRA: Central Transition Region. Units: PBWF, and CBWF, are in 100 million cubic meters (108 m3); PBCF, and CBCF, are in million metric tons (Mt).
From a macro perspective, the production-side water footprint of China’s ICT industry increased from 1.686 billion m3 in 2012 to 1.966 billion m3 in 2015 but subsequently declined to 1.665 billion m3 by 2017, effectively returning to the 2012 level. This trend reflects a contraction in water use following a brief period of industrial expansion. However, regional variations in this trend are pronounced. Notably, the southeastern coastal region, which hosts China’s most advanced ICT manufacturing capabilities, witnessed its production-side water footprint soar from 399.61 million m3 in 2012 to 773.21 million m3 in 2017, representing growth exceeding 90%. Its share of the national total climbed from less than one-quarter to nearly one-half, underscoring its growing dominance in ICT manufacturing. Conversely, both the southwestern resource-based region and the central transitional region experienced significant declines in their production-side water footprints after peaking in 2015, falling to 275.93 million m3 and 364.45 million m3, respectively, by 2017—a reduction of nearly 50%. This decline suggests substantial structural adjustments in production scale or efficiency within these resource-intensive regions.
Regarding the consumption-side water footprint, the aggregated trend across regions paralleled that of the production side—initially rising and then declining—though notable regional disparities persist. For example, in the northeastern industrial transition region, the production-side water footprint steadily decreased, while the consumption-side footprint increased from 133.53 million m3 in 2012 to 153.05 million m3 in 2017. This indicates growing ICT product demand despite diminishing local production capacity, characterizing the region as a “net importer.” Similarly, the North China Plain high-consumption region saw its consumption-side water footprint rise from 110.89 million m3 in 2012 to 170.65 million m3 in 2017—outpacing the growth on the production side—indicating its rising significance as a major ICT consumption market.
The evolution of the carbon footprint displays a more complex pattern. The production-side carbon footprint of the national ICT industry rose significantly from 275.22 Mt in 2012 to 291.46 Mt in 2015, followed by a slight decline to 291.02 Mt in 2017, indicating a consistently high level of emissions. Regionally, the developed southeastern coastal region remained the largest contributor to carbon emissions; however, its emissions declined from 102.07 Mt in 2012 to 92.23 Mt in 2017, a reduction of around 10%, suggesting improved carbon efficiency. In stark contrast, the northwestern ecological region saw a dramatic surge in carbon footprint, reaching 58.58 Mt in 2017, an increase of over 80% from 2012, highlighting the westward shift of resource-intensive ICT production and the associated ecological burden. The central transitional region also experienced a decline in emissions, dropping from a 2015 peak of 55.67 Mt to 40.67 Mt in 2017, indicating a phase of industrial optimization and restructuring.
The consumption-side carbon footprint also remained elevated nationwide, albeit with fluctuations. In the southeastern coastal region, the footprint dropped significantly from 110.89 Mt in 2012 to 81.37 Mt in 2017, yet it still ranked first nationally, underscoring the region’s sustained prominence in ICT product demand. Conversely, the northeastern region exhibited a rising trend, with its consumption-side carbon footprint increasing from 28.82 Mt in 2012 to 38.85 Mt in 2017. Against a backdrop of contracting local production, the continued growth in consumption indicates a rising share of final ICT product use, intensifying dependence on externally sourced high-carbon goods.
In summary, the spatial distribution and temporal evolution of water and carbon footprints in China’s ICT industry reveal marked regional disparities. The eastern coastal region continues to serve as a production-oriented export hub, while the western region is increasingly assuming the role of a resource-based production base. Meanwhile, the central and northeastern regions are gradually transitioning into consumption-oriented areas. This spatial restructuring not only reflects the reconfiguration of functional zones within the ICT industry but also highlights the mechanisms of cross-regional transfers of resource pressures and environmental burdens.
3.1.2 Spatiotemporal patterns of water and carbon footprints in the ICT sector
Based on the spatial heatmaps presented in Figures 1, 2, the provincial-level water and carbon footprints of China’s ICT sector from 2012 to 2017 demonstrated significant heterogeneity across both production and consumption dimensions. Distinct patterns emerged in terms of spatial distribution, temporal evolution, and interregional linkages.
[image: Six maps of China show regional data for the years 2012, 2015, and 2017. Maps A, B, C illustrate one dataset, and maps D, E, F show another over the same years. Each map uses a color gradient from green to red to indicate data values. Labels include province names, a legend for data values, and compass roses for orientation. Insets show a broader map view, and scale bars are present for distance reference.]FIGURE 1 | Spatial distribution of water footprints in China’s ICT sector, 2012–2017. (A–C) Show production-based water footprints for 2012, 2015, and 2017, respectively; (D–F) show consumption-based water footprints for the corresponding years. The heatmaps reflect regional heterogeneity and temporal changes in water footprint agglomeration and transfer patterns.[image: Six-panel map comparison of China from 2012 to 2017, with panels (A-C) showing one data set and (D-F) another. Regions are color-coded by data value, with a gradient from green (low) to red (high) and scales provided. Each map includes a compass, scale bar, and smaller inset map showcasing regional position.]FIGURE 2 | Spatial distribution of carbon footprints in China’s ICT sector, 2012–2017. (A–C) Show production-based carbon footprints for 2012, 2015, and 2017, respectively; (D–F) show consumption-based carbon footprints for the corresponding years. The heatmaps illustrate dynamic shifts in carbon emission hotspots and spatial imbalance characteristics.Regarding water footprints, the spatial configuration of production-based footprints underwent substantial restructuring between 2012 and 2017. As illustrated in Figure 1A, in 2012, production-side water footprints were predominantly concentrated in Jiangxi (315.64 million m3), Sichuan (217.64 million m3), Yunnan (215.66 million m3), Guangdong (199.16 million m3), and Henan (103.21 million m3). This concentration reflects high levels of ICT manufacturing activity and water-intensive processes in these provinces. By 2015 (Figure 1B), this pattern intensified, with darker shading observed in Sichuan and Yunnan; notably, Sichuan’s water footprint increased to 358.64 million m3, ranking first nationwide. However, by 2017 (Figure 1C), the shading in western regions lightened considerably, as Sichuan’s footprint decreased to 168.71 million m3. Conversely, Guangdong and Jiangsu emerged as new hotspots, with Guangdong leading at 410.98 million m3—accounting for over half of the southeastern coastal region’s total (773.2 million m3). This shift indicates enhanced industrial agglomeration in eastern China, likely driven by improvements in water-use efficiency or the spatial relocation of water-intensive production activities.
In contrast, consumption-based water footprints showed stronger and more persistent clustering in coastal and densely populated areas (Figures 1D–F), alongside a steady upward trend. In 2012 (Figure 1D), Jiangxi (251.85 million m3) and Guangdong (234.90 million m3) already stood out above neighboring provinces. By 2015 (Figure 1E), high consumption levels extended along the southeastern coast and into interior provinces such as Hunan, Sichuan, and Henan. In 2017 (Figure 1F), Guangdong remained the top consumption region, reaching 256 million m3, reflecting ongoing expansion in ICT-related end use. Unlike the more dynamic spatial shifts seen on the production side, the consumption-based configuration remained relatively stable, with eastern provinces increasingly dependent on virtual water imports to meet ICT demand.
The spatial distribution of carbon footprints exhibits pronounced dynamic shifts across provinces from 2012 to 2017. As shown in Figure 2A, the production-side carbon footprint in 2012 was heavily concentrated in Shandong (28.18 Mt) and Guangdong (26.28 Mt), forming two major emission centers. In 2015 (Figure 2B), Guangdong’s emissions peaked at 28.16 Mt, while eastern provinces remained dominant. By 2017 (Figure 2C), however, a marked decline occurred in the east, with Guangdong’s footprint dropping sharply to 10.05 Mt. In contrast, provinces such as Shaanxi and Gansu in the northwest exhibited substantial increases, e.g., Shaanxi rose from 7.3 Mt in 2012 to 15.5 Mt in 2017. This shift in shading from green to dark blue signals an ongoing westward relocation of ICT-related industrial activities, consistent with western China’s resource endowments and coal-based energy structure.
On the consumption side (Figures 2D–F), carbon footprints formed persistent hotspots in coastal economic hubs and gradually diffused inland. In 2012 (Figure 2D), Guangdong (32.88 Mt), Shandong, and Shanghai led in consumption-based emissions. By 2015 (Figure 2E), this pattern persisted, with Guangdong reaching 36.45 Mt. Despite a notable decline to 18.74 Mt by 2017 (Figure 2F), Guangdong remained the highest-consuming province, indicating sustained demand-side pressure. Overall, consumption-side carbon footprints were more stable and continued to reflect strong regional imbalances in final ICT usage.
3.2 Virtual water-carbon flows in the ICT sector
With the ICT industrial chain deeply embedded in regional economic structures, the associated environmental burdens exhibit pronounced spatial flows across provinces. Based on Table 4, Figures 3, 4, a typical three-stage flow pattern “resource outflow, resource transfer, and value consumption” can be identified. This pattern reveals the implicit logic of resource migration underlying ICT production and trade.
TABLE 3 | Abbreviation standards for China’s provincial administrative regions.	Order	Administrative region	Abbreviation
	1	Beijing	BJ
	2	Tianjin	TJ
	3	Hebei	HEB
	4	Shanxi	SX
	5	Inner Mongolia	IM
	6	Liaoning	LN
	7	Jilin	JL
	8	Heilongjiang	HLJ
	9	Shanghai	SH
	10	Jiangsu	JS
	11	Zhejiang	ZJ
	12	Anhui	AH
	13	Fujian	FJ
	14	Jiangxi	JX
	15	Shandong	SD
	16	Henan	HEN
	17	Hubei	HUB
	18	Hunan	HUN
	19	Guangdong	GD
	20	Guangxi	GX
	21	Hainan	HAIN
	22	Chongqing	CQ
	23	Sichuan	SC
	24	Guizhou	GZ
	25	Yunnan	YN
	26	Tibet	TIB
	27	Shaanxi	SAX
	28	Gansu	GS
	29	Qinghai	QH
	30	Ningxia	NX
	31	Xinjiang	XJ


TABLE 4 | Top 10 interprovincial virtual water and carbon footprint transfer pathways of China’s ICT sector.	No.	Year	Type	Origin	Destination	Value	Type	Origin	Destination	Value
	1	2012	Water	YN	SH	11.31	Carbon	JS	SH	2.06
	2	2012	Water	JX	GD	7.02	Carbon	SAX	SH	0.99
	3	2012	Water	YN	GD	7.35	Carbon	JS	GD	0.90
	4	2012	Water	JX	GD	7.10	Carbon	JS	SD	0.79
	5	2012	Water	JS	SH	6.41	Carbon	XJ	SH	0.72
	6	2012	Water	SC	SH	6.22	Carbon	IM	SH	0.66
	7	2012	Water	JX	JS	5.18	Carbon	JS	LN	0.65
	8	2012	Water	JX	SH	4.98	Carbon	CQ	SH	0.59
	9	2012	Water	SAX	SH	4.94	Carbon	JS	HEB	0.59
	10	2012	Water	YN	JS	4.82	Carbon	JL	SH	0.56
	11	2015	Water	JS	GD	12.48	Carbon	JS	GD	1.35
	12	2015	Water	SC	GD	14.45	Carbon	JS	SH	1.13
	13	2015	Water	SC	SH	11.97	Carbon	SH	GD	0.85
	14	2015	Water	JS	BJ	10.07	Carbon	JS	LN	0.81
	15	2015	Water	JS	LN	9.45	Carbon	JS	HUB	0.74
	16	2015	Water	SC	LN	8.97	Carbon	JS	HEB	0.69
	17	2015	Water	SC	HEB	8.74	Carbon	JS	HEN	0.64
	18	2015	Water	JS	HEN	7.98	Carbon	ZJ	GD	0.61
	19	2015	Water	SC	JS	7.93	Carbon	JS	HUN	0.61
	20	2015	Water	SC	HUB	7.84	Carbon	JS	CQ	0.54
	21	2017	Water	GD	BJ	26.03	Carbon	SH	LN	1.43
	22	2017	Water	GD	HEN	20.54	Carbon	SD	LN	1.42
	23	2017	Water	JS	ZJ	17.03	Carbon	SH	BJ	1.26
	24	2017	Water	GD	YN	16.21	Carbon	SD	BJ	1.24
	25	2017	Water	GD	SC	12.19	Carbon	SH	GD	1.13
	26	2017	Water	GD	HLJ	11.42	Carbon	SD	GD	1.07
	27	2017	Water	GD	XJ	10.96	Carbon	SH	ZJ	1.06
	28	2017	Water	GD	HEB	10.93	Carbon	ZJ	LN	1.02
	29	2017	Water	GD	GZ	10.78	Carbon	SH	HEN	1.02
	30	2017	Water	ZJ	LN	9.22	Carbon	SD	ZJ	0.97


Note: “Value” indicates the magnitude of the footprint transfer. For water flows, the unit is 100 million cubic meters (108 m3); for carbon flows, the unit is megatonnes (Mt). The abbreviations of the administrative regions can be found in Table 3.
[image: Three circular chord diagrams labeled A, B, and C represent data from 2012, 2015, and 2017, respectively. Each diagram shows regional flows with connections between various areas, color-coded by region: Northwest, Northeast, Central, South, and others. The diagrams illustrate shifts in flow patterns over the years, with noticeable differences in the density and distribution of connections from 2012 to 2017.]FIGURE 3 | Interprovincial water footprint flows in China’s ICT sector. (A–C) Depict water footprint transfer networks for 2012, 2015, and 2017, respectively. The maps reflect the direction, magnitude, and structural changes of virtual water flows between provinces, including the transition from west-to-east outflows to hub-based interactions.[image: Three circular diagrams labeled A, B, and C depict regional connections in China for the years 2012, 2015, and 2017. Connections are represented by colored lines between labeled segments including Northeast, Northwest, Central, and Southwest. Each diagram shows variations in the thickness and distribution of connections over the years, indicating changes in interactions between regions.]FIGURE 4 | Interprovincial carbon footprint flows in China’s ICT sector. (A–C) Depict carbon footprint transfer networks for 2012, 2015, and 2017, respectively. The maps reflect the direction, magnitude, and structural shifts of embodied carbon flows between provinces, including the westward relocation of high-carbon production segments and the role of eastern hubs in externalizing emissions.From the perspective of water footprints (Figure 3), in 2012 virtual water predominantly flowed from the resource-rich but economically less developed southwestern provinces to the economically advanced southeastern coastal consumption hubs. For example, Yunnan exported 11.31 million cubic meters of water footprint to Shanghai, while Jiangxi and Sichuan exported over 7.00 and 6.60 million cubic meters, respectively, to Guangdong and Jiangsu. In 2015, Jiangsu had become the largest exporter of virtual water, sending 12.48 million cubic meters to Guangdong. Meanwhile, Sichuan’s exports to Guangdong and Shanghai reached 14.45 and 11.97 million cubic meters, respectively. In 2017, a notable structural reversal occurred: Guangdong emerged as the top exporter of water footprints, sending 26.03, 20.54, and 16.21 million cubic meters to Beijing, Henan, and Yunnan, respectively. This indicates that, alongside its increasing role in midstream ICT production, Guangdong began to externalize its local water pressures. Consequently, the Guangdong–Hong Kong–Macao Greater Bay Area began to exhibit characteristics of a “resource-exporting hub.”
From the perspective of carbon footprints (Figure 4), the early-stage coal power–driven manufacturing path—from energy-intensive northern provinces such as Shanxi, Inner Mongolia, and Gansu to manufacturing-intensive eastern coastal regions—remained dominant in 2012. Notably, Jiangsu exported 2.06 Mt of carbon footprint to Shanghai, marking the largest carbon transfer pathway that year. By 2015, Jiangsu’s dominance further intensified, with substantial carbon flows to Guangdong (1.35 Mt), Shanghai (1.13 Mt), and Liaoning (0.81 Mt). This reflects Jiangsu’s pronounced role in bearing the high-energy-consuming segments of ICT manufacturing activities. By 2017, the center of carbon footprint outflows shifted to Shanghai and Shandong. Shanghai alone exported 1.43 Mt of carbon to Liaoning and 1.26 Mt to Beijing, illustrating the externalization of carbon emissions by core eastern cities as they retained and restructured segments of their manufacturing bases.
From the perspective of water-carbon coupling, provinces such as Guangdong, Jiangsu, and Sichuan simultaneously act as both exporters and importers of water and carbon footprints, positioning them as pivotal resource hubs within the ICT industrial chain. For instance, in 2017, Guangdong exported significant volumes of water footprint to multiple regions while simultaneously importing high-intensity carbon footprint from cities such as Shanghai, forming a typical bidirectional resource exchange structure. By contrast, provinces like Jiangxi and Yunnan primarily serve as resource-exporting regions, with water footprint outflows far exceeding local consumption footprints. This indicates their role as low-end carriers in the ICT industrial value chain, characterized by resource-intensive production and limited value retention.
3.3 Regional pressure analysis of water-carbon footprints in the ICT sector
In Figure 5, A series of bubble charts is used to visualize and compare the performance of Chinese provinces in 2012, 2015, and 2017. In the visualizations, the x-axis represents the magnitude of the water footprint, the y-axis denotes the carbon footprint, bubble size corresponds to the trade value added, and color indicates the province’s relative economic rank on a national scale. This framework enables a multidimensional assessment of regional characteristics from the interconnected perspectives of resource input, environmental cost, and economic output.
[image: Six scatter plots labeled A to F, displaying relationships between embodied water and carbon across different regions. Each plot uses colored circles to represent quintiles of embodied value-added, with a gradient from green (Q1) to blue or red (Q5). The x-axis shows embodied water (in hundred million cubic meters), and the y-axis shows embodied carbon (in million metric tons). Regions are marked with abbreviations like SH, QH, NX, and others. Each chart varies slightly in data distribution, indicating changes in embodied value-added among regions.]FIGURE 5 | Regional pressure of China’s ICT sector. (A–C) Represent export-based analyses for 2012, 2015, and 2017, respectively; (D–F) represent import-based analyses for the corresponding years. The x-axis denotes water footprint, y-axis denotes carbon footprint, bubble size corresponds to trade value-added, and color indicates provincial economic rank.The export perspective unveils the fundamental structure of environmental pressures externalized through local production activities. This viewpoint is crucial for guiding the design of green supply chains and optimizing the spatial layout of resource-intensive industries. From an export perspective, Jiangsu consistently falls into Quadrant I (high water and high carbon footprints with high value added) across all 3 years, highlighting its dominant position as a national ICT manufacturing hub. Shaanxi and Zhejiang also appeared in Quadrant I in 2012 and 2015, respectively, with moderately high trade value added, albeit lower than Jiangsu. These provinces are characterized by energy-intensive operations such as hardware production and integrated assembly. Although they occupy upper segments of the value chain, their resource and environmental costs remain significant. Over time, the bubble representing Jiangsu expanded significantly from 2012 to 2017, indicating substantial growth in trade value added. However, its water and carbon metrics did not decline correspondingly, reflecting a lag in eco-efficiency improvements relative to economic output. This may be attributed to a continued reliance on conventional energy systems and resource-intensive production modes.
Quadrant II (low water, high carbon) includes provinces such as Shandong, Chongqing, Shanghai, Inner Mongolia, and Zhejiang. These regions exhibit moderate water use but disproportionately high carbon emissions, often due to coal-based energy reliance and a dominance of primary electronics processing industries. Targeted policies for energy system decarbonization and efficiency upgrades should be prioritized in these areas.
Quadrant III (low water, low carbon) is predominantly occupied by non-core central and western provinces such as Ningxia, Qinghai, and Tibet, which have relatively small bubble sizes. This reflects a limited scale of ICT exports and correspondingly low environmental impact. While the ecological burden is minimal, these regions face risks of industrial marginalization. Investment in digital infrastructure or the development of low-carbon data centers could help integrate them into greener value chains.
Quadrant IV (high water, low carbon) includes provinces with clean energy advantages such as Yunnan and Jiangxi. Owing to their substantial reliance on hydropower, ICT manufacturing in these areas involves significant water use but maintains relatively low carbon emissions, reflecting a deliberate strategy of substituting water for carbon in energy sourcing.
In contrast to the export perspective, import-based footprints—both virtual water and carbon—are primarily associated with final consumption activities within the province. This highlights the externalization of environmental responsibility on the consumption side.
Quadrant I continues to be dominated by high-consumption provinces such as Guangdong and Shanghai, indicating that the externalized water and carbon footprints induced by ICT consumption are concentrated in these regions. Their consumption behavior serves as a major driver of interprovincial resource flows and carbon emissions. For instance, Guangdong remained in the high-water–high-carbon quadrant in both 2015 and 2017, with a notable increase in bubble size. This reflects its robust final demand capacity, which drives nationwide ICT product inflows and results in the externalization of water and energy pressures to other provinces.
Notably, no provinces fall into Quadrant II (low water, high carbon) in any of the three observed years. This suggests that carbon-intensive yet water-efficient consumption patterns have not emerged in China’s ICT product demand. Instead, high carbon inputs are often accompanied by high water footprints, indicating the absence of a consumption-side trend toward resource decoupling.
Notably, no provinces fall into Quadrant II (low water, high carbon) in any of the three observed years. This suggests that carbon-intensive yet water-efficient consumption patterns have not emerged in China’s ICT product demand. Instead, high carbon inputs are often accompanied by high water footprints, indicating the absence of a consumption-side trend toward resource decoupling. This pattern implies that the early-stage manufacturing phases of ICT products still exhibit a pronounced resource coupling effect.
Overall, in contrast to the more varied distribution seen in the export-based analysis, the import-centric bubble plots exhibit a greater concentration, mainly in Quadrants I, III, and IV. Furthermore, the spatial distributions of embodied water and carbon are tightly correlated across regions. For instance, apart from Guangdong and Shanghai, the majority of provinces are situated in the low-water to low-carbon or high-water to low-carbon quadrants. This suggests that their overall ICT consumption levels are relatively moderate or that they import products from regions with clean energy production. This indicates that the environmental impacts of ICT consumption in China are primarily shouldered by a handful of high-consumption areas, which then transfer resource pressures to production zones through interprovincial trade networks.
3.4 Decoupling analysis
We selected key provinces representing three typical categories for analysis: export-oriented manufacturing provinces, high-consumption resource-importing provinces, and resource-intensive transitioning provinces. These categories reflect the resource efficiency and ecological transition characteristics of different segments of China’s ICT supply chain.
To assess the decoupling performance of key provinces in China’s ICT industry, we applied the Tapio elasticity model and the classification of decoupling types based on the DI. Figure 6 shows the Seven representative provinces: Jiangsu (JS), Guangdong (GD), Beijing (BJ), Shanghai (SH), Jiangxi (JX), Sichuan (SC), and Yunnan (YN), which were analyzed across two periods (2012–2015 and 2015–2017), covering both production-based and consumption-based perspectives for water and carbon footprints.
[image: Four scatter plots compare changes in trade value added and changes in carbon and water footprints for 2012-2015 and 2015-2017. Plots separate production-based and consumption-based data, with points representing different regions. Various decoupling types are marked, using different colors and symbols, indicated by a key on the right.]FIGURE 6 | Decoupling patterns of water and carbon footprints in China’s ICT sector. (A) Shows decoupling trends from 2012 to 2015, distinguishing between production-based (left) and consumption-based (right) perspectives; (B) shows trends from 2015 to 2017 with the same differentiation. Symbols and colors represent different provinces (abbreviations in Table 3), and the legend classifies decoupling types.Export-oriented manufacturing provinces such as Jiangsu and Guangdong exhibited contrasting trends. Jiangsu transitioned from an expansive negative decoupling status in 2012–2015 (Water DI = 4.52, Carbon DI = 26.61) to a clearly strong decoupling in 2015–2017 (Water DI = −1.11, Carbon DI = −0.31), indicating substantial improvements in resource efficiency alongside trade growth. Guangdong, by contrast, remained within the expansive coupling zone in 2015–2017 (Water DI = 0.01, Carbon DI = 0.03), suggesting that its production-side footprints grew nearly in tandem with economic output, though notable strong decoupling was observed on the consumption side during the same period.
Resource-intensive consumer provinces, including Beijing and Shanghai, demonstrated divergent decoupling pathways. Beijing’s consumption-based indicators remained in expansive negative decoupling across both periods (Water DI = 3.10 and 5.24), reflecting growing external water and carbon pressures driven by high ICT product demand. In contrast, Shanghai showed a positive shift from expansive coupling (2012–2015) to weak decoupling (2015–2017). DI values for both water and carbon footprints declining below 0.8, suggesting early signs of a green consumption transition.
Resource-transition provinces, including Jiangxi, Sichuan, and Yunnan, exhibited marked improvements in environmental efficiency. Jiangxi achieved consistent strong decoupling from 2015 to 2017., with water and carbon DI values dropping below zero. Sichuan and Yunnan also exhibited strong water decoupling, but their carbon decoupling was less pronounced, suggesting that advancements in water use efficiency preceded changes in the energy mix.
Overall, the decoupling trajectories across provinces reveal pronounced regional disparities. Export hubs such as Jiangsu have begun to decouple economic growth from environmental pressure, while high-consumption centers like Beijing remain resource-dependent. Western and central provinces show encouraging progress, particularly in reducing water footprints. These patterns highlight the urgent need for differentiated regional strategies. For instance, provinces exhibiting weak or expansive coupling (e.g., Guangdong and Beijing) should adopt targeted regulatory mechanisms such as water pricing reforms or embedded carbon taxation in ICT-related procurement. Meanwhile, strong-decoupling regions like Jiangsu and Jiangxi may serve as policy demonstration zones, where performance-based incentives (e.g., green finance credits, clean tech subsidies) are applied to consolidate and extend gains in decoupling. In this sense, the decoupling typology provides an operational foundation for allocating differentiated ecological responsibilities and designing region-specific governance instruments.
4 DISCUSSION
4.1 Water-carbon pressure and spatial imbalance in China’s ICT sector
This study evaluates the characteristics of water and carbon footprints in China’s ICT industry from both production-based and consumption-based perspectives for the period 2012–2017. By integrating analyses on spatiotemporal distribution, virtual resource flow pathways, regional environmental pressure, and decoupling performance, we establish a theoretical feedback loop linking “regional resource endowments—industrial division of labor—environmental pressure.” The results reveal that the ICT sector in China exhibits significant spatial imbalances and structural mismatches in resource utilization and environmental burden, a condition exacerbated by regional development disparities and intensified industrial specialization.
From a spatiotemporal perspective, the water-carbon footprints of the ICT industry display a pronounced “east-high, west-low” gradient, with strong coastal agglomeration, particularly evident on the production side. Provinces such as Guangdong, Jiangsu, and Zhejiang demonstrate persistently high resource input intensities due to their manufacturing dominance, whereas consumption hotspots like Beijing and Shanghai rely heavily on imported virtual water and carbon through interregional trade.
The mapping of interprovincial virtual water–carbon flows highlights a spatial shift from “resource outflow” regions to “value consumption” regions. Resource-rich provinces in central and western China—such as Jiangxi, Sichuan, and Yunnan—act as environmental load bearers, exporting substantial embodied water and carbon to economically advanced eastern provinces. This pattern reflects a classic case of environmental outsourcing, whereby affluent regions externalize ecological costs to underdeveloped areas via trade mechanisms (Zhang et al., 2018; Wang P. et al., 2023; Zhai et al., 2024). It also reinforces existing findings on the disruptive impact of virtual resource flows on ecological equity (Weinzettel et al., 2013).
A comparative analysis of regional environmental pressure and economic output reveals that core manufacturing provinces such as Jiangsu continue to experience significant ecological stress. This persists despite their high economic contributions, indicating that advancements in green efficiency have not yet sufficiently mitigated the entrenched impacts of traditional, resource-intensive production models. In contrast, provinces such as Jiangxi and Yunnan represent “high-water, low-carbon” zones that leverage hydropower to support ICT manufacturing, illustrating the potential of clean energy pathways.
The decoupling analysis further underscores growing spatial disparities in water and carbon resource efficiency. While eastern manufacturing provinces have made notable progress in decoupling carbon emissions from economic growth, water resource pressures continue to rise. Consumption-driven provinces such as Beijing and Shanghai exhibit strong environmental coupling, with ecological costs highly externalized. Meanwhile, resource-based western provinces are undergoing structural contraction rather than proactive green transformation, indicating that ecological transition remains in its nascent stage. Overall, China’s ICT industry has not yet achieved a systemic green transition, and spatial mismatches in resource pressure remain significant. This calls for the establishment of more coordinated responsibility-sharing frameworks and robust ecological compensation mechanisms (Feng et al., 2022).
4.2 Structural decomposition analysis of driving forces and mitigation pathways
To further elucidate the underlying mechanisms behind changes in the ICT sector’s water and carbon footprints, this study applies the Structural Decomposition Analysis method to five representative provinces: Guangdong, Jiangsu, Beijing, Sichuan, and Jiangxi. The analysis covers two periods, 2012–2015 and 2015–2017, and decomposes changes in footprints into five contributing factors: resource intensity (Df), trade structure (DL), final demand structure (DS), per capita final demand (DC), and population size (DP).
In Figure 7, the results reveal marked heterogeneity in the dominant driving forces across provinces, reflecting their distinct structural profiles and stages of industrial transformation. Specifically, some provinces are primarily influenced by technological improvements (declines in Df), while others exhibit footprint changes driven by economic expansion (increases in DC or DP) or shifts in trade orientation. This divergence highlights the importance of designing differentiated ecological mitigation pathways tailored to each region’s resource base, industrial function, and development trajectory. The statistically significant impact of final demand and trade structure has also been confirmed in broader ICT decarbonization studies, reinforcing the validity of these decomposition drivers (Oladunni and Olanrewaju, 2022).
[image: Ten bar charts depict water and carbon footprints for Guangdong, Jiangsu, Beijing, Sichuan, and Jiangxi from 2012 to 2017. Charts on the left show water footprint trends, while those on the right display carbon footprints. Each chart is divided into two periods: 2012-2015 and 2015-2017, highlighting variations in environmental impact across different regions and years.]FIGURE 7 | Structural decomposition analysis of driving factors for water and carbon footprints in China's ICT sector. Left panels (A, C, E, G, I) show water footprint drivers, while right panels (B, D, F, H, J) display carbon footprint drivers across five provinces: (A-B) Guangdong, (C-D) Jiangsu, (G-H) Sichuan, (E-F) Beijing, and (I-J) Jiangxi during 2012-2015 and 2015-2017. Colored bars represent contributions of key drivers, with gray bars indicating total footprint values.Guangdong consistently exhibited high water and carbon footprints during both periods. The SDA results indicate that between 2012 and 2015, the primary drivers of its carbon footprint increase were the rise in per capita final demand (DC, contributing +3.88) and changes in final demand structure (DS, +3.48), reflecting significant expansion in terminal consumption. In contrast, carbon emission intensity contributed a strong negative effect (−9.74), suggesting that improvements in energy structure and technological advancements substantially mitigated carbon emissions. This trend persisted from 2015 to 2017, with Df declining further to −12.33, confirming its role as the core factor in carbon footprint control. For the water footprint, Df also emerged as the dominant negative contributor, although positive contributions from trade structure and final demand remained notable. These findings underscore the dual challenges that Guangdong faces in simultaneously addressing production-side efficiency and consumption-side expansion.
Overall, Guangdong should continue to strengthen green supply chain constraints and focus on promoting low-carbon and water-saving products among end consumers. Developing a consumption-oriented resource governance framework will be essential to managing both environmental pressure and regional sustainability responsibilities.
As a typical production-oriented province with concentrated resource usage, Jiangsu demonstrated a consistent pattern of declining carbon emission intensity, with contributions of −3.02 and −4.53 in the two respective periods. However, the positive effects of trade structure and per capita final demand remained substantial, with DL contributing +1.73 and +0.73, and DC contributing +1.62 and +2.00, respectively. A similar trend was observed for water footprints: although water-use intensity continued to decline, the driving forces from DL and DC were still prominent. Notably, DL’s contribution reached +1.25 during 2015–2017, indicating that Jiangsu’s export-oriented industrial chain has yet to achieve effective improvements in resource efficiency.
These findings suggest that Jiangsu should prioritize the green upgrading of high-carbon and high-water intermediate production segments. Tiered environmental standards, relocation subsidies, and targeted tax incentives for green R&D could further accelerate this structural shift while maintaining industrial competitiveness.
As a resource-importing city, Beijing’s growth in both water and carbon footprints has been primarily driven by increases in per capita demand and final demand structure. For carbon footprints, the combined contribution of DS and DL reached +2.75 during 2012–2015, while the reduction effect of Df was −2.61. In terms of water footprints, both DS (+1.07) and DC (+1.91) contributed significantly to the increase.
These results suggest that Beijing remains heavily dependent on external resources to support its digital consumption upgrading, particularly in areas such as data center services and smart device usage, thereby transferring water and carbon pressures across regions. To address this challenge, policy instruments such as green procurement regulations and consumption-oriented footprint accountability schemes should be strengthened. In particular, establishing a comprehensive water–carbon labeling system for ICT products, alongside carbon neutrality certification mechanisms for service providers, would enhance transparency regarding environmental impacts and enable informed purchasing decisions. These tools can function as levers to decouple resource demand from consumption growth at the end-user level.
As a representative of resource-intensive transitioning provinces, Sichuan held the highest water footprint nationwide in 2012, which declined significantly by 2017, indicating a typical pattern of strong water decoupling. SDA results confirm that water-use intensity was the dominant suppressing factor, contributing −4.56 and −3.21 in the respective periods. This suggests that substantial progress was made through local technological investments and sectoral regulation. However, the reduction in carbon footprint was relatively modest, with DL and DC consistently contributing positive values. This indicates that carbon-intensive segments, such as electricity-driven ICT manufacturing, have not yet undergone sufficient technological upgrading.
These findings point to the need for region-specific industrial policy tools, such as targeted subsidies for clean electricity transition and export tax rebates conditional on low-carbon process certifications to facilitate the decoupling of emissions from industrial scale.
Jiangxi has long served as a major exporter of virtual water through its role in the national ICT supply chain. SDA results indicate that changes in its water footprint were strongly driven by trade structure (DL, contributing +1.30 and +0.66) and per capita final demand (DC, +1.64 and +1.83). Although water-use intensity contributed negatively (−2.14 and −2.35), its suppressing effect was insufficient to offset the underlying structural burden. For carbon footprints, DC was the dominant growth factor during 2012–2015 (+2.49), while DL emerged as the main contributor in 2015–2017 (+1.56).
These trends reflect a lack of technological thresholds in Jiangxi’s industrial layout, which has led to a concentration of resource-intensive segments during the province’s engagement in upstream ICT manufacturing. Based on the SDA results, where DL and DC are primary growth drivers, policy efforts should emphasize reorientation of the production structure via fiscal tools, such as ecological compensation mechanisms and differentiated industrial tax policies to internalize virtual resource burdens. Promoting downstream, high-value-added ICT segments would also help decouple environmental impacts from trade expansion.
4.3 Research progress, limitations, and future directions
This study employs an EE-MRIO model combined with the Tapio decoupling framework to systematically quantify the water and carbon footprint dynamics of China’s ICT industry from 2012 to 2017. Despite its contributions, several limitations remain that warrant attention in future research.
First, regarding model construction, while the MRIO table offers strong systemic consistency and cross-year comparability, its static nature limits the capacity to reflect intertemporal feedbacks, industrial restructuring, and technological progress. Furthermore, although the EE-MRIO framework comprehensively captures embodied environmental flows across sectors and regions, it is not exempt from uncertainty due to harmonization of regional input-output data, sectoral concordance mismatches, and assumptions on technical coefficients.
Second, in terms of data processing, several region- and year-specific environmental intensity coefficients, particularly for water use and carbon emissions, were estimated or calibrated using multisource datasets, which introduces potential bias. The current study focuses on direct blue water and CO2 emissions, while grey water and rainfall components are excluded due to data unavailability. We recognize that grey water is particularly relevant for certain ICT-related activities, such as data center operations. Due to the lack of consistent grey water data, this study does not include such components, which may result in a partial representation of the sector’s total water-related impacts.
Third, although the Tapio decoupling model helps clarify the coupling relationship between resource consumption and economic output, it inherently assumes elasticity constancy and does not distinguish between intrinsic growth and structural transfer mechanisms. Capturing behavioral drivers, institutional dynamics, and technological shifts requires deeper integration of explanatory variables.
Fourth, the rapid growth of final demand in high-consumption provinces such as Beijing, Guangdong, and Shanghai may be partially driven by behavioral-economic transitions. These include rising digital lifestyles, growing demand for ICT-enabled services, and increased dependence on virtual infrastructure such as cloud computing and smart terminals. While such socio-behavioral dynamics are inherently difficult to isolate within this framework, future extensions may consider integrating proxy variables, such as ICT device penetration rate, digital service subscriptions, or e-commerce transaction density to better capture the underlying behavioral drivers of environmental footprint expansion.
Future research should address these gaps in several ways: (1) developing high-resolution ICT-specific environmental datasets to improve coefficient accuracy; (2) incorporating dynamic or temporal MRIO models to better capture feedback effects and structural changes over time. Integration with CGE models may also help simulate behavioral and policy responses, improving assessment of decoupling strategies under future scenarios; (3) expanding footprint indicators to include grey water, land use, and other ecological pressures, as well as extending geographical coverage to transnational value chains such as the Belt and Road Initiative and RCEP; and (4) exploring regionalized policy tools such as ecological compensation, carbon border adjustments, and green supply chain coordination to balance decarbonization with equitable responsibility sharing.
5 CONCLUSION AND POLICY IMPLICATIONS
This study investigates the spatiotemporal patterns, virtual transfer pathways, and decoupling mechanisms of water and carbon footprints in China’s ICT industry during the period from 2012 to 2017. A multidimensional analytical framework was developed, integrating an EE-MRIO model with SDA and the Tapio decoupling approach. The results reveal that water and carbon footprints exhibit significant spatial heterogeneity across provinces, with eastern regions maintaining high values at both the production and consumption ends, forming pronounced dual-intensity agglomerations. The pattern of virtual water–carbon flows has shifted from a unidirectional west-to-east transfer to a more complex bidirectional network, in which provinces like Guangdong and Jiangsu have emerged as key intermediate hubs playing dual roles in both importing and exporting embodied resources.
Decoupling analysis reveals marked regional divergence across China’s ICT industry. Jiangsu transitioned from strong coupling to strong decoupling in both water and carbon footprints, indicating significant gains in resource efficiency. In contrast, Guangdong’s production-side footprints remained in an expansive coupling state, though strong decoupling was observed on the consumption side. High-consumption provinces like Beijing continued to exhibit negative decoupling, highlighting rising external environmental pressures. Shanghai showed early signs of transition toward weak decoupling. Resource-transition regions such as Jiangxi, Sichuan, and Yunnan achieved strong water decoupling, with Jiangxi also demonstrating carbon decoupling. These results suggest that while some provinces have improved resource use efficiency, structural transformation remains uneven. SDA results further show that per capita final demand and final demand structure are the dominant drivers of footprint growth. Although reductions in water and carbon intensity have had localized effects in several provinces, they have not yet reversed the structural path dependence. These findings are consistent with prior research suggesting that consumption-oriented regions tend to externalize environmental burdens through trade (Weinzettel et al., 2013; Wang et al., 2022), and also align with recent insights into carbon dynamics in China’s ICT sector (Wang et al., 2024).
In light of these findings, several targeted policy recommendations are proposed in Table 5. At the regional governance level, it is necessary to establish a stratified and differentiated ecological compensation system based on virtual footprint transfer pathways. For industrial hubs such as Guangdong and Jiangsu, water intensity evaluations should be integrated into existing carbon mitigation plans, and a joint water–carbon management checklist should be developed to balance resource efficiency constraints with environmental responsibility allocation. The issuance of unified product carbon footprint labeling standards in 2025 by the Certification and Accreditation Administration of China provides a policy foundation for integrating such metrics into manufacturing evaluation systems (CNCA, 2025).
TABLE 5 | Tailored policy instruments for different province types.	Province type	Representative provinces	Key challenges	Recommended policy instruments
	Production-oriented export hubs	Jiangsu, Zhejiang, Guangdong, Shandong, Shanghai	High embodied footprints from manufacturing; energy intensity	• Green supply chain regulations
• Cap standards on footprint per output
• Clean tech subsidies
	Consumption-driven metropolitan areas	Beijing, Shanghai, Guangzhou, Tianjin, Chongqing	High ICT-related demand; externalizing environmental burdens	• Carbon–water labeling for ICT products
• Green public procurement
• Demand-side awareness mechanisms
	Resource-intensive transitioning regions	Sichuan, Jiangxi, Shaanxi, Yunnan	High direct water use; low-tech industrial bases	• Export tax rebates linked to resource efficiency
• Local ecological compensation funds
• Technology upgrading incentives
	Emerging digital economies	Chongqing, Guizhou, Henan, Fujian, Wuhan	Rapid ICT growth with limited governance coverage	• Environmental disclosure for ICT
• Subnational cap-and-trade pilots
• Interregional coordination platforms


Resource-exporting provinces like Jiangxi and Sichuan should pilot compensation mechanisms that link virtual footprint outputs to physical resource allocations, incorporating them into interregional fiscal transfers or green financial instruments. Prior research has emphasized the potential of ecological payment schemes and watershed eco-compensation frameworks in addressing interregional environmental inequalities (Wang et al., 2016; Song et al., 2018).
In high-consumption metropolitan areas such as Beijing and Shanghai, it is recommended to promote a water–carbon labeling scheme and integrate it with green public procurement initiatives. This aligns with existing trends in environmental disclosure and the use of sustainability labels to shift institutional purchasing behavior (Zheng et al., 2023).
At the industrial level, green upgrading of core ICT manufacturing segments should be prioritized through the establishment of water–carbon footprint cap standards, fostering a vertically integrated transition path that encompasses source reduction, cleaner processes, and end-use substitution. Additive manufacturing, for instance, offers a viable pathway to reduce embodied emissions and material intensity in ICT production (Oladunni et al., 2025). For major interprovincial footprint corridors, such as Jiangsu to Guangdong and Guangdong to Zhejiang—the development of a virtual footprint trading scheme should be explored, using footprint intensity as a market-based instrument to facilitate cross-regional governance and align environmental responsibilities with economic benefits (Liu et al., 2019). Existing subnational pilots such as the Shenzhen Emission Trading Scheme offer valuable insights into quota design, market monitoring, and regional enforcement mechanisms (ICAP, 2023). Incorporating intelligent forecasting platforms may further enhance the adaptability of such governance systems under shifting resource dynamics (Xu et al., 2025). Such schemes could use footprint intensity as a market-based instrument to facilitate cross-regional governance and align environmental responsibilities with economic benefits.
From a policy instrument perspective, differentiated strategies should be developed in accordance with dominant driving factors across provinces. In regions where decoupling is primarily driven by intensity reduction—such as Jiangxi and Yunnan—targeted green technology investment subsidies and the introduction of high–value-added chain segments are essential. In contrast, for provinces like Jiangsu and Shandong, where per capita demand and demand structure are key drivers, it is advisable to incorporate environmental footprint indicators into resource and value-added tax adjustments. This could help promote a shift in demand toward low-footprint, high-value-added consumption and production structures.
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