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Abstract 

Urban wastewater treatment and reuse are crucial for achieving water sustainability. Yet, 1 

pathways of realizing water–climate synergies in the planning of wastewater infrastructure 2 

remain unclear. In this paper, we examine the nexus of urban water stress and climate impact 3 

resulting from the expansion of wastewater infrastructures across over 300 cities in China. We 4 

demonstrate how the effect of alleviating urban water stress from wastewater treatment and 5 

reclaimed water reuse has been highly uneven across cities, costing the country a 183% increase 6 

in life-cycle greenhouse gas emissions during 2006–2015. Decoupling the climate impact of 7 

wastewater infrastructure from significant water stress is plausible by 2030, potentially leading 8 

to up to 35% reduction of greenhouse gas emissions. However, given the growing demand for 9 

water reuse and investment in the diffusion of low-carbon technologies at each life-cycle stage 10 

of wastewater systems, this decoupling would be a challenging endeavor. 11 
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INTRODUCTION 14 

Well-functioning wastewater treatment systems are crucial infrastructure for improving 15 

water sustainability and accessibility by replenishing water supplies and reusing reclaimed 16 

water1–4. However, given the increasingly higher standards for water quality and stringent 17 

environmental regulations, wastewater treatment and reuse have led to a significant growth in 18 

energy use and greenhouse gas (GHG) emissions2,5–7. In a rapidly urbanizing society with a 19 

mounting demand for freshwater, it is difficult to expand the wastewater infrastructure of cities 20 

to reduce local water stress (water stress means that the demand for water exceeds the 21 

sustainable supply of water) while avoiding additional climatic impacts8–10. Previous studies 22 

have revealed that the GHG emissions related to wastewater treatment systems would be more 23 

significant if the life-cycle contributions from upstream energy use, construction of 24 

infrastructure, on-site energy use and treatment processes, and the sludge disposal stage were 25 

included11–14. Improving the accounting and planning of urban wastewater infrastructure 26 

throughout their life cycles therefore, can be essential in achieving a positive synergy between 27 

two key Sustainable Development Goals (SDGs), i.e., Clean Water and Sanitation (SDG 6) and 28 

Climate Action (SDG 13)15.  
29 

Over 300 cities in China experience water stress to varying degrees. This is because the 30 

growth rate of water demand during urbanization frequently exceeds the provision of freshwater 31 

resources which are in turn increasingly under stress due to climate change8,16,17. Meanwhile, 32 

to match the growing need for waste water treatment plant (WWTP), construction of urban 33 

WWTPs in China have increased from 976 plants in 2006 to over 6, 276 in 2015. By contrast, 34 

water reuse in China remains in its infancy, only accounting for ~10% of the total volume of 35 

treated wastewater in 201518. This proportion is lower than that achieved approximately a 36 

decade ago by other advanced countries in water management, e.g., Germany (20%) and Israel 37 

(70%)19. To further address the threat of water shortages and to promote water availability and 38 

equity, in 2015, the Chinese government initiated a series of water management policies. First, 39 

these policies were designated to raise the country’s effluent quality standard to match the 40 

quality for potable surface waters, e.g., lakes, rivers, and reservoirs20. Furthermore, they set a 41 

path of increasing the water reuse rate in cities through new investments in infrastructure, 42 

especially in rapidly-growing cities and regions facing severe water stress21. 43 

While China aims to improve water availability and quality for its population by building 44 

more wastewater treatment infrastructure, it also aims to achieve the goal of peak carbon 45 
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emissions by 2030 and carbon neutrality by 2060. In this light, the projected expansion of 46 

wastewater infrastructure in China have raised concerns over their potential to exacerbate 47 

climate change challenges11,14,22. Studies have revealed costly direct and indirect GHG 48 

emissions resulting from the energy requirements of powering the systems, producing and 49 

transporting the input material, and biochemical processes for wastewater treatment 50 

plants11,13,14,23. Furthermore, alleviating water shortages by reusing larger amounts of water 51 

could result in more energy- and carbon-intensive resource inputs7,10,24,25. Despite these studies, 52 

it is unclear to what extent advanced treatment procedures and technologies can offset the 53 

climate impact of WWTPs throughout their life cycles while alleviating urban water stress26–30. 54 

In this study, we unravel the water-climate nexus from the perspective of the life-cycle of 55 

wastewater infrastructure. Towards this end, we quantify the life-cycle climate impacts, i.e., 56 

direct and indirect GHG emissions, of all urban WWTPs using an input–output-based hybrid 57 

life-cycle analysis (IO-LCA) from 2006 to 2015. We map water stress alleviation in over 300 58 

cities across China by matching detailed plant-level treatment and reuse data with city-scale 59 

water resource and consumption data. Through this mapping, we demonstrate the extent in 60 

which water stress alleviation of WWTPs was coupled with climate impacts. To identify 61 

pathways of water-climate synergies by 2030, we examine the potential of enhancing water 62 

stress alleviation while mitigating climate impacts under various scenarios. These scenarios 63 

consider the diffusion and integration of low-carbon technologies using a newly proposed 64 

indicator termed as the additional climate impact for water stress alleviation (CIWSA; the 65 

magnitude of life-cycle climate impact divided by the change of water stress related to WWTPs). 66 

Our results reveal a very challenging yet plausible scenario to decouple water stress alleviation 67 

from an increase in climate impacts of wastewater infrastructure by 2030. This scenario 68 

necessitates a wider implementation of existing low-carbon technologies throughout the life 69 

cycles of wastewater infrastructure across China’s cities. 70 

RESULTS 71 

Uneven climate impacts of wastewater infrastructures across cities 72 

The mapping of climate impacts attributable to urban WWTPs in China (Fig. 1) reveal, 73 

from a life-cycle perspective, that the GHG emissions (represented by CO2e) increased by 183% 74 

during 2006–2015 (from 45 to 129 Mt CO2e). This was mainly as result of WWTPs expanding 75 

by 543% (from 976 to 6, 276 plants) and the amount of wastewater treated rising by 309% (Figs. 76 

S1 and S2). Although there was a slowdown in the construction of new treatment plants during 77 

2011–2015, the total life-cycle climate impact increased by 103% during the 2006–2010 period 78 

(Fig. S3a). The combination of upstream and downstream activities such as plant construction 79 
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(35%, including raw material extraction) and sludge disposal (22%) showed a bigger 80 

contribution to the total climate impact of WWTPs than on-site wastewater treatment (40%) in 81 

2015 (Fig. S3a). In addition, although a much smaller climate impact was generated at the water 82 

reuse stage (with a share of 3% in 2015), owing to the rapid increase of investment in water 83 

recycling infrastructure, this amount was double the amount in 2006. Despite the total increase, 84 

the climate impact intensity of urban WWTPs (represented by the life-cycle GHG emissions 85 

per unit of wastewater treated) in China has decreased by 61% on average (with a marked 86 

reduction from 3.1 kg CO2e/m3 in 2006 to 1.2 kg CO2e/m3 in 2015) (Fig. S3b). The climate 87 

impact intensity of water reuse has also shown an overall trend of rapid decrease (by 28%) 88 

during the same time period. By comparison, the climate impact intensity of sludge disposal 89 

has decreased slowly from 2006 to 2015 (by 21%). The lower impact intensities were 90 

attributable not only to an increase in the operational load rates of plants that better matched 91 

their designed capacities, but also to the adoption of more energy-efficient technologies 92 

resulting from stricter environmental and climate policies.       93 

    The challenge in reducing WWTP-related climate impact was quite unevenly shared, i.e., 94 

it was highly concentrated in fast-developing and densely-populated cities (Fig. 1a). For 95 

example, Beijing, Shanghai, Shenzhen, Chongqing, and Chengdu were among the biggest and 96 

fastest-growing emitters of WWTP-related GHGs in 2015, accounting for 1.7–3.2 Mt CO2e –97 

almost double the amount in 2006. However, the major contributing factors to emissions varied 98 

greatly across cities (Fig. S4). For Shenzhen and Chengdu, direct and indirect emissions of CH4, 99 

N2O, and CO2 from wastewater treatment played the major role in emissions (accounting for 100 

51–55% of the total impact in 2015). For Beijing, indirect CO2 emissions related to the building 101 

of water reuse facilities was an important source of its climate impact (53% in 2015), whereas 102 

for Chongqing and Shanghai, CH4, N2O, and CO2 emissions related to sludge disposal (34–103 

38%) were the main contributors to their climatic impact. 104 

The alleviation of water stress in cities due to WWTPs has notably increased, at the 105 

national average, over time, i.e., from 2.1% in 2006 to 5.7% in 2015 (Fig. 1b). We find the 106 

decrease of water stress levels has been mainly contributed by 1) the enlarged urban wastewater 107 

treatment capacity, 2) the increased flow of very well treated wastewater that replenishes 108 

surface water, and 3) the expanded scale of reclaimed water reuse within cities. In 2006, only a 109 

few cities in the North, Northwest, and Southwest of China benefited notably from the water 110 

stress alleviation, which was mainly due to the reuse of water from urban WWTPs rather than 111 

from wastewater replenishment (Fig. S5). Since 2010, the alleviation effect has spread much 112 

more widely among other cities. For the two arid cities of Tangshan and Beijing, local water 113 

stress was reduced by respectively 12% and 18% in 2010 by increasing water reuse for 114 

landscape, industrial, and municipal applications. Wastewater replenishment has also played an 115 
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important role in alleviating water stress, as more urban WWTPs reached a higher standard of 116 

discharge water quality. For instance, water stress in two eastern cities, Suzhou and Wuxi 117 

decreased respectively by 20% and 19%, due to the considerable amounts of reclaimed water 118 

and treated wastewater that replenished the nearby Taihu Lake. In 2015, more than 15 cities, 119 

mostly located in North and Western China, showed a major progress towards their water stress 120 

alleviation. As a result, two northwestern cities, Urumchi and Datong downgraded their water 121 

stress status from “extremely high” to “high” 31.  122 

For each unit of water stress alleviated by WWTPs, some of the northwestern cities of 123 

China caused the largest climatic impact during 2006–2015. For example, in 2015, Kashgar 124 

(CIWSA: 7.5 Mt CO2e) and Yili (4.1 Mt CO2e) (both located in Xinjiang province), had 6 to 125 

10 times higher climatic impact from water stress alleviation than the national average. This 126 

indicates a huge potential in further improving treatment technologies and reusing more water 127 

towards achieving water-climate synergy in these cities. Although China’s northern cities had 128 

a significantly high total climatic impact due to the larger proportion of reclaimed water as total 129 

wastewater treated, in 2015 these cities only registered a CIWSA value half as large of cities in 130 

the south (Fig. 1c). This was significant as cities in the south have higher water availabilities. 131 

 132 
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Fig. 1 Variations in the life-cycle climate impacts of urban WWTPs and their 133 

respective water stress alleviation in 300 cities across China during 2006–2015. a) 134 

City-scale climate impact induced by urban WWTPs in 2006, 2010, and 2015. b) City-scale water stress 135 

alleviation owing to wastewater treatment, quantified by the difference of Water Stress Index (WSI) with 136 

and without current urban WWTPs in 2006, 2010, and 2015 (see details in Fig. S6). Climate impact is 137 

represented by CO2 equivalence (CO2e), which is the sum of direct and indirect CO2, CH4, and N2O 138 

emissions weighted by their relative global warming risks in 100 years considering climate change 139 

feedback32. c) additional climate impact for water stress alleviation (CIWSA) is defined by the ratio of 140 

the life-cycle climate impact of WWTPs to the respective variation of water stress in each city. “Major 141 

progress in WSI decrease” indicate the situation that cities (orange dots) have downgraded their water 142 

stress status (e.g. from “extremely high” to “high”). 143 

Influence of technological choices on the water–climate nexus 144 

Wastewater treatment technologies have a profound influence on achieving the synergy of 145 

water stress alleviation and climate impact mitigation (Fig. 2). We investigated the most 146 

common WWTP technologies adopted in China, which include physicochemical (PC) 147 

treatment, anaerobic treatment (ANA), oxidation ditches (OD), anaerobic–anoxic–oxic/anoxic 148 

oxic (A2O/AO) treatment, sequencing batch reactors (SBRs), microbial membranes reactors 149 

(MBRs), and other technologies, e.g., high–gradient magnetic separation and gas–liquid 150 

exchange. 151 

Our results reveal that the A2O/AO, PC, and OD technologies made the biggest 152 

contributions to water stress alleviation in 2015, accounting for 41%, 12%, and 18%, by 153 

respectively treating 42%, 11%, and 18% of the total wastewater volume. These three 154 

technologies also contributed the most to water replenishment, i.e., A2O/AO (43%), PC (10%), 155 

and OD (18%), and provided the largest proportions of reclaimed water nationally. Overall, 66% 156 

of treated wastewater was replenished as renewable water, contributing to 72% of the water 157 

stress alleviation. However, reclaimed water comprised only approximately 6% of the total 158 

treated wastewater, implying the possibility of further increases in the future, e.g., by reusing 159 

treated wastewater discharged into the sea (7% of total discharge) as cooling water for coastal 160 

power plants. 161 

From a life-cycle perspective, the greatest climate impact was from plants employing 162 

A2O/AO, PC, and OD technologies, which accounted respectively for 33%, 16%, and 14% of 163 

the total. These technologies produced the biggest share of indirect CO2 emissions (with 164 

A2O/AO, PC, and OD technologies accounting for 61% in total). In terms of intensity, A2O/AO, 165 

OD, and SBR technologies generally showed the lowest GHG emissions per unit of wastewater 166 

treated (between 1.0 and 1.2 kg CO2e/m3). As treatment technologies largely determine the 167 



7 
 

climate impact intensities of WWTPs, distinctive strategies of the technology mix are required 168 

to achieve a synergy between water stress alleviation and climate impact mitigation in cities. 169 

For example, due to the large climatic impact resulting from their infrastructure, cities of Shanxi 170 

Province have the highest GHG intensities. Therefore, in Shanxi and other similar provinces, 171 

A2O/AO and SBR technologies could be prioritized in decarbonizing their wastewater sectors 172 

(Fig. S7). 173 

 174 

 175 

Fig. 2 Sankey diagram revealing the nexus of water stress alleviation and climate 176 

impact mediated by wastewater treatment technologies in China in 2015. The width 177 

of the connecting lines between the boxes is proportional to the magnituade of treated water or GHG 178 

emission. PC: Physicochemical treatment; ANA: Anaerobic treatment; OD: Oxidation Ditch; A2O/AO: 179 

Anaerobic-Anoxic-Oxic/Anoxic Oxic; SBR: Sequencing Batch Reactor; MBR: Microbial Membranes 180 

Reactors; Other (other treatment technologies include, for example, High gradient magnetic separation 181 

and Gas-liquid exchange) 182 

Decoupling of wastewater climate impacts and water stress alleviation by 2030 183 

China’s wastewater sector faces significant challenges of climate impact mitigation in the 184 

next decade as the volume of wastewater and its reuse continues to increase (Fig. 3). In the 185 

Business-As-Usual (BAU) Scenario, i.e., if all technologies remain unchanged, to meet the 186 

mounting demand of urban wastewater treatment, the total climate impact of WWTPs increases 187 

from 129 Mt CO2e in 2015 to an average of 205 Mt CO2e by 2030 (within the range of 184–188 

224 Mt CO2e, considering the model uncertainties in Table S4; Fig. 3a). In the Water Reuse 189 

Enhancement (WRE) Scenario, the volume of reclaimed water increases by 430% between 190 

2015–2030, therefore, increasing the total climate impact to an average of 224 Mt CO2e (202–191 
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244 Mt CO2e) by 2030. In the WRE scenario, due to the new construction of water reuse 192 

facilities and their energy usage during their operation, the climate impact would be 10% higher 193 

than the BAU Scenario.  194 

Adopting currently available low-carbon technologies throughout the life-cycle stage of 195 

urban WWTP, i.e., namely in wastewater treatment, sludge disposal, and water reuse, can open 196 

up opportunities for the decoupling of future climate impact and water stress alleviation. 197 

Technological diffusion, as reflected within each of the WRE+LCW, WRE+LCW+LCS, and 198 

WRE+LCW+LCS+LCR Scenarios, could reduce the life-cycle climate impacts by respectively 199 

213 Mt CO2e (195–231 Mt CO2e), 155 Mt CO2e (143–166 Mt CO2e) and 146 Mt CO2e (135–200 

157 Mt CO2e) by 2030 (Fig. 3a). With the widest integration of technologies, i.e, within the 201 

WRE+LCW+LCS+LCR Scenario, the climate impact would be up to 35% less than that of the 202 

WRE Scenario by 2030. Furthermore, within the above scenario, a decrease of emissions would 203 

most likely occur between 2025 and 2030 –although the total amount in 2030 would still be 204 

greater than that of 2015. Among all stages, by 2030, implementing new technologies in the 205 

sludge disposal stage has the highest potential for climate impact reduction (76%); followed by, 206 

wastewater treatment (14%); and finally, water reuse (10%).  207 

Another significant challenge that needs to be addressed is the increasingly uneven 208 

distribution of the future climate impacts of WWTPs among cities (Fig. 3b). Cities in the more 209 

developed region of Eastern China, due to their rapidly-growing need for wastewater and sludge 210 

treatment during urbanization, would be most accountable for the total WWTPs-related climate 211 

impacts. Even under the scenario with the widest integration of technologies, urban WWTPs in 212 

Eastern China would emit 35 Mt CO2e (32–38 Mt CO2e) in 2030, compromising 24% of total 213 

emissions, while Northern, Central, and Southwestern China compromise respectively 20%, 214 

17%, and 11%, of total emissions. Under this scenario, by 2030, the climate impacts of WWTPs 215 

in Southern and Eastern China would be respectively 9% and 2% lower than 2015; this is while, 216 

by 2030, the climate impacts in other regions would still be 10–43% higher than 2015 levels. 217 

Cities in Eastern and Southern China are expected to have the highest potential in reducing 218 

climate impacts related to WWTPs. Within these regions, the two megacities of Shanghai and 219 

Chongqing could slash respectively 45% and 42% of their total climate impacts by 2030. Given 220 

the low-carbon transition in various stages from plant construction to sludge disposal, these 221 

reductions can be achieved despite a rapid increase of water reuse infrastructure.  222 
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 223 

Fig. 3 Future climate impacts of urban WWTPs in China under different scenarios. 224 

a) Climate impact of plant construction, wastewater treatment, sludge disposal, and water reuse 225 

under different scenarios in different regions of China. The pie charts illustrate the climate impact 226 

reduction from the adoption of low-carbon technologies at the wastewater treatment, sludge disposal 227 

and water reuse stages. b) Climate impact of WWTPs in 2030 under the WRE Scenario and the 228 

WRE+LCW+LCS+LCR Scenario (see climate impacts of WWTPs in 2020, 2025 and 2030 under 229 

the BAU Scenario, the WRE Scenario and the WRE+LCW+LCS+LCR Scenario in Fig. S8). 230 
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The future increase of reused water will unleash the potential of water stress alleviation, 231 

whereby the WSI would further increase to 9.2% under the BAU Scenario or 12.1% under the 232 

WRE Scenario at national level by 2030 (Fig. 4a and Fig. S9). In 2030, 20 cities would 233 

experience a major decrease of their WSIs under the BAU Scenario, moving those cities 234 

towards a lower-water-stress status. Furthermore, the number of cities registering a major 235 

progress of water stress alleviation would increase to 30 under the WRE Scenario. The cities 236 

registering the largest progress in mitigating their water stress were in the Northeast, i.e., Panjin 237 

and Jinzhou, which would respectively decrease their WSI from 0.8 to 0.3 and from 0.5 to 0.3 238 

and therefore improve their relatively high-water-stress to a less severe status. 239 

Achieving water-climate synergy in the planning of urban WWTPs however, would not 240 

be an easy task. Although nationally, the climate impact per unit of water stress alleviated 241 

(CIWSA) in 2030 would be lower than 2015 under all future scenarios, stronger decoupling 242 

effects of climate impacts and water stress alleviated are only observed in scenarios where low-243 

carbon technologies would be sufficiently adopted (Fig. 4b and Fig. S10). Under the WRE 244 

Scenario in 2030, the average CIWSA of all cities would be ~0.2 Mt CO2e, which is notably 245 

lower than the BAU Scenario (~0.3 Mt CO2e) and is only one third of the level in 2015. Under 246 

the scenario with the widest integration of technologies, the average CIWSA of all cities would 247 

dramatically drop to ~0.1 Mt CO2e. Northeastern cities show the largest advancement in 248 

decoupling in 2030 (average CIWSA: 0.03 Mt CO2e), decreasing by ~92% compared to that of 249 

2015, followed by Southwestern and Southern cities with an average CIWSA of respectively 250 

0.2 and 0.1 Mt CO2e and respectively 83% and 82% lower than 2015 levels. Northwestern cities, 251 

with a CIWSA 2.4 times bigger than the national average in 2030, would continue to face the 252 

biggest challenge of reducing climate impacts while alleviating water stress. This calls for 253 

further efforts in improving technologies at all stages and also enlarging water reuse so that a 254 

stronger decoupling can be achieved. 255 
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 256 

Fig. 4 Water stress alleviation and additional climate impact (CIWSA) across cities 257 

of China in 2030 from WWTPs under different scenarios (see CIWSA in 2020, 2025, 258 

and 2030 under different scenarios in Fig. S10). 259 

DISCUSSION 260 

With the threat of future increasing water shortages and climate change, wastewater 261 

treatment and reuse will play a more critical role in the sustainable provisioning of water in 262 

cities, especially in those already suffering from severe water deficiency1,3,33,34. In China, the 263 

range of urban water availability is significant and often mismatched with the country’s uneven 264 

regional economic and demographic growth –in the context of climate change this mismatch is 265 

widening even further. While wastewater treatment systems will help relieve water stress in the 266 

coming decades, their operation as well as their upstream and downstream processes and 267 

supporting infrastructures, will further impact the regional challenges of climate change11,13,23,35. 268 

Concurrent to the need for water sustainability, China has committed itself to achieve carbon- 269 

peak and neutrality goals; within this context, the wastewater treatment and water reuse 270 

industries face an unprecedented challenge of deep decarbonization.  271 

Optimizing current technologies adopted in wastewater treatment systems in Northwest 272 

and South China, would lead to significant benefits in achieving water–climate synergies in 273 

these regions. Previously, most policies and practices in the operation of WWTPs were 274 

implemented with the intention of reducing electricity use while increasing their water 275 
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treatment rates and effluent quality33,36–39. Recent discussions, however, have focused on how 276 

the supporting wastewater infrastructures may contribute towards achieving the national carbon 277 

peak and neutrality targets40–42. Our results reveal that the structural optimization of existing 278 

treatment technologies alone could realize a ~35% reduction of GHG emissions. Furthermore, 279 

arid cities located in the northwestern provinces, e.g., Xinjiang, and those in highly-populated 280 

provinces, e.g., Guangdong, have more urgent needs for reducing the climate impact per unit 281 

of water stress alleviated than cities located in the Northern regions of China. This means that 282 

these cities should introduce more efficient and affordable water treatment technologies25,43 and 283 

ensure that these technologies can provide low- or net-zero-carbon solutions. In this avenue, 284 

treatment plants in these cities should uncover the potential of integrating more low-carbon 285 

applications into their current treatment systems, e.g., efficiently capturing CH4 and heat from 286 

treatment processes and reusing them to offset emissions42,44.  287 

The unequal regional distribution of reclaimed water reuse and their climate impacts also 288 

have strong policy implications for decarbonizing wastewater systems. In this avenue, we find 289 

that the relatively water-deficient cities in the North and Northwest had large climate impacts 290 

in reusing more treated water from their WWTPs than other regions. Given the trend of 291 

urbanization and the changing climate, climatic impacts will increase over time. However, these 292 

regions also had the lowest CIWSA value, i.e., had the least impact on climate change for each 293 

unit of water stress alleviation, and showed significant progress in decreasing local water stress 294 

levels. Given the applications of more low-carbon technologies, water reuse in Southern cities 295 

will also have less climate-impact by 2030. The reuse rate of reclaimed water has been limited 296 

in China, i.e., <10% on average, much lower than the United Arab Emirates, Israel, and Cyprus, 297 

reaching respectively 59%, 87%, and 97%45,46. Although, not all Chinese cities could (or should) 298 

match the rates achieved by these countries, for those that are heavily reliant on distant and/or 299 

alternative sources of water, further development of their water reuse industry is vital for 300 

reducing the gap between the fast-growing urban water demand and the decreasing per capita 301 

water availability in an increasingly changing climate. This will potentially reduce the energy 302 

consumption and related GHG emissions in long-distance water transportation projects, e.g., 303 

the South-to-North Water Diversion Project47. However, the additional climate impact of fast-304 

developing water reuse infrastructure may have to be partially offset by the decarbonization 305 

achieved in other processes of the wastewater systems, e.g., wastewater treatment and sludge 306 

disposal. 307 

To support the synergistic mitigation of water stress and climate impacts, more 308 

investments in the wastewater treatment and water reuse industries are critical. According to 309 

our estimates, investments throughout the life-stages of the wastewater infrastructure of China 310 

might reach 361 billion CNY by 2030 (accounting for ~86% in wastewater treatment and ~14% 311 
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in water reuse) (Fig. S11a). This means that from 2015 to 2030, investments in wastewater 312 

treatment and water reuse will increase by 276%. A major challenge for more investments is 313 

that the current pricing for wastewater treatment and water reclamation in China is inadequate 314 

to compensate the capital investment and operational costs of wastewater treatment (Fig. S11b). 315 

Lower profits could reduce incentives for developing and adopting water-conserving and low-316 

carbon technologies in the wastewater treatment and reuse companies. In this light, our results 317 

reveal that although the investment per unit of reused water may increase slightly due to the 318 

construction of new infrastructures, a 49% reduction of investment per unit of wastewater 319 

treated could be expected over the next decade (Fig. S11c). As high-tech WWTPs employing 320 

more low-carbon technologies become more affordable for cities at different development 321 

stages25, investments in wastewater treatment and water reuse would be more profitable and 322 

climate-friendly nationwide and be embraced by both the business owners of the treatment 323 

plants and urban consumers of water demanding climate change action. 324 

METHODS 325 

Analytical framework and system boundaries 326 

We quantified and tracked the city-scale water stress alleviation and climate impact 327 

induced by urban WWTPs over 2006–2030 using a consistent analytical framework (Fig. 5). 328 

To assess the alleviation effect of urban water stress, the framework included two key factors 329 

related to the operation of WWTPs that affects local water availabilities: 1) the treated 330 

wastewater discharged as replenishment to natural water bodies, and 2) the reuse of reclaimed 331 

water after treatment in plants. The contributions of both factors to the change of urban water 332 

stress over time were quantified. On the other hand, to capture the full climate impact of 333 

WWTPs, we included life-cycle stages such as infrastructure construction (including material 334 

extraction), plant operation (treatment process) and maintenance, water recycling and reuse, 335 

and sludge disposal. Here, we accounted for three types of GHG emissions, i.e., CO2, CH4, and 336 

N2O, which were identified as the main contributors to WWTP-related climate impacts11,14,22,23. 337 

In this system boundary, we accounted for the CH4 and N2O emitted from on-site treatment 338 

processes and the downstream sludge disposal, as well as the CO2 emissions driven by energy 339 

use and resource inputs in all stages. The analytical processes in the three main life-cycle stages 340 

were as follows: 341 

(1) WWTP infrastructure construction. This included GHG emissions embodied in the 342 

upstream extraction of raw materials, and the supply of fuels/electricity and other products used 343 

for WWTP construction. To reflect the change of construction technologies over time, we 344 
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assessed the construction-related climate impact of the WWTPs based on the year when the 345 

facilities were built. According to historical records, approximately 10% of urban WWTPs in 346 

China were built during 2000–2003, 20% during 2004–2006, and the remaining 70% during 347 

2007–2010. Based on the average of previous estimates48,49, the life span of the infrastructure 348 

of Chinese WWTPs is generally assumed to be 20 years. This meant that by 2010, 30% of the 349 

existing WWTPs were expected to operate 10 years more, while the remaining 70% could 350 

operate for another 20 years. Additionally, an increasing number of WWTPs were still under 351 

construction during 2011–2015. To reflect the above considerations, the climate impact caused 352 

by WWTP-related infrastructure was distributed evenly over their 20-year life cycle starting 353 

from the year of their construction. 354 

(2) On-site wastewater treatment. Direct release of CH4 and N2O from on-site wastewater 355 

treatment using various technologies was tracked and quantified. Generally, CH4 is emitted 356 

during aerobic and anaerobic fermentation, while N2O is released in nitrification/de-357 

nitrification processes (detailed analytical methods for these emissions are provided in SI Note 358 

1). Indirect CO2 emissions related to the resources and materials consumed in the operation and 359 

maintenance of WWTP systems were also included in this stage. Here, we focused on the on-360 

site treatment within the plant while the collection and transportation of wastewater were 361 

excluded from beyond the scope of our research. Therefore, CH4 emissions and the energy 362 

requirements related to sewer pipelines were excluded from the system boundary11,13. As only 363 

a very limited number of WWTPs in China have built-in CH4 recovery equipment and even a 364 

smaller number of those have monitoring data, recovery of CH4 as an energy source was not 365 

considered. Additionally, the discharge of treated wastewater (meeting certain water quality 366 

standard) as replenishment to the urban water cycle was analyzed for its contribution to 367 

alleviation of urban water stress. 368 

(3) Water reuse and sludge disposal. The direct and indirect GHG emissions related to the 369 

energy (including electricity use) and resource inputs to water reuse and sludge disposal were 370 

included in this stage. Given the lack of separate detailed records on water reuse infrastructure, 371 

we used the plant-level investment data to compute the indirect emissions related to water reuse. 372 

Statistically, the four types of sludge disposal approaches applied most in China are land use, 373 

landfill, incineration, and recycling as building materials26,50. Direct GHG emissions from 374 

sludge disposal mainly include CH4 emissions from landfill and N2O emissions from land 375 

use51,52. The recovery of CH4 from landfills was excluded owing to its small scale and a lack of 376 

detailed on-site data nationally. To reveal how the water reuse industry could influence the 377 

water–climate nexus empowered by WWTPs, we also quantified the contribution of the 378 

reclaimed water reused to water stress alleviation across cities. 379 
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 380 

Fig. 5 Analytical framework for water stress alleviation and GHG emissions 381 

related to urban WWTPs from a life cycle perspective. Water quality indicators for 382 

effluent: COD: Chemical Oxygen Demand; NH3-N: Ammonia Nitrogen; TP: Total Phosphorus. 383 

Accounting for life-cycle climate impact of wastewater infrastructure 384 

We used IO-LCA to compute the climate impacts of WWTPs over different life-cycle 385 

stages. Compared with process LCA, the IO-LCA has the advantages of covering the full supply 386 

chains53,54 related to wastewater infrastructure and of acquiring region-specific and time-387 

sensitive emission factors in different life-cycle stages11,55–57. This makes the IO-LCA more 388 

suitable for the analysis of time-series climate impacts of WWTPs at the city scale, where 389 

energy and material input data of treatment plants are rare. Previous studies have developed 390 

various wastewater IO models for life-cycle environmental impact assessments11,55,58,59. 391 

Here, we developed a wastewater multi-regional input-output model (W-MRIO) that 392 

captured intermediate flows between urban wastewater systems and other socioeconomic 393 

sectors (Table S1). The model separated the sectors related to wastewater treatment systems, 394 

i.e., construction of WWTPs, on-site wastewater treatment and water reuse, and sludge disposal, 395 

from urban economies on both supply and demand sides. China’s MRIO tables for different 396 

years were used to reflect the technical change of production over time. The W-MRIO model 397 

also distinguished seven types of treatment technologies used in wastewater treatment and reuse 398 

and four approaches for sludge disposal while evaluating their climate impacts. Accordingly, 399 

the W-MRIO table included four sections: (I) economic sectors providing goods and services, 400 

(II) wastewater-related construction, (III) wastewater treatment and reuse, and (IV) sludge 401 

disposal. 402 
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The direct GHG emission intensities of the sectors in all four sections were calculated as 403 

follows: 404 𝒒(𝑛+3)×1 = 𝑸(𝑛+3)×1𝑋(𝑛+3)×1−1                                            [1] 405 

where 𝒒(𝑛+3)×1  is the GHG emission intensity vector for economic sector (n), plant 406 

construction, wastewater treatment and reuse, and sludge disposal; 𝑸(𝑛+3)×1  represents the 407 

sum of CO2, CH4 (in CO2e), and N2O (in CO2e) emissions from the respective sectors; and 408 𝑿(𝑛+3)×1 is the vector of total economic outputs of sectors. 409 

Building on the developed W-MRIO model, the life-cycle climate impact (𝐶𝐼) of urban 410 

WWTPs and the contributions of different sections were calculated as follows: 411 

𝐶𝐼 = ( 
 𝑞Ⅰ𝑞Ⅱ𝑞Ⅲ𝑞Ⅳ) 

 
(  
 𝐼 − ( 

 𝐴Ⅰ,Ⅰ0 𝐴Ⅰ,Ⅱ0 𝐴Ⅰ,Ⅲ000 00 0𝐴Ⅳ,Ⅲ   
𝐴Ⅰ,Ⅳ000 ) 

 
)  
 −1

( 
 𝑦Ⅰ𝑦Ⅱ𝑦Ⅲ𝑦Ⅳ) 

 
                 [2] 412 

where 𝑞Ⅰ , 𝑞Ⅱ , 𝑞Ⅲ , and 𝑞Ⅳ  are the direct GHG emission intensity vectors for economic 413 

sectors (I), plant construction (II), wastewater treatment and reuse (III), and sludge disposal 414 

(IV), which are calculated as follows: 𝑞Ⅰ = 𝑄Ⅰ,𝑋Ⅰ−1 , 𝑞Ⅱ = 𝑄Ⅱ𝑋Ⅱ−1, 𝑞Ⅲ = 𝑄Ⅲ𝑋Ⅲ−1, and 415 𝑞Ⅳ  = 𝑄Ⅳ𝑋Ⅳ−1 . Here, I is the identity matrix; 𝐴Ⅰ,Ⅰ  is the input coefficient matrix, 416 

representing the amount of output from economic sector i required to produce one unit of output 417 

from economic sector j, which is given by 𝐴Ⅰ,Ⅰ  = 𝑍Ⅰ,Ⅰ𝑋Ⅰ−1 , where 𝑍Ⅰ,Ⅰ  refers to the 418 

intermediate input flows in the economic system. Similarly, 𝐴Ⅰ,Ⅱ, 𝐴Ⅰ,Ⅲ, and 𝐴Ⅰ,Ⅳ are the 419 

input coefficient matrixes, indicating the amount of output from economic sector i required to 420 

produce one unit of output respectively from construction (II), wastewater treatment and reuse 421 

(III), and sludge disposal (IV). Similarly, the input coefficient matrix 𝐴Ⅳ,Ⅲ  is defined by 422 𝐴Ⅳ,Ⅲ  = 𝑍Ⅳ,Ⅲ𝑋Ⅲ−1 , where 𝑍Ⅳ,Ⅲ  represents the disposal inputs of sludge produced by 423 

different treatment technologies. Finally, 𝑦Ⅰ, 𝑦Ⅱ, 𝑦Ⅲ , and 𝑦Ⅳ  refer to the final demand 424 

vectors for the sectors in the respective sections (I, II, III, and IV) of the W-MRIO that drive 425 

the indirect GHG emissions related to WWTPs. 426 

It is essential to articulate whether the climate cost of building wastewater treatment 427 

infrastructure decrease or increase through time while improving urban water sustainability. 428 

Therefore, we proposed an indicator termed the additional climate impact for water stress 429 

alleviation (CIWSA) to identify the decoupling between climate impact and change of water 430 
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stress at the city scale, which is calculated by: 431 𝐶𝐼𝑊𝑆𝐴𝑖 = 𝐶𝐼𝑖∆𝑊𝑆𝐼𝑖                                                  [3] 432 

where 𝐶𝐼𝑖 refers to the life-cycle climate impact of city i attributable to all of its urban WWTPs; 433 ∆𝑊𝑆𝐼𝑖 represents the decrease of urban water stress in city i owing to the treated wastewater 434 

replenishment and water reuse from its urban WWTPs (the calculation of urban water stress is 435 

described in the next section). 436 

Measurement of variations in urban water stress  437 

The degree of water scarcity is usually measured by the Water Stress Index (WSI)31,60,61, 438 

which is defined as the ratio of annual water withdrawals (for domestic, industrial, and 439 

agricultural uses) to the mean of available renewable water resources, i.e., surface blue water. 440 

The WSI indicator has been widely used to assess the status of water availability at the 441 

catchment or regional scales 16,62,63. The regional WSIs within the intervals of 0–0.1, 0.1–0.2, 442 

0.2–0.4, 0.4–0.8, and >0.8 represent respectively Low, Low-to-medium, Medium to high, High, 443 

and Extremely high levels of water stress31. Without the consideration of the effect of WWTPs, 444 

the urban water stress of city i was computed as follows: 445 𝑊𝑆𝐼𝑖 = 𝑊𝑈𝑖𝑅𝑊𝑅𝑖                                              [4] 446 

where WU is the quantity of water distributed to end users, including water lost in transmission, 447 

which is equal to water withdrawals plus net physical water imports; and RWR denotes the total 448 

amount of renewable water resources (surface blue water) available in a city16. In the absence 449 

of data on net physical water transfer at the city level, we calculated the local RWR by assuming 450 

that cities consume most of their required water from local sources. 451 

To measure the alleviation effect attributable to WWTPs, we calculated the alternative 452 

water stress (𝑊𝑆𝐼′) by incorporating two additional factors in the equation: 1) the replenishment 453 

of treated wastewater to the surface renewable water in cities that has met the strict discharge 454 

standard of effluent (here, this refers to China’s I-B standard in the Discharge Standards of 455 

Pollutants for Municipal Wastewater Treatment Plants (GB 18918–2002)20, and 2) the reuse of 456 

water reclaimed from WWTPs in various urban activities including industrial use, municipal 457 

water, and landscaping. Thus, 𝑊𝑆𝐼′ was used to measure the urban water stress of city i with 458 

the application of WWTPs: 459 𝑊𝑆𝐼𝑖 ′ = 𝑊𝑈𝑖−𝑅𝑊𝑖𝑅𝑊𝑅𝑖+𝑅𝑊𝑊𝑖                                         [5] 460 

where RW refers to the volume of reclaimed water used in a city, and RWW refers to the volume 461 
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of treated wastewater meeting the discharge standards, which thus can be treated as 462 

replenishment to the surface renewable water, e.g., lakes, rivers, and reservoirs. 463 ∆𝑊𝑆𝐼  refers to the relative variation between 𝑊𝑆𝐼  and 𝑊𝑆𝐼′ , which is calculated to 464 

represent the extent to which WWTPs have alleviated urban water stress and enhanced local 465 

water availability of city i: 466 

∆𝑊𝑆𝐼𝑖 = 𝑊𝑆𝐼𝑖′−𝑊𝑆𝐼𝑖𝑊𝑆𝐼𝑖 × 100%                                             [6] 467 

Scenario analysis  468 

We simulated the future alleviation of water stress and climate impacts related to WWTPs 469 

by 2030 based on a set of scenarios that reflect the stepwise technological developments in their 470 

life-cycle stages including wastewater treatment, water reuse, and sludge disposal. Toward this 471 

end, we first projected future scales of urban wastewater treated in all the studied cities. Prior 472 

studies suggested that the amount of urban wastewater is most closely related to the population 473 

size and gross domestic product (GDP) of a city64,65. We developed an econometric model to 474 

estimate the amount of wastewater treated by 2030 for each city in China using a multifactor 475 

regression: 476 𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑡 = 𝛽1𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑖𝑡 + 𝛽2𝐺𝐷𝑃𝑖𝑡 + 𝛼𝑖 + 𝛾𝑡 + 𝜀𝑖𝑡                  [7] 477 

where 𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑡  is the annual total amount of wastewater treated in city i in year t; 478 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑖𝑡 is the total population of city i in year t; 𝐺𝐷𝑃𝑖𝑡 is the GDP of city i in year t; 479 𝛼𝑖  represents the city-level fixed effect, which controls the time-invariant city-level variables, 480 

such as food preferences and geographical location; 𝛾𝑡 represents the year fixed effect, which 481 

is used to exclude the intervention of time-variant heterogeneity, such as technological 482 

improvement; and 𝜀𝑖𝑡 represents a random error term. Standard errors are clustered at the city 483 

level. 484 

Given the huge difference in the level of development among Chinese cities and the 485 

consequential differences in wastewater treatment scales, we constructed city-specific models 486 

with GDP per capita for level classification. We then estimated the future changes in treated 487 

wastewater amounts in the cities by associating the response coefficients of population and 488 

GDP (Table S2). 489 

By combining treatment scale projection and technological transition, we set five policy 490 

scenarios to simulate alleviation on water stress and climate impact induced by WWTPs from 491 

2015 (the benchmark year) to 2030 (Table S3). In the BAU Scenario, the volume of reclaimed 492 

water increased in proportion to the scale of wastewater treatment, and the distribution 493 

proportion among technologies remained the same as in 2015. In the other four scenarios, we 494 
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applied stepwise improvement strategies building on the BAU Scenario. In the WRE Scenario, 495 

the volume of reclaimed water increased from 2.5 Gt in 2015 to 8.2 Gt in 2020 according to the 496 

13th Five-year National Urban Sewage Treatment and Recycling Facilities Construction Plan26, 497 

which then was assumed to increase to 13.3 Gt simply in proportion to the scale of wastewater 498 

treatment in 2030. In the Low-Carbon Wastewater Treatment (WRE+LCW) Scenario or Low-499 

Carbon Wastewater Treatment plus Sludge Disposal Integrated (WRE+LCW+LCS) Scenario, 500 

the technological mix for wastewater treatment or sludge disposal have seen improvements 501 

using more advanced technologies that have lower carbon intensities, i.e., a 4%–14% reduction 502 

in wastewater treatment and 15%–52% reduction in sludge disposal over the 2020–2030 period 503 

depending on the number of WWTPs that adopt these technologies across cities. Finally, in the 504 

Low-Carbon Wastewater Treatment plus Sludge Disposal and Water Reuse Integrated 505 

(WRE+LCW+LCS+LCR) Scenario, low-carbon water reuse technologies were applied more 506 

extensively nationwide, which leads to the further reduction of the climate impact intensity of 507 

water reuse by 32%24. Details of the settings and assumptions of the scenarios are provided in 508 

SI Note 2. 509 

We also estimated the matched investments needed to support the operation of WWTPs 510 

that meet the treatment, reuse, and sludge disposal demand before 2030. In the BAU Scenario, 511 

the investments in wastewater treatment, water reuse, and sludge disposal were assumed to 512 

increase in proportion to the scale of wastewater treatment in cities. In the WRE Scenario, 513 

investments were estimated according to the 13th Five-year National Urban Sewage Treatment 514 

and Recycling Facilities Construction Plan, increasing from 56 billion CNY in 2015 to 252 515 

billion CNY in 2020; considering the development of different low-carbon technologies, and 516 

these include 77% for wastewater treatment, 15% for water reuse, and 8% for sludge disposal.  517 

Uncertainty analysis 518 

The uncertainties introduced by the model and data used in assessing climate impact and 519 

water stress alleviation were quantitatively analyzed. First, we computed the uncertainty of the 520 

life-cycle climate impact result was introduced by supply chains in the W-MRIO model. The 521 

propagation of uncertainties along the modeling processes of IO-LCA was tracked using a 522 

standard deviation approach proposed in the literature66-69.  523 

The standard deviations of the historical climate impacts (f) of the WWTPs were calculated 524 

as follows: 525 

𝜎𝑓 = √∑ (𝜕𝑓𝜕𝑞𝑖)2 𝑣𝑎𝑟(𝑞𝑖) + ∑ ∑ ( 𝜕𝑓𝜕𝐿𝑖𝑗)2 𝑣𝑎𝑟(𝐿𝑖𝑗) + ∑ ( 𝜕𝑓𝜕𝑦𝑗)2 𝑣𝑎𝑟(𝑦𝑗)𝑛𝑗=1𝑛𝑗=1𝑛𝑖=1𝑛𝑖=1    [8] 526 

where uncertainty factors such as the elements (i, j = 1…m) of the Leontief Inverse matrix (L), 527 
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final demand (y), and the direct emission intensity matrix (q) were included for computing the 528 

uncertainty of the climate impact of WWTPs with a 95% confidence interval (see detailed 529 

method in SI Note 3). Here, 𝜕𝑓/𝑓 was used to calculate the relative standard deviations for 530 

the climate impact of CO2, CH4 (in CO2e), and N2O (in CO2e). The analytical results of the 531 

climate impact uncertainty are presented in Fig. S12. 532 

The uncertainties of future climate impacts and water stress alleviation that is influenced 533 

by the scale of the wastewater treated were also estimated. Although our predictions regarding 534 

the amounts of treated wastewater, reclaimed water, and sludge generated in 2020 were largely 535 

consistent with other estimates reported in the literature70,71; the econometric models of cities 536 

might introduce errors in projecting future climate impacts, water stress alleviation, and 537 

investments. We used the confidence intervals of population and GDP response coefficients to 538 

represent the upper and lower bounds of future wastewater scale, climate impacts, and water 539 

stress alleviation (Table S4). Additionally, these analytical results might be affected by other 540 

factors such as lack of information regarding the exact year of plant construction, the remaining 541 

number of years in service, and replacement of treatment and water reuse technologies in the 542 

next decade. 543 

Data 544 

In this study, we used the plant-level WWTP monitoring data compiled from the China 545 

Environmental Statistics Database (CESD)72. This dataset covers all the major urban WWTPs 546 

operated in China during 2006–2015, comprising more than 6,000 urban WWTPs distributed 547 

across >300 cities in 30 mainland provincial regions (no available data for Tibet) in 2015 alone. 548 

The key plant-level information recorded includes geographic location; year of construction; 549 

wastewater treatment with different technologies, i.e., PC treatment, anaerobic treatment, 550 

oxidation ditches, A2O/AO treatment, SBRs, and MBRs; approaches and scale of reclaimed 551 

water reuse, i.e., industrial use, municipal water, and landscaping; electricity consumption; 552 

discharge volume into various types of water body, i.e., rivers, lakes, reservoirs, and sea; 553 

amount of sludge disposed using different approaches, i.e., land use, landfill, incineration, and 554 

reuse as building material; concentrations of chemical oxygen demand; ammonia nitrogen; total 555 

phosphorus in influent and effluent; and annual operating load and expenditure. 556 

The provincial-level CO2 emission inventories by economic sector during 2006–2015 557 

were derived from the China Emission Accounts and Datasets73. City-level data of water use, 558 

i.e., agriculture, industry, service, domestic, and ecological, and renewable water resources, i.e., 559 

surface water and groundwater, during 2006–2015 were obtained from provincial-level Water 560 

Resources Bulletin74. Data that were not available in the Water Resources Bulletin, i.e., 561 
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Heilongjiang and Hainan provinces, were supplemented by Provincial Statistical Yearbooks. 562 

The population and GDP data of each city were derived from the China Statistical Yearbooks 563 

and City Statistical Yearbooks75. We collected and re-compiled China MRIO tables in 2007, 564 

2010, 2012, and 201576–79 to match the required structure and format of the developed W-MRIO 565 

consisting of four different sections. 566 

Code availability. Programming code for hybrid life-cycle model is available from the 

corresponding author on request. 

Data availability. Sources of data used to perform this study are provided in Methods and 

Supplementary Information. Any further data that support the model of this study are available 

from the corresponding authors upon request. 
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