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China’s enhanced wastewater treatment
capacity may accelerate greenhouse gas
emissions from rural domestic pollution
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The diminution of the benefits of domestic pollution control by greenhouse gas (GHG) emissions has
received considerable attention. Emission factors related to the construction and operation of
wastewater treatment systems have been well characterized in urban settings but far less so in rural
areas. To address this gap, we developed an integrative modeling framework that quantifies the entire
chain of rural domestic pollution processes together with the associated GHG emissions. Our analysis
suggests that the control of China’s rural domestic pollution has realized a threefold increase over the
past decade, resulting in a decline of carbon (C), nitrogen (N), and phosphorus (P) discharge to surface
waters by 1158 Gg, 316 Gg, and 43 Gg, respectively. However, GHG emissions have also discernibly
increased from 26.7 Tg to 31.4 Tg. Even though over 70% of China’s rural domestic pollution is still

being discharged untreated, GHG emissions from wastewater treatment systems have become
prevalent and currently account for more than 60% of total GHG emissions from rural areas.
Considering the on-going construction of numerous new wastewater treatment systems in rural areas,
enhancing wastewater treatment capacity, strengthening resource recovery, optimizing dietary
patterns of the public, and promoting the use of clean energy are recommended to balance the trade-
offs between environmental pollution abatement and climate change mitigation.

The global aspiration for sustainable socioeconomic development requires
addressing the pressing challenges of environmental pollution and climate
change"”. Currently, forty-three percent (43%) of the world’s population
resides in rural areas, generating substantial domestic pollution (https://
data.worldbank.org.cn/). The wastewater treatment capacity in rural areas
arguably remains modest and differs both functionally and structurally from
the centralized systems in urban settings, resulting in a more diverse array of
greenhouse gas emission pathways and domestic pollution disposal’™.
Treated domestic pollution is discharged into water bodies as tailwater, after
releasing large amounts of greenhouse gases during the treatment process®”.
The remaining by-products of domestic pollution are either directly dis-
charged into receiving water bodies or recycled into the environment as
fertilizer*'°. Both pathways contribute to environmental pollution and
GHG emissions''. The United Nations Sustainable Development Goals state
that by 2030, agricultural productivity will be doubled, along with the

income of small-scale food producers, especially women, indigenous peo-
ples, farming families, pastoralists, and fishers (https://www.un.org/
sustainabledevelopment/). The on-going socio-economic development in
rural areas will increase the capacity for domestic pollution treatment, but
with the caveat that will be accompanied by an increase in GHG
emissions'>"*, GHG emissions from the disposal of rural domestic pollution
have long been neglected due to the relatively low wastewater treatment
rates compared with urban areas'*™"’. This issue is even more pronounced in
China, where the rural population accounts for 34.8% of the country’s total
population and 14.3% of the global rural population as of 2022 (China
Statistical Yearbook, https://www.stats.gov.cn/sj/ndsj/2023/indexch.htm).
According to UN-Water, China’s domestic pollution treatment rate is 62%,
with the rate in rural areas being one-third of that in urban systems (https://
www.sdg6data.org/zh-hans/indicator/6.3.1). To address this profound dis-
parity, China has proposed the rural domestic wastewater treatment rate to
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reach 40% by 2025, which signifies the need to characterize the tradeoffs
between the mitigation of domestic pollution and potential exacerbation of
GHG emissions. It is thus an emerging imperative to establish robust
relationships among domestic pollution rates, wastewater treatment capa-
city, and GHG emissions in rural environments”***".

Domestic pollution rates are typically estimated by indirect calcula-
tions of food intake and detergent use'****. Food intake can be determined
from food consumption data in areas with detailed statistics™*, and then the
estimated per capita load is multiplied by the population size to quantify the
total impact. Detergent use is estimated either by a fixed load per capita or by
taking economic levels into account, with additional adjustments for
phosphorus-free detergents’”. Generally, a multitude of input-output
assumptions have been used to assess the flow of carbon, nitrogen, and
phosphorus, via food production, food intake, pollution reduction, tailwater
discharge, soil retention, and pollution volatilization™>**~". In the same vein,
the calculations of GHG emissions have been predominantly based on
empirically derived emission factors of various wastewater treatment
processes” . The GHG emission factors for biochemical processes in
wastewater treatment plants are studied at national, provincial, and plant
levels’”. GHG emissions from urban wastewater treatment systems have
been evaluated at the national level, providing evidence that wastewater
treatment can be a significant source of GHG emissions™'*"**. Although the
domestic pollution cycle and accompanying GHG emission rates have been
assessed independently, their collective impact and joint consideration in
mass balance exercises has yet to be examined. Additionally, current
research has mainly focused on urban areas, while rural regions have
received considerably less attention. China is a case in point, where waste-
water treatment data mainly rely on first and second pollution censuses,
which do not account for 8,855 wastewater treatment facilities with a
capacity of less than 500 m*/d'*******. Considering that most of these small
treatment facilities are located in rural areas, there is a major knowledge gap
in understanding the pertinent domestic pollution cycles and GHG
emissions.

To advance our understanding of the broader implications and tra-
deoffs from the operation of wastewater treatment plants, the present study
introduces a modeling framework that jointly considers the domestic pol-
lution cycle and GHG emissions (Fig. la; Supplementary Note 1). We also
introduce a composite trade-off index to evaluate the relationship among
the magnitude of domestic pollution, treatment and discharge rates, and
GHG emission fluxes. Extending previous studies, our work is designed to
accommodate the interconnected dynamics of domestic pollution cycles
and GHG emissions, and is thus conducive to assessing the associated co-
benefits and tradeoffs**”***. Our key objectives are to: (i) quantify the
domestic pollution cycle processes and the corresponding GHG emissions
in rural China over the past decade, covering the entire chain of rural
domestic pollution output, reduction, discharge, and GHG emission rates;
(ii) assess the co-benefits and tradeoffs by examining the key influential
factors; and (iii) design various scenarios to analyze the impact of dietary
patterns, demographic trends, and wastewater treatment rates on the
severity of environment pollution and GHG emissions. Our findings suggest
that increased wastewater treatment rates will accelerate GHG emissions in
rural China but could also amplify the co-benefits owing to pollution
mitigation and improved GHG emission intensity. We conclude by advo-
cating increased wastewater treatment rates, embracement of clean energy,
healthier dietary habits, and consideration of a wider array of resource
recovery technologies to improve the environment and reduce GHG
emissions in rural China.

Results

Fate of rural domestic pollution cycles and associated GHG
emissions

Rural domestic C, N, and P pollution, along with GHG emission rates in
China, were closely interconnected and exhibited significant interannual
variability (Figs. 1; S2-S36). Over the past decade, the rural population in
China represented an average of 560 + 0.48 million people, with annual

consumption of 207.1 +9.6 Tg of food and 4.23 +0.34 Tg of detergents.
Excluding human intake and metabolism, the estimated fluxes of C, N, and
P pollutants were 5244 +444 Gg, 2396+125 Gg, and 671+44 Gg,
respectively. These pollution fluxes are managed through three methods:
treatment by wastewater treatment systems (treatment-related), direct
discharge into water bodies as nonpoint source pollution (untreated), and
recycling back into the environment as organic fertilizer (recycled). Con-
sequently, a total of 29,090 + 2389 Gg CO,-eq of GHGs were collectively
emitted through these processes, while the per capita GHG emissions were
approximately equal to 52.6 + 8.6 kg CO,-eq. Simply put, we can infer that
for each kilogram of domestic pollution treated, 0.14 + 0.02 kg CO,-eq of
GHGs are released (Fig. 1a).

We next examined the coupling between pollution processes and
GHG emission rates (Fig. 1b-e). For treatment-related pollution, pol-
lutants are first collected by sewers, resulting in the release of nitrous
oxide, methane, and carbon dioxide owing to the prevailing anaerobic
conditions. The sewers emitted 48.1 + 14.3 Gg of C and 0.11 + 0.03 Gg
of N into the atmosphere along with GHG emissions of 1084 + 322 Gg
CO,-eq. Pollutants carried within the sewers are ultimately transported
to the wastewater treatment plants for processing, where the corre-
sponding C, N, and P fluxes were 937 + 296 Gg, 334+ 120 Gg, and
120 £41 Gg. Sewage treatment and subsequent pollutant reduction
comprising a multitude of steps such as construction of wastewater
treatment systems, material usage, sewer operation, biological pro-
cesses, sludge disposal, and electricity consumption, collectively pro-
duced significant GHG emissions amounting to 14,937 +4,218 Gg
CO;-eq. Of the reduced pollutants, 613 + 182 Gg of C and 282 + 102 Gg
of N were emitted into the atmosphere, while the remainder accumu-
lated in the sludge. The sludge is generally disposed of through sanitary
landfill, composting, incineration, and other methods. Sanitary landfill
and composting of sludge discharged pollutants into groundwater
through the leaching process, with values of 7.62+1.82 Gg of C,
2.19+0.52 Gg of N, and 0.63 £ 0.15 Gg of P.

Composting of sludge also discharged pollutants to surface water
through runoff scouring, with amounts of C, N, and P at 0.33 £ 0.24 Gg,
0.07 +0.05 Gg, and 0.08 + 0.06 Gg, respectively. The composting process
released small amounts of pollutants into the atmosphere together with soil
respiration, with values of 10.4 + 7.9 Gg of C and 0.0006 + 0.0005 Gg of N.
The net accumulation of C, N, and P in sludge was 132 +31 Gg of C,
21.8+4.9 Gg of N, and 119.7 +43.8 Gg of P, displaying considerable
variability depending on the sludge yield and treatment method. Finally, the
tailwater contributed 89.5 + 20.9 Ggof C, 123.1 + 33.2 Gg of N,and 4.5 + 0.7
Gg of P to surface water, triggering GHG emissions of 477 + 120 Gg CO,-eq
due to the increased water pollution loading.

Untreated pollution directly contributed 3217+422 Gg of C,
1254 +133 Gg of N, and 141 + 13 Gg of P to surface waters, resulting in an
additional 10,333 + 1,287 Gg CO,-eq of GHG emissions. In contrast, treated
pollution leads to a reduction in direct wastewater discharges, and conse-
quently reduction in GHG emissions from the receiving water bodies. Thus,
the indirect GHG reduction was 5,655 + 1,914 Gg CO,-eq, accounting for
approximately 39% of the GHG emissions from wastewater treatment
processes. Concerning the third disposal method, recycled pollution as
fertilizers contained 952 + 330 Gg of C, 685 + 127 Gg of N, and 405 + 71 Gg
of P. The recycled pollutants exported 19.6 + 6.5 Gg of C,17.8 £ 3.2 Gg of N,
and 5.7 £ 0.9 Gg of P into surface water via runoff washout, and leached
47.7+159 Gg of C, 61.8+11.1 Gg of N, and 4.5+0.7 Gg of P into
groundwater. Additionally, 0.11 + 0.04 Gg of C, 238 + 82 Ggof C, 103 £ 19
GgofN, 157 £29 Gg of N, and 8.9 + 1.7 Gg of N were emitted through soil
respiration in the form of methane, carbon dioxide, nitrogen, ammonia, and
nitrous oxide, respectively, collectively resulting in GHG emissions of
3,820 £ 715 Gg CO,-¢eq.

In summary, wastewater treatment systems in rural China reduced
C fluxes by 18% over the past decade, with 59%, 15%, 25%, and 1% of the
C output transported to surface water, soil, atmosphere, and ground-
water, respectively. For N, the corresponding percentages were 14%,

npj Clean Water| (2026)9:10


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00540-9

Article

(a) Processes

Atmosphere
1293-585
CN
10137-8957-9996

CH,-N,0-CO,
(COzeq)

Sewer

52.6 kg CO,-eq per capita
0.14 kg CO,-eq per kg domestic pollution treated

Sludge disposal
Tail water
Biological processes

GHG:29090
Reduced pollution < 18%

TradeIoff

Contnbuuon GHGr> 51 %

WWTPs Atmogphere Groundwater

—Soil_,, Surface watery,,

Surface water

Unit: Gg

Material usage
Soil respiration

Electricity consumption
Construction

Soil
779-358-515
C-N-P

+

Groundwater

3117-1389-151
ClaINTE

55.3-64-5.13
C=INEIP:

(b) GHG (Gg) (¢)C (Gg)
@
0 -
@
=
K Biological processes 10333
8
= Mﬁsage
: 3189 3
S
Con%ucﬁon o -
§ 3173 § _3_
3 Electrial c‘sumption B 3 i
i il di | g :
é SIudgEldisposal 2525 o i é
x Biologica!)rooesses 1569 <
° Seéwer 1084
2o Tailwater 477
B 5 Respiration 3820 L %762
O He —r ™
4 Leachmg Sty A 2 Groundwater g
w
(d)N (Gg) - | ©)P(Gg)
) Discharge
: 3 1
M Discharge =
13° & et — 4.5
“ea\e g 1al \\wa 008
o y
Az § Sludge disposal
5 12) 119.7
§ 6.27 Biological processes 0 62 ol | _ 51
g & e
- © 00
E 9‘\\“ Ru“°“ 3 S
8 Reduced \og\ca\ proo‘ses 282 % 5 ©
5|| 487 2 wer— 0 S| 2 2
° i @B O 3 =
= i dlsws‘i:‘lg s g“" = Accumulation 3
it 2 5
V' I:] 9
oo ot 2 218 <
G G 32 )
Ao €219 & ; ?9 0.63
Leaching ©61.8 Groundwatergg Leaching . 4.5 Groundwater‘-—

Fig. 1 | Rural domestic pollution cycles and associated GHG emissions in China over the past decade. Biogenic carbon dioxide is considered only in the pollution cycle

analysis and excluded from the GHG emissions. a Fate of carbon, nitrogen, and phosphorus; b Greenhouse gases flow; ¢ N flow; d N flow; e P flow.

58%, 15%, 24%, and 3%, respectively, whereas the same pathways for P
were 18%, 23%, 77%, <1%, and 1%. GHG emissions from wastewater
treatment, untreated pollution discharges, and recycled pollution
processes accounted for 51%, 36%, and 13%, respectively. Our results

showed that wastewater treatment systems contributed up to 51% of
total GHG emissions, even though the pollutants were reduced by only
18%. It is expected that more GHGs will be released as rural wastewater
treatment rates increase in the future.
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Fig. 2 | Trends of rural domestic pollution in China (10-year average values). a National trends over time; b Temporal trends of reduced pollution processes of C, N, and P
in rural China; ¢ Temporal trends of recycled pollution processes of C, N, and P in rural China.

Rural domestic pollution and requirements for increased
treatment capacity in China

China’s rural domestic pollution exerts severe environmental stress, and
thus, the pressure to augment the wastewater treatment capacity increases
with the ever-growing population demands. By 2022, China had a rural
population of nearly 500 million, accounting for approximately 15% of the
global rural population. Notwithstanding the decrease in China’s rural
population by 22% due to urbanization (Figures S2-S15), per capita
domestic water consumption, food consumption, and detergent use
increased by 1.2 times, 1.1 times, and 1.7 times, respectively, reflecting the
broader societal economic improvement. Considering the combined effects
of a declining rural population and increased per capita consumption, the
net food and non-food consumption of C, N, and P decreased from 51.6,
2.74, and 0.79 Tg in 2013 to 39.9, 2.37, and 0.65 Tg in 2022, respectively
(Fig. 2a). After accounting for losses associated with absorption and
respiratory releases by the human body, the C, N, and P fluxes declined from
6.26, 2.67, and 0.78 Tg in 2013 to 4.86, 2.32, and 0.63 Tg in 2022. Over the
last 10 years, the per capita C, N, and P outputs were on average 9.37 + 0.53,
4.29+0.29, and 1.20 + 0.06 kg, respectively. The rate of access to sanitary
toilets in China’s rural areas increased from 74% in 2013 to 89% in 2022,
effectively enhancing the capacity for domestic pollution collection. Yet,
while the rural domestic wastewater treatment rate rose from just over 9% in
2013 to 31% in 2022, the untreated domestic pollution still remains pre-
dominant. The relatively low wastewater treatment rate introduced sig-
nificant pressure on the water resources, with nearly 55% of C and N flowing
into the surface waters in 2022.

China’s rural C, N, and P pollution abatement by wastewater treatment
systems increased from 506, 158, and 59 Ggin 2013 to 1366, 513,and 181 Gg
in 2022, respectively (Fig. 2a). Likewise, per capita reductions increased from
0.81 kg of C,0.25 kg of N, and 0.09 kg of P in 2013 to 2.80 kg of C, 1.05 kg of
N, and 0.37 kg of P in 2022 (Figs. S2-S15). The proportion of reduced C, N,
and P pollution to total outputs increased from 8.1%, 5.9%, and 7.6% in 2013
to 28.1%, 22.1%, and 28.6% in 2022, respectively. It is important to note
though that the reduced pollution due to the operation of wastewater
treatment plants does not vanish, with approximately 66% of C and 84% of
N of the treated material being biochemically emitted to the atmosphere,
while the remainder accumulates in the sludge (Fig. 2b). Pollutants from
sludge discharged into water bodies through leaching or runoff are
accounted for to the contribution of sludge yield and rainfall. Sewerage,
tailwater, and sludge leaching had a relatively modest impact on the pol-
lution cycles over the past decade. C, N, and P discharged by these processes
accounted for ~3%, 5%, and 1% of total domestic pollutant outputs,
respectively (Fig. 1). Untreated pollution decreased from 4049 Gg of C,
1502 Gg of N, and 167 Gg of P in 2013 to 2776 Gg of C, 1100 Gg of N, and
126 Gg of P in 2022, reflecting the decrease in rural population and increase
in the wastewater treatment rate (Fig. 2a). Recycled pollution declined from
1614 Ggof C, 952 Gg of N, and 543 Gg of P in 2013 to 533 Gg of C, 540 Gg of
N, and 321 Gg of P in 2022, driven by population reduction and promotion
of sanitary toilets (Fig. 2c). Specifically, the increased rate of access to
sanitary toilets increased the amount of directly disposed pollutants rather
than recycled. Recycled pollution is often used as fertilizer, and the pollu-
tants are released through soil respiration, leaching, and runoff washout,
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while the remainder accumulated in the soil. The processes associated with
recycled pollution displayed a decreasing trend over the last ten years.

The final destination of pollution depending on the disposal methods
considered could be surface water, groundwater, soil, and atmosphere
(Figs. 1, 2). Pollution discharged into surface water decreased from 3881 Gg
of C, 1593 Gg of N, and 179 Gg of P in 2013 to 2723 Gg of C, 1277 Gg of N,
and 135 Gg of P in 2022. Pollution accumulated in the soil decreased from
1197 Ggof C, 484 Gg of N, and 588 Gg of P in 2013 to 465 Gg of C, 288 Gg of
N, and 494 Gg of P in 2022. The proportion of C and N accumulated in the
soil to total pollution outputs decreased from 19.1% and 18.0%, respectively,
t0 9.6% and 12.4%. C and N removal processes release nitrogen, methane,
carbon dioxide, and other gases to the atmosphere, whereas P displays
elevated accumulation in the soil as sludge. Therefore, P accumulated in the
soil accounted for more than 75% of the total P export. Pollution leached
into the groundwater decreased from 85.4 Gg of C, 86.6 Gg of N, and 6.4 Gg
of P in 2013 to 31.6 Gg of C, 47.9 Gg of N, and 3.8 Gg of P in 2022.

Pollution emitted into the atmosphere increased from 1091 Gg of C
and 523 Gg of N in 2013 to 1642 Gg of C and 710 Gg of N in 2022. The
fraction of C and N emitted into the atmosphere accounted for 13.2% and
19.2% of the total C and N discharges, respectively, and increased to
approximately 30% in 2022. The increase in atmospheric pollution is closely
associated with the discernible rise in gaseous emissions from the waste-
water treatment process.

The present analysis showed that wastewater treatment not only alters
the processes involved in the pollution cycle but also directly affects GHG
emissions. In terms of the pollution treatment process, the higher the pol-
lution reduction rate, the greater the amounts of pollutants discharged into
the adjacent media (soil, water, and air) from the associated sewer network,
sludge, and tailwater. Conversely, pollutants discharged from untreated and
recycled sources decreased, as higher pollutant collection rates lead to a
reduction in recycled pollution, thereby decreasing leaching into ground-
water. Furthermore, the increased tailwaters stemming from the increased
wastewater treatment rates contributed to a rise in pollutants emitted into
the atmosphere. Dynamic changes across provinces as well as regional
differences reinforce this perspective (Figs. S2-S15). Nevertheless, the pro-
portion of untreated pollution discharged directly into the environment by
2022 still exceeds 70%, emphasizing the urgent need to upgrade wastewater
treatment capacity.

Leading role of rural wastewater treatment systems in GHG
emissions

Total GHG emissions from rural domestic pollution in China increased
from 26.7 Tg in 2013 to 31.4 Tg in 2022 (Fig. 3a). Methane emissions
decreased from 399 Gg to 337 Gg, nitrous oxide fluctuated around an
average level of 33 Gg, and carbon dioxide emissions increased from 5972
Gg to 12,457 Gg. With a 13-23% reduction in domestic pollution,
improvements in wastewater treatment capacity have led to a discernible
increase in GHG emissions. The proportions of methane, nitrous oxide, and
carbon dioxide emissions to total GHG emissions shifted from 41.8%,
35.8%, and 22.3% in 2013 to 30.0%, 30.4%, and 39.6% in 2022, respectively.
The increase in carbon dioxide emissions was primarily driven by higher
consumption of electricity and materials used for the construction of was-
tewater treatment plants. Likewise, changes in methane and nitrous oxide
emissions were associated with shifts in rural domestic pollution disposal
methods. Specifically, analysis of GHG emissions from three disposal
methods revealed that emissions from both treatment-related and untreated
pollution accounted for more than 80% of total GHG emissions. After 2016,
GHG emissions from wastewater treatment systems became dominant,
exceeding 50% of total GHG emissions, a proportion that increased to 60%
in 2022. The share of GHGs emitted from recycled pollution was the lowest,
decreasing from 20% in 2013 to less than 10% in 2022, due to efforts to
promote sanitary toilets. Thus, the increase in rural wastewater treatment
capacity not only significantly raised GHG emissions but also altered the
composition of GHGs, alongside the amelioration of environmental pol-
lution (Fig. 3a—d).

We next analyzed GHG emissions from wastewater treatment systems
(Fig. 3c). All individual wastewater treatment processes exhibited an
increasing trend, with peaks observed in 2016 and 2020. The 2016 peak in
GHG emissions was driven by a rapid increase in the wastewater treatment
rate, which rose from 11.4% in 2015 to 20% in 2016. This increase resulted in
higher GHG emissions from electricity consumption, material usage, bio-
chemical processes, and tailwater discharge. In terms of GHG emissions from
the operation of wastewater treatment systems, the contributions over the last
decade, in descending order, were as follows: material usage (26.7%), elec-
tricity consumption (25.1%), sludge disposal (20.7%), biochemical processes
(13.2%), sewerage (9.7%), and tailwater (4.5%). The 2020 peak was primarily
due to the construction of new wastewater treatment systems. The share of
GHG emissions from construction decreased from 30.9% in 2010 to 16.1% in
2022. Furthermore, we quantified GHG emissions through two pathways.
The first pathway refers to direct GHG emissions from wastewater collection
and treatment, while the second pathway includes indirect GHG emissions
from electricity generation, construction, and material use. The results showed
that indirect GHG emissions exceeded direct emissions (Fig. 3e). In 2013, the
direct and indirect GHG emissions were 2.8 Tg and 5.8 Tg, respectively. By
2022, these values had increased to 8.5 Tg and 11.0 Tg. Although the share of
direct GHG emissions from rural wastewater treatment in China rose from
33% to 43% over the past decade, GHG emissions from construction are
expected to continue rising, given China’s aspirations to improve rural was-
tewater treatment. This again highlights the new emerging issue of GHG
emissions related to rural domestic wastewater treatment systems.

Total GHG emissions (GHGr) per capita approximately displayed 1.5
times increase from 42.6 kg CO, eq to 64.3 kg CO, eq over the past 10 years
(Fig. 3e). GHG emissions from wastewater treatment systems (GHGg) per
capita rose nearly tripled, rising from 13.6 kg CO, eq to 39.8 kg CO, eq. The
increase in per capita GHG emission intensity reinforces the point that
wastewater treatment significantly contributes to the rise in GHG emissions.
In contrast, GHGy per unit of treated wastewater decreased by about 20%
from 1.43 kg CO, eq per m* to 1.11 kg CO, eq per m?, which is attributed to
the gradual expansion of wastewater treatment systems. Simply put, once they
are built, these treatment systems reduce the need for additional infrastructure
in subsequent years, thereby leading to a decrease in GHG emissions. Further,
we analyzed GHG emissions from the perspective of pollutant reduction. The
average GHGg, per unit of C, N, and P removed were 16.2 kg CO,-eq per kg C
removed, 46.5 kg CO,-eq per kg N removed, and 127 kg CO,-eq per kg P
removed, respectively. Similar to GHGg per unit of treated wastewater,
emission intensities in 2022 were 15.8%, 30.0%, and 25.8% lower than those in
2013. We also examined the trends of GHGr per unit of C, N, and P output,
which suggested that the average emission intensities were 5.61 kg CO,-eq per
kg C output, 12.2 kg CO,-eq per kg N output, and 43.7 kg CO,-eq per kg P
output, respectively. The emission intensity in 2022 increased by nearly 1.5
times compared with 2013, due to a decrease in rural population and changes
in dietary habits and detergent use. GHGr per unit of pollution output is
lower than GHGg, per unit of pollution removed, suggesting that the waste-
water treatment process inevitably releases more GHGs per capita.

To recap, the present analysis showed that the increased wastewater
treatment rate significantly increased GHG emissions during the pollution-
reduction processes and gradually became the dominant source of emissions.
Itis thus expected that GHG emissions will rise rapidly with the improvement
of wastewater treatment capacity. Wastewater treatment rate, population size,
food intake, and non-food use were the primary influencing factors for both
GHG emissions and pollution reduction, and the differentiated GHG emis-
sions by province further support this view (Figs. S16-S36). For example, in
five provinces with average wastewater treatment rates exceeding 40% over
the past ten years (Beijing, Shanghai, Tianjin, Zhejiang, and Jiangsu), GHG
emissions from wastewater treatment systems accounted for more than 69%
of total GHG emissions in those provinces or cities. By 2022, this share had
risen to over 77%. Likewise, while provinces with high wastewater treatment
rates, such as Shanghai, Tianjin, and Beijing, contributed a low percentage of
national GHG emissions, provinces with both high rural populations and
wastewater treatment rates, such as Zhejiang and Jiangsu, accounted for a
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Fig. 3 | GHG emissions from rural domestic pollution. a National trends of total
GHG emissions over time; b Provincial trends of total GHG emissions over time;
¢ GHG emissions from the various processes in wastewater treatment systems in

China; d GHGr differences (10-year average values) across Chinese provinces and
cities; e National trends of GHGt and GHGy emission intensity over time.

large share of national GHG emissions. In the same vein, although the
populations in Zhejiang and Guizhou were similar, the dietary intake of C, N,
and P in Zhejiang was approximately 1.5 times greater than that in Guizhou
and so was their corresponding pollution footprint.

Co-benefits and trade-offs between pollution reduction and GHG
emissions

Considering that lower values are suggestive of higher co-benefits, our
results showed that the composite trade-off index in rural China decreased

from 1.1 in 2013 to 0.3 in 2022 (Fig. 4a, b). The GHG emissions index
increased by 40%, while the environment index decreased by 75%, and the
population index decreased by 22% during the same period. Overall, the
positive outlook from the treatment of rural domestic pollution mainly
stemmed from the decline in China’s rural population that moderated the
increase in GHG emissions. Similarly, the composite trade-off index
decreased across provinces by rates ranging from 63% to 97%, and the
trends in the GHG emissions, environment, and population indices were
consistent with those observed at the national level.
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Fig. 4 | Trade-Offs between pollution reduction and GHG emissions in

rural China. a National trends of the wastewater treatment rate, population size, food
and non-food intake, access rate to sanitary toilets, and GHGr per kg intake treated
over time; b National trends of the composite tradeoff index over time; ¢ Trends of the

composite tradeoff index across the Chinese provinces and cities; d Log-Mean Divisia
Index (LMDI) analysis; e Geodetector analysis; f Scenario analysis (A-F represent
healthy diets, 45% wastewater treatment rate, 80% wastewater treatment rate, elec-
tricity reduction, rural population decline, and combined strategies, respectively).

Interestingly, the composite trade-off index for Beijing, Tianjin,
Shanghai, and Zhejiang was on average lower than the values registered
in other regions over the past decade (Fig. 4c). Jiangsu had a similar
wastewater treatment rate to Beijing and Tianjin, but the composite
trade-off index was significantly higher (= 0.5), due to a larger rural
population and thus higher production of untreated pollution. The
composite trade-off index was worse in Heilongjiang and Henan.
Heilongjiang displayed the lowest wastewater treatment rate, which was
lower than 1% before 2015. In contrast, although the average waste-
water treatment rate in Henan was =20%, close to the national average,

the larger rural population led to a reduction of the co-benefits. This is
also a plausible explanation of the higher composite trade-off index in
several other provinces with relatively lower wastewater treatment
rates, including Qinghai and Gansu, compared to Henan. By 2022, the
composite trade-off index remained better in Beijing, Tianjin, Shang-
hai, and Zhejiang, which had high wastewater treatment rates and
relatively low rural population sizes (Figs. S37-540). Provinces with
lower wastewater treatment rates and larger rural population sizes,
including Anhui, Jiangxi, Shandong, Henan, Hunan, Guangxi, and
Guizhou, should receive more attention in the future.
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The results of the LMDI suggest that GHGg, increased by 1.10 Tg over
the past ten years (Fig. 4d). The wastewater treatment rate and GDP per capita
were the primary factors contributing to the increase in GHG emissions,
rising by 159% and 131%, respectively. GDP per capita indirectly reflects
variations in dietary changes and wastewater treatment capacity. For example,
economic growth led to a decline in cereal intake along with an increase in
meat consumption in nine provinces. Pollution output per GDP, GHGy, per
pollution removed, and population each played a role in the decrease of GHG
emissions by 123%, 36%, and 30%, respectively. Overall, the influencing
factors in the provinces were similar to those at the national level. Specifically,
the rural population in Shanghai presented an increasing trend, whichled toa
9% rise in GHG emissions. The wastewater treatment rate was the main driver
of the increase in GHG emissions, with lower increases in GHGs observed in
provinces with fewer improvements in wastewater treatment rates. Further,
we explored the factors behind the differences among the Chinese provinces
and cities using the Geographical Detector model. Population size and was-
tewater treatment rates were the main factors driving the differences in GHG
emissions from rural domestic pollution treatment across provinces (Fig. 4e).
Interestingly, the wastewater treatment rate was the dominant factor influ-
encing provincial differences during the early period, but the population size
gradually became the primary driver of these differences by 2022. With the
continued improvement of the efficiency of wastewater treatment processes,
the effects of population size and dietary patterns are expected to increase.

Discussion

The large rural population in China consumes significant amounts of food
and detergents, placing substantial pressure on the environment. While
wastewater treatment effectively reduces the pollution load, the increase in
GHG emissions presents an unavoidable challenge®. Currently, the was-
tewater treatment rate in rural China remains low, contributing to high
environmental pressure, but with considerable potential for an increase in
GHG emission rates. We thus analyzed strategies for effective pollution
reduction and GHG emission control, taking 2022 as the reference year
(Figs. 4f and S41).

In terms of the dietary intake, the diet in rural China is primarily based
on cereals, while meat and dairy consumption have been low according to the
Chinese Food Guide Pagoda (2022). We assumed that the rural diet would be
adjusted to align with the recommendations of the Chinese Food Guide
Pagoda (2022) for a nutritionally balanced and healthy diet, which would
lead to a decrease in the intake of C by 12.8%, N by 16.5%, and P by 16.8%,
respectively. As a result, total GHG emissions would decline by 8.6%, and
pollutants discharged into water bodies would reduce by ~18%. In 2022, the
average per-capita disposable income in rural China reached 20,133 yuan,
according to the National Bureau of Statistics. Based on the Chinese Food
Guide Pagoda, adopting the recommended dietary structure would cost
roughly 6000 yuan per person each year. However, many rural households
produce or raise part of their vegetables, grains, and poultry themselves,
substantially reducing their food expenditures. As rural incomes continue to
grow, this self-sufficiency combined with rising purchasing power could
support a long-term shift toward healthier diets. Therefore, promoting
healthy diets that remain affordable for rural residents can simultaneously
improve public health and support environmental sustainability.

Regarding the wastewater treatment capacity, the current rural domestic
wastewater treatment rate remains low, with significant differences among
provinces. By 2022, treatment rates in Zhejiang, Shanghai, and Tianjin
exceeded 80%, while those in Qinghai and Guizhou remained below 20%. The
access rate to sanitary toilets is still below 90% in nearly 60% of the provinces.
The increase in wastewater treatment rates not only directly leads to higher
GHG emissions from operational processes but also increases GHG emis-
sions from construction activities. According to China’s Ministry of Ecology
and Environment, rural China’s wastewater treatment rate reached 45% by
2024. This scenario is expected to increase total GHG emissions by a factor of
1.67, with GHGg accounting for 81.8% of total GHG emissions, while the
pollutants discharged into water bodies will be reduced by ~20%. It is also
projected that if the rural wastewater treatment rate reaches the level of 80% in

the future, total GHG emissions from rural domestic pollution disposal will
reach 105.5 Tg, with 57% of these emissions attributed to the construction of
wastewater treatment systems. GHGg will display a more than threefold
increase, accounting for 96.5% of total GHG emissions, while pollutants
discharged into water bodies will be reduced by approximately 65%.

In the context of wastewater treatment, greenhouse gas emissions from
electricity consumption currently contribute about 10% of total emissions.
China is actively advancing clean-energy integration in treatment facilities:
for example, the Jiangxia wastewater treatment plant in Wuhan has installed
a photovoltaic system, achieving a clean-energy utilization rate of 45%,
according to the National Development and Reform Commission. Lever-
aging more clean energy in rural wastewater treatment offers a promising
pathway for both energy savings and further reductions in GHG emissions.
Additionally, previous studies have indicated that removing 1 kg of COD can
produce approximately 0.35 m? of biogas, which is effective in reducing GHG
emissions*"*’. More resource-efficient methods, such as using sludge for
building materials, could be explored in the sludge disposal process*™*. The
decentralized nature of rural pollution discharge poses challenges for effec-
tive collection and treatment. To address this issue, a combination of tailored
control strategies is recommended. For villages with relatively concentrated
populations, centralized treatment solutions—such as constructing waste-
water treatment facilities or transporting wastewater to nearby towns—can
offer high pollutant removal efficiencies. In these cases, incorporating
methane recovery technologies and clean energy sources is essential to
minimize GHG emissions associated with treatment operations™*. Villages
located near urban centers may instead benefit from connecting to existing
municipal wastewater systems, thereby avoiding the additional emissions
and resource consumption required to build new facilities*”. In contrast, for
sparsely populated areas, decentralized approaches such as septic tanks
coupled with constructed wetlands may provide a low-cost and energy-
efficient option, with the treated effluent potentially reused for agricultural
irrigation. This strategy also supports nutrient recycling in croplands and
reduces the risk of untreated wastewater entering nearby waterways®.
Moreover, decentralized treatment avoids the need for extensive pipeline
networks and centralized infrastructure, thereby reducing both energy use
and associated GHG emissions™'**. Considering the national socioeconomic
trends, China has been experiencing an increase in the urbanization rate to
70%, which would lead to a continued reduction in the rural population and,
consequently, a decrease in pollution emissions. Under this scenario, pol-
lution outputs, total GHG emissions, and pollution discharged into water
bodies could be reduced by approximately 13%, 7%, and 19%, respectively.

In assessing the efficiency of the different strategies with the composite
trade-off index, we found that the scenario of healthier dietary habits, a 45%
wastewater treatment rate, an 80% wastewater treatment rate, rural popu-
lation reduction, and electricity reduction improved by 11.0%, 5.2%, 50.1%,
24.9%, and 9.9%, respectively, compared with the baseline scenario. The
same mitigation measures combined -including an 80% wastewater treat-
ment reduction rate- could result in a decrease of 92.4 Tg of GHG emissions,
a decline in C, N, and P discharged into water bodies to 265, 396, and 12.9
Gg, respectively, and an average improvement of 70.1% in the composite
trade-off index. We also note that by removing pollutants, wastewater
treatment lowered the amount of contamination released into water bodies
or soils. This reduction in pollutant loading indirectly diminished GHG
emissions generated within the receiving environment.

Our calculations showed that the indirect reduction of GHG emissions
accounted for approximately 33.6-43.3% of the GHG emissions from
wastewater treatment systems over the past 10 years. Increases in pollution
reduction typically correspond to larger declines in indirect GHG emissions.
Thus, implementing a comprehensive suite of mitigation strategies could
yield co-benefits for both pollution control and GHG emission reductions.
Considering the significant variation in economic levels, population, and
infrastructural conditions across provinces, as well as the relatively inde-
pendent implementation of control measures, tailored approaches are
required. Provinces with stronger economies and more advanced waste-
water treatment facilities could prioritize dietary improvements of the
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Fig. 5 | Rural domestic pollution and GHG modeling framework: system boundary, pollution cycles, and GHG emissions.

public, optimize wastewater treatment technologies, and diversify treatment
methods. Conversely, provinces with less developed economies and limited
wastewater infrastructure should focus on expanding basic wastewater
collection and treatment capacities. In addition, to more accurately assess
GHG emissions from wastewater treatment systems, we recommend that
regions with available resources monitor the wastewater plants to develop
plant-level GHG emission factors. It is also important to recognize that
discharged pollutants could be transported from upstream to downstream
through runoff, while GHGs could disperse across extensive regions, often
surpassing administrative boundaries. We recommend developing a man-
agement framework for integrated carbon and pollution emissions trading,
using the watershed as the control unit and thus establishing better control
on the cross-boundary transport of pollution.

World Bank data show that the proportion of populations using
wastewater-treated sanitation facilities in countries such as India, Thailand,
the Philippines, and Nigeria remains below 10%, while most developing
countries still fall under 40%. These regions also have large rural popula-
tions, indicating that rural domestic wastewater management continues to
face substantial infrastructure and resource challenges. Evidence from
China demonstrates that rural wastewater treatment can significantly
improve water quality, yet it may also generate unintended greenhouse gas
(GHG) emissions during treatment processes. To better understand and
optimize these complex trade-offs, we recommend applying our proposed
framework to conduct a global assessment of the co-benefits of rural was-
tewater treatment. Such an assessment would provide critical insights into
its implications for rural dietary health, environmental quality, and GHG
emissions across diverse geographic and socioeconomic contexts, ultimately
offering valuable guidance for engineering design, policy development, and
environmental management worldwide.

Methods
Modelling framework
We developed an integrative modeling framework to quantify the
pollution cycles and GHG emissions across the entire chain of rural
domestic pollution disposal (Fig. 1). The system boundaries of the
framework are shown in Fig. 5.

Rural domestic pollution stems from food intake and non-food
use”**”. The pollutants of concern are carbon (C), nitrogen (N), and
phosphorus (P). Food intake is used to estimate the pollution excretion

output, which is calculated by subtracting the amount absorbed by the
human body or released through respiration from the total food
intake’*"*. Non-food use involves detergents, which are discharged in
the form of wastewater’””. Rural domestic pollution disposal follows
three main pathways. The first pathway occurs in areas with access to
sanitary toilets and wastewater treatment systems, similar to urban
areas’. High-concentration wastewater is collected and treated by
wastewater treatment systems, while the lower-concentration tailwater
being discharged into receiving water bodies. In parallel, the con-
struction and operation of wastewater treatment systems emit sig-
nificant amounts of greenhouse gases. It is important to note that
reduced pollutants are not simply eliminated; instead, they are released
into the atmosphere or accumulate in the sludge. Moreover, different
sludge disposal methods lead to alterations in the pollution cycles and
GHG emissions. The second pathway takes place in areas where sani-
tary toilets are available, but wastewater treatment systems are lacking.
The untreated pollutants are discharged directly into surface water as
nonpoint source pollution, increasing the pollution load of water bodies
and resulting in additional GHG emissions. The third pathway is
observed in areas without sanitary toilets and wastewater treatment
systems. Rural domestic pollution is recycled into the environment as
organic fertilizers, which migrate to surface water, groundwater, and
the atmosphere through runoff, leaching, and soil respiration, while
GHGs are generated. Different pollution disposal methods result in
distinct pollution cycle processes and GHG emissions. The final des-
tinations of pollutants include surface water, groundwater, soil, and the
atmosphere. The greenhouse gases involved are methane, carbon
dioxide, and nitrous oxide, with biogenic carbon dioxide being con-
sidered only in the pollution cycle analysis and excluded from the GHG
emissions count"”'"". In summary, we developed an integrative model-
ing framework, with the advantage of simultaneously evaluating car-
bon, nitrogen, and phosphorus cycle processes, as well as methane,
nitrous oxide, and carbon dioxide emissions (Supplementary Note 1
and Figure S1).

RPO,
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GHG, = GHGy + GHGy. + GHG, = CH,eq + N,0eq + CO,
(2

Where RPO,; is total rural domestic pollution output of pollutant i
RPIy, 4 is total input of pollutant i from food intake; RPI,,04; is total
input of pollutant i from detergents; f,; is absorption/respiration
emission coefficients for pollutant i; Untreated;, Recycled;, Untreated,;
represent the untreated, recycled, and treated fractions of pollutant i,
respectively; Surface water;, Ground water;, Soil;, Atmosphere; denote
the amounts of pollutant i flowing to surface water, groundwater, soil
and the atmosphere, respectively; i=C, N, P; GHG; is total GHG
emissions; GHGyy, GHGge, GHGy denote GHG emissions from
untreated, recycled and treated pollution; CH,eq, N,0Oeq, CO, mean
methane, carbon monoxide, carbon dioxide emissions expressed in units

of Gg of CO,-eq.

Assessment of co-benefits of pollution reduction and GHG
emission control

Based on the intertwined processes of the rural domestic pollution cycles
and GHG emissions, it is evident that different pollution disposal
methods lead to varying environmental and climate impacts (Figure S1).
The first model assumes that all rural domestic pollution is treated by the
wastewater treatment system and discharged as tailwater (in accordance
with wastewater discharge standards), which results in fewer pollutants
being discharged into water bodies and GHG emissions are the highest.
The second model hypothesizes that all rural domestic pollution
(untreated) is recycled in the environment as fertilizer, leading to a small
amount of pollutants entering water bodies through runoff and emitting
approximately 46% of the actual GHG emissions. However, the direct use
of fertilizer may degrade the residential experience due to the release of
odors, while fertilizers that accumulate in the soil will continue to drive
pollutants into water bodies through runoff in the long run. The third
model posits that all rural domestic pollution (untreated) is discharged
directly into water bodies, introducing the highest pollutant outputs and
approximately 60% of the actual GHG emissions. China’s current rural
domestic pollution is managed through a combination of the three
models, with pollutants discharged into water bodies and GHG emis-
sions falling within the range defined by these models. The key to
assessing co-benefits lies in the simultaneous consideration of both the
characteristics of pollution reduction and GHG emissions™'**"*. Asses-
sing the co-benefits of rural domestic pollution treatment is inherently
complex because wastewater systems simultaneously reduce pollutant
discharges and generate greenhouse gas (GHG) emissions"*”*’. To sup-
port climate mitigation and environmental protection goals, the objective
is to maximize net benefits—reducing GHG emissions and pollutant
loads while restoring degraded waterbodies. Based on this rationale, we
selected four key indicators—GHG emissions, pollution output, pollu-
tion reduction, and pollutant discharge—to represent both climate and
environmental dimensions and incorporated them into a composite
index. To enable comparison across provinces and municipalities, and to
control for scale differences, all indicators were normalized; lower values
indicate stronger co-benefits. To further evaluate trade-offs over the past
decade, we introduce three additional indices: (i) a GHG emissions index,
defined as total GHG emissions divided by total pollution output; (if) an
environmental index, expressed as the ratio of pollution discharged to
surface waters relative to pollution reduction; and (iii) a population
index, calculated as the ratio of the rural population in a specific province
and year to the maximum provincial average population nationwide
(derived from China’s maximum total population from 2013-2022
divided by the number of provinces). Together, these indices allow the
derivation of a composite trade-off index that reflects the relative
importance of jointly controlling domestic pollution and GHG emis-
sions. As with the previous index, lower values represent greater co-
benefits. Therefore, our proposed composite trade-off index effectively
reflects the importance of joint control of domestic pollution and GHG

emissions, and the smaller the value, the greater the co-benefits.

Itmdefoﬁ' = IGHG emissions X IEnvironment o IPopulation (3)
; GHG, @
GHG emissions — ppry
emissions RPOPDH”M”
1 Surface water py, ... 5)
Envi f T
roner ReducedPullutian
I Population ©)
Population ™= N aximum Provincial average population
3
Surface water py, 0, = Z w; x Surface water; 7)
i
3
Reducedpyjpi0n = Z w; X Reduced,; 8)
i
3
RPOpyjiygion = Z w; X RPO; ©
i

where I ;4o denotes the composite trade-off index; Igyg emissions 19
GHG emissions index;Ip,,ionmen i environmental index; Ipyy,jaion i
population index; Surface waterp;,,;.,» Reducedp,j,ions RPOpyiision
represent the pollutant flowing into surface waters, reduced pollutant
by wastewater treatment system, total rural domestic pollution output,
respectively; Population and GHGr refer to the population size and
total GHG emissions, respectively, for any given province, city, or
country being analyzed. Here, i=COD, TN, TP; w; is determined by the
Environmental quality standards for surface water (GB3838-2002);
Maximum provincial average population is the maximum average rural
population across provinces in China.

Geographical detector model and log-mean divisia index
(LMDI) method

The Geographical Detector model was employed to analyze the impacts of
population, pollution output per capita, wastewater treatment rate, fixed
investment in wastewater treatment per capita, and GDP per capitaon GHG
emissions*~". This model was also used to explore the causes of provincial
differences in GHG emissions. Geographical detector model was performed
in an Excel package (http://www.geodetector.cn/Download.html). The
LMDI method was used to assess the relative importance of various reg-
ulatory factors influencing GHG emissions, which can be decomposed
using a Kaya-type identity.

GHG,

Reduced p,j4ion N RPOpj1tion « RGDP
ReducedPullution

GHGy =
K RP OPolIution RGDP P op

x Pop (10)

where GHGy, represents GHG emissions from wastewater treatment system
in rural area; Reduced p,y,,, is reduced pollutant by wastewater treatment
system; RPOpq i 18 the total rural domestic pollution output; RGDP is

rural gross domestic product; Pop is the population size. The factors con-
GHG;

sidered were the GHG emission intensity (z—7—
‘Pollution

); pollution reduction
Reduced pyi,
RP OPnllutmn
development level (

. . . . RPOpy.: .
); pollution discharge intensity; (—gZbae); economic

RGDP
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rate (

); and population size (Pop).

Data availability
All data generated or analyzed during this study are included in this pub-
lished article (and its Supplementary Information files).
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