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ABSTRACT

The wastewater treatment industry in China is under pressure to balance tighter pollution control with the national
carbon-neutrality objectives. This review evaluates cost-effective solutions to achieve carbon-neutral wastewater
treatment in China by 2035, focusing on the integration of carbon reduction, resource reuse, and regional infrastructure
planning. Direct emissions of methane and nitrous oxide in the carbon profile of wastewater treatment plants result
directly from biological and sludge processes and indirectly from electricity, chemicals, construction, and sludge
disposal. Due to the large-scale variation in plants in China, the quality of influent, climate, grid carbon intensity,
water shortage, and financial capability, it is unlikely that the uniform application of technology will be cost-effective.
The review has found the following near-term priorities to be highly economically viable: energy-efficient aeration,
intelligent process control, chemical optimization, and improved sludge management. More extreme decarbonization
involves anaerobic digestion, co-digestion, biogas, heat recovery, nutrient recovery, reuse of reclaimed water, and
integration of renewable electricity. The proposed alternative is a differentiated approach: large urban plants are to be
transformed into resource-recovery centres; small and medium cities are to implement gradual retrofits and regional
sludge management; the rural focus is to be on strong, low-energy decentralized treatment; and industrial parks are to be
encouraged to establish source control and water-energy recycling. The life-cycle cost assessment, marginal abatement
analysis, plausible monitoring, tariff reform, green finance, and integrated water-energy-waste governance will be

essential to achieving carbon neutrality across sectors by 2035.
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1. Introduction

Wastewater Treatment Plants (WWTPs) are an im-
portant infrastructure that safeguards human health, man-
ages eutrophication, and facilitates water reuse in the rap-
idly growing urban areas . Over the last twenty years,
the wastewater industry in China has developed very rap-
idly due to tighter discharge requirements, urbanization,
industrial reorganization, and the national promotion of
ecological civilization "', This growth has significantly
enhanced pollutant removal, but it has also increased en-
ergy demand, chemical use, sludge generation, and green-
house gas emissions associated with processes. The latest
estimates show that the greenhouse gas emissions of the
WWTPs in China rose from 13.34 Mt CO,-eq in 2005
to 30.95 Mt CO,-eq in 2020, with significant provincial
heterogeneity driven by variations in electricity intensity,
treatment capacity, influent characteristics, and regional
development level.

The wastewater industry is thus challenged with a
twofold task: to ensure high-quality effluent, to increase
the area covered by treatment, to reduce carbon emissions,
and to control costs . This is a key challenge, especially
for China, because the country has pledged to reach a peak
in carbon dioxide emissions before 2030 and achieve car-
bon neutrality before 2060. Wastewater treatment is not
among the biggest emitters in the country, yet it is a pivotal
infrastructure system in the city at a crossroads of carbon
mitigation, pollution reduction, water recovery, resource
recovery, and climate adaptation. Recent Chinese climate
and environmental policy reports have also focused on the
coordinated steps to reduce pollution and carbon emis-
sions, even in sewage treatment ',

By 2035, carbon-neutral wastewater treatment will
be a big but strategically significant goal. The year 2035
coincides with China’s medium- and long-term modern-
ization agenda, the goal of building a beautiful China, and
the need to improve aging urban environmental infrastruc-
ture. It is also subsequent to the national carbon peaking
point, implying that wastewater utilities will face increased

pressure to measure, report, and minimize direct and in-

direct emissions. By 2035, many WWTPs constructed or
renovated in previous pollution-reduction efforts will need
renewal, providing an opportunity to optimize processes,
digitize operations, retrofit for low-carbon operation, re-
cover sludge energy, and integrate renewable energy .

Nevertheless, carbon reduction cannot be used to
achieve carbon neutrality in wastewater treatment. Most
low-carbon technologies require additional capital invest-
ment, operational complexity, land use, or uncertainties
about the effectiveness of emissions control. For exam-
ple, high-level nitrogen removal could minimize nutrient
release at the expense of increased aeration energy and
nitrous oxide emissions if not managed. Energy can be
recovered through anaerobic digestion and co-digestion
of sludge, although this depends on the availability of
sludge, the plant size, the effectiveness of biogas use, and
local energy prices . Reuse of water can help alleviate
pressure on freshwater systems, yet increased treatment
and distribution facilities can drive up life-cycle costs
8] Thus, the key question is not how to decarbonize
WWTPs, but how to find cost-optimized decarbonization
routes that would fit the regional, economic, and techni-
cal realities of China .

The current research has achieved significant ad-
vances in estimating wastewater-related greenhouse gas
emissions, assessing energy-saving technologies, and sug-
gesting carbon-neutral WWTP concepts. However, there
are still a few gaps in knowledge. To begin with, most
studies focus on single technologies, whereas fewer have
combined process emissions, energy emissions, sludge
management, water reuse, and resource recovery into a
single cost-carbon framework """, Second, the national lev-
el of analysis usually fails to account for regional variation
in grid carbon intensity, influent carbon-to-nitrogen ratios,
climate, plant size, sludge-disposal pathways, and water
shortages in the area "'\, Third, technology tests often fo-
cus on theoretical mitigation potential rather than marginal
abatement cost, payback period, implementation barriers,
and institutional feasibility "'*. Fourth, rural and decen-
tralized wastewater systems are underrepresented, even

though it is known that, with the growth of rural wastewa-
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ter treatment capacity, greenhouse gas emissions can in-
crease unless low-carbon designs are implemented .

The new feature of this review is its direct empha-
sis on cost-effective pathways to achieving carbon-neu-
tral wastewater treatment in China by 2035. This review
is based on the concept of treating carbon neutrality as a
multi-objective optimization problem that includes carbon
reduction, effluent compliance, affordability, energy secu-
rity, sludge stabilization, and regional equity, rather than
merely a technological goal "*. It combines the evidence
on the direct emissions (e.g., methane and nitrous oxide),
indirect emissions (e.g., electricity and chemicals), and
avoided emissions (e.g., energy recovery, nutrient recov-
ery, reclaimed water, and heat use) """ It also differentiates
between short-term, low-cost/high-readiness actions, such
as optimization of aeration and process control, and long-
term structural changes, such as anaerobic mainstream
treatment, co-digestion of sludge, digital twins, and renew-
able-energy coupling '\

Another specific aspect of China is the contribution
of this transition perspective in this review. The wastewa-
ter sector in China is not homogeneous: more than 450
million people live in megacities, small and medium-sized
cities, industrial parks, peri-urban areas, and rural settle-
ments, and their wastewater varies significantly in terms of

quantity, influent quality, land space, funding potential, and

Cost
Drivers

Emission

Sources

Direct Emissions
* CHs from anaerobic zones,
sewers and sludge storage
* N2O [rom minfication—
denitrification

Life-cyele Cost
* CAPEX, O&M, equipment
replacement, land and
financing costs.

governance framework. Having a consistent carbon-neutral
route would thus be ineffective and even expensive. Rath-
er, this paper suggests divergent ways forward: large urban
WWTPs must focus on energy efficiency, sludge-energy
recovery, heat recovery, grid-interactive operation; wa-
ter-scarce areas must consider reclaimed water in regional
water-resource planning; industrial parks must encourage
source control and high-strength wastewater energy recov-
ery; and rural areas must embrace decentralized, low-main-
tenance, and low-emission systems """,

This article offers a systematic guide for deci-
sion-makers, researchers, and utilities that considers car-
bon accounting techniques, cost drivers, technology alter-
natives, and policy tools. The aim is to determine which
combinations of technologies and policies can achieve
the largest carbon cuts at the lowest life-cycle cost with-
out compromising China’s water-quality objectives '\,
Figure 1 presents the general conceptual framework of
this review, which connects the sources of emissions, cost
drivers, technology pathways, regional strategies, and the
2035 carbon-neutrality target. By doing so, the review con-
tributes to the transition of the so-called pollution-control
WWTPs to so-called carbon-neutral water resource recov-
ery facilities and to a roadmap for aligning China’s waste-
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Figure 1. Conceptual framework for cost-optimized carbon-neutral wastewater treatment in China by 2035.
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2. Carbon Emission Profile of Chi-
na’s Wastewater Treatment Sector

2.1.Overview of Emission Boundaries

Wastewater treatment plants contribute to carbon
emissions through direct biochemical processes and indi-
rect resource use. Within a small geographical area of op-
eration, methane, nitrous oxide, and carbon dioxide are the
main pollutants emitted by wastewater treatment, sludge
treatment, and on-site fuel burning **. Within a broader
life-cycle boundary, electricity consumption, chemical pro-
duction, equipment manufacturing, infrastructure construc-
tion, sludge transport, and final disposal are also sources
of emissions. The boundary option has a very strong in-
fluence on the estimated carbon footprint and can alter the
apparent priority of mitigation actions.

Boundary selection is of particular importance to
China, where most wastewater treatment plants remain
heavily dependent on grid electricity, and electricity car-
bon intensity across provinces often varies significantly. A
plant in a coal-dominated power area can have an indirect
carbon footprint far larger than that of an equivalent plant
in a cleaner power area. Thus, the emission pattern of the
wastewater industry in China cannot be interpreted solely
in terms of treatment technology, but also in terms of the
region's energy structure, sludge-disposal infrastructure,

and local environmental regulations '),

2.2.Direct Emissions from Biological Waste-
water Treatment

The direct emissions are largely produced by mi-
crobial processing of organic carbon and nitrogen. During
aerobic oxidation of organic material, carbon dioxide is
emitted, and biogenic CO: is often treated separately from
fossil-derived CO: in carbon accounting. Methane for-
mation occurs under anaerobic conditions, particularly in
sewer networks, primary sedimentation tanks, anaerobic
zones, sludge thickening, and poorly managed sludge stor-
age. Methane emissions from an individual treatment unit
may seem insignificant, but they have a high global warm-
ing potential and thus are significant to the global carbon
balance .

The direct emission that is the most uncertain and

troublesome is usually nitrous oxide. It is synthesized

during nitrification and denitrification, especially under
fluctuating dissolved oxygen and nitrite levels, the avail-
ability of a carbon source, pH, and microbial activity. Most
municipal wastewater treatment plants in China operate at
low carbon-to-nitrogen influent ratios, particularly when
sewer infiltration or industrial dilution reduces biodegrad-
able organic carbon. This situation may restrict total de-
nitrification and predispose to the risk of a nitrous oxide
reservoir. Tighter nitrogen discharge regulations can also
increase aeration and external carbon injection, creating a
trade-off between nitrogen quality enhancement and green-
house gas reduction %,

The most important issue is that even direct emis-
sions are hard to measure properly. Most plants do not rely
on continuous measurements of emissions but instead use
default emission factors. Actual emissions vary with sea-
son, influent composition, operating strategy, and process
configuration. Consequently, national or provincial inven-
tories might underrepresent short-term peaks in emissions
and generalize about plant-level variation. This uncertainty
is important for cost-optimized carbon neutrality, since the
appearance of technology under default conditions might

not match actual operating conditions .

2.3.Indirect Emissions from Energy and
Chemical Consumption

Electricity consumption is the largest source of indi-
rect emissions. The aeration process tends to be the most
important unit of electricity consumption in the tradition-
al activated sludge process, followed by sludge pumping,
mixing, and dewatering, and advanced treatment. The ener-
gy requirement may increase under pressure to meet high-
er effluent standards, especially when plants rely on deep
removal of nitrogen and phosphorus, membrane treatment,
ozonation, or advanced disinfection. Thus, a shift in the
quality of effluents to a higher level can inadvertently lead
to an increase in indirect emissions without simultaneous
improvements in energy efficiency and process control **,

Another significant factor is chemical consumption.
Embodied production and transportation emissions are
found in coagulants, disinfectants, external carbon, alka-
linity adjusters, and sludge-conditioning agents. External
carbon addition for denitrification may be costly in plants
with low influent carbon availability and may also be a la-

tent carbon source. Equally, pharmacological phosphorus
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removal can be operationally competent but can augment
sludge generation and life-cycle emissions. These dealings
reveal that process economics cannot be decoupled from
carbon mitigation *7,

The profile of indirect emissions is also a function
of plant scale. Big-city plants tend to be more efficient in
terms of equipment and technical capabilities, and have
greater automation and energy recovery potential. Small
and medium-sized plants, on the other hand, can be affected
by low loading rates, erratic operation, and increased ener-
gy consumption per unit of treated water. Another challenge
of rural wastewater systems is that due to low levels of
influent, intermittent flow, and low maintenance capacity,
the traditional energy-consuming treatment systems can be

economically and environmentally inefficient ",

2.4.Emissions from Sludge Treatment and
Disposal

Sludge management is a key factor in the carbon
profile. High in organic matter, nutrients, pathogens, and
pollutants, sludge is a resource-recovery need as well as
an environmental concern. Common methods in China in-
clude dewatering, anaerobic digestion, composting, incin-
eration, land application, landfill, and use as construction
materials. The routes entail varying carbon implications .

Anaerobic digestion has the potential to decrease
sludge quantity, stabilize organic material, and produce
biogas, which can counteract fossil energy or grid power °.
Its cost-effectiveness, however, varies with the amount of
sludge, the content of volatile solids, the efficiency of di-
gestion, the biogas collection, and the infrastructure for its
use. Small plants may have inadequate sludge mass to pro-
mote economically feasible digestion unless local sludge
treatment facilities or co-digestion with food waste and
other organics are established. Large volume reduction and
energy recovery can be achieved through incineration, al-
though substantial auxiliary energy may be required when
the sludge moisture is high ®'!. Uncontrolled storage and
landfilling can be sources of methane and must be reduced
to achieve carbon neutrality.

One important lesson is that sludge cannot be consid-
ered as a disposal burden. With a carbon-neutral pathway,
sludge is a key source of energy recovery, nutrient recov-
ery, and regional organic-waste integration "*. However,

this shift demands a close management of heavy metals,

new pollutants, smell, and societal acceptance. The hypo-
thetical benefits of carbon recovery from sludge resources
might not translate into real emission cuts without well-es-
tablished markets and clarity in regulations governing re-

covered products.

2.5. Regional Heterogeneity in China

The wastewater treatment industry in China is very
heterogeneous. The Eastern cities in coastal areas tend
to have larger treatment plants, greater treatment cover-
age, greater financial capacity, and greater technological
advancement. The central and western areas might face
greater limitations in funding, technical staff, infrastructure
stability, and sludge-disposal systems. Cities in the North
tend to be colder, which may also slow biological reactions
and increase the energy required to maintain constant ni-
trogen elimination. Southern areas may experience greater
sewer infiltration and stormwater dilution, which could
lower influent organic concentrations and carbon-to-nitro-
gen ratios Y,

The intensity of the grid carbon also enhances re-
gional differences. Carbon reductions can be achieved
more in provinces where coal-intensive electricity gener-
ation persists by taking energy-saving actions. Direct con-
trol of methane and nitrous oxide can become somewhat
more critical in provinces with cleaner electricity. Water
scarcity alters the carbon-cost equation, too. Reclaimed
water can be of high strategic value in northern and north-
western China, although it may require more energy for
treatment, since it can replace freshwater abstraction and
help maintain urban water security ". The reuse invest-
ment might not be economically justified in water-abun-
dant areas unless driven by industry demand or ecological
renewal.

Such differences suggest that one national ranking
of technology cannot be adequate. Figure 2 provides a
schematic overview of the main regional factors influenc-
ing the pathways of wastewater decarbonization in Chi-
na. The optimization of paths to optimize costs should be
spatially differentiated. Mitigation measures to reduce the
sludge-digestion potential of a megacity plant might not be
the most affordable option for a small plant at the county
scale. Likewise, a rural treatment system cannot just imi-

tate the urban activated sludge designs. Regional optimiza-
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tion is thus critical in preventing the stranded assets, high operating costs, and low carbon benefits .

China-wide optimization must reflect regional heterogeneity

North / Northwest

Water scarcity + cold climate -

Priorities: reclaimed walter, heat Gm.l carbf) y
intensity

recovery, robust N removal

Rural And County-level Systems  pjan¢

East Coast / Megacities

e
Large plants + land pressure
Temperature

1 Priorities: digital control, compact
& climate

upgrades, resource hubs

Central / Western Cities

scale i isi Water g
Dispersed flows + low loading e & Regl‘o/na-l gIeClSlO]I scarcity Funding and capacity constraints
q ariapies
Priorities: robust low-energy loading Prioritics: staged retrofits, regional
decentralized treatment sludge treatment
Southern Regions Sludge route  Finance & O&M  [mplication

capacity
Warmer wastewater + infiltration risk

Priorities: low-energy biological systems,

influent management

capacity
Avoid one-size-fits-all technology

ranking; build provincial and city-level

cost—carbon portfolios.

Figure 2. Regional heterogeneity affecting wastewater decarbonization in China.

2.6.Baseline Trends toward 2035

In the year 2035, the wastewater industry in China
is expected to experience three parallel trends: improved
treatment quality, expanded service offerings, and stricter
carbon limits. Urban plants will continue to be upgraded
to become water resource recovery facilities rather than
pollutant-removal facilities. Rural wastewater treatment
will increase, although its carbon footprint will be largely
determined by the technology used and maintenance mod-
els. The capacity of sludge treatment will be increased due
to tighter environmental regulations and the need to reduce
landfill use ©”.

Unless significant optimization is made to current
treatment models, overall emissions might not decline, as
any increase in efficiency may be offset by higher treat-
ment volumes, state-of-the-art treatment needs, and the
development of rural systems. Nevertheless, there is also
a large mitigation potential in the sector. Energy-efficient
aeration, intelligent control, low-nitrous-oxide operation,
anaerobic digestion, co-digestion, heat recovery, solar
power, and reclaimed water integration can all help reduce
carbon emissions **. The main question is how to integrate
these measures at minimum cost throughout the life cycle.

The 2035 target must be viewed not as a system-lev-

el transition goal, but as the goal of all plants to reach

zero emissions on their own. Large plants can be net en-
ergy producers or virtually carbon-neutral facilities, while
smaller systems can rely more on low-energy processes,
regional sludge treatment, and clean electricity acquisi-
tion. Sector-level carbon neutrality will entail balancing
plant-level mitigation, regional resource recovery, renew-

able energy integration, and credible carbon accounting *”.

2.7.Implications for Cost-Optimized Car-
bon-Neutral Pathways

China’s wastewater treatment sector has significant
implications, as shown in its emission profile. To begin
with, indirect electricity-related emissions continue to play
a significant role in near-term reduction goals, particularly
since energy-saving solutions tend to reduce operating ex-
penses in tandem *”. Among the most feasible initial mea-
sures are thus optimization of aeration, variable-frequency
control, high-efficiency blowers, and real-time monitoring.
Second, the direct emissions of methane and nitrous oxide
cannot be neglected, as they can offset the carbon benefits
of energy efficiency when not well controlled *". The car-
bon-neutral strategies of the future need to incorporate pro-
cess-level emissions monitoring, rather than relying solely
on electricity indicators.

Third, sludge management will determine how

many plants can transition from carbon reduction to car-
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bon neutrality *

. Sludge can be used to produce ener-
gy and material recovery to produce avoided emissions,
but only under facilitated by proper scale, stable opera-
tion, and safe end-use pathways. Fourth, there is a need
to have differentiation by region. An optimal pathway
should align with the local conditions of the influents,
grid carbon intensity, plant size, climate, water scarcity,
and financing capacity ®°.

Generally, the carbon profile of wastewater in Chi-
na is not fixed; it is influenced by technology, operations,

energy systems, and policy incentives ‘. Table 1 summa-

rizes the key direct, indirect, and sludge-related emission
categories in wastewater treatment plants and the implica-
tions of mitigation of each category in order to understand
its relative significance in this context. This implies that
achieving carbon neutrality by 2035 is both a technical
challenge and an optimization problem. The best route
will not be the one that implements the most sophisticated
technology in all locations, but the one that implements the
appropriate combination of low-carbon actions in the right
locations, at the appropriate scale, and at the minimal over-
all social cost.

Table 1. Major carbon-emission sources in wastewater treatment plants and their implications for mitigation.

Emission Category Main Sources

Influencing Factors

Mitigation Implication

Sewers, anaerobic tanks, sludge

Direct CH .
* storage, digesters, landfills
Direct NaO NiFriﬁcation and denitrification
units
Direct CO, Organic matter oxidation, fuel
combustion

Indirect electricity emissions .
Y tering, advanced treatment

. . .. Carbon sources, coagulants, disin-
Indirect chemical emissions
fectants, polymers

Dewatering, transport, incinera-

Sludge-related emissions tion, landfill, composting

Anaerobic conditions, sludge
retention, gas capture efficiency
Dissolved oxygen, nitrite accumu-
lation, C/N ratio, temperature

Aerobic intensity, fossil fuel use

Aeration, pumping, mixing, dewa- Grid carbon intensity, equipment
efficiency, loading rate

Effluent standards, influent quali-
ty, dosing strategy

Sludge moisture, disposal route,
transport distance

Improve sludge stabilization, cover storage
units, recover biogas

Optimize aeration, avoid nitrite peaks,
improve denitrification control

Reduce unnecessary aeration and replace
fossil fuels

Upgrade blowers, pumps, sensors, and
process control

Optimize dosing and enhance internal
carbon use

Promote digestion, co-digestion, drying,
and resource recovery

3. Cost Drivers and Optimization
Frameworks

3.1. Economic Structure of Wastewater Treat-
ment Systems

Cost is a limitation to the transition of wastewa-
ter treatment to carbon neutrality . Although numerous
low-carbon technologies are technically viable, their adop-
tion depends on their ability to be financed, operated, and
maintained within local economic circumstances. Waste-
water treatment prices vary widely across China depend-
ing on the area, plant size, effluent quality, sludge disposal
needs, and electricity charges. Cost optimization should
thus start with a clear concept of the economic system of
the wastewater treatment systems (4

The overall price of a wastewater treatment facili-
ty typically comprises capital expenditure, operation and
maintenance expenditure, energy costs, chemical costs,
labor costs, sludge treatment and disposal costs, monitor-
ing costs, land costs, and financing costs **’. Among them,

the cost of operation and maintenance deserves particular

attention in carbon-neutral pathways, since the majority
of mitigation measures affect daily energy consumption,
chemical dosing, process control, and sludge treatment.
Low-cost technology can prove expensive when it requires
frequent chemical additions or consumes a lot of electric-
ity. On the other hand, a technology that requires a larger
upfront investment might prove cost-effective over its life
cycle when it reduces energy requirements, recycles re-
sources, or prevents future carbon costs.

Most of the wastewater treatment facilities in Chi-
na were initially designed to manage pollution, but not
carbon ", This cost structure indicates that they oper-
ate in compliance mode, in which the primary goal is to
meet effluent standards at a reasonable cost. This should
be increased under a carbon-neutrality framework. It has
stopped being just a facility that removes pollutants; it
is also a possible source of energy, a nutrient-recovery
facility, a source of reclaimed water, and a carbon-man-
agement unit. This transformation alters the spirit of cost
optimization, as it is no longer about reducing treatment
costs but about the sum of the costs of water-quality com-

pliance, carbon reduction, and resource recovery.
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3.2. Capital Expenditure and Infrastructure
Lock-In

The viability of low-carbon transformation depends
heavily on capital expenditure. The key investments can be
retrofitting processes, high-efficiency aeration systems, an-
aerobic digestion systems, sludge drying and incineration
systems, biogas purification systems, photovoltaic sys-
tems, heat pumps, advanced sensors, digital control plat-
forms, and reclaimed-water distribution networks “”". Such
investments can have long payback periods, so utilities are
hesitant to invest, particularly in areas with low wastewa-
ter prices or where there is uncertainty of public subsidies.

Lock-in in infrastructure is a vital concern. After
constructing a treatment plant based on a particular process
configuration, retrofitting in the future might be both tech-
nically challenging and expensive. Most Chinese WWTPs
have been using traditional activated sludge-based tech-
nologies, including A’/O, oxidation ditch, and sequencing
batch reactor processes **. Such systems can be upgraded,
yet they might not be optimal for recovering energy and
removing low-emission nitrogen. Unless new plants con-
structed before 2035 adopt energy-efficient designs, they
could trap cities in decades of high operating costs and
emissions.

Thus, capital-cost analysis cannot be limited to the
minimum initial investment. It must factor in flexibility,
scalability, ability to work with future carbon accounting,
and ability to withstand increased standards. For exam-
ple, space for anaerobic digestion, sidestream nitrogen
removal, sludge co-digestion, renewable-energy integra-
tion, or reclaimed-water facilities can be more expensive
in the short run but less expensive to retrofit in the long

n ™. Such progressive design can also be cost-saving

ru
in fast-growing, urbanizing areas, rather than having to do

piecemeal upgrades time and again.

3.3. Operation, Energy, and Chemical Costs

The costs of operation and maintenance decide
whether the carbon-neutral technologies are viable after in-
stallation or not. Energy costs are usually the pre-eminent
operational expense, especially in plants that require high
aeration. The influence of aeration energy varies with in-
fluent load, dissolved-oxygen control, tank design, diffuser

condition, blower efficiency, sludge age, and nitrogen-re-

moval needs "”. Under optimal aeration, electricity may
be used up, and the system may be exposed to the risk of
nitrous oxide release from unstable nitrification and de-
nitrification. Therefore, energy efficiency is not merely a
cost-saving tool but also a process-stability and control ap-
proach.

Another significant driver is chemical costs *7*!,
Where there is a lack of influent carbon, external carbon
sources are often employed to meet the total nitrogen re-
quirements. Nevertheless, the external addition of carbon
raises operating costs and could raise indirect emissions
due to chemical production and transportation. On the
same note, chemical phosphorus removal enhances efflu-
ent quality at the expense of increased sludge generation
and the associated carbon footprint of chemicals. Sludge
dewatering chemicals are also a source of cost and embod-
ied emissions.

An important optimization lesson is that energy and
chemical costs can be symptoms of more fundamental
process mismatches. Resource consumption can be in-
creased by low influent carbon concentration, excessive
aeration, long sludge retention time, and conservative op-
erating strategies. These costs can be reduced with digital
monitoring, real-time control, and influent-based process
adjustment, without the need to replace the entire process.
Operation optimization should therefore be considered as

the initial level of cost-effective decarbonisation P,

3.4.Sludge Management Costs and Resource
Recovery Economics

The most challenging cost elements to optimize are
sludge treatment and disposal. Sludge has organic energy
and nutrients, water, pathogens, heavy metals, microplas-
tics, and new contaminants. It needs stabilisation, dewa-
tering, transportation, and ultimate disposal or use. Sludge
disposal is not a revenue-generating activity, but it remains
a financial burden for most plants .

An anaerobic digestion process may enhance the
economics of sludge management by generating biogas

&1 But it is determined by the

and reducing volatile solids
scale of the plant, sludge organic matter, biogas produc-
tion, the use of electricity or heat, disposal of digestates,
and policy incentives. Economies of scale can be more
readily achieved with large plants, whereas small plants

may require regional sludge treatment facilities or co-di-
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gestion with food waste, kitchen waste, or industrial or-
ganic residues. Co-digestion has the potential to improve
biogas production, but it also poses challenges related to
feedstock logistics, contamination control, and intersec-
toral revenue sharing.

Strong volume reduction. Incineration can recover
energy; however, the sludge moisture content of the waste
is high, and therefore, this method is energy-demanding
unless it has an efficient drying or use of waste-heat *I.
Composting and land application are potentially viable
methods of returning nutrients and organic matter to soils,
but their practicality is constrained by contaminant limits,
odor containment, land accessibility, and community ac-
ceptance. Recovery of phosphorus can generate long-term
value, but existing markets for recovered products are not
necessarily well developed enough to offset investment
and operating expenses.

The economic point is that the recovery of sludge re-
sources needs to be considered a regional-level component
of the circular-economy system rather than a plant-level
solution. An individual WWTP might not have sufficient
sludge volume or market reach, but a city- or regional-lev-
el system can achieve a superior economy of scale. The
optimization of costs thus necessitates coordination among
the wastewater utility, solid-waste system, agricultural

user, energy company, and environmental regulator °°.

3.5.Life-Cycle Cost and Life-Cycle Carbon
Assessment

To move beyond qualitative descriptions, we employ
two standardized frameworks: life cycle assessment (LCA)
following ISO 14040/14044, and techno-economic anal-
ysis (TEA) incorporating net present value (NPV) and in-
ternal rate of return (IRR). The core metric for comparing
mitigation measures is the levelized cost of carbon abate-
ment (LCCE), defined as:

LCCE = (AC — AS)/AE
where AC is the change in annualized capital cost (CNY/
yr), AS is the change in annual operating cost savings
(CNY/yr), and AE is the annual emission reduction (t CO.-
eq/yr). Negative LCCE values indicate cost-saving mea-
sures.
An effective optimization system should integrate

life-cycle carbon assessment and life-cycle cost assess-

ment. The life-cycle cost assessment is used to assess all
costs during the service life of a technology or a system,
such as, building, operation, maintenance, replacement,
disposal, and financing °°. Life-cycle carbon assessment
measures direct, indirect, embodied and avoided emis-

BT A combination of these two approaches lets de-

sions
cision-makers not just compare treatments based on their
performance in terms of treatment but also based on the
carbon reduction on a unit cost basis.

This integration is particularly crucial since certain
measures would decrease emissions and raise costs, where-
as others would decrease emissions and costs °*. These
cost savings and carbon cuts are frequently achieved by the
use of energy-efficient blowers, better acration control and
pump optimization. On the contrary, the costs of higher-ti-
er treatment of reclaimed water could raise electricity use
and cost, yet could be worthwhile when water shortage is
extreme. Anaerobic digestion can be very advantageous in
large plants but very costly in small plants in the absence
of co-digestion or subsidies.

Life-cycle assessment also avoids shifting of prob-
lems. To illustrate, on-site emissions can be minimized by
transporting the sludge to another facility; however, this
does not always reduce total emissions. Equally, buying
chemicals to enhance the quality of effluents can push the
emissions to higher levels of chemical manufacturing. A
plant may seem low-carbon within the area it encloses, but
have a greater life-cycle footprint when it is heavily depen-
dent on energy-intensive inputs. Thus, life-cycle thinking
is required to identify truly cost-effective and meaningful

. 59
environmental routes .

3.6. Marginal Abatement Cost Analysis

Marginal abatement cost analysis is applicable in pri-
oritizing the mitigation measures based on the cost per unit
of carbon dioxide equivalent "', Negative marginal abate-
ment costs lower emissions and save money; thus, they
are appealing for immediate action. They can encompass
aeration optimization, leakage minimization, high-efficien-
cy motors, better pump scheduling, and an energy man-
agement system. Actions with moderate positive costs may
require specific subsidies, green finance, or tariff adjust-
ments. High-cost measures can be applied in areas where

they benefit the area, like water security, sludge safety, or
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industrial reuse.

Marginal abatement cost curves should, however, be
used with caution. They can simplify interactions among
technologies. For example, a decrease in aeration pow-
er could alter nitrogen removal performance and nitrous
oxide release. Together with co-digestion, heat recovery,
and sludge pre-treatment, anaerobic digestion can be made
cost-effective. Reclaimed water might seem expensive
when carbon reduction is considered, yet cheaper when the
avoided freshwater provision, ecological gains, and indus-

trial dependability are taken into account *”,

Thus, marginal abatement cost analysis should be
used as a screening tool, not as a decision rule. The combi-
nation of data, plant-specific and regional electricity con-
siderations, the local water scarcity index, sludge-disposal
limitations, and policy incentives is most valuable ™*”. In the
case of China, provincial- and city-level marginal abate-
ment cost curves must be used to complement the national
marginal abatement cost curve, lest erroneous conclusions
be drawn. Table 2 summarizes the major cost drivers to be
included in life-cycle costing and marginal abatement anal-

ysis.

Table 2. Cost drivers and optimization approaches for low-carbon wastewater treatment.

Typical Contribution to Total

Cost Driver Cost Carbon Relevance Optimization Approach
. . High for retrofit Determines long-term technol . . .
Capital expenditure igh for retrofits and advanced clermines fong-term (ecinology g, life-cycle costing and phased investment
systems lock-in

. . . . . . Aeration control, pump optimization, efficient
Electricity Major operational cost Main source of indirect emissions blowers

. Medium to high, d di Embodied emissi d slud . . . S
Chemicals edium to fugh, depending on Moodied EMISSIONS and SIUCLE g oal-time dosing and internal carbon utilization

standards increase

Sludge treatment Increasingly important

Labor and maintenance Variable

ation
Monitoring and verification ~ Emerging cost

Land and infrastructure High in dense cities

Major source of CH4 and avoid-
ed-emission potential
Affects stable low-emission oper-

Required for credible carbon
accounting

Influences technology selection

Anaerobic digestion, co-digestion, regional
sludge centers

Training, automation, preventive maintenance

Tiered monitoring and digital management

Compact processes or regional facilities

3.7.Multi-Objective Optimization for Car-
bon-Neutral Pathways

Wastewater treatment aimed at becoming car-
bon-neutral has several goals that can be conflicting. These
entail reductions in life-cycle costs, greenhouse gas emis-
sions, and effluent standards; enhanced energy self-suffi-
ciency; reduced sludge-disposal hazards; maximized water
reuse; nutrient recovery; and improved operational reli-

1 These trade-offs cannot be well represented by a

ability
single-objective optimization model.

A more appropriate framework is provided by
multi-objective optimization. It can find Pareto-optimal
solutions, in which no objective can be improved with-
out degrading another. An illustration is that one pathway
can provide minimal cost and moderate carbon reduction,
whereas another can provide deeper carbon reduction but
at a higher cost. Decision-makers can then choose direc-
tions depending on local priorities, ability to finance and
pressure of regulations as well as social benefits ",

Regional constraints should be incorporated in the

multi-objective optimization in the Chinese context. Dense
urban areas have a limited supply of land, whereas rural
areas have a limited supply of technical capacity **. In
northern China, water shortages are acute, whereas in cer-
tain southern areas they are less pressing ‘). The amount
of grid carbon varies across provinces, and future grid
decarbonization will alter the carbon payoft of electrici-
ty-saving measures. Such conditions imply that the optimi-
zation model needs to be dynamic and not static. The best
technology in 2025 might not be the best in 2035, should
electricity get cleaner, carbon pricing be extended, or re-

source-recovery markets develop.

3.8. Data, Monitoring, and Uncertainty

The quality of data is vital in optimization. Most
wastewater plants have stable data on flow, energy con-
sumption, and effluent quality, and fewer have detailed
data on direct methane and nitrous oxide emissions. Sludge
structure, chemical usage, equipment performance, and
actual process status can also be inaccurately documented.

In the absence of precise data, carbon accounting largely
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relies on default emission factors that do not necessarily
reflect local circumstances .

Nitrous oxide emissions particularly have high un-
certainty. Emissions can vary greatly with small variations
in dissolved oxygen, nitrite build-up, carbon supply, tem-
perature, and the structure of the microbial community.
Sewers and sludge, which emit methane, are also hard to
capture. Such uncertainties may influence the outcome of
cost optimization by altering the estimated gains of mitiga-
tion technologies **'.

Some uncertainty can be minimized through digi-
talization. Operational visibility can be enhanced through
online sensors, smart meters, supervisory control systems,
digital twins, and artificial-intelligence-based process
control. Nonetheless, digital systems need investment,
technical expertise, cybersecurity measures, and long-
term maintenance. They should be valued not only for data
collection but also for their ability to help make better de-
cisions, reduce energy consumption, enhance compliance,

.. . 66
and demonstrate emission reductions “°.

3.9. Financing and Policy Instruments

The selection of technology alone is insufficient to
obtain cost-optimized pathways. The funding and policy
development are also crucial. The costs of high-level treat-
ment, sludge treatment, and carbon reduction are not fully
covered in most Chinese cities through wastewater tariffs.
Without the tools to finance low-carbon upgrades, utilities
might have no incentive to make such investments, as-
suming they are forced to reduce emissions and financial
mechanisms are not in place '\

The potential tools are the varied wastewater tariffs,
performance-based subsidies, green bonds, carbon finance,
public-private partnerships, renewable-energy incentives,
and resource-recovery credits ‘), Another way that carbon
accounting standards can affect investment is by mak-
ing emissions visible and comparable. Resource-recov-
ery projects can be more financially appealing if avoided
emissions of biogas, heat, reclaimed water, or nutrients are
credibly recognized.

Policy design should not promote only end-of-pipe
upgrades. Operational efficiency, source control, sludge
reduction, and integrated resource recovery should be

incentivized. For example, industrial pretreatment and

sewer management can improve influent quality and re-
duce downstream costs. Similarly, sludge co-treatment in
the region can yield better carbon returns than individu-
al plant-level investments. An optimal policy framework
must thus reconcile the interests of wastewater utilities,
energy providers, industries, municipalities, and environ-

mental regulators .

3.10. Implications for Pathway Selection

The costing framework of the Chinese wastewater
industry suggests that the most feasible carbon-neutral
route should be gradual 'Y, Short-term actions that reduce
costs and emissions should be prioritized, including energy
audits, aeration optimization, pump efficiency improve-
ments, real-time control, chemical-dosing optimization,
and improved sludge dewatering. Such measures have
comparatively low barriers to investment and can generate
financial savings to fund subsequent upgrades.

Plants that have desirable scale and sludge properties
should increase anaerobic digestion, co-digestion, biogas
utilization, heat recovery, and nutrient recovery in the me-
dium term ", Cities facing water shortages need to incor-
porate reclaimed water into urban and industrial develop-
ment, and high-carbon grid areas need to focus on energy
efficiency and expanding renewable energy. The rural and
small-town systems must not resort to overdesigned, ener-
gy-intensive technologies but instead strive to implement
robust, low-maintenance, low-carbon processes.

Cost optimization must shift towards region-wide
optimization rather than single plants by 2035. Integrat-
ed urban metabolism planning should be implemented in
wastewater, sludge, food waste, organic industrial waste,
reclaimed water, heat, and renewable electricity ", Max-
imizing all technologies across all plants will not be the
lowest-cost way to reach carbon neutrality, but rather by
distributing mitigation functions between regions and sec-
tors. Big plants can offer energy and sludge-recovery cen-
tres; small plants can focus on low-energy treatment; and
cities can rely on clean electricity and circular-economy
markets to even out residual emissions.

To conclude, cost-optimized carbon neutrality de-
mands a shift in thinking from technology-centric to
system-centric decision-making. The most useful model

incorporates life-cycle cost, life-cycle carbon, marginal

680



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

abatement cost, uncertainty analysis, and multi-objective
optimization P®. This type of structure can help China
identify channels that are not only technically feasible but
also economically sustainable, regionally viable, and scal-
able through 2035.

4. Low-Carbon and Resource-Re-
covery Pathways

4.1. From Wastewater Treatment Plants to
Water Resource Recovery Facilities

The shift towards water resource recovery facilities,
rather than traditional wastewater treatment plants, is one
of the key avenues for achieving carbon-neutral waste-
water treatment '**. Conventional plants were developed
primarily to eliminate organic matter, nitrogen, phospho-
rus, suspended solids, and pathogens. The same facilities
should also minimize greenhouse gas emissions, recover
energy, recycle nutrients, provide reclaimed water, and
reduce environmental burdens due to sludge under a car-
bon-neutral framework. This change transforms wastewa-
ter, a waste stream that must be disposed of, into a resource
of recoverable carbon, nitrogen, phosphorus, heat, and wa-
ter.

In the case of China, this change is especially rele-
vant, since most plants have already attained some basic
pollutant-removal capabilities but are now facing increased
pressure due to tightening discharge, sludge-disposal, and
carbon-cutting requirements. The difficulty is that the re-
covery of resources should not be pursued in the dark.
There are recovery options that are capital-intensive, have
steady influent quality, and have consistent markets, as
well as effective technical management. Thus, low-carbon
paths need to be considered based on the potential of car-
bon reduction and economic viability. The best plan prob-
ably involves an immediate operational fix, as well as the
selective implementation of advanced resource-recovery
technologies in those territories where scale, demand, and

policy factors favor it 7",

4.2. Energy Efficiency and Process Control

The most immediate and broadly applicable low-car-
bon channel in China’s wastewater sector is energy ef-

ficiency . The aeration process is the greatest electric-

ity-consuming process in most municipal wastewater
treatment plants. Overaeration is common because op-
erators tend to maintain high dissolved oxygen levels to
prevent effluent violations. Although such a conservative
approach enhances short-term adherence, it increases elec-
tricity consumption and can disrupt the dynamics of nitro-
gen removal. Aeration control can be optimized to mini-
mize energy use without affecting treatment performance.

Energy performance could be significantly enhanced
by using high-efficiency blowers, fine-bubble diffusers,
variable-frequency drives, ammonia-based aeration con-
trol, and real-time dissolved oxygen regulation ™. The
appeal of these measures is that they can directly lower
operating costs. Their performance, however, relies on the
maintenance quality, sensor reliability, and operator train-
ing. Diffuser fouling, faulty sensors, and irregular influent
loading in most plants decrease the effectiveness of the
control systems. Thus, energy-efficiency upgrades should
be supported by equipment maintenance, staff capacity
building, and information-based operations.

There is more potential in digital technologies. Influ-
ent variation can be predicted by supervisory control sys-
tems, machine-learning models, and digital twins, which
can also optimize aeration and chemical dosing and detect
abnormal energy usage *). However, digitalization is a
tool that needs to be approached as an enabler, and not as a
panacea. An uncalibrated digital platform can be an unnec-
essary cost without effective carbon reduction. Its worth
is determined by whether it generates operational changes

and quantifiable energy savings.

4.3.Low-Emission Biological Nitrogen Re-
moval
Nitrogen is needed to prevent eutrophication, al-
though it is strongly related to nitrous oxide emissions "*),
Traditional nitrification-denitrification processes require
oxygen to carry out nitrification and organic carbon to car-
ry out denitrification. Most municipal wastewater streams
in China have relatively low carbon-to-nitrogen ratios,
which make complete denitrification challenging and ne-
cessitate reliance on external carbon sources. This situation
increases the operating expenses and indirect emissions.
Other low-carbon nitrogen-removal pathways in-
clude shortcut nitrification-denitrification, concomitant ni-

trification-denitrification, partial nitritation-anammox, etc.,
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and can reduce aeration needs and carbon-source require-
ments 7*. Of these, processes based on ammonox are es-
pecially desirable, as they transform ammonium and nitrite
directly into nitrogen gas with reduced oxygen and organic
carbon requirements. Sidestream anammox has already
demonstrated potential in practice in treating the digestion
liquor of high-ammonia sludge. However, mainstream ana-
mmox remains more difficult because low temperatures,
low substrate concentrations, sensitivity to dissolved oxy-
gen, and competition with conventional nitrifiers all pose
challenges.

In the case of China, technical maturity should
encourage the low-emission nitrogen removal. In large
plants that have anaerobic digestion and high-strength
return liquors, sidestream nitrogen removal may be
emphasized. Pilot projects should be used to develop
mainstream applications, particularly in areas where the
temperature is appropriate and the capacity to operate is
strong. At the same time, conventional systems should
not be neglected. Oxygen dissolution, nitrates, internal
carbon use, step-feed operation, and endogenous denitri-
fication can minimize energy consumption and the risk of
nitrous oxide without necessitating a complete replace-

ment of the process .

4.4.Carbon Capture through Anaerobic
Treatment and Organic Matter Recovery

A significant shortcoming of traditional aerobic
treatment is that organic carbon in wastewater is primarily
reduced to carbon dioxide, a process that requires elec-
tricity. To better utilize it, a more carbon-saving approach
is to capture organic matter before aerobic oxidation and
convert it into useful energy. Primary treatment can be en-
hanced; chemically enhanced primary sedimentation, high-
rate activated sludge, anaerobic membrane bioreactors, and
other carbon-capture processes can divert organic matter to
anaerobic digestion or other recovery pathways instead .

The concept of this pathway is appealing as it min-
imises aeration requirements and maximises biogas gen-
eration. It has its trade-offs, however. Overextraction of
influent organic carbon may undermine downstream de-
nitrification, particularly in plants with rigid total nitrogen
constraints. When we then need external sources of carbon,
we may lose part of the carbon and cost advantage. Hence,

the recovery of organic matter should not be compromised

by biological nutrient removal needs "

There is long-term potential in the anaerobic treat-
ment of municipal wastewater, particularly in warmer cli-
mates, but mainstream utility is limited by low wastewater
temperatures, dilute influent, methane dissolution in the
effluent, and the need for effluent polishing "Y', Anaerobic
or anaerobic-aerobic hybrid systems can be more practical
in southern China, where temperatures are higher, than in
the colder north. In large urban plants, high-rate carbon
capture, followed by sludge digestion, might prove more
viable than complete anaerobic mainstream treatment up to
2035.

4.5.Sludge Anaerobic Digestion, Co-Digestion,
and Biogas Utilization

One of the most significant resource-recovery
routes is the sludge anaerobic digestion ", It stabilizes
sludge, minimizes volatile solids, generates biogas, and
has the potential to reduce downstream disposal burdens.
Another use of biogas is in a carbon-neutral pathway as
boiler fuel, as upgraded biomethane, or as local energy
systems. The resulting energy offset has the potential to
reduce the indirect emissions from purchased electricity
or fossil fuels.

Anacrobic digestion is very scale sensitive. Big
WWTPs are more digestible as they produce enough
sludge and can warrant investment in digesters, gas stor-
age, biogas engines, heat recovery, and odor control "
Small and medium-sized plants might not be able to
achieve stable operation and a reasonable payback period.
With such plants, the regional sludge treatment plants may
be less expensive than the single digesters.

The other avenue to enhance feasibility is co-diges-
tion. Biogas can be boosted by adding sewage sludge to
food waste, kitchen waste, agricultural residues, or high-
strength industrial organic waste and increase the attrac-
tiveness of the digester *'". The method is very applicable
to China since planning of urban organic waste manage-
ment and wastewater management is usually done sepa-
rately. Integrating them can yield significant system-level
benefits. However, co-digestion involves handling contam-
inants, feedstock variability, logistics, tipping, and institu-
tional responsibility. Without sound governance, the ben-
efits of co-digestion may be wiped out by operational and

regulatory uncertainties.
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4.6. Heat Recovery and Energy Integration

A large amount of low-grade thermal energy is
present in wastewater. District heating, building heating,
cooling, or industrial thermal demand can be supported by
heat recovery of treated effluent, sewer systems, or sludge
streams ). Waste water heat recovery is not as conspic-
uous as electricity generation using biogas, but can be of
value in terms of carbon benefits in places where heating
needs remain high and where heating remains based on
fossil fuels.

Wastewater heat recovery can be especially useful
in northern China, where the need to heat homes in winter
is significant. In congested urban areas, heat pumps can
be supplied with treated effluent from large WWTPs as a
stable heat source "', The advantage of carbon is based on
the electricity consumed by heat pumps and the amount of
fossil fuel replaced. With the decarbonization of the pow-
er grid, wastewater-source heat pumps can become even
more appealing. However, heat recovery is place sensitive.
It involves closeness of heat sources and users, investment
in heat exchangers and distribution systems, and coordi-
nation with urban energy planning. In cases of stand-alone
plants with no nearby heat demand, the economic case may
be weak. Therefore, the concept of heat recovery must be
addressed at the level of city infrastructure, not just within
the framework of the WWTP *¥,

4.7. Nutrient Recovery and Circular Material
Flows

Nitrogen and phosphorus recovery have the potential
to decrease the reliance on synthetic fertilizers and enhance
circularity. The recovery of phosphorus is particularly sig-
nificant because phosphate rock is a limited resource, and
phosphorus release is a cause of eutrophication. The nu-
trients in sludge liquor, digestate, or ash can be recovered
using technologies such as struvite precipitation, enhanced
biological phosphorus removal, sludge ash phosphorus re-
covery, and ammonia stripping **.

The carbon advantage of nutrient recovery is primar-
ily associated with avoiding fertilizer production, minimiz-
ing chemical use, and improving sludge management ™.
But the reduction of carbon is seldom used to justify nutri-

ent recovery. Its viability depends on nutrient concentra-

tion, chemical costs, product purity, market demand, and
regulatory acceptance. Reclaimed fertilizers should be of
good quality and earn users' trust. Heavy metals, organic
micropollutants, and microplastics remain a concern, par-
ticularly regarding the land use of sludge-derived products.

In China, nutrient recovery must be linked to agri-
cultural demand, soil quality improvement, and regional
circular economy policies "\, Early adopters might include
large plants that anaerobically digest their food and con-
centrate side streams. The recovery of phosphorus from
incineration ash is increasingly applicable in areas where
sludge incineration is expanding. Nevertheless, nutrient re-
covery cannot be encouraged as a universal solution for all
plants. It works most effectively when it addresses several
issues at once: scaling control, sludge reduction, fertilizer

substitution, and phosphorus pollution prevention.

4.8. Reclaimed Water and Water Reuse

The use of reclaimed water represents one of the sig-
nificant avenues for achieving carbon neutrality and water
security ™. Reuse of wastewater may decrease freshwater
extraction and enhance cooling for industries, urban plant-
ing, ecological restoration, groundwater recharge, and ir-
rigation. Reclaimed water may have strategic advantages
beyond reducing carbon in water-scarce areas of northern
and northwestern China.

Reclaimed water has complex implications for car-
bon. Pumping, disinfection and advanced treatment con-
sume more energy. Nevertheless, reclaimed water may
reduce emissions associated with long-distance water
transport, groundwater drilling, desalination, or the cre-
ation of new water sources . Hence, the net carbon ben-
efit varies according to the domestic water-supply option.
Reclaimed water can be disadvantaged in terms of carbon
in water-rich areas, unless there are industrial or ecological
requirements. The overriding system benefit can be signif-
icant in the water-stressed areas.

To optimize costs, it is necessary to match re-
claimed water quality with end use. Over-treatment and
under-treatment both are a waste of energy and money
and pose health and ecological risks. Reuse thus must be
fit-for-purpose. Industrial reuse can be high reliability, ad-

vanced treatment, but landscape irrigation or ecological
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replenishment can accept various quality criteria. Seasonal
demand, storage, pipeline investment, pricing, and public
acceptance should also be factors in reclaimed water plan-

ning o

4.9.Renewable Energy Integration and
Low-Carbon Electricity Procurement

The integration of renewable energy can help reduce
indirect emissions associated with purchased energy "\,
There is a lot of land, rooftops, tanks, and open spaces avail-
able for installing photovoltaics in many WWTPs. Solar
power will reduce some of the plants' electricity needs, par-
ticularly when operating during the day. Wind power, biogas
power, and energy storage can also contribute in some areas.

But on-site renewable energy is unlikely to be suffi-
cient to power most urban WWTPs, especially those with
limited land. Thus, purchasing low-carbon electricity, en-
gaging in green power trading, and participating in distrib-
uted energy systems could be even more important **. With
the decarbonization of China's power sector, the carbon in-
tensity of grid electricity will decrease, thereby reducing the
indirect emissions from wastewater treatment. This estab-
lishes a self-interaction between wastewater decarbonization
and decarbonization in the energy sector.

The integration of renewable energy must be con-
sidered economically. Photovoltaics can be economical in
areas with high electricity costs and favorable installation
conditions. Storage of energy can enhance self-consump-
tion, but can make it more expensive to capitalise. The pur-
chase of green electricity will reduce reported emissions,
yet its credibility will be determined by accounting guide-
lines and additionality. To make carbon-neutral assertions,
plants have to differentiate between real energy efficiency,
on-site renewable energy generation, and market-based

electricity instruments ),

4.10. Integrated Pathways and Technology
Prioritization

No single technology can provide carbon-neutral
wastewater treatment in China by 2035. An integrated
portfolio adjusted to the plant's size, regional conditions,

and policy is the most realistic way forward. Low-cost,

mature interventions to consider in the near term include
energy audits, aeration optimization, equipment upgrades,
control of chemical dosing, improvements in sludge dewa-
tering, and monitoring of operations . Such measures can
minimize emissions and operating expenses %,

The priorities in the medium term should comprise
sludge digestion, co-digestion, biogas use, sidestream ni-
trogen removal, heat recovery, and fit-for-purpose water
reuse . These policies have greater investment and insti-
tutional coordination needs but could produce deeper cuts.
The long-term options could be mainstream anammox, an-
aerobic membrane bioreactors, advanced nutrient recovery,
carbon capture from process gases, and highly integrated
water-energy-waste systems "%,

Marginal abatement cost, life-cycle carbon reduction,
operational maturity, and regional co-benefits should deter-
mine the technology’s priority. The megalopolis’s vegetation
must become a centre for sludge-energy recuperation, com-

® Small towns

puterized optimization, and water recycling
ought to concentrate on the strong low-energy treatment and
regionalized sludge management. Rural systems are not sup-
posed to rely on complex technologies that cannot be main-
tained in rural areas. The focus of industrial parks should be
on source control, high-strength wastewater energy recov-
ery, and internal water recycling .

In general, systems thinking must be used to choose
low-carbon and resource-recovery approaches. Energy
efficiency minimises direct operational emissions; optimi-
zation of nitrogen processes regulates direct emissions of
nitrous oxide; sludge digestion and co-digestion recover
energy; heat recovery connects wastewater systems with
urban energy systems; nutrient recovery supports circular
agriculture; reclaimed water boosts water security; and
renewable electricity minimises indirect emissions """,
Together with proper utilization, these pathways will help
turn China’s wastewater industry into a carbon-neutral, re-
source-recovery, and sustainable urban development plat-
form by 2035. Table 3 will compare key low-carbon and
resource-recycling technologies in terms of carbon-cutting
mechanisms, cost details, application scenarios, and imple-

mentation constraints.
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Table 3. Low-carbon and resource-recovery technologies for China’s wastewater sector.

Technology Pathway Carbon-Reduction Mechanism

Cost Characteristics

Suitable Application

Context Key Limitation

Aeration optimization .
nitrogen removal

High-efficiency blowers . .
Lower indirect emissions

and pumps
Shortcut nitrogen remov- Reduces oxygen and carbon-source
al demand

. Reduces aeration and external carbon
Sidestream anammox ..
addition
Produces biogas and stabilizes

Anaerobic digestion sludge

Co-digestion Increases biogas yield

Offsets fossil heating or cooling
energy

Avoids fertilizer production and
supports circularity

Offsets freshwater supply and im-
proves water security

Heat recovery
Nutrient recovery

Reclaimed water reuse

On-site solar and green

.. Reduces electricity-related emissions
electricity

pendent

Reduces electricity use and stabilizes Low to medium cost;
often short payback

Medium capital cost;
clear energy savings

Medium technical cost

Medium to high cost

High capital cost;
scale-dependent
Medium to high coordi-
nation cost

Site-specific investment
Medium to high cost

High network cost

Declining cost; site-de-

Requires reliable sensors and
maintenance

Performance depends on
loading conditions

Risk of N-O if poorly man-
aged

Most municipal WWTPs

Existing and new plants

Plants with strong process
control

Large plants with sludge
digestion liquor

Large WWTPs and region-
al sludge centers

Requires skilled operation

Weak economics for small
plants

Cities with food waste or
organic residues

Feedstock variability and
governance barriers
Dense cities with nearby
heat demand

Requires integration with
energy users

Large plants with concen-
trated streams
Water-scarce regions and
industrial parks

Plants with available land
or roofs

Product market uncertainty

Pumping and advanced treat-
ment energy

Limited by space and inter-
mittency

5. China-Specific Transition Strate-
gies to 2035

5.1. Strategic Framing for China’s Wastewater
Decarbonization

China’s journey towards carbon-neutral wastewater
treatment by 2035 should be understood as a system-level
transition rather than a homogeneous technological im-
provement. The country’s wastewater system serves over
megacities, county towns, industrial parks, peri-urban dis-
tricts, and rural settlements, which have different influent
characteristics, financial capacity, operational experience,

2 One technology route

and environmental priorities
would thus be ineffective and may even prove more expen-
sive or more polluting when implemented without local-
ization.

The most viable option is to seek differentiated car-
bon-neutral routes that are conditioned by regional devel-
opment, plant scale, water availability, sludge treatment
capacity, and the carbon intensity of the grid ", Big-city
wastewater treatment facilities can be repurposed as re-
source-recovery centers, with smaller facilities focusing on
energy savings, low-maintenance biological treatment, and
regionalized sludge treatment. Rural systems should be
specifically designed because typical urban treatment mod-
els tend to fail under low-flow, low-load, and intermittent

operating conditions. By 2035, not just whether individual

plants reach net-zero emissions, but whether the national
wastewater sector can achieve emissions reductions at a
cost-effective level without compromising water quality,
sludge safety, or water reuse targets should be counted as a

SUCCess.

5.2.Differentiated Pathways for Megacities
and Large Urban WWTPs

The initial decarbonization should be the megaci-
ties and massive urban wastewater treatment plants. These
plants typically possess large treatment volumes, compar-
atively stable operation, greater financial resources, and
superior technical staff. Their size has created favorable
conditions for energy-efficient equipment, high levels of
automation, anaerobic digestion, co-digestion of sludge,
biogas, heat recovery, and the generation of reclaimed wa-
ter .

The focus in large plants should be on minimizing
electricity use by optimizing aeration and real-time process
control, while also developing sludge energy recovery. This
scale is more practical for anaerobic digestion because the
volume of sludge is sufficient to sustain biogas production
and warrant investment in digesters, gas management, and
combined heat and power systems. In instances where there
is food waste or other organic waste, co-digestion can addi-
tionally enhance energy production and facilitate integrated

. 100
urban organic-waste management """’
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Reclaimed water reuse is also effective in large cit-
ies. Stable demand can be provided by industrial cool-
ing, municipal landscaping, river replenishment, and
groundwater recharge. Nevertheless, there should be no
over-treatment and pumping distances that are too long in
reclaimed-water projects. Most economical systems are
those that align water quality with end uses, reuse plan-
ning, and urban development. As in the case of megacities,
decarbonization of wastewater would then be integrated
into more comprehensive urban infrastructure planning,
such as energy systems, solid-waste systems, industrial

water demand, and climate-resilience strategies '*".

5.3. Transition Strategies for Small and Medi-
um-Sized Cities

This is not the case with small and medium-sized
cities. They also tend to have lower economies of scale,
less technical capacity, and more limited fiscal resources in
their wastewater treatment facilities "*”. Unstable influent
quality, caused by incomplete sewerage networks, storm-
water intrusion, intermittent discharges from industries,
or sparse population, is also experienced by many. In such
circumstances, complicated carbon-neutral technologies
might not be cost-efficient.

For these cities, an efficient way forward is to focus
on operational efficiency, trusted compliance, and region-
al resource-recovery systems. Meaningful carbon reduc-
tion can be achieved with reasonable capital requirements
through aeration control, optimization of water pumps,
chemical dosing management, and enhanced sludge de-
watering. In cases where individual plants are too small to
undergo anaerobic digestion, regional-scale sludge treat-
ment facilities can combine sludge from several plants and
realize economies of scale. This method can decrease the
repeated investment and enhance sludge stabilization and
energy recovery ',

Small and medium cities should also not overbuild
advanced treatment systems unless there is a clear envi-
ronmental or water-reuse need. Overly rigid effluent stan-
dards with no associated benefits to the receiving water
can lead to increased energy and chemical use. A better
solution is to embrace watershed-based standards that set
treatment requirements based on the ecological sensitivity
of the locality, water-use demands, and pollution-control

. .. 104 . .
priorities """, This can reduce unwarranted expenditure

while still preserving the environment.

5.4.Rural Wastewater Treatment and Decen-
tralized Systems

Rural wastewater treatment is one of the most sen-
sitive sectors in China's 2035 transition. Increasing rural
wastewater coverage can enhance sanitation and minimize
local pollution. However, it can also lead to higher emis-
sions in poorly designed, underloaded, or high-power-con-
sumption systems. The sources of rural wastewater are
usually scattered and intermittent, the concentration of pol-
lutants is low, and the maintenance capacity is limited “*..
The technologies that are effective in urban plants might
not work or become too expensive in villages.

The countryside road must focus on simplicity,
strength, low energy consumption, and the ability to main-
tain it locally. In many locations, construct wetlands, stabi-
lization ponds, anaerobic-aerobic combined systems, soil
infiltration, decentralized biofilm reactors, and modular
low-energy systems might prove better than the highly
mechanized activated sludge processes. Nevertheless, nat-
ural systems require soil and may be affected by seasonal
temperature changes, hydraulic overload, or lack of main-
tenance. Technology choice, therefore, depends on the
climate, land availability, village density, groundwater sus-
ceptibility, and management capacity .

Long-term operation is one of the major institution-
al issues. A lot of rural systems do not work not because
of low construction but because of a lack of proper main-
tenance funds and vague responsibility. By 2035, coun-
ty-level operational platforms, professional third-party
maintenance, remote monitoring, and performance-based
subsidies should form the basis of rural wastewater decar-
bonization. Carbon neutrality in rural systems need not
imply installing expensive low-carbon machinery in every
location; it implies selecting locally suitable systems that
safeguard water quality with minimal energy and mainte-

. 106
nance requirements os,

5.5.Industrial Parks and High-Strength
Wastewater Systems

Industrial parks are a challenge and an opportuni-
ty. They have high organic loads, toxic substances, salts,
heavy metals, or variable chemical composition in their

wastewater. Uncontrolled industrial wastewater may dis-
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rupt biological treatment in the municipality, increase
chemical use, and increase carbon emissions . Never-
theless, high-strength organic wastewater also offers sig-
nificant potential for energy recovery via anaerobic treat-
ment.

The initial approach to industrial parks ought to be
source control. Lowering downstream treatment costs and
emissions can be achieved by reducing toxic inputs, sepa-
rating high-strength streams, enhancing pretreatment, and

1% Industrial symbiosis is also

obtaining discharge permits
to be promoted, whereby treated wastewater, recovered heat,
biogas, or nutrients are reused in the park. In food process-
ing, beverage, paper, fermentation, and other organic-rich
industries, anaerobic reactors may produce biogas and re-
duce organic loads before polishing treatment.

Internal water recycling can be effectively done in
industrial parks due to the centralization of water needs

'l Depending on the

and their relative predictability '
water quality, reclaimed water can be reused for cooling,
washing, process water, or landscaping. Industrial reuse
can be more economically significant than municipal re-
use, as it can reduce freshwater purchases and enhance the
security of water supplies. In 2035, industrial wastewater
should no longer be treated at the end of the pipe; rather,
there should be a water-energy-material circulation within

the park.
5.6.Regional Prioritization Based on Carbon
Intensity and Water Scarcity

Regional prioritization is essential for cost optimiza-

tion. High-grid-carbon provinces must focus on electricity

conservation, renewable energy acquisition, and energy
recovery, since every kilowatt-hour saved yields greater
carbon benefits. Conversely, cleaner electricity areas might
gain greater marginal benefit through direct control of
methane and nitrous oxide, control of sludge, and resource
recovery "',

Pathway selection should also depend on water
scarcity. Strong water resource constraints have been ex-
perienced in Northern and northwestern China, where re-
claimed water is of strategic value, despite the need to use
more energy to treat it. In such areas, the carbon analysis
must include a comparison between reclaimed water and
alternative water sources, such as groundwater extraction,
long-distance transfer, or desalination. Direct carbon sav-
ings may be modest, but in most instances, water security
benefits may justify water reuse '),

Technology is also influenced by climate. The cold
north needs strong systems for the removal of nitrogen
that can perform under low temperatures. In contrast,
the southern areas may be more friendly to anaerobic or
low-energy biological systems. Cities with high land val-
ues along the coastline can opt to use compact, advanced
systems, but in inland areas where land is still available,
nature-based or hybrid systems can be used. This geo-
graphical distinction must be incorporated into provincial
wastewater decarbonization strategies rather than individ-

("] Based on these regional and

ual plant determinations
system-level differences, Table 4 presents differentiated
transition pathways towards major wastewater treatment

scenarios in China.

Table 4. Differentiated transition strategies for carbon-neutral wastewater treatment in China by 2035.

System Type or Region Main Constraints

Priority Pathway

Expected Benefit by 2035

High load, land scarcity, strict stan-
dards

Limited finance, unstable influent,
weak economies of scale
Dispersed flow, low maintenance
capacity, low influent load
Complex wastewater, toxic shocks,
and high water demand

Megacities and large WWTPs

Small and medium-sized
cities

Rural areas

Industrial parks

Northern water-scarce regions Water shortage, cold climate, heating
demand

Cpal-dependent powerre- High grid carbon intensity

gions

High land value, strict discharge pres-

sure

Coastal dense cities

Western and less-developed

. Funding and technical constraints
regions

Digital control, sludge digestion, co-diges-
tion, heat recovery, reclaimed water
Energy retrofits, chemical optimization,
and regional sludge treatment
Decentralized low-energy systems and
county-level professional operation
Source control, anaerobic treatment, and
internal water recycling

Reclaimed water, robust nitrogen removal,
heat recovery

Energy efficiency, renewable procurement,
and biogas utilization

Compact advanced treatment and reuse
systems

Staged upgrades, simple, robust technolo-
gies, and regional support

Deep carbon reduction and re-
source-recovery hubs

Low-cost emission reduction and
better compliance

Affordable sanitation with limited
carbon increase

Reduced treatment burden and
higher circularity

Water security and carbon co-ben-
efits

High indirect-emission reduction

Space-efficient pollution and
carbon control

Avoids overinvestment and im-
proves system reliability
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5.7.Retrofitting Existing Plants versus Con-
structing New Facilities

China's 2035 target will largely be based on retrofit-
ting existing wastewater treatment facilities. The majority
of existing urban treatment capacity is already in place, and
completely replacing entire plants would be both economi-
cally and ecologically impractical. Retrofitting must then be
directed towards modular retrofits aimed at enhancing ener-
gy efficiency, reducing direct emissions, and facilitating the
recovery of resources without affecting compliance ",

Retrofits such as blower replacement, diffuser clean-
ing or upgrading, pump optimization, variable-frequency
drives, online monitoring, and control-system improve-
ments are low-cost. Medium-cost retrofits are anaerobic
digestion, sludge hydrolysis, sidestream nitrogen removal,
biogas use, and enhanced dewatering. Major reconfigu-
rations of processes, sophisticated water-reuse systems,
heat-recovery networks, and extensive renewable-energy
systems constitute high-cost retrofits "',

Carbon neutrality must be incorporated into the de-
sign of new facilities. Future sludge-energy recovery, re-
newable-energy systems, reclaimed-water distribution, and
advanced monitoring should be allocated space by new
plants "'"*!. Neither should they overdesign and incur em-
bodied and operating costs. The design standards must not
be based on fixed, conservative assumptions but rather on
flexible systems able to adjust to changes in population,
industry restructuring, and climate variation, as well as to

future carbon accounting demands.

5.8. Policy Mechanisms and Financial Incen-
tives

The implementation of the technology will not be
complete without the policy and financial funding. Most
wastewater systems have tariff regimes that fall short of
the price of high-level treatment, sludge disposal, or car-
bon mitigation. Unless revenue mechanisms accompany
carbon-neutral requirements, utilities might not have in-
centives to upgrade their systems to be low-carbon "%,

Performance-based subsidies, green finance, waste-
water tariff reform, carbon-reduction credits, incentives for
renewable energy, and encouragement of resource-recov-
ery markets should be considered as policy instruments "'”’.

The subsidies must be based on proven carbon reductions

and operational efficiency rather than just building new
plants. Sludge digestion, heat recovery, and reclaimed-wa-
ter networks can be supported by large investments, facil-
itated by green bonds and/or public-private partnerships.
The carbon market can be used in the future to add value,
but only when it measures wastewater emissions and veri-
fies them as credible.

It is also important to have regulatory coordina-
tion ). Wastewater, sludge, food waste, energy, agricul-
ture, and carbon accounting are commonly controlled by
various institutions. This fragmentation has the potential to
restrict co-digestion, nutrient recovery, and reclaimed-wa-
ter reuse. A China-specific transition strategy must thus
encourage cross-sector governance, enabling wastewater
facilities to interface with solid-waste systems, district en-

ergy systems, industrial parks, and agricultural users.

5.9. Monitoring, Reporting, and Verification

Wastewater treatment that is carbon-neutral requires
good monitoring, reporting, and verification . Currently,
it is possible to monitor electricity use and chemical use in
many plants, but direct greenhouse gas emissions are hard to
quantify. The emission levels of methane and nitrous oxide
vary across units, seasons, and operating conditions. The use
of default emission factors alone can lead to inaccurate re-
sults and undermine the incentives to optimize processes.

In the year 2035, China needs to develop a lev-
el-based carbon accounting system for wastewater treat-
ment. Simple reporting might include electricity, fuel,
chemicals, and the volume of sludge transported and treat-
ed. Further reporting might involve plant-specific methane
and nitrous oxide indicators, biogas recuperation, renew-
able energy generation, substitution of reclaimed water,
and nutrient recovery. Higher-resolution monitoring should
be implemented in large plants and carbon-neutral pilot fa-
cilities, whereas simplified, standardized approaches may
be applied to small plants "',

This should be checked to avoid symbolic carbon
neutrality. Statements with offsets or green electricity cer-
tificates alone might not reflect actual operational improve-
ments. An acceptable system must draw a line between
direct emission reductions, avoided emissions, renew-
able-energy substitution, and external offsets . This dif-

ference will help ensure that investment is directed toward
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real decarbonization rather than accounting gimmicks.

5.10. Roadmap to 2035

Transition risk can be mitigated using a staged road-
map. Short-term energy audits, carbon accounting standards,
pilot emission monitoring, aeration optimization, reduction
in chemical use, and improvement in sludge management

119
]. These measures are not

should be prioritized in China '
too young and can provide cost savings in the early stages.
Carbon-neutral designs should also be piloted across regions
with varying conditions, such as megacities, county-level
plants, industrial parks, and rural systems.

The emphasis in the medium run should be on
scaling the resource-recovery systems. Expansive plants
are to increase anaerobic digestion, co-digestion, biogas
use, sidestream nitrogen recovery, heat recovery, and re-

12 Small- and medium-sized cities

claimed-water supply !
need regional sludge centers. Industrial parks are expect-
ed to employ source separation, internal water reuse, and
energy recovery from high-strength wastewater. The rural
wastewater programs are to focus on the professionalized
operation and low-energy decentralized technologies **'.

By 2035, China is expected to target system-level
carbon neutrality in the wastewater industry. This does not
mean that each plant needs to be entirely self-sufficient
in energy or carbon-neutral in its own facility. Rather, it
involves integrated optimization among plants, regions,
and sectors. Large facilities can become energy- and re-
source-recovery centers; small facilities can reduce energy
requirements; rural systems can implement low-mainte-
nance treatment; and regions can utilize renewable elec-
tricity, reclaimed water, and sludge resource recovery to
equalize remaining emissions ">,

In general, the Chinese road to carbon-neutral waste-
water treatment by 2035 should be differentiated, time-
staged, and cost-sensitive. The best approach will be a
combination of short-term operational effectiveness, re-
source-specific recovery, local infrastructure planning,
plausible carbon accounting, and conducive policy in-
struments ). This strategy has the potential to prevent
technology lock-in, minimize unnecessary spending, and
transform the wastewater sector into a unified platform for
controlling pollution, reducing carbon emissions, improv-

ing water security, and developing circularly.

6. Conclusions

The wastewater treatment industry in China is under-
going a decisive transformation, in which traditional pollu-
tion-reduction goals should be integrated with carbon neu-
trality, cost-effectiveness, and resource recovery. The use
of isolated low-carbon technologies will not be sufficient
to achieve carbon-neutral wastewater treatment by 2035. It
requires a systematic, system-level redesign of wastewater
treatment plants into water resource recovery plants to mit-
igate direct emissions, reduce energy-related indirect emis-
sions, recover energy and materials, and help sustain water
security in the region.

This review indicates that cost optimization is at the
heart of this transition. The most immediate and cost-ef-
fective mitigation option is energy efficiency, particular-
ly by optimizing aeration and pumping. The emission of
methane and nitrous oxide should also be controlled, as
these direct emissions can undermine the electricity sav-
ings. The management of sludge will be a determining fac-
tor because anaerobic digestion, co-digestion, biogas use,
heat recovery, and nutrient recovery can convert treatment
residues into carbon-reduction assets. Reuse of reclaimed
water and integration of renewable electricity can also con-
tribute to carbon neutrality. Still, these options are highly
influenced by water scarcity in the region, the grid's carbon
intensity, land accessibility, and market conditions.

One conclusion is that China cannot afford to rely
on a single national route. Big WWTPs and megacities
must transform into centers of digital operations, sludge
energy recovery, heat recovery, and reclaimed water pro-
duction. Low-cost retrofits, regional sludge treatment, and
operational optimization should be emphasized in small
and medium-sized cities. Simple, robust, low-energy, and
professionally-maintained decentralized systems are need-
ed in rural locations. Industrial parks must focus on source
control, wastewater energy recovery, and the recycling of
internal water.

The most viable pathway is thus differentiated,
staged and regionally coordinated by 2035. Short-term
measures must focus on low-cost efficiency gains and car-
bon accounting. The resource recovery and regional sludge
systems should be scaled in the medium term. Integrated

water-energy-waste planning, credible monitoring and
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verification, tariff reform, green finance, and cross-sector
governance will be the keys to long-term success. The use
of carbon-neutral wastewater treatment in China is techni-
cally feasible; however, it is only viable when carbon re-
duction is coupled with affordability, operational reliabili-

ty, and local appropriateness.
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