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ABSTRACT

Recently, every industry has been working to achieve carbon neutrality, and the wastewater sector is no
exception. However, little research focuses on the carbon accounting of wastewater treatment and the
roadmap to carbon neutrality. Here, to systematically perform accounting, we provide a sketch that
describes three boundaries of the wastewater system and propose that the carbon neutrality of the
wastewater system is far beyond the plant boundary. Moreover, we identify the direct and indirect
carbon emissions of wastewater treatment. In addition to direct emissions of CH4 and N0, direct fossil
CO; emissions from wastewater treatment should be included in accounting to set accurate guidelines.
Next, the technologies that assist in achieving carbon-neutral wastewater treatment both within-the-
fence of wastewater treatment plants and beyond the plant boundary are summarized. All measure-
ments of energy recovery, resource recovery, and water reuse contribute to reaching this goal. The
concepts of energy neutrality and carbon neutrality are identified. Successful wastewater treatment cases
in energy self-sufficiency may not achieve carbon neutrality. Meanwhile, resource recovery methods are
encouraged, especially to produce carbon-based materials. Ultimately, the trend of preference for the
decentralized sewage treatment system is pinpointed, and systematic thinking to set the urban infra-
structure layout as a whole is advocated.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In 2015, the Paris Climate Agreement was signed to limit the
temperature rise to within the 2-degree threshold. To reach this
objective, many countries have announced their carbon neutrality
targets. Again, in 2021, leaders from 200 countries attended the
COP26 to review and update their Nationally Determined Contri-
butions regarding climate change [1]. As an essential part of urban
sanitation, wastewater treatment can contribute approximately
1—2% of the total greenhouse gas (GHG) emissions in the world [2,3].

Currently, decreasing carbon emissions has become an urgent
objective in the wastewater industry. Many effective measures such
as sludge anaerobic digestion are practiced to pursue
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environmental sustainability [4]. Meanwhile, emerging wastewater
treatment technologies such as anaerobic ammonia oxidation
processes and microbial fuel cells are moving out of laboratories
and into the field [5,6]. The technical effect and economic profit of
these methods have been evaluated, and optimistic results have
been obtained [7]. Although several scholars have also assessed
their multi-environmental impacts [8], few studies have been
mainly conducted on their carbon emissions or the standardization
of accounting.

Thus, here, we systematically analyze the scope and inventories
of carbon emissions of wastewater system and carbon credit of
environmentally friendly measures. First, a sketch that describes
the boundaries for carbon accounting of wastewater system is
provided. Then, GHG emission sources of the wastewater treatment
are identified. On these bases, we point out the roadmap to carbon-
neutral wastewater system both within-the-fence of wastewater
treatment plants (WWTPs) and beyond the plant boundary. Since
CO3, CHy and N3O are the three main GHGs to consider in
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wastewater treatment, in this study, carbon neutrality refers to the
neutrality of these three GHG emissions, which is the net zero sum
of COy, CH4 and N,O emissions (in CO, equivalent).

2. Multiple boundaries for carbon accounting of the
wastewater system

The implementation of WWTPs’ basic function, removing pol-
lutants and providing a good sanitation environment, cannot be
done independently and require cooperation with other municipal
facilities such as sewer system, sludge treatment and disposal sites.
Currently, wastewater treatment facilities are undergoing a tran-
sition from traditional functions into those that include energy
recovery and resource recovery. Based on these two considerations,
the scope of carbon accounting in the field of wastewater treatment
can be gradually expanded from wastewater treatment processes to
the entire human society and ecological system (Fig. 1). In the
methodology, a “system expansion” approach is adopted here to
solve the multifunctionality of WWTPs. The products reclaimed
from wastewater may replace similar products on the market,
which implies avoided production and a negative contribution to
the carbon emissions of the system.

Within-the-fence of WWTPs. Generally, when accounting for
the carbon emission inventories of the wastewater system, the
most basic and indispensable part of the statistics is the water line,
which starts from sewage flowing in and ends with the effluent of
physical, chemical, and biological treatment processes. Due to
different regional regulations and use purposes of the effluent,
wastewater treatment processes are optional. For instance, the
effluent from secondary biological treatment can be directly dis-
charged to natural waters or used for irrigation [9]. However, if the
effluent is to be reused for industrial production or as reclaimed
water, a tertiary treatment process such as a membrane reactor
must be added [10].

Sludge is an inevitable byproduct of wastewater treatment, and
pollutants may transfer from wastewater to sludge. Thus, sludge

Environmental Science and Ecotechnology 11 (2022) 100180

treatment and disposal are integral parts of wastewater treatment,
which should definitely be included in carbon emission accounting
[11]. After thickening, there are several routes for sludge treatment
and disposal [12]. Conditioning and dewatering are routine pro-
cesses of sludge treatment to reduce volume. The processes of
anaerobic digestion (AD), composting, and pyrolysis are possible
methods to recover energy and resources from sludge. After sta-
bilization, the sludge is transported to landfill sites, incineration
furnaces, or farmlands for disposal. The carbon emissions of sludge
treatment within WWTPs are usually included here in the first
circle. The emissions of sludge treatment and disposal out of
WWTPs can be counted in the second circle.

In addition to water line and sludge line, other energy conser-
vation and exploitation measures to pursue energy self-sufficiency
within the fence of WWTPs, such as water source heat pumps, wind
power, solar energy, etc., are considered in the first circle.

Expanding to urban infrastructure related to WWTPs. Before
flowing into WWTPs, wastewater is collected and transported
along the sewer system. WWTPs and sewer system are physically
connected and form a fairly complete urban wastewater system.
Moreover, because sewage treatment is being given more func-
tions, systematic management with other urban municipal facilities
has become more frequent. For example, municipal waste, espe-
cially food waste, can be transported to WWTPs and co-digested
with sludge to improve the biogas production of the AD process
while reducing the sludge amount for incineration or landfill. In
addition to energy recovery, some WWTPs with tertiary treatment
processes can be considered reclaimed water plants, which are
alternative sources for municipal water or industrial water supply.
Thus, the carbon neutrality of wastewater treatment is far beyond
the boundary of the treatment plant; it is relevant to the entire
water/wastewater system and even the entire urban infrastructure.

Further expanding to human society and ecological system.
Natural water, soil-vegetation, and human society together form
the third circle. Water bodies serve as water sources for human
activities and as ultimate receiving sites for treated wastewater. The
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Fig. 1. A sketch of multiple boundaries for carbon accounting of wastewater treatment. Three boundaries: Within-the-fence of WWTPs (yellow dashed line), urban infrastructure
related to WWTPs (pink dashed line), human society and ecological system (blue dashed line). Since the operation of most facilities in boundaries 1 and 2 requires energy and
chemicals, their inputs are simplified as flows pointing into the boundary. Direct carbon emissions are presented by specific symbols. Indirect carbon emissions are implied in the
flows of energy/chemicals consumption and recycled products, which represent positive and negative contributions to carbon emissions, respectively.
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Table 1
Quantities and global warming impacts of CH4 and N,O emissions in WWTPs.
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Reference Inventory Quantity® (g CO; m~3) Global Warming Impact” (g CO, m ) Data Source

[16] CHa4 11.36 284 Measurement
N,O 1.83 546

[18] CHy4 2.40 60 Simulation
N,O 0.81 240

[20] CHy4 2.384 59.6 Simulation
N,O 0.479 142.6

2 The quantity values refer to the wastewater flow rate.

b Global warming potential: 25 kg CO, per kg CH,4 for CHy and 298 kg CO, per kg N,O for N,0.

resources recovered from wastewater treatment processes are
distributed to human society and agricultural system, which can
reduce the demand for corresponding products manufactured by
other industrial processes. Moreover, the layout in urban or rural
areas may shift the scale of sewage treatment. Generally, the
centralized sewage treatment system is mostly applied in densely
populated urban areas, and the decentralized sewage treatment
system is more appropriate for rural areas. Although both systems
have their strengths, there is a trend to make decentralization a
preferred system where applicable in considering resource recov-

ery [13].

3. Inventory for direct and indirect carbon emissions within-
the-fence of WWTPs

Generally, the GHGs generated by wastewater treatment can be
divided into two parts: direct and indirect carbon emissions. Direct
carbon emissions usually refer to onsite CH4 and N,O emissions,
which are usually generated by microbial metabolic activities
throughout the processes of wastewater treatment and sludge
treatment/disposal. Indirect carbon emissions mainly stem from
the consumption of energy and resources. From a life cycle
perspective, they can be traced to the production of electricity,
production of chemicals and even transportation of chemicals,
which are considered background processes for wastewater treat-
ment. Any type of incomplete carbon inventory, regardless of
whether direct or indirect emissions sources are ignored, will result
in an underestimation.

Direct carbon emissions. CH, is mainly produced by anoxic and
anaerobic degradation of organic matter along both water line and
sludge line. Based on whether the generated CHg is collected, it can be
divided into two situations. If effectively utilized, it can be considered
an energy source and indirectly diminish CO, emissions. However, if
released into the atmosphere through leakage or incomplete com-
bustion, it will cause a positive greenhouse effect. N,O is mainly
generated by a series of nitrifying and denitrifying microorganisms.
Based on the production mechanisms, CH4 and N,O are mainly pro-
duced in oxygen-limited conditions, anerobic processes for CH4 and
anoxic processes for N,O [14,15]. However, in the anaerobic/anoxic/
oxic (A%/0) process, a plug-flow system, the aerobic tank has been
identified as one major emission source of CH4 and N,O [16,17]. This
phenomenon shows that the place of GHGs generated may not
necessarily coincide with the place of GHGs released, which can be
explained by the specific solubility of CH4 and N5O. In other words,
only the dissolved GHGs generated in the pre-anaerobic tank or
sedimentation tank are stripped off and released by aeration.

The estimated direct emissions of CHy and N»O from the
wastewater sector were responsible for over 5% of global non-
carbon dioxide GHG emissions in 2005 [18]. Meanwhile, an in-
crease of 22% was predicted by 2030 [18]. Moreover, from the point
of carbon footprint within one WWTP, the contribution of direct
gaseous emissions indeed plays an important role, especially for

those with high influent concentrations of pollutants [19].
Although the quantity of NoO emissions is less than that of CHy
emissions (Table 1), N,O emissions usually have much higher
impact than CH4 emissions [16,18,20]. This is mainly because that
N,O is a potent GHG with a global warming potential (GWP100)
298 times larger than that of CO, and approximately 10 times larger
than that of CHy4 [21].

The accounting of direct CO, emissions lacks consistency. It was
excluded by the Intergovernmental Panel on Climate Change
(IPCC), given the reason that they are generally derived from
biogenic organic matter in human excreta or food waste. However,
this assumption ignores the presence of fossil carbon, such as
pharmaceuticals and personal care products, which may actually
add the amount of direct carbon emissions. An estimation con-
ducted in four Australian WWTPs demonstrates an underestima-
tion of 2—12% of direct carbon emissions if fossil CO, emissions are
ignored [22]. In comparison, this inaccuracy may vary according to
wastewater compositions. Some industrial wastewater, especially
from petrochemical plants, inevitably emits more non-biogenic CO;
[23]. Since fossil CO, emissions from wastewater are gaining more
attention, the IPCC (2019) amended its 2006 guidelines with a
discussion of it. In short, including fossil CO; in GHG accounting is
necessary for setting accurate guidelines.

Indirect carbon emissions. To run a WWTP, the inputs of elec-
tricity and chemicals are indispensable. It is estimated that
approximately 3—4% of the total global electricity consumption is
attributable to wastewater treatment [3,24]. Specifically, within
WWTPs, the aeration system, lifting pumps, and sludge dewatering
units contribute the main share of the total electricity consumption
[25]. Chemicals are mainly dosed to enhance the phosphorus
removal and sludge dewatering or utilized as carbon sources for
denitrification. Recently, for WWTPs subjected to stringent
discharge standards, additional chemicals have also been in large
demand, such as coagulation agents for advanced treatment and
cleaning agents for membrane filters.

Based on the calculation of the carbon footprint within one
WWTP, electricity consumption is an essential source of GHG
emissions, and the indirect carbon emissions of chemical use are
limited [19]. However, it is worth noting that, influenced by the
IPCC accounting framework of excluding CO, emissions from bio-
process, the in situ non-biogenic carbon emissions of the added
methanol or acetate to enhance denitrification were rarely counted,
which might underestimate the carbon contribution of chemicals
[26]. Thus, direct fossil CO, emissions are again emphasized to be
included in GHG accounting.

4. Roadmap to carbon-neutral wastewater treatment: within-
the-fence of WWTPs

Energy saving and recovering. The cost of electricity is high to
run a WWTP. To reduce economic cost, applying energy conserva-
tion technologies is the first and most effective solution. Among
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many types of wastewater treatment processes, the oxidation pond,
which is a natural sewage treatment system, has the highest energy
efficiency [27]. However, its shortcomings such as occupying large
areas and releasing odors may seriously limit its application. For an
existing WWTP, the most practical method is to upgrade obsolete
equipment and apply real-time controllers, since the quantity and
quality of wastewater always fluctuate, and the steady operation of
equipment is not appropriate [28]. Moreover, applying automatic
control within WWTPs has been demonstrated to achieve multiple
benefits in a case study, which can save energy and reduce GHG
emissions by up to 9.6% [29].

Literature statistics show that the electricity used to run one
WWTP is usually 0.3—0.6 kWh m~> [30]. The thermal energy of
combustion of the organic compounds in wastewater is approxi-
mately 9—10 times greater than this value [31], so recovering the
chemical energy contained in sewage is economically profitable.
The most feasible method is using biogas produced by AD to
generate power and heat, which has been widely practiced.
Generally, this technology can provide a quarter to half of the en-
ergy needs in one WWTP with conventional aerobic treatment
[24,25]. To further increase energy recovery, the co-design of
wastewater processes is beneficial. For example, a two-stage acti-
vated sludge process (A/B process) is usually implemented to
sequester more organics from wastewater to sludge [32]. To boost
the methane production process and reinforce process stability, co-
substrates such as organic fractions of municipal solid waste may
be added, and/or sludge pretreatment methodologies such as
thermal hydrolysis processes can be applied [4]. One relatively
successful case in the WWTP of Strass (Austria) shows that the
recovered chemical energy can compensate for up to 80% of the
annual total energy consumption in 2003 [5]. With other modifi-
cations, including organic waste addition, the energy autarky in the
Strass WWTP was achieved at 158—178% in 2012 [5].

Technical innovations for energy saving and recovering.
Applying anerobic wastewater treatment such as upflow anaerobic
sludge beds (UASBs) and expanded granular sludge beds (EGSBs) is
another promising option to recover energy. Based on the theo-
retical calculation, anaerobic wastewater treatment can double the
CH4 production over sludge digestion in conventional treatment for
a WWTP with a chemical oxygen demand (COD) concentration of
500 mg L' [24]. However, the limited organic matter content in
some domestic wastewater may restrict the application of well-
established anaerobic reactors [33]. Recently, anaerobic mem-
brane bioreactors (AnMBRs) have been developed. Coupling
membranes in the anaerobic process can retain the suspended
solids instead of letting them flow away [34]. By prolonging the
materials’ degradation time, AnMBR may provide possibilities for
low-strength municipal wastewater [35]. However, membrane
fouling becomes the greatest challenge that prevents this tech-
nology from scaling [24].

Bioelectrochemical systems (BESs) can directly convert organic
energy into electricity or valuable products such as methane or
hydrogen [36]. Although this is hoped to achieve more efficient
conversion, restricted to the low reaction rate, huge efforts are
required to transform it into a practical technique [6]. For example,
one pilot MFC operated in Harbin, China performed poorly and only
converted 7% of the embodied energy in organic substances to
electricity [35].

Among these emerging technologies, the anammox process has
been successfully applied in practice and shows significant ad-
vantages compared with the conventional nitrogen removal pro-
cess. For example, based on theoretical calculations, the need for
external carbon sources by applying the anammox process de-
creases by 100%, aeration demand by approximately 60%, and
sludge production by approximately 90% [37]. However, this
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process is mainly used as sidestream treatment, and turning it into
mainstream processes remains challenging.

Energy self-sufficiency is a narrow sense of carbon neutrality.
As introduced in the inventory section, energy is heavily consumed
in both water line and sludge line for running equipment. Reducing
the external input of energy and achieving energy self-sufficiency
have become important goals for many WWTPs. By applying en-
ergy conservation and exploitation technologies, there are oppor-
tunities for WWTPs to achieve energy neutrality. However, it
should be noted that energy neutrality and carbon neutrality are
two different terms. In the definition of energy neutrality, “breaking
even” is checked within the plant boundary and easy to meter with
online facilities. However, carbon neutrality traces all life-cycle
GHGs within and beyond the plant boundary. Since gases are
fugitive, even in-plant emissions, especially from open top tanks,
are difficult to measure. Unlike energy neutrality, which is power-
fully driven by economic benefits, research and practice on carbon-
neutral WWTPs from long-term environmental benefits is just
getting started.

In some cases, the endeavor on energy neutrality may lift the
other end of the carbon seesaw. For example, advanced nitrogen
removal technologies such as the successful implementation of the
sidestream partial nitritation-anammox process in the Strass
WWTP hold considerable advantages in external carbon sources
saving, meanwhile, illustrated a reduction of electricity consump-
tion by 36—44% [38]. Nevertheless, partial nitritation-anammox,
simultaneous  nitrification-denitrification =~ and  nitritation-
denitritation processes may emit more N,O than traditional nitri-
fication/denitrification processes due to NO3 accumulation, limited
oxygen and other operating conditions [14]. For another example,
the energy recovery technologies from wastewater, such as
methane recovered by AD, may come at the cost of GHG emissions.
In the biogas collection and purification process, methane leakage
inevitably occurs. In this situation, methane should be counted as
GHG instead of an energy source. As mentioned above, gas pro-
duction is closely related to the organic content of sludge. In some
poorly operated sewage plants, energy is still consumed to main-
tain temperature, and chemicals are dosed to break down the cell
wall to enhance the biodegradability of sludge, which implies in-
direct carbon emissions. From a life cycle perspective, the carbon
emissions of the AD process may not necessarily be net zero
[39,40].

Engineering measures for energy production beyond the water
and sludge lines. Due to the temperature differences, the thermal
energy contained in wastewater offers another source to indirectly
offset the energy demand for wastewater treatment [41]. The
calculated amount of thermal energy that can be recovered is 6—8
times larger than the amount of chemical energy recovered by AD
[41]. Thus, the water source heat pump technology has great po-
tential to facilitate WWTPs approaching the carbon-neutral goal, if
the thermal energy recovered can be associated with an effective
municipal heat grid and be sufficiently utilized [25]. Thus, it is a
technology with low technical difficulty but strict application sce-
narios where the distance of heat transport is limited. In Northern
European countries, for example, wastewater source heat pumps
are widely applied, and it has been reported that 3% of all buildings
in Switzerland and Germany can be heated or cooled in this manner
[42].

In addition to utilizing the chemical energy and thermal energy
contained in wastewater, installing facilities of new energy sources
such as solar energy, has been practiced within WWTPs. Due to the
need for technological procedures, most WWTPs have large ar-
chitectures such as biological reaction tanks and secondary sedi-
mentation tanks, which usually have large installation spaces for
photovoltaic systems. For example, the Aquaviva WWTP in Cannes,



L. Li, X. Wang, ]. Miao et al.

France, which has achieved carbon neutrality, installed 4000 m? of
photovoltaic panels to produce electricity [25]. Another example in
Pennsylvania was a 3-MW solar project completed in a WWTP,
which is expected to produce more than 3 million kWh annually
and is sufficient to avoid 3515 tons of CO; emissions [43].

Resource recovery within the plant. Since wastewater contains
large amounts of organics and nutrients, emerging treatment
processes have been developed to capture and transform these
valuable resources into value-added products [44—46] such as
struvite, vivianite, biodiesel, bioplastics, biochar, and protein.
Moreover, it has been demonstrated that resource recovery within
WWTPs plays an important part in achieving carbon neutrality. For
example, the reduction effects of the struvite precipitation process
on global warming were simulated to vary from 3% to 38% [19].

It is worth noting that a competitive relation exists between
energy recovery and resource recovery. For instance, bioplastic
polymers are produced as carbon storage materials by various
microorganisms, which may compete for organics with the sludge
anaerobic digestion process [47]. Thus, there is a trade-off between
these energy and resource processes. On one hand, with the advent
of the energy technology revolution, producing cleaner electricity
may become more common. Consequently, recovering energy from
wastewater may be less attractive. On the other hand, the pro-
duction of carbon-based materials from wastewater treatment can
promote CO; sequestration and decrease GHG emissions [3]. Thus,
it is supposed that WWTPs will achieve more obvious benefits in
resource recovery in the future [48].

5. Roadmap to carbon-neutral wastewater treatment: beyond
the plant boundary

Upstream of the WWTPs. In the current sanitation system,
municipal wastewater is mainly collected by sewer pipes. The space
of sewer pipes is relatively closed with poor air ventilation. Because
it is easy to form an oxygen-deficient environment, organic matter
in sewage is prone to anaerobic fermentation to produce CHa. The
manholes of rising mains and the outlet of the sewage conveyance
system are hotspots of CH4 emissions [49]. Although the IPCC
considers closed sewers as negligible sources of carbon emissions,
one field measurement in Australia shows that significant quanti-
ties of CH4 are produced in sewer systems. According to rough
estimates, the sewer system generated an additional GHG contri-
bution of 12—100% for methane compared to the WWTP itself [50].

Downstream of the WWTPs. After being processed, the treated
effluent is typically discharged to a receiving water environment
(e.g., river, lake, estuary). Direct carbon emissions may still be
generated in the receiving water bodies, although the quantities
may be limited compared with those produced within WWTPs [51].
In addition to being directly discharged, treated effluent can be
reused to water trees or clean streets. This is a typical behavior
crossing multiple boundaries; since the reclaimed water produc-
tion process is conducted in the first circle, the recycled water is
applied in the third circle and accomplished through the infra-
structure in the second circle. Certainly, a negative carbon effect is
expected, since the enclosed reclaimed water system can replace
the water works. However, whether carbon emissions from tertiary
treatment are offset by carbon emissions from reused waters re-
mains in doubt. For example, the estimation of the WWTP in Tar-
ragona, Spain, shows a slight increase in carbon emissions if
wastewater is reused for the industrial process [52].

After the initial treatment in WWTPs, the sludge is transported
outside for final disposal, which can be generally distributed to
landfills, incineration, land application, etc. Among the three
common approaches, landfilling is the most widely applied due to
its relatively low cost and simplicity. The carbon emissions during
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the sludge disposal process are closely related to the technical
routes. Generally, energy and resource recovery measures are
essential to reduce environmental and economic burdens. To this
end, methods on resourceful utilization of sludge have been grad-
ually developed and play a much larger role. For example, heat can
be recovered through sludge incineration, and the ash produced
after incineration can be utilized as building materials or trans-
formed into fertilizers [39]. When technology constantly evolves,
uncertainties remain regarding whether carbon emissions are
reduced [39,40].

Resetting and reassessment of the water system. Over the past
few decades, in most urban areas, the centralized sewage treatment
system has been mainly adopted. Sewers collect municipal waste-
water from homes, industries, and businesses and deliver it by
gravity and pumping to WWTPs. Since WWTPs are usually located
in a low-lying place, the reclaimed wastewater must be lifted back
to the areas of users. Thus, a large amount of energy is demanded
for pumping, which adds indirect carbon emissions [24]. In other
words, although the management of a centralized sewage treat-
ment system is mature, it has fewer advantages in the sustainable
development of wastewater treatment [53].

To solve these problems, an alternative approach is to apply a
decentralized wastewater treatment system, i.e., a paradigm that
can close the water loop [54]. A decentralized system outcompetes
the centralized system in less energy input and more efficient
resource recovery that is not limited to water reuse. In a decen-
tralized wastewater treatment system, short-distance conveyance
may eliminate anaerobic environmental factors, methane emis-
sions may be alleviated, and the energy consumption for pumping
may be partly saved [55,56]. Moreover, keeping the higher tem-
perature of raw wastewater, decentralized heat recovery from
warm water sources at the household level holds a higher potential
to extract useful thermal energy [48]. With the development of
source separation technology, nutrient resources can also be more
efficiently recycled [57].

Systematic thinking is required to achieve carbon neutrality in
wastewater treatment. Since the effective recovery of energy de-
pends on the high organic content of the influent wastewater in
WWTPs [19,31], the sewer collection system can be coordinated
and changed to achieve this goal. Constructing rain and sewage
diversion system to avoid dilution of pollutant concentrations,
deprecating urban septic tanks to reduce unnecessary consumption
of organic matter, and maintaining the drainage system to prevent
groundwater from backlogging are recommended as best man-
agement practices [58]. Meanwhile, low impact development (LID)
technologies such as green roofs and bioretention facilities mainly
focus on the source control of stormwater management and are
designed to prevent the waterlogging and overloaded operation of
WWTPs [59]. In China, under the concept of sponge city con-
struction, based on the technology route of source reduction, pro-
cess control and system governance, rearranging the infrastructure
layout can systematically achieve the sustainability of wastewater
system, with carbon neutrality as one of the goals.

Declaration of interests
The authors declare that they have no known competing

financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

This work was supported by the National Natural Science
Foundation of China (No. 52070059).



L. Li, X. Wang, ]. Miao et al.

References

[1]
2

3]

[4

(5

[6

17

(8

(9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

UN CLIMATE CHANGE CONFERENCE UK. https://ukcop26.org/the-conference/
presidency-programme/, 2021. (Accessed 9 March 2022).

Global Greenhouse Gas Emissions by Sector. https://ourworldindata.org/
emissions-by-sector#sector-by-sector-where-do-global-greenhouse-gas-
emissions-come-from. (Accessed 9 March 2022).

L. Ly, J.S. Guest, C.A. Peters, X. Zhu, G.H. Rau, Z.J. Ren, Wastewater treatment
for carbon capture and utilization, Nat. Sustain. 1 (12) (2018) 750—758.

A. Igbal, G.A. Ekama, F. Zan, X. Liu, HK. Chui, G.H. Chen, Potential for co-
disposal and treatment of food waste with sewage: a plant-wide steady-
state model evaluation, Water Res. 184 (2020) 116175.

T. Schaubroeck, H. De Clippeleir, N. Weissenbacher, ]J. Dewulf, P. Boeckx,
S.E. Vlaeminck, B. Wett, Environmental sustainability of an energy self-
sufficient sewage treatment plant: improvements through DEMON and co-
digestion, Water Res. 74 (2015) 166—179.

C. Munoz-Cupa, Y. Hu, C. Xu, A. Bassi, An overview of microbial fuel cell usage
in wastewater treatment, resource recovery and energy production, Sci. Total
Environ. 754 (2021) 142429.

M. Farago, A. Damgaard, J.A. Madsen, ]J.K. Andersen, D. Thornberg,
M.H. Andersen, M. Rygaard, From wastewater treatment to water resource
recovery: environmental and economic impacts of full-scale implementation,
Water Res. 204 (2021) 117554.

L. Corominas, D.M. Byrne, ].S. Guest, A. Hospido, P. Roux, A. Shaw, M.D. Short,
The application of life cycle assessment (LCA) to wastewater treatment: a best
practice guide and critical review, Water Res. 184 (2020) 116058.

M. Mainardis, D. Cecconet, A. Moretti, A. Callegari, D. Goi, S. Freguia,
A.G. Capodaglio, Wastewater fertigation in agriculture: issues and opportu-
nities for improved water management and circular economy, Environ. Pollut.
296 (2022) 118755.

A.G. Capodaglio, Fit-for-purpose urban wastewater reuse: analysis of issues
and available technologies for sustainable multiple barrier approaches, Crit.
Rev. Environ. Sci. Technol. 51 (15) (2020) 1619—1666.

A. Arias, G. Feijoo, M.T. Moreira, Benchmarking environmental and economic
indicators of sludge management alternatives aimed at enhanced energy ef-
ficiency and nutrient recovery, J. Environ. Manag. 279 (2021), 111594.

L. Wei, F. Zhu, Q. Li, C. Xue, X. Xia, H. Yu, Q. Zhao, J. Jiang, S. Bai, Development,
current state and future trends of sludge management in China: based on
exploratory data and CO2-equivaient emissions analysis, Environ. Int. 144
(2020) 106093.

G. Libralato, A. Volpi Ghirardini, F. Avezzu, To centralise or to decentralise: an
overview of the most recent trends in wastewater treatment management,
J. Environ. Manag. 94 (1) (2012) 61-68.

H. Chen, L. Zeng, D. Wang, Y. Zhou, X. Yang, Recent advances in nitrous oxide
production and mitigation in wastewater treatment, Water Res. 184 (2020)
116168.

M. Bani Shahabadi, L. Yerushalmi, F. Haghighat, Estimation of greenhouse gas
generation in wastewater treatment plants-model development and appli-
cation, Chemosphere 78 (9) (2010) 1085—1092.

D. Kyung, M. Kim, J. Chang, W. Lee, Estimation of greenhouse gas emissions
from a hybrid wastewater treatment plant, J. Clean. Prod. 95 (2015) 117—123.
J. Wang, J. Zhang, H. Xie, P. Qj, Y. Ren, Z. Hu, Methane emissions from a full-
scale A/A/O wastewater treatment plant, Bioresour. Technol. 102 (9) (2011)
5479-5485.

C. Sweetapple, G. Fu, D. Butler, Identifying sensitive sources and key control
handles for the reduction of greenhouse gas emissions from wastewater
treatment, Water Res. 62 (2014) 249—-259.

Y. Zhang, C. Zhang, Y. Qiu, B. Li, H. Pang, Y. Xue, Y. Liu, Z. Yuan, X. Huang,
Wastewater treatment technology selection under various influent conditions
and effluent standards based on life cycle assessment, Resour. Conserv. Recycl.
(2020) 154.

C. Sweetapple, G. Fu, D. Butler, Identifying key sources of uncertainty in the
modelling of greenhouse gas emissions from wastewater treatment, Water
Res. 47 (13) (2013) 4652—4665.

IPCC, Climate Change 2013: the Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, Cambridge University Press, USA, 2013.

Y. Law, G.E. Jacobsen, A.M. Smith, Z. Yuan, P. Lant, Fossil organic carbon in
wastewater and its fate in treatment plants, Water Res. 47 (14) (2013)
5270—5281.

LY. Tseng, A.K. Robinson, X. Zhang, X. Xu, J. Southon, A.J. Hamilton, R. Sobhani,
M.K. Stenstrom, D. Rosso, Identification of preferential paths of fossil carbon
within water resource recovery facilities via radiocarbon analysis, Environ.
Sci. Technol. 50 (22) (2016) 12166—12178.

P.L. McCarty, J. Bae, J. Kim, Domestic wastewater treatment as a net energy
producer—can this be achieved? Environ. Sci. Technol. 45 (17) (2011)
7100—-7106.

X. Hao, R. Liu, X. Huang, Evaluation of the potential for operating carbon
neutral WWTPs in China, Water Res. 87 (2015) 424—431.

J. Foley, D. de Haas, K. Hartley, P. Lant, Comprehensive life cycle inventories of
alternative wastewater treatment systems, Water Res. 44 (5) (2010)
1654—1666.

[27]

(28]

[29]

[30]

(31]

(32]

[33]

(34]

(35]

[36]

(371

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Environmental Science and Ecotechnology 11 (2022) 100180

J. Yang, B. Chen, Energy efficiency evaluation of wastewater treatment plants
(WWTPs) based on data envelopment analysis, Appl. Energy (2021) 289.

G. Olsson, M. Nielsen, Z. Yuan, A. Lynggaard-Jensen, J.-P. Steyer, Instrumen-
tation, Control and Automation in Wastewater Systems, IWA Publishing,
London, UK, 2005.

X. Flores-Alsina, L. Corominas, L. Snip, P.A. Vanrolleghem, Including green-
house gas emissions during benchmarking of wastewater treatment plant
control strategies, Water Res. 45 (16) (2011) 4700—4710.

Y. He, Y. Zhu, ]. Chen, M. Huang, P. Wang, G. Wang, W. Zou, G. Zhou,
Assessment of energy consumption of municipal wastewater treatment plants
in China, J. Clean. Prod. 228 (2019) 399—404.

T. Fernandez-Arevalo, I. Lizarralde, F. Fdz-Polanco, S.. Perez-Elvira,
J.M. Garrido, S. Puig, M. Poch, P. Grau, E. Ayesa, Quantitative assessment of
energy and resource recovery in wastewater treatment plants based on plant-
wide simulations, Water Res. 118 (2017) 272—288.

H. Guven, O. Eriksson, Z. Wang, 1. Ozturk, Life cycle assessment of upgrading
options of a preliminary wastewater treatment plant including food waste
addition, Water Res. 145 (2018) 518—530.

R. Pretel, B.D. Shoener, ]. Ferrer, J.S. Guest, Navigating environmental, eco-
nomic, and technological trade-offs in the design and operation of submerged
anaerobic membrane bioreactors (AnMBRs), Water Res. 87 (2015) 531—-541.
H. Ozgun, RK. Dereli, M.E. Ersahin, C. Kinaci, H. Spanjers, J.B. van Lier, A review
of anaerobic membrane bioreactors for municipal wastewater treatment:
integration options, limitations and expectations, Separ. Purif. Technol. 118
(2013) 89—-104.

W.W. Li, H.Q. Yu, B.E. Rittmann, Chemistry: reuse water pollutants, Nature 528
(7580) (2015) 29-31.

H. Gao, Y.D. Scherson, G.F. Wells, Towards energy neutral wastewater treat-
ment: methodology and state of the art, Environ. Sci. Process Impacts 16 (6)
(2014) 1223—1246.

S. Cao, R. Du, M. Niu, B. Li, N. Ren, Y. Peng, Integrated anaerobic ammonium
oxidization with partial denitrification process for advanced nitrogen removal
from high-strength wastewater, Bioresour. Technol. 221 (2016) 37—46.

M.N. Hasan, M.M. Altaf, N.A. Khan, A.H. Khan, A.A. Khan, S. Ahmed, P.S. Kumar,
M. Naushad, A.U. Rajapaksha, J. Igbal, V. Tirth, S. Islam, Recent technologies for
nutrient removal and recovery from wastewaters: a review, Chemosphere
277 (2021) 130328.

X. Zhou, J. Li, X. Zhao, J. Yang, H. Sun, S.S. Yang, S. Bai, Resource recovery in life
cycle assessment of sludge treatment: contribution, sensitivity, and uncer-
tainty, Sci. Total Environ. 806 (Pt 3) (2022) 150409.

C. Xu, W. Chen, ]. Hong, Life-cycle environmental and economic assessment of
sewage sludge treatment in China, ]J. Clean. Prod. 67 (2014) 79-87.

X. Hao, J. Li, M.C.]M. van Loosdrecht, H. Jiang, R. Liu, Energy recovery from
wastewater: heat over organics, Water Res. 161 (2019) 74—77.

A. Hepbasli, E. Biyik, O. Ekren, H. Gunerhan, M. Araz, A key review of waste-
water source heat pump (WWSHP) systems, Energy Convers. Manag. 88
(2014) 700—-722.

Solar Array Now Helps Power a Wastewater Treatment Plant. https://pv-
magazine-usa.com/2021/10/07/solar-array-now-helps-power-a-wastewater-
treatment-plant/. (Accessed 9 March 2022).

S. Wang, J. An, Y. Wan, Q. Du, X. Wang, X. Cheng, N. Li, Phosphorus compe-
tition in bioinduced vivianite recovery from wastewater, Environ. Sci. Technol.
52 (23) (2018) 13863—13870.

F. Kong, H.-Y. Ren, S.G. Pavlostathis, J. Nan, N.-Q. Ren, A. Wang, Overview of
value-added products bioelectrosynthesized from waste materials in micro-
bial electrosynthesis systems, Renew. Sustain. Energy Rev. (2020) 125.

K. Cao, R. Zhi, G. Zhang, Photosynthetic bacteria wastewater treatment with
the production of value-added products: a review, Bioresour. Technol. 299
(2020), 122648.

G. Mannina, D. Presti, G. Montiel-Jarillo, J. Carrera, M.E. Suarez-Ojeda, Re-
covery of polyhydroxyalkanoates (PHAs) from wastewater: a review, Bio-
resour. Technol. 297 (2020), 122478.

T.A. Larsen, CO(2)-neutral wastewater treatment plants or robust, climate-
friendly wastewater management? A systems perspective, Water Res. 87
(2015) 513-521.

X. Wang, L. Li, S. Bai, Z. Yuan, J. Miao, M. Wang, N. Ren, Comparative life cycle
assessment of sewer corrosion control by iron salts: suitability analysis and
strategy optimization, Water Res. (2021) 201.

A. Guisasola, D. de Haas, J. Keller, Z. Yuan, Methane formation in sewer sys-
tems, Water Res. 42 (6—7) (2008) 1421—-1430.

S. Longo, N. Frison, D. Renzi, F. Fatone, A. Hospido, Is SCENA a good approach
for side-stream integrated treatment from an environmental and economic
point of view? Water Res. 125 (2017) 478—489.

L. Pintilie, C.M. Torres, C. Teodosiu, F. Castells, Urban wastewater reclamation
for industrial reuse: an LCA case study, ]. Clean. Prod. 139 (2016) 1-14.

E. Risch, C. Boutin, P. Roux, Applying life cycle assessment to assess the
environmental performance of decentralised versus centralised wastewater
systems, Water Res. (2021) 196.

M.C. van Loosdrecht, D. Brdjanovic, Water treatment. Anticipating the next
century of wastewater treatment, Science 344 (6191) (2014) 1452—1453.
J.G. Hering, T.D. Waite, R.G. Luthy, J.E. Drewes, D.L. Sedlak, A changing
framework for urban water systems, Environ. Sci. Technol. 47 (19) (2013)
10721-10726.


https://ukcop26.org/the-conference/presidency-programme/
https://ukcop26.org/the-conference/presidency-programme/
https://ourworldindata.org/emissions-by-sector#sector-by-sector-where-do-global-greenhouse-gas-emissions-come-from
https://ourworldindata.org/emissions-by-sector#sector-by-sector-where-do-global-greenhouse-gas-emissions-come-from
https://ourworldindata.org/emissions-by-sector#sector-by-sector-where-do-global-greenhouse-gas-emissions-come-from
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref3
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref3
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref3
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref4
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref4
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref4
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref5
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref5
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref5
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref5
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref5
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref6
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref6
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref6
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref7
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref7
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref7
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref7
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref8
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref8
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref8
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref9
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref9
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref9
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref9
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref10
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref10
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref10
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref10
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref11
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref11
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref11
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref12
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref12
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref12
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref12
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref13
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref13
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref13
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref13
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref14
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref14
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref14
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref15
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref15
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref15
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref15
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref16
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref16
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref16
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref17
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref17
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref17
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref17
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref18
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref18
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref18
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref18
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref19
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref19
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref19
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref19
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref20
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref20
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref20
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref20
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref21
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref21
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref21
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref22
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref22
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref22
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref22
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref23
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref23
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref23
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref23
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref23
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref24
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref24
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref24
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref24
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref25
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref25
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref25
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref26
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref26
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref26
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref26
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref27
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref27
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref28
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref28
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref28
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref29
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref29
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref29
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref29
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref30
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref30
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref30
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref30
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref31
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref31
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref31
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref31
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref31
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref32
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref32
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref32
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref32
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref33
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref33
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref33
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref33
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref34
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref34
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref34
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref34
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref34
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref35
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref35
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref35
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref36
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref36
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref36
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref36
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref37
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref37
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref37
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref37
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref38
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref38
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref38
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref38
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref39
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref39
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref39
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref40
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref40
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref40
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref41
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref41
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref41
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref42
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref42
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref42
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref42
https://pv-magazine-usa.com/2021/10/07/solar-array-now-helps-power-a-wastewater-treatment-plant/
https://pv-magazine-usa.com/2021/10/07/solar-array-now-helps-power-a-wastewater-treatment-plant/
https://pv-magazine-usa.com/2021/10/07/solar-array-now-helps-power-a-wastewater-treatment-plant/
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref44
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref44
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref44
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref44
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref45
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref45
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref45
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref46
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref46
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref46
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref47
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref47
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref47
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref48
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref48
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref48
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref48
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref49
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref49
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref49
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref50
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref50
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref50
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref50
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref51
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref51
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref51
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref51
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref52
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref52
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref52
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref53
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref53
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref53
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref54
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref54
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref54
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref55
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref55
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref55
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref55

L. Li, X. Wang, ]. Miao et al.

[56] Y. Liu, BJ. Ni, R. Ganigue, U. Werner, K.R. Sharma, Z. Yuan, Sulfide and
methane production in sewer sediments, Water Res. 70 (2015) 350—359.

[57] S.P. Hilton, G.A. Keoleian, G.T. Daigger, B. Zhou, N.G. Love, Life cycle assess-
ment of urine diversion and conversion to fertilizer products at the city scale,
Environ. Sci. Technol. (2020).

[58] J.-Y. Lu, X.-M. Wang, H.-Q. Liu, H.-Q. Yu, W.-W. Li, Optimizing operation of

Environmental Science and Ecotechnology 11 (2022) 100180

municipal wastewater treatment plants in China: the remaining barriers and
future implications, Environ. Int. 129 (2019) 273—-278.

[59] N.Q. Ren, Q. Wang, Q.R. Wang, H. Huang, X.H. Wang, Upgrading to urban
water system 3.0 through sponge city construction, Front. Environ. Sci. Eng.
11 (4) (2017).


http://refhub.elsevier.com/S2666-4984(22)00036-9/sref56
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref56
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref56
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref57
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref57
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref57
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref58
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref58
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref58
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref58
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref59
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref59
http://refhub.elsevier.com/S2666-4984(22)00036-9/sref59

	Carbon neutrality of wastewater treatment - A systematic concept beyond the plant boundary
	1. Introduction
	2. Multiple boundaries for carbon accounting of the wastewater system
	3. Inventory for direct and indirect carbon emissions within-the-fence of WWTPs
	4. Roadmap to carbon-neutral wastewater treatment: within-the-fence of WWTPs
	5. Roadmap to carbon-neutral wastewater treatment: beyond the plant boundary
	Declaration of interests
	Acknowledgment
	References


