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Here we delve into the challenges and innovative strategies for achieving
net-zero emissions in the wastewater sector, anotable source of global

greenhouse gases. Unlike other infrastructure sectors, wastewater
management involves complex and variably quantifiable emissions
across all scopes, making standardization difficult. This study provides a
global overview of the sector’s emissions profiles by leveraging literature
mining, data analysis and case studies. It emphasizes the substantial
variability in emissions, identifies key emission sources and locations, and
advocates for tailored monitoring and mitigation strategies. It highlights
the potential emissions shifting across scopes due to the adoption of new
technologies and accounting practices, and it argues for a holistic analysis
for optimization and integration to ensure a net benefit of the overall
reductionsin carbon footprints. This study underscores the urgency of
rethinking current practices to align with ambitious mid-century net-zero
targets, emphasizing the critical role of accurate emissions quantification
and comprehensive decarbonization strategies.

Reporting and mitigating greenhouse gas (GHG) emissions is pivotal
in efforts to achieve net-zero carbon goals for all countries, regions
and industry sectors. Among the major GHG-contributing indus-
tries, the wastewater sector has been largely understudied, despite
it being the fifth-largest source of CH, and the third-largest source of
N,O globally’. In addition, the wastewater sector consumes an esti-
mated 0.8-4% of global electricity and, for many towns, wastewater
facilities are among the largest energy consumers’. However, unlike
other sectors, such as energy and transportation, where emissions
can be straightforwardly quantified and mitigated by focusing on
fossil-based CO,, the nature of GHG emissions associated with waste-
water management is much more complex, spanningall three emission
scopes (discussed in the following) and beyond, and hard to measure
and mitigate®°.

Current Intergovernmental Panel on Climate Change (IPCC)
emissions guidelines for wastewater are focused at the country
level and use a simple global emission factor (EF) or encourage

country-specific EFs”®, but numerous research efforts have found
that the actual direct emissions of wastewater treatment span four
to six orders of magnitude depending on variations in site-specific
factorssuchastreatment processes, operation conditions, geographi-
cal differences and seasons, among others®™°. The use of default EFs
helps with country-level estimates but does not reflect the reality
on the ground, and it is difficult for individual utilities, cities and
regions to use them for mitigation practices. Moreover, without an
accurate understanding of the GHG emissions of technologies and
operations, long-lasting risks could be imposed. Wastewater tech-
nologies have long lifetimes, and the impacts and damage caused
by installing inappropriate technologies will last for many decades,
missing the critical window to achieve net zero by the middle of
the century.

This Review provides a global analysis of the state of the art
of GHG emissions from the wastewater sector, and it identifies
the key knowledge gaps in emission quantification and mitigation.
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Fig.1|Summary of key sources and average GHG emissions by scope in the
wastewater sector. Wastewater GHG emissions fall into scope 1 (top), scope 2
(middle) and scope 3 (bottom) categories. Analysis of scope 1 emissions is based
on WRRFs with (w AD) and without anaerobic digestion (w/o AD). Const_S and

Const_W refer to the construction of sewers and WRRF, respectively, over a
30-year lifespan to remain consistent with ref. 64. DM is dry matter of sludge.
Raw datawere collected fromrefs. 10,64,65, refs. 22,66-74 and refs. 22,64,
66-70,75for scope1,2and 3 emissions, respectively.

The currentunderstanding and decarbonization strategies are sum-
marized and analysed, and perspectives on short-, medium- and
long-term opportunities for decarbonization are discussed. Moreo-
ver, pivotal questions and unknowns are explored with the goal of
stimulating discussions and actions to decarbonize this critical
infrastructure sector.

The unique emission profile of the wastewater
sector

Withapplicationsintheresidential, commercial and industrial sectors,
wastewater managementis a crucial service that aims to ensure public
and environmental health". It also supports a circular economy through
the recovery of resources such as water, energy, chemicals and other
products®?'*, Wastewater from various sources is transported via
the sewerage network to water resource recovery facilities (WRRFs),
where it is treated by physical, chemical and biological processes to
eliminate contaminants and recover value-added products before
releaseinto the environment. Inthese processes, GHG emissions occur
inrelationto three scopes. The main sources of emissions from scopes
1,2 and 3 emissions are shown in Fig. 1. Scope 1 involves direct emis-
sions fromutility-owned facilities, including CH,, N,O and fossil-based
CO, emissions from wastewater treatment and discharges, biogas and

natural gas combustion, utility vehicle emissions, and other sources
that are owned/controlled by WRRFs such as sewerage networks and
onsite sludge disposal (for example, composting and land applica-
tion). Despite direct CO, emissions during wastewater treatment being
largely considered carbon-neutral, studies show that 4-15% may come
from fossil sources such as soaps and detergents™'. Scope 2 covers
indirect emissions from using purchased electricity, heat or steam
for operations such as pumping and aeration. Scope 3 encompasses
emissions from the value chain, including construction, chemicals,
by-product use (for example, biomethane) and offsite sludge manage-
ment, among others®.

The current evaluation of wastewater GHG emissions is based
on the inventory methods outlined by the IPCC or national/regional
guidelines aligned with the IPCC Protocols (2006, 2019)”%. Due to
the focus on standardized frameworks for countries or industrial
sectors, single EFs are generally assigned, and specific guidance tai-
lored to the wastewater sector remains limited, despite its complex-
ity. Currently, accounting and reporting scopes 1 and 2 emissions is
mandatory, whereas scope 3 reporting remains optional”. Based on
the comprehensive datasets of previous monitoring campaigns and
WRREF activity data across the globe, scope 1 emissions average at
550 g CO,eq per m® of treated wastewater, including emissions from
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Fig. 2| Facility-level GHG emissions from different stages of wastewater
collection and treatment. a-c, Magnitude and distribution of emissions for
each stage withinscope1(a), scope 2 (b) and scope 3 (c). The boxplots show

the 25th, 50th and 75th percentiles, and outlier bounds are based on 1.5 x IQR
(interquartile range). Const_S and Const_W refer to the construction of sewer and

WRRF, respectively, over a30-year lifespan to remain consistent with ref. 64.

Red dots represent the arithmetic mean, as indicated by the text above the boxes.
n, number of monitoring data. Raw data were collected from refs. 10,64,65,
refs.22,66-74 andrefs. 22,64,66-70,75 for scope 1, 2, and 3 emissions,
respectively.

sewer networks, WRRFs and discharged effluent. Higher emissions
are associated with WRRFs equipped with anaerobic digestion (AD)
(790 g CO,eq m3; Fig. 1). Sewer networks and AD are major sources
of direct CH, emissions due to the anaerobic conditions, whereas
N,O emissions primarily arise from biological nutrient removal and
effluent discharge (Fig. 2a). Scope 2 emissions are mainly attributed
to electricity use from pumping, aeration and sludge handling, and
a total of 280 g CO,eq per m? of treated wastewater is estimated
(Fig. 2b). Although not required to be reported now, of all evaluated
scope 3 emissions, the largest contributorsinclude the construction
of sewer pipelines (400 g CO,eq m™) and WRRFs (68 g CO,eq m™)
over a 30-year lifespan (Figs. 1 and 2c), as well as sludge disposal
(0.3-680 g CO,eq m™, assuming an average sludge production rate
of 0.24 kg dry solids per m* according to ref. 18, Fig. 1). Chemical
usage and sludge transportation are the main operational emissions
reported in previous studies® ™, contributing emissions of 63 and
14 g CO,eq m~ on average (Fig. 2¢). It is difficult to give an overall
contribution of the wastewater sector in terms of the total GHG emis-
sions, as it is one of the least studied sectors, and very limited data
areavailable. However, if one just considers the 359 km? of municipal
wastewater generated globally each year, of which 63% (226 km?)
is collected and 52% (188 km?) is treated®, the contributions will be
substantial. The total GHG emissions associated with centrally treated
municipal wastewater are estimated to be 0.28-0.36 Gt CO,eq per year
based on simple EFs. If emissions from decentralized, uncollected,
untreated and industrial wastewater are counted, these figures will
probably more than double or triple, but, again, there are limited data
available. Consequently, the wastewater sector, accounting for 2-3% of
global GHG emissions (44.7 Gt CO,eq; ref. 20), willbecome a priority in
industrial decarbonization efforts after major sectors such as energy,
transportation and construction are decarbonized.

Not every utility is created equal

Although single EFs are effective in estimating national GHG invento-
ries, numerous studies have found that the actual GHG emissions from
different utilities are very site-specific**?and can vary by several orders
of magnitude®?. This creates substantial difficulties and disparities
when utilities and the entireindustry work to evaluate and mitigate their
carbon footprints. For example, plant-level N,O EFs span six orders of
magnitude, ranging from 0.00003%** to ~25% kg N,O-N per kg total
nitrogen (TN), influenced by factors such as seasonal variations, treat-
ment processes, various monitoring campaigns, microbial community
diversity, the ratio of carbon/nitrogen (C/N), effluent NO, concentra-
tion,among others®'%**, The mean N,O EFs of certain processes such
assequencingbatchreactors (SBRs) and membranebioreactors (MBRs)
with nutrient removal showed approximately threefold higher EFs than
modified Ludzack-Ettinger (MLE) or oxidation ditches’, so the uniform
EF approach used by the IPCC would overestimate the emissions from
some utilities while underestimating others. In addition, the 50 times
increase in the default N,O EF from IPCC2006 (0.00032 kg N,O-N per
kg TN) toIPCC2019 (0.016 kg N,O-N per kg TN) elevated the wastewater
sector into the top non-agricultural sources of N,O overnight, further
confusing the already complicated estimates. Similarly, agreement
was reached by two separate studies that either directly measured 63
facilities in North America or used literature mining analysis; these
studies found high variations in CH, emissions, with the actual CH,
emission from the US centralized municipal wastewater treatment
being about twice the IPCC2019 estimate'®, Therefore, rather thana
top-downapproach, we argue for bottom-up, facility-level monitoring
networks for precise and representative GHG inventory building, so
that utilities can quantify their own emissions and develop their own
decarbonization plans, which will collectively help provide a more
accurate and actionable sector GHG inventory.
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BOX1

Emission shift

Emission shift occurs when emissions transfer from one scope
category to another due to changes in operations, technologies

or practices within an organization. Tracking these shifts is
essential for accurately assessing the net environmental impact

of an organization’s carbon footprint. This is especially relevant

in complex scenarios like wastewater-related emissions, where a
comprehensive analysis across all emission scopes is necessary
before making important decisions and building GHG inventories.
For instance, the Blue Plains Advanced Wastewater Treatment Plant
in Washington DC experienced an increase in methanol use of 54%
after installing thermal hydrolysis to enhance sludge digestibility,
leading to higher ammonium loading in its A/B activated sludge
process’®. If the facility only reported mandatory scopes 1and 2
emissions, the EF of the plant would appear to decrease due to

the enhanced recovery of biogas energy. However, this would not
account for the rise in scope 3 emissions due to increased methanol
consumption. Fortunately, a comprehensive analysis carried out by
the facility revealed that total emissions fell by 45,000 Mt CO,eq per
year, thanks to reductions from purchased electricity, decreased
biosolids hauling and lower lime consumption. Therefore, while
reporting scope 3 emissions is voluntary, excluding them can lead
to a misleading portrayal of a net reduction if only scopes 1and 2
are covered. Yet, the overall environmental impact may be more
intricate than it appears.

The disparity in GHG footprints and decarbonization priorities
within the wastewater industry is also reflected across the different
scopes, depending on many factors, including geographical loca-
tion, power-grid carbonintensity, treatment process, procurement of
chemicals and materials, sludge disposal methods, among others. We
can consider Chicago and Toronto as examples, as both are leadersin
building GHG inventories and implementing decarbonization plans.
Bothdistricts haveimplemented advanced biological nutrient removal
and anaerobic sludge digestion, and also follow the IPCC2019 tier 2
methodtoaccount for their GHG emissions. They have similar unit-level
N,O (0.016 versus 0.015 kg N,O-N per kg TN for aerobic WRRFs at
Chicago and Toronto) and CH, (0.018-0.48 versus 0.011-0.29 kg CH,,
per kg biological oxygen demand (BOD) for WRRFs at Chicago and
Toronto) emissions®?%. However, because Chicago primarily uses a
natural gas-based electricity source (269 kg CO,eq per MWh), its scope
2 emissions are ~12 times higher per volume of wastewater treated
than in Toronto, where the power is almost exclusively derived from
low-carbon energy, including nuclear, hydropower, wind and solar
(25 kg CO,eq per MWh). Therefore, in the near term, Chicago is focus-
ingonsourcing cleanelectricity, while Torontois prioritizing limiting
fugitive emissions.

As the electricity grids continue to decarbonize and WRRFs
increasingly adopt renewable energy, it is natural that scope 2 con-
tributions decrease, while scopes 1and 3 contributions are poised to
become the primary source of GHG emissions. However, another issue
is beginning to emerge for some WRRFs—emission transfer across
scopes and organizational boundaries. This emission transfer is rela-
tively unique to the wastewater sector, as a holistic consideration of all
three scopes of emissions is needed when considering net-zero emis-
sions. It is hard to claim that emissions are zero if mandatory scope 1
(direct) and scope 2 (indirectelectricity-related) emissions are shifted
to the optionally reported scope 3 emissions (for example, increased
chemical uses or offsite sludge disposal; one case study is described

inBox1). To avoid emission transfer, accurate accounting of emissions
fromallscopesis essential. This can be achieved by developing accurate
and representative accounting methods, ensuring comprehensive and
reliable data collection, enhancing data transparency and availability,
and promoting clear policies and regulations.

IPCC2019 assumes thatboth CH,and N,O emissions from free-flow
sewersare negligible due to the lack of a suitable quantifying method’,
but many studies have reported that sewer networks canbe important
sources of fugitive CH, emissions. For example, previous studies found
that sewers could contribute 15% of WRRF plant-wide CH, emission®
or 33% of the urban street-level CH, emissions, with sources mainly
from natural gas leakage, sewer networks and the heating furnaces of
buildings®. Neglecting sewer systems will lead to an underestimation
of GHG emissions from the wastewater sector, but monitoring and
quantifying the emissions in sewer pipelines poses major challenges,
astheselines are underground and closed, and they often experience
dynamic hydraulic conditions. In addition, depending on the owner-
ship of sewer infrastructures, who isresponsible for such emissionsis
very unclear and so hard to study.

Net-zero carbon starts with net-zero energy

Until recently, net zero in the wastewater sector mostly referred to
energy neutrality, which could be achieved by many utilities with a
combination ofincreased energy efficiency, reduced energy consump-
tion, onsite energy production viabiogas, or purchased and generated
renewable energy®-*>. The current wastewater sector is energy-intensive
and consumes 0.8-4% of electricity globally?. In many cases, WRRFs
are among the largest energy consumers of a municipality, and some
studies show electricity-related emissions constitute 13-21% of
government operation emissions®. Given that scope 2 emissions
account for a large percentage of the mandatory reporting emissions
(-43% of scopes 1+ 2, on average, on a global scale, Fig. 3a), achieving
net-zeroenergyisindeedacritical milestone towards achieving net-zero
carbonin wastewater treatment. Considering that the power and heat
sectors will achieve ~49% emission reduction by 2030 in the world, and
that complete decarbonization is targeted for around 2040**, such
practices, incombinationwithincreased energy efficiency in wastewater
treatment and sewer pumping, present the most promising short-term
(<10years) opportunities, resulting in a total of 59% reductioninscope
2 emissions (Fig. 3¢). By further developing and widely implementing
heat recovery and biogas-based energy recovery®, scope 2 emissions
could be reduced by up to 99% in the medium term (10-20 years) and
long term (>20 years). About 432 MW of clean electric capacity is real-
izedincombined heatand power systems from ADsin 215WRRFsin the
United States’®, which offsets ~18% of electricity-related emissions. This
could be further expanded to more utilities, especially in areas where
renewable grid electricity is not readily available. However, investing
millions of dollars to install biogas-powered engines that last 30 years
may not align with the best strategies for reducing overall emissions
across different scopes and operations, considering grid electricity
has a much faster decarbonization rate and price drops. For utilities
situated in regions with low-carbon grid electricity or small utilities
without AD, funds can be used in other more impactful areas, such as
reducing N,0 emissions or reducing chemical use, to advance their
net-zero ambitions.

Reduce process emission through operation
optimization

Optimizing process operations has been an easy and popular approach
toreducing GHG emissions. Many studies have reported notable reduc-
tions in N,O emissions through the optimization of operational settings
such as dissolved oxygen (DO), substrate (C/N loadings and ratio),
pH/temperature or microbial composition. For example, lowering DO
levels has resulted inup to 77% reductionin N,O emissions at full-scale
SBR and MBR facilities, which also reduced electricity consumption
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for aeration by 20%*7%. If these operational optimization strategies
are applied at a global scale, total N,O emissions from wastewater
treatment are expected to reduce by 56% in the short term (Fig. 3a,b).
However, achieving the same level of emissions reductions across all
treatment processes can be challenging due to the diverse conditions
required for optimal results, and prolonged testing is needed***°. New
developments, such as using membrane contactors or off-gas bio-
scrubbers for dissolved N,0 removal and recovery, or SBRs, the Bio-
denipho process and membrane aerated biofilm reactors for precisely
controlled nutrient removal are promising, but full-scale applications
need further investigation*.

Compared to N,O emissions, in-plant fugitive CH, emissions for
WRRFswith AD canberelatively easily detected and prevented, as more
than80% of the in-plant CH, emission occurs at ADs and sludge storage
units™. Equipmentsuch as optical gas imaging infrared video cameras
and portable CH, analysers can be easily applied to detect possible
leaking locations and followed by appropriate preventive measures,
suchasinstalling thermal oxidizers, enclosing open digestate storage
areas, providing a gas collection apparatus, and repairing potential
leakage holes. With such management strategies, 14-83% of CH, leak-
agereduction has beenachieved*. Low-efficiency gas flaring is another
main concern;the CH, destruction/removal efficiency can range from

<60% to nearly 100%, so upgrading equipment could greatly reduce
fugitive CH, emission. Such practices have been widely used in the oil
and gas industries, so they can be easily adopted by the wastewater
sector when resources are available®.

We note that monitoring and reducing process emissions is not
necessarily a burden for plant operators, as reducing CH, emissions
by collecting the ventilation air of sludge handling and storage facili-
ties and using the ventilation air to run biogas heat/power units gives
a higher recovery of biogas and thus some economic benefit. It is
also worth noting that two other major sources of CH, emissions are
untreated wastewater (11% of total studied scopes 1+ 2 emissions, as
showninFig.3a) and sewer systems. According to the limited available
full-scale measurements of sewer emissions>****°, CH, emissions from
segments of sewer systems (an average value of 0.13 kg CO,eq m~) may
constitute up to 35% of direct CH, and N,0O emissions from wastewater
treatment and discharge at WRRFs without AD (Fig. 2a). At the city
scale, sewer systems in Paris have been found to emit approximately
63 metric tonnes of CH, per year®’. However, emissions from untreated
wastewater and sewer systems are extremely understudied, and lim-
ited research indicates that overflows from combined sewer systems
and leakage from aged sewer pipelines can be major causes of GHG
emissions. To reduce such emissions, policies and investment would

Nature Water | Volume 2 | October 2024 | 927-935

931


http://www.nature.com/natwater

Review article

https://doi.org/10.1038/s44221-024-00318-2

be more substantial drivers than technological advancements. For
example, de Foy and colleagues found that high CH, emissions from
61 urban areas closely correlate with the estimated rates of untreated
wastewater based on measurements using the TROPOspheric Monitor-
ingInstrument®. If this correlation was confirmed by higher-resolution
remote sensing and in situ monitoring, they estimated thatsome urban
areas could reduce emissions by >50% by completely treating the
wastewater’.

Theinterplay betweenresource recovery and
decarbonization
Recognizing the rich carbon resources, nutrients, as well as other
resources in wastewater, resource recovery has become an important
mission for WRRFs besides wastewater treatment. Arange of products,
including energy, fuels, cellulose, fertilizers, minerals, biopolymers,
food additives and of course clean water, have been investigated using
different technologies®**. Resource recovery transforms wastewater
treatment from a cost-intensive process to arevenue-generating activ-
ity,and itmakesacircular economy areality. On the one hand, resource
recovery is very synergistic with decarbonization, because these tech-
nologies recover value-added products, which reduce the emissions
associated with the electricity or chemicals otherwise needed to produce
suchproducts fromthe beginning of their life cycle. For example, biogas
or hydrogen-gas recovery offsets utility energy use, substantially reduc-
ing scope 2 emissions®-**. Emerging technologies that recover biopoly-
mers, organic acids and animal protein would greatly reduce the use of
fossil fuels or agricultural biomass as feedstocks and so carry carbon
benefits across scopes. For example, a recent study found that polyhy-
droxybutyrate (PHB) production from wastewater can achieve similar
environmental and economic benefits to traditional sugar-based PHB
production, witha production cost of €1.40, aglobal warming potential of
2.4 kg CO,eq,and anon-renewable energy use of 106 MJin producing1kg
of PHB**. Furthermore, the development of innovative biosolid manage-
ment techniques, such as converting biosolids to biochar, biocrude and
struvite, also supportsacircular economy by conserving landfill space,
reducingthereliance on non-renewable resources and fuels compared
to traditional methods like landfill, incineration and land application*.
Itisworthnoting, however, that the actual environmental and economic
benefits remain uncertain in these early-stage technologies, and more
pilot and full-scale deployments would greatly reduce the uncertainty.
The netimpacts in terms of carbon footprint are more complex
than the direct benefits for some technologies, and deeper and more
holistic analyses are needed. For example, anammox-based processes
areincreasingly deployed at full scale due to their excellent performance
in nitrogen removal, with reduced demands in terms of energy, car-
bon source and alkalinity, but numerous studies have reported higher
N,O emissions of such processes compared to traditional biological
nutrient-removal processes, although some also reportlower numbers™.
Forexample, pilot-and full-scale comparative studies have reported that
theEF increased from 0.3%to1% kg N,O-N per kg TN after switching from
traditional nitrification-denitrification to mainstream anammox-based
N removal®. Full-scale studies in Denmark reported that, although the
overall average EF of WRRFs was 0.84% kg N,O-N per kg TN, anammox
sidestream processes had an EF of 5-6%kg N,O-N per kg TN due to high
loading and removal rates. Similarly, anaerobic treatment processes,
such as the anaerobic membrane bioreactor (AnMBR), have gained
popularity due to their energy savings and ability to recover biogas.
However, dissolved CH, inthe effluent remains amajorissue, asitleads
toenergylosses, increased GHG emissions and potential safety hazards.
Studiesindicate thatbetween 40% and 60% of total CH, could be lost dur-
ing effluent discharge™%. Considering that the 20-year global warming
potential of CHy o0 fossil origin 1S 81 times that of CO, according to the IPCC
Sixth Assessment Report*’, the release of such dissolved CH, could not
only negate the benefits derived from biogas utilization, butalso cause
~15times the damage in terms of additional carbon footprint. Although

BOX2

Emission reduction in the
context of the urban water
cycle

Recent studies in Australia highlighted that water heating for
residential, industrial and commercial uses accounted for 7% of
the nation’s GHG emissions’’. This figure alone is more than five
times the scope 1and 2 combined emissions from wastewater
treatment. Although household water heating is not considered
by the wastewater industry, reducing hot-water usage effectively
decreases what could be termed ‘scope 4’ emissions by lowering
the volume of wastewater entering the system. Investing in water
saving may thus be a more cost-effective way to reduce overall
emissions for the whole water cycle compared to the current focus
on ‘within gate’ strategies. However, challenges exist in defining
boundaries and identifying the responsible and benefiting parties.

technologies such as membrane contactors can recover a substantial
portion of the dissolved CH, (57% to nearly 100%"-°°), this may still be
insufficient to completely mitigate this negative impact. Additionally,
the implementation of these technologies involves increased energy
consumption and equipment costs, with few commercial applications
reported so far. Although it is still rather early to draw conclusions
regarding which processes have higher overall carbon footprints, as
current data vary significantly, we must be wary of pursuing some sav-
ings at the cost of higher emissions in other categories.

Beyond the gates and beyond the scopes

So far, most studies have focused on the three scopes of emissions
related to wastewater conveyance and treatment, but abroader under-
standing is necessary, as carbon accounting should extend beyond
the confines of facility gates to encompass the entire urban water
cycle. There is, however, a lack of clarity and some confusion. For
example, liquid discharges are generally classified as scope 1 emis-
sions, because such effluent is a direct product of the WRRF opera-
tion, andits quality can be controlled by the utility. On the other hand,
solid discharges from WRRFs can be either scope 1if disposed of on
site, or scope 3 if sludge disposals occur at locations beyond the
utility’s control.

Itis not only the physical barriers that need to be removed when
considering the carbon footprint; the expanded scopes of GHG emis-
sions, or so-called scope 4 emissions, can beimportant for wastewater
infrastructure. Although not officially defined by the IPCC and GHG
Protocol Standard, scope 4 emissions represent avoided emissions
associated with aservice or products®®2, Similar to the case of remote
conference calls avoiding emissions associated with commuting and
travel, water conservation canindirectly reduce emissionsin the waste-
water sector. By lowering the volume of wastewater that needs treat-
ment, it lowers the emissions tied to the use of energy and chemicals,
and it may reduce fugitive emissions too. Furthermore, the recovery
of heat, nutrients and chemicals can also be considered scope 4 emis-
sions, assuchrecovered products reduce and avoid the GHG emissions
otherwise associated with synthetic fertilizer or chemical productions
from fossil or other sources (Box 2).

Popular carbon offsets also include direct carbon capture, such
as natural sequestration through tree planting and active engineered
carbon capture. In 2019, water companies in England announced plans
toplant1lmilliontrees asapart of abroader commitmenttoimprove
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Fig.4 | Mitigation actions, strategies and enablers for achieving net-zero emissions in the wastewater sector. A holistic analysis and system understanding,
underpinned by robust finance, policy frameworks and stakeholder engagement, are essential for the effective design, implementation and verification of diverse

mitigation strategies to maximize GHG reduction.

the natural environment and support their net-zero goals, but they
projected such efforts would have limited near-term mitigation poten-
tial (0.005 Mt CO,eq per year) in the first decade. Greater benefits are
expected in the next 20-30 years (0.086 Mt CO,eq per year) as the
trees mature®, In the short term, emerging processes such as alka-
linity enhancement in wastewater treatment are being explored to
capture and stabilize CO, by formingbicarbonate and carbonateions.
Such practices can be applied either during wastewater treatment or
to the wastewater effluent. However, it is worth noting that current
corporate reporting guidelines require utilities to separately report
avoided emissions (or scope 4 emissions) and carbon credits without
netting off their impacts. Such separation ensures that the emission
reductions are accurately accounted for in line with science-based
reporting frameworks.

Towards net-zero emissions

Achieving net-zero GHG emissionsis an inspiring mission that requires
holistic analyses and system understanding to design, implement
and verify diverse mitigation strategies, with support from finance,
policy and stakeholder perspectives (Fig. 4). This study, although not
exhaustive, aims to present the latest developments and stimulate
critical reflection onthe existing gapsinboth knowledge and practice
in terms of achieving net-zero emissions. The discussed mitigation
strategies include implementing advanced sensing technologies and
robust frameworks for real-time monitoring to achieve a more accu-
rate quantification of direct emissions. To increase energy efficiency
and cut scope 2 emissions, it is essential to replace old equipment,
upgradeinfrastructure and integrate onsite renewable energy produc-
tion while sourcing low-carbon electricity. Developing sustainable
supply chains, adopting new low-emission technologies and enabling
resource recovery are also critical steps. Additionally, exploring oppor-
tunities for carbon offset and carbon capture, as well as considering

emissions across the entire life cycle of operations, would further sup-
portdecarbonization efforts. Beyond the technical aspects, engaging
with the public, policymakers and other stakeholdersis also critical for
knowledge sharing and goal alignment. These combined efforts will
substantially contribute to achieving net-zero goals in the wastewater
industry, transforming decarbonization fromaninspiring conceptinto
apractical and achievable reality.

Data availability

The raw dataset used in this study, along with documentation of data
collection and processing, is publicly available on the Open Science
Framework at https://osf.io/bydnv/.
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