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Current methods for estimating sanitation emissions underestimate the significance of methane emissions from
non-sewered sanitation systems (NSSS), which are prevalent in many countries. NSSS play a vital role in the safe
management of fecal sludge, accounting for approximately half of all existing sanitation provisions. We analyzed
the distribution of global NSSS and used IPCC accounting methods to estimate the total methane emissions
profiles from these systems. Then, we examined the literature to establish the level of uncertainty associated with
this accounting estimate. The global methane emissions from NSSS in 2020 was estimated to as 377 (22-1003)
Mt COqe/year or 4.7% (0.3%-12.5%) of global anthropogenic methane emissions, which are comparable to the
greenhouse gas (GHG) emissions from wastewater treatment plants. NSSS is the major option for open defecation
and is expected to increase by 55 Mt COye/year after complete open defecation free. It is time to acknowledge the
GHG emissions from the NSSS as a non-negligible source.

1. Introduction

The global population in 2020 has reached 7.8 billion and is pro-
jected to increase to 8.5 billion by 2030 (United Nations, 2019a). This
growing population results in increased production of human feces.
Based on the latest empirical data (Rose et al., 2015) amounts to a total
global production of human feces of between 1.43 and 22.38 x 10'!
kg/year (wet weight), and 57% could not be treated in a centralized
manner through sewers (WHO. UNICEF., 2021). Although access to
sanitation has been steadily climbing with high economic growth and
urbanization rates, 13% of people in rural areas still practice open
defecation (OD) (WHO. UNICEF., 2021). Sanitation without sewers,
including pit latrines and septic tanks, seems a feasible solution for
decentralized fecal management. It is particularly prevalent in Central
Asia, South Asia, and South Africa and dominate service provision
(WHO. UNICEF., 2021). Sanitation without sewer is often poorly
managed, and environmental problems are associated with absent or
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inadequate fecal sludge management (Peal et al., 2020). However, they
can be highly effective for public health and the environment if it is well
managed.

MIT Technology Review (Winick, 2019) selected sanitation without
sewers as one of the top 10 breakthrough technologies in 2019,
following the introduction of the international standard ISO 30500:
2018 Non-sewered sanitation systems (NSSS) in 2018. The existing NSSS
does not fully meet the ISO 30500 standard, which complies with per-
formance of a technology (product standard). The ideal NSSS collects,
conveys, and fully treats the specific input within the system to allow the
safe reuse or disposal of the generated solid, liquid, and gaseous output,
and is not connected to a networked sewer or networked drainage sys-
tem. ISO 30500 defines the requirements of identified risks, safety,
process controls, and other relevant aspects (Cid et al., 2022). In reality,
for instance, the septic tanks without a path of fecal disposal have an
environmental discharge risk. The biogas-linked toilets are often aban-
doned because of inadequate feedstock and lack of maintenance, which
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immediately causes odor emissions problems and cannot usually achieve
hygienic effects. The pit latrines and urine-diverting toilets do not even
meet the ergonomic design easily (Cheng et al., 2018). According to
WHO. UNICEF. (2021), an estimated 1.7 billion people worldwide use
septic tanks and 1.6 billion use pit latrines. In septic tank systems,
including soakaway or leach fields and septic tanks, a partial treatment
process occurs inside the pit through the anaerobic digestion of sludges,
with some aerobic decomposition also occurring near the surface. In pit
latrines, anaerobic processes may often dominate, with some aerobic
decomposition occurring in the top layer of the pit (van Eekert et al.,
2019). Anaerobic and aerobic decompositions result in GHG production,
such as COg, CH4, and N3O, of which CH4 may often be considered the
major contributor to GHG during the anaerobic process. The reason is
that COx is generally considered biogenic (or natural attribution organic
matter), and NoO production is a trace compared with CO, and CHy.

At the recent 26th UN Climate Change Conference of the Parties
(COP26), the global community committed to reduce methane emis-
sions globally. However, accurate estimates of the total global methane
production from sanitation have not been studied. Some researchers
have conducted GHG emission assessments relating to sanitation. For
example, Strokal and Kroeze (2014) estimated the N2O emissions from
global human excreta at 0.24 Mt, of which 80% were not associated with
centralized wastewater treatment. Moreover, van Eekert et al. (2019)
estimated the CHy4 emissions from pit latrines globally at 3.8 Mt, ac-
counting for 0.3% of the global carbon emissions. However, these esti-
mates did not consider the distribution of NSSS worldwide. Therefore,
this study will focus on the quantitative and geographical distributions
of NSSS and present new estimates of the total CH4 emissions from the
anaerobic digestion of human excreta from global NSSS.

2. Materials and methods
2.1. Population distribution using NSSS

We aggregated a series of data in 2020 to determine the population
of NSSS users by country. Septic tanks, latrine, and other utilization
ratios were determined from country-level health and sanitation surveys
compiled by the WHO/UNICEF Joint Monitoring Program for Water
Supply and Sanitation (WHO. UNICEF., 2021). Detailed data on the
nature of pits and tanks underground are unavailable globally. We,
therefore, assumed that systems designated as “septic tanks” were sealed
tanks or engineered septic tanks. Meanwhile, all other categories (e.g.,
pit latrine, toilets that flush to pits, ventilated improved pit latrines, pit
latrines with concrete slabs, traditional latrines, and pit latrines without
slab/open pit) were considered infiltrating pit latrines. The total popu-
lation of NSSS users in 2020, is estimated by multiplying the NSSS uti-
lization data from the JMP by the total national population for each
country as provided by Population Division, United Nations (United
Nations, 2019b). Moreover, Arcmap 10.2 software is used to visualize
the calculation results, which are conducive to spatial analysis.

2.2. CHy emission account method

2.2.1. CHy4 emission model based on IPCC

The 2006 IPCC Guidelines for National Greenhouse Gas Inventories
suggest a mathematical model (Equation (1)) that can be used to account
for CH4 emissions from septic tanks and pit latrines (IPCC, 2019). The
annual CHy4 emissions from NSSS for any given country in kg are given
by:
CHy j = P; » BOD; o 0.001e365 & By « MCF; @
where:

j = each country or region;

i = each NSSS category;
P = country population using NSSS in inventory year, [capl;
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BOD = country-specific per capita biochemical oxygen demand
(BOD) in inventory year, [g/cap/day];

By = maximum CH,4 producing capacity with a default value of 0.6 kg
CH4/kg BOD;

MCF = methane correction factor (fraction).

MCF is based on some limited experimental work carried out pri-
marily in the US. IPCC uses a default value of 0.3 for septic tanks. For
latrines, IPCC suggests different MCF values (0.1, 0.5, 0.7) relating to
various usage conditions of latrines. Given that specific data on the
usage and operation of latrines are unavailable, we have assumed a
single average value (0.43) for the MCF value of latrines. Emissions
calculations for NSSS in countries based on the IPCC method contain
significant uncertainties because of the lack of accurate empirical data
on emissions profiles and the condition of NSSS on the ground. IPCC
suggests the consideration of uncertainty in the estimates of emission
factor (EF) and BOD (IPCC, 2019). The EF of a system depends on its
contents’ maximum CH,4 producing capacity and the fraction in anaer-
obic conditions. IPCC suggests this leads to an uncertainty of 30% and
50%, respectively. The total BOD at the country level depends on the
BOD per capita and the population of NSSS users, of which IPCC con-
siders 30% and 5% uncertainty, respectively.

2.2.2. CH4 emission model based on experiments

Based on the fecal anaerobic digestion experiments, the per capita
average of CH4 production from human excreta can be obtained from
Equations (2)-(4):

CH; = MP o VS o P #7300 2
VS=WeVS/TS 3
7300 = 16 x 365 x 28/22.4 ()
where:

MP = average methane production, [L CH4/g VS];

VS = volatile solids in the substrates, [g VS/cap/d];

W = dry weight of human excreta, the value was a range with 12-81
g VS/cap/d (Rose et al., 2015);

VS/TS = proportion of VS in total solids;

P = total population, [cap];

16 = molar weight of CHy, [g/mol];

365 = total days in a year, [d];

28 = measure for the impact with global warming potential of CHy4
relative to COo;

22.4 = molar gas volume at 0 °C, [L/mol].

2.2.3. N30 emission model of OD
The GHG emissions from OD can be obtained from Equation (5):

N,O—P e N e EFyp0 @ 44/28 5)

where:

P = global population of practicing OD, the value is 494 million
(WHO. UNICEF., 2021), [capl;

N = annual average N excretion per capita, the average value is 657
(329-1789) g N/cap/year (Rose et al., 2015);

EFN20 = EF for direct NoO emissions from OD, the value of N input to
the soil is 0.01 (0.001-0.018) g NoO-N/g N (IPCC, 2019);

44/28 = conversion of NyO-N emissions to NyO emissions.

2.3. Literature selection and data extraction

Estimating the total methane emissions from human excreta is
possible by using the general distribution of broad categories of NSSS.
Global estimates of total emissions have been based on a simple emission
model from typical NSSS systems. The approach from IPCC can generate
an easy-to-understand global estimate that nonetheless may under or
overestimate total emissions because it does not consider the actual
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performance of systems as they are found in situ. The calculation results
can be improved by using secondary literature to generate more detailed
estimates of the emission profiles from typical NSSS systems.

To improve our understanding of the likely range of critical param-
eters in the accounting model, we retrieved secondary literature on the
Web of Science systematically. The keywords, including anaerobic
digestion, blackwater, human feces or excreta, ecological sanitation
(ecosan), sustainable sanitation (susan), greenhouse gas, and methane,
were searched for relevant papers. Then, they were reviewed based on
their title and abstract to select papers that focused on the methane
emissions from human feces. Relevant papers were then subjected to a
full-text inspection. Data were extracted from papers based on the
following conditions: (1) substrate was human excreta and not co-
digested with other organic compounds; (2) complete anaerobic diges-
tion environment; (3) methane production was converted into data
under standard conditions (273.15 K, 101.325 kPa).

3. Results and discussion
3.1. Geographical distribution of NSSS

Statistics indicate a potential link between NSSS coverage and the
development level of a country. The prevalence of NSSS tends to be
lower in more affluent countries; and seven-eighths of high-income
countries have NSSS rates below 20%, but most low- and middle-
income countries have much higher rates. Fig. 1(a) shows that the
most significant populations that use NSSS are those in East, South, and
Southeast Asia, particularly in India and China. India, at about 979
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million, has the largest population that uses NSSS, followed by China at
400 million, which is more than 10 times higher than other continents
(e.g., Europe, Africa, Oceania, and Americas). In urban areas, the rates of
connectivity to sewers are higher in China (84%) than in India (34%)
(WHO. UNICEF., 2021). NSSS is more widely distributed in rural areas.
Fig. 1(b) shows that most households that use NSSS in rural China are in
the central, eastern, and southern regions related to population aggre-
gation and reflects the population transition trend to developed regions.
By contrast, the distribution of NSSS in rural India is more balanced
(Fig. 1(c)). Uttar Pradesh, India has the highest number of households
that use NSSS, probably because it is the most populous region in the
country. More households use NSSS in rural China than in rural India,
and septic tanks, as the central NSSS type, account for 46% and 60%,
respectively (National Health Commission, 2018; National Statistical
Office (NSO), 2018). In 2020, 494 million people still practiced OD, over
a third of whom were from India (WHO. UNICEF., 2021). Sanitation in
low-income countries has long been criticized externally. However,
NSSS has contributed to ending OD in the past decades. In India, Nepal,
Cambodia, and Ethiopia, the population that practices OD dropped by
60% and mainly opted for NSSS as an alternative in 2000-2020 (WHO.
UNICEF., 2021; WHO 2019). NSSS may be the most feasible solution to
eliminate OD. The ultimate goal of national unity is to achieve open
defecation free (ODF) and safe sanitation management. Developing
countries, such as India, need to reform sanitation urgently to cope with
population pressure, higher health requirements, and climate issues.

(a) Global

]
| Million people

NODATA O 8 16 32

980

(b) Rural China

(c) Rural India

Million houscholds

NO DATA 0 3

6 18 27

Fig. 1. Population of NSSS users in the world (a) and NSSS users in rural China households (b) and rural India households (c). Data sources:(NHC. 2018; National

Statistical Office (NSO), 2018; WHO. UNICEF., 2021).
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3.2. The CHy emissions from NSSS based on the IPCC accounting method

Based on the IPCC (2019), the annual CH,4 emissions from all NSSS in
225 countries or regions in 2020 were calculated. In 2014, IPCC updated
the global warming potential (GWP) values of CH4 and N,O to 28 and
265, respectively (IPCC, 2014). These GWP values can be used to
convert emissions into COze, thereby giving a total annual CH4 emission
estimate for global NSSS of 211 Mt CO-e for septic tanks and 166 Mt
COqe for pit latrines. The average total CH4 emissions from global NSSS
is 377 Mt COqe/year with an uncertainty range from (88-1003) Mt
COqe/year, which represents 4.7% of the global anthropogenic methane
emissions (8047 Mt CO-e) (USEPA, 2019). The results are summarized
in Fig. 2, which reflect the differences in NSSS methane emissions
among countries intuitively. The top five countries with the highest CHy4
emissions at 95.4, 45.4, 26.9, 13.1, and 12.9 (Mt COye/year) are India,
China, Indonesia, Pakistan, and the USA, respectively (see Fig. 3).

Shaw et al. (2021) also estimated the GHG emissions of NSSS as 560
Mt COze/year, which is slightly higher than our results. Shaw et al.
(2021) reported their results as 20 Mt COze/year, but these data seemed
to have a unit problem not multiplied by the GWP value of CH4 relative
to CO,. We have corrected this problem. Shaw’s higher estimates can be
attributed to the use of a different assumer EF and population data
projected for 2030. A more interesting comparison is with Reid et al.
(2014), wherein the distribution of pit latrines globally has changed.
India overtook China as the country with the largest in CH4 emissions
from pit latrines, which increased from 0.32 Mt CH4 in 2015 (Reid et al.,
2014) to 1.56 Mt CH4 in 2020 (this paper), with an average annual in-
crease of more than 37%. The growth is mainly attributable to the very
rapid progress made in India to extend onsite sanitation throughout
rural and urban areas during the Swatchh Bharat Mission (SBM). A 14%
increase was observed in the population accessing toilets in India be-
tween 2015 and 2020 (WHO. UNICEF., 2021). During the same period,
CH4 emissions from pit latrines in China have decreased by 0.17 Mt CHy
because the focus of the toilet revolution in China has been to rebuild
and improve existing toilets, with less than 1% of the population having
no access to the beginning of this period (WHO. UNICEF., 2021). The
comparison with Reid et al. (2014) also found that similar progress in
extending access to sanitation accounted for increases in CH4 emissions
in Pakistan, Kenya, the Philippines, South Africa, Ghana, Kazakhstan,
and Turkey. Consistent with Reid et al. (2014), African countries are
speculated to have a relatively significant growth because of strong
population growth and continued dependence on pit latrines in rural
and urban areas.
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3.3. The CH4 emission from human waste based on the literature

With the selection and extraction requirements, 14 publications with
14 groups of data in total were selected (Table 1).

A simple meta-analysis was used to estimate the average CH4 pro-
duction from human excreta from these data sources, and we concluded
that it lies between 0.122 and 0.471 L CH4/gVS. It generally refers to the
BMP of human excreta, (i.e., the volume of methane produced by a unit
volatile solid in an anaerobic environment). Based on Equations (2)-(4),
the average per capita CH4 emissions from human excreta ranged from
6.7 to 244.8 kg/cap/year. With a global population of approximately 7.8
billion in 2020, 52-1922 Mt COe/year will be produced if all human
excreta worldwide are treated by anaerobic digestion. In 2020, the CH4
emissions from 43% of NSSS user population range from 22 to 821 Mt
COqe/year. These data are valuable and will lead countries and regions
to focus on NSSS and incentive progress up the GHG mitigation and
water and sanitation development. However, the gap between
maximum and minimum is large. Moreover, an ideal environment is
estimated without considering the actual effect factors.

3.4. GHG emission from NSSS based on in-situ monitoring

Although 43% of the population rely on NSSS globally, only a limited
number of studies have been conducted based on the direct measure-
ments of GHG emissions from NSSS to date. Where measurements have
been made, they focus on areas, such as farms and lawns tendentiously.
Four major recent studies reported emissions that are directly measured
from NSSS, and GHG emissions show very high variability. For example,
Huynh et al. (2021) only measured the CH4 emission in the first chamber
of the septic tanks, ignoring the second and third chambers, thereby
leading to significantly lower results than other studies. The CH4 emis-
sions from Dubber and Gill (2014) and Truhlar et al. (2016) were 164.5
kg COqe/cap/year and 100 kg COoe/cap/year, which are consistent with
the above range of emissions obtained through meta-analysis. Dia-
z-Valbuena et al. (2011) monitored the emissions of CO2, CH4, and N5O,
showing that CH4 emissions accounted for 89% of the total or 275 kg
COqe/cap/year, which is far beyond the maximum estimated above. The
reasons for the variability in the results are unclear but may include
climate, population, diet, water consumption, temperature, and differ-
ences in the nature of the systems being observed.

NSSS have different structural forms; for example, septic tanks can
have two or three chambers, pit latrines can have a single pit or two pits,
and feces and urine can be collected separately or mixed. The design,

NO DATA 0 0.0 0.03 0.06 0.12

0.24 048 0.96 1.82 3.41

Fig. 2. CH,4 emissions from NSSS (Mt CH,/a).
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M pit latrines (Mt CH4/year)
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Fig. 3. Emissions from septic tanks and pit latrines from the total CH,4 emissions from NSSS in the top 25 countries.

Table 1
Fourteen groups of literature data on anaerobic digestion with human feces as
substrate.

Substrates TS'(g/  VS°(g/ VS/TS MP“(L/ Reference
L) L) (%) gVs)

Fresh feces 67.1 55.3 82.4 0.36 Kim et al.
(2019)

Top layer fecesin 67 52.6 78.5 0.243 Wang et al.

dry toilet (2020)

Blackwater 4.4 3.8 86.4 0.26-0.3 Rajagopal et al.
(2013)

Fresh feces 219.5 179 81.5 0.177 van Eekert et al.
(2019)

Fresh feces 245 201 82.0 0.271 Riungu et al.
(2019)

Feces sludge in 12 8.54 71.2 0.299 Chatterjee et al.

septic tanks (2019)

Fresh feces 3.2 2.6 81.3 0.449 Zhang et al.
(2019)

Blackwater 4.5 2.83 62.9 0.22 Giwa et al.
(2021)

Fresh feces 150 130.5 0.87 0.471 Zhang et al.
(2017)

Blackwater 145.6 128 87.9 0.327 Duan et al.
(2020)

Fresh feces 47.94 35.48 74.0 0.402 Zuo et al.
(2021)

Brown water 3.45 2.85 82.6 0.16 Lavagnolo et al.
(2017)

Human excreta 15.5 10.1 65.2 0.122 Sun et al.
(2017)

Blackwater NR 4.5 NR 0.124 Wendland et al.
(2007)

Note.
@ Total solid (TS).
b yolatile solid (VS).
¢ Methane production (MP).

construction, and operation of NSSS affect the emission rate of GHG
during fecal sludge decomposition. Some commentators suggested that
double-pit latrines, the dominant type of NSSS promoted in India, may
be the least environmentally friendly in terms of GHG emissions because
of its limited and unclear modeling (Kulak et al., 2017, National Sta-
tistical Office (NSO), 2018). The use of source-separated blackwater is
also suggested, that is, feces and urine are collected separately at the
frontend of NSSS, this approach could alleviate at least 60% of N5O
emission and 20% of CO5 emission compared with the mixed treatment
(Badeti et al., 2021). Gao et al. (2019) tested the biochemical methane
potential of blackwater from different toilet technologies, showing that

the methane production from vacuum toilets was lower than the flush-
ing toilets. This result can be attributed to source-separated blackwater
that contains higher concentrations of organic matter and ammonia and
has no apparent inhibitory effect on the microbial community.

Temperature is particularly significant. The optimal theoretical
temperature for anaerobic digestion is 30°C-38 °C, and the anaerobic
digestion rate and gas production will decrease with a temperature
lower than 12 °C. Therefore, NSSS in cold regions may emit less GHG
than those in warm regions. Truhlar et al. (2019) measured the green-
house gas emissions from septic tanks for a continuous half-year and
showed seasonal and diurnal variation patterns. High CH,4 fluxes were
observed in warm summer, and low fluxes were observed in cold winter.
However, CHy flux was lower during the daytime than at night, sug-
gesting that other factors dominated temperature. A similar relationship
has occurred in other fields, such as in Hu et al. (2020), who found a
positive correlation between CH4 emissions and temperature in coastal
wetlands through meta-analysis.

In summary, a dearth of reliable empirical evidence for the rates of
emissions from existing NSSS systems are found on the ground in various
countries. This lack of data severely hampers the ability to reliably es-
timate the total emissions from NSSS globally.

3.5. Comparison of GHG emissions from NSSS and wastewater treatment
plants (WWTPs)

Despite the importance of NSSS globally and the relatively low
proportion of the population with sanitation systems connected to fully
functional WWTPs, the latter has received greater research attention
concerning GHG emissions from the sanitation sector. Based on the
business-as-usual scenario with emission rates consistent with historical
levels, USEPA (2019) estimated that the GHG emissions of wastewater
that originated from residential, commercial, and industrial sources
were 632 Mt COge/year in 2020. It is about 1.7 times the same as the
average CH4 emissions of NSSS. In addition, we collected these GHG
emission data from country-level WWTPs and compared them with the
CH,4 emissions from NSSS in this study (Table 2). In China and the USA,
GHG emissions from NSSS and WWTPs are almost equal. Calculations
and comparisons show that the CO5 emissions converted by CH4 from
NSSS are comparable to the total GHG emissions from WWTPs. The
direct carbon emissions (CH4 and N5O) of WWTPs can be avoided or
reduced to a large extent through operation optimization and biogas
utilization. Managing CH4 emissions from NSSS is more challenging
because methane capture at the household level is technically devious.
The primary interventions are likely to involve more active management
of fecal sludge emptying and transport systems.
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Table 2
Comparison of GHG emissions between NSSS and WWTPs.

Country the GHG emissions, Mt CO,e/year

NSSS (this study)® WWTPs (other studies)”
China 45.4 42.9 Ren et al. (2021)
the USA 12.9 13.4 USEPA (2020)
Greece 0.3 0.9 Koutsou et al. (2018)
Canada 1.1 0.7 Sahely et al. (2006)
Argentine 2.2 3.6 Santalla et al. (2013)
Vietnam 10.6 17.1 Hoa and Matsuoka (2015)
Nigeria 11.4 21.3 UNFCCC (2021a)
Poland 2.5 3.6 UNFCCC (2021b)

# The GHG from NSSS does not include CO, and N,O, that is, only CHy4
emission is considered.
Y The GHG from WWTPs includes CH, and N,0O, but CO».

3.6. Comparison of GHG emissions from NSSS and OD

Human waste is generally classified as domestic wastewater. The
excreta produced by OD is not within the scope of fecal sludge man-
agement and is usually degraded by the natural environment, such as
soil. Calculated by Equation (5), the 494 million people who practice OD
in 2020 would emit 5121 t N3O, totaling 1.6 Mt CO2e with an uncer-
tainty range of (0.07-6.7) Mt COqe. In terms of the total amount, N2O
emissions were reduced by 98% compared with the 0.3 Mt N,O in 2000
(Strokal and Kroeze, 2014). In per capita emissions, 2.7 kg COse/cap/-
year from OD is much smaller than NSSS (this paper, 114 kg COe/-
cap/year). NSSS replacing OD is an inevitable trend of social
development. It improves people’s sanitation level and protects people’s
health. At the same time, people must bear the negative impact of
sanitation development. Every person in the world who abandons OD
and uses NSSS would add about 111 kg COse/year, which means an
increase of 55 Mt COze/year when OD is completely eliminated. Evi-
dence such as these has important implications for the development of
sanitation systems, which, as Shaw et al. (2021) argued, will provide a
clear path to the sustainable development of NSSS.

4. Conclusion

Due to the scattered distribution and difficulty in systematic man-
agement of NSSS, the impact of greenhouse gases emitted by NSSS on
the environment has been relatively ignored in the research and policy
community. However, the contribution of NSSS to global CH4 emissions
may be significant at around 377 Mt COse/year, accounting for 4.7% of
the total anthropogenic CH4 emissions. India and China contribute
extensively to methane emissions of NSSS because of their large pop-
ulations and NSSS utilization. These estimates only cover those emis-
sions related to fecal sludges stored in situ in NSSS. As seen, significant
additional work is needed for modifying the GHG emission model of
IPCC to generate reliable national estimates for the critical performance
parameters. In-situ monitoring would be essential in understanding the
actual fluctuations of GHG emissions from NSSS. The limiting factors
include the excrement’s physical and chemical properties and environ-
mental parameters, such as temperature, moisture content, organic
content, and process parameters (e.g., retention time, and shortcut
flow). The lack of reliable empirical data explained above results in need
for further modification of our initial overall estimate of total emissions
from NSSS, which now has an uncertainty range of CH4 22-1003 Mt
COqe/year from NSSS.

Up-to-date empirical data on the emissions from in-situ NSSS found
on the ground are lacking, thereby resulting in high levels of uncertainty
to IPCC estimates. This uncertainty is a particular challenge for countries
that wish to include NSSS in their nationally determined contributions.
Although NSSS will continue to play an essential role in achieving safely
managed sanitation services and ODF worldwide, building up more
substantial evidence for the scale of its impact on methane emission is
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critical. A better evidence base for the drivers of emissions from NSSS
would enable a more effective policy and design and implement in-
terventions to mitigate their impact.
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