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unbroken? The climate mitigation
and sustainable development given by a circular
economy of carbon, nitrogen, phosphorus and
water†

Patrick McKenna, *a Fiona Zakaria, b Jeremy Guest, cd Barbara Evans b

and Steven Banwart a

Closing the loop in the flow of C, nutrients and water between agriculture, the human diet and sanitation

services offers benefits for humanity across multiple platforms of public health, food security and climate

mitigation. This study assesses these benefits by describing the hypothetical scenario of a global, ‘fully

functional’ circular economy, in which 100% of C, N and P were recovered from human excreta and

returned to agricultural soil. Crop nutrient demand is calculated and compared with that which could be

recovered, and greenhouse (GHG) emissions from fertilizer production, fertilizer application and

sanitation services are presented, as are freshwater availability and crop irrigation requirements. These

are considered to analyse the broader effects of this circular economy that is driven by dietary nutrition

demand on climate change, the provision of sanitation services and crop irrigation, in 2022 and with

projections to 2030 and 2050. We find the capacity of the circular economy to deliver crop nutrients

and mitigate GHG emissions varies by region. Some regions benefit from supplementing conventional

mineral fertilizers with excreta-derived fertilizers, others from reducing GHG emissions from sanitation

services through improved resource recovery rates. A hypothetical, fully functional circular economy that

recovers all excreta nutrient C, N and P would reduce global GHG emissions from N and P mineral

fertilizer production and application by 140 Tg CO2 equivalents (CO2 e) per year in 2022 (∼12% of total

emissions from mineral fertilizer production and application) and provide a maximum of 104 Tg C per

year for sequestration in global cropland (∼12% of estimated annual soil C sequestration potential). A

portion of this sequestered C will return to the atmosphere via soil respiration, however, with co-benefits

to other soil functions such as crop nutrient fertility. The maximum potential reduction in GHG emissions

from sanitation services through these measures would bring reductions of 445 Tg CO2 e per year in

2022, rising to 562 Tg CO2 e in 2050. Our results provide evidence to guide specific regional policy on

reducing GHG emissions, offsetting mineral fertilizer use and optimizing municipal water use using the

circular economy.
Sustainability spotlight

Sanitation technologies are fundamental for public health, but here we argue they can also sustain global agriculture andmitigate climate change, with variation
in this capacity among the SDG regions. Our research focuses on how nutrient recovery from human excreta can mitigate climate change by reducing fertilizer
requirements when returned to cropland, but also by limiting CH4 and N2O emissions from sanitation services (e.g. sewers or latrines), which occur in
signicant volumes in some parts of the world. We believe our data and analysis can inform policy for sanitation development, particularly in the Global South,
where almost all human excreta nutrients go unrecovered, and many cannot access functional sanitation services.
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Introduction

Sustainable Development Goal 6 (SDG6) aims to achieve access to
adequate and equitable sanitation and hygiene for all. The
motivation is primarily to improve public health and welfare,
particularly in urban areas, but researchers are increasingly
viewing sanitation technologies as a means of addressing global
challenges beyond these goals. Sanitation access combined with
resource recovery may provide a platform for sustainable devel-
opment that contributes to additional SDGs. Examples being
considered include the valorisation of human waste into nutri-
ents for agriculture1 or feedstock for energy,2 the maintenance of
ecosystem services and environmental conservation,3 and the
establishment of viable industries around waste valorisation.4

Climate mitigation efforts associated with sanitation include
nutrient recovery to reduce agricultural reliance on mineral
fertilizer and the high fossil fuel demand for its production,
development of sanitation services that limit GHG emissions,
and recovery of C for utilization or sequestration that prevents
release to the atmosphere as GHGs.5 Studies documenting GHG
emissions from pit latrines,6 or the climate mitigation potential
of composting human waste7 address this, but the potential
impact of a fully functional circular economy of excreta-derived
nutrients on global GHG emissions remains undescribed.

A circular economy of nutrients derived from human excreta
(subsequently termed excreta nutrients) can mitigate climate
change in multiple ways. Circularity is dened by the ow of
nutrients between soil, crops, diet, waste and back to soil. The
human diet is supported by agricultural inputs of key nutrients
(N and P) beyond those available from cultivation of legumes
(N) and plant uptake from soil minerals (P). Additional fertilizer
inputs are produced or mined for mineral fertilizer using fossil
fuel energy, emitting signicant amounts of GHGs in their
production (CO2) and application (N2O for N fertilizers).
Returning more excreta nutrient N and P to cropland may
reduce the need for mineral fertilizer production, thus lowering
production emissions, whilst climate-smart processing tech-
niques for excreta-derived fertilizer can limit N2O emissions.8

Some excreta-derived fertilizers may also be rich in organic
C, which can improve soil functionality when added9 and offers
potential for C sequestration in croplands.10 Organic C is not
technically a plant nutrient and is oen omitted from studies
on resource recovery from wastewater, but its addition to soil
can sustain yields as fertilizer does, particularly through addi-
tion of organic matter with associated nutrient elements in
arable systems without ley periods or other organic amend-
ments. The amount of potentially recoverable C in global
wastewater is likely far higher than N or P, as the amount
ingested is signicantly higher and about 12% of this is
excreted (the rest is respired as CO2 in metabolism).11 Recovery
of this resource offers a promising means to sustain soil
fertility, but this is currently unrealized, as over 80% of human
waste entering sanitation services ultimately goes untreated and
unrecovered;12 this proportion and volume is projected to
increase in the coming decades as populations increase in the
regions lacking substantial sanitation infrastructure.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Recovery of C may also reduce GHG emissions via the
recovery process itself, as sanitation services (sewers, septic
tanks, latrines etc.) can emit signicant masses of GHGs.13,14

Unrecovered and untreated inputs of C and N contained in
human waste can transform to CO2 (carbon dioxide), CH4

(methane) and N2O (nitrous oxide) under certain environmental
and management conditions. Around one third of the C
undergoing treatment in wastewater treatment plants (WWTPs)
is emitted as CO2, whilst the remainder is transformed into
microbial biomass resulting in biosolids.15 A greater proportion
of the C entering decentralized systems such as pit latrines
without advanced treatment processes is predicted to be
degraded under anaerobic conditions resulting in the produc-
tion of CH4, a more potent greenhouse gas per mass of C than
CO2. Projections for urbanisation in low and middle income
countries (LMICs) between 2022 and 2050 make this recovery
more salient, as urban populations in these countries are more
reliant on decentralized sanitation services, which can produce
signicant volumes of GHGs when waste C and N goes
unrecovered.

Agriculture and sanitation require water to function and
conventional sewerage carries both human excreta and house-
hold sullage water where the dilution of excreta nutrients in the
resultant wastewater can make their recovery more challenging.
Onsite sanitation systems including pits and tanks also oen
collect large volumes of water; they are very common in many
LMICs and comprise much of the current and planned invest-
ment in sanitation. Investment in sanitation is essential for
SDG 6, but this may create problems in other policy sectors if
the improvements demand large volumes of water. Water
resource divestment into sanitation may pressurize agriculture
in dry parts of the world, but water recovery from wastewater
may equally provide a valuable resource for irrigation or ferti-
gation in cropland. A functional circular economy must there-
fore provide sufficient water for agriculture whilst helping
maintain water resources required for drinking water and other
uses.

This study analyses the links between excreta nutrient
recovery and climate change as a contribution to SDG 13
(Climate Action) and discusses assesses potential synergies with
SDG 6 (Clean Water and Sanitation) and SDG 2 (Zero Hunger).
We hypothesize a fully-functional circular economy of N, P and
C from human excreta (i.e. all N, P and C recovered and returned
to agriculture) and calculate the commensurate reduction in
GHG emissions from mineral fertilizer production and appli-
cation, as well as from sanitation services themselves. We do
this rst by calculating how much N, P and C is recoverable
from human excreta globally and comparing this to mineral N
and P fertilizer application and requirement. We then compare
recoverable C to potential sequestration in cropland. GHG
emissions from mineral fertilizer use and application is calcu-
lated and the potential reduction offered by supplementation
with excreta-derived N and P is also calculated. The potential
reduction in GHG emissions by eliminating currently unrecov-
ered nutrients in sanitation utilities are also calculated in both
urban and rural areas globally and the impact on available water
resources are also considered. We focus our analysis on the 8
RSC Sustainability, 2023, 1, 960–974 | 961
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SDG regions16 and comparison of results between them, as
evidence of the need for policy development. We extend the
analysis to assess the potential for climate change mitigation by
reducing the dependence of agriculture onmineral fertilizer use
and application, and discuss the implications for pressures on
soil and water resources to maintain food security at time of
writing and through to 2030 and 2050.
Materials and methods

A detailed explanation of methods used is given in the ESI.† A
brief description is given here.

Mass amounts of C, N and P excreted in SDG regions were
calculated using the FAOSTAT Food Balance Sheets.17 This UN
database provides national dietary intake, broken down into
consumption of all food groups and nutritional components
(protein intake etc.). Food consumption data was converted to
C, N and P consumption data using published conversion
factors2,11,18 and corrected for waste.19 Consumption data was
assumed to equal excretion for N and P, as these elements are
homeostatically controlled. Literature conversion factors were
applied to food intake to calculate C consumption, and it was
assumed that 88% of this was respired and 12% entered the
excreta.18 The potential for annual C sequestration in regional
cropland soil was taken from Zomer et al.20 Mineral fertilizer
application rates were calculated using FAOSTAT data and crop
nutrient requirement was calculated using advisory application
rates from IFA21 (International Fertilizer Association). GHG
emissions from fertilizer production were calculated using the
methodology of Blonk Consultants,22 using data from IFA
(International Fertilizer Association) and EFMA (European
Fertilizer Manufacturing Association). This method applies
emission factors to the production of different types of fertilizer
in different regions (regional fertilizer production data was also
taken from FAOSTAT).

The reduction in emissions from mineral fertilizer produc-
tion given by the circular economy was calculated by reducing
the mineral fertilizer production emissions by the amount
required to produce that equivalent to all of the excreta N and P
from sanitation services. The reduction in emissions from
mineral fertilizer application given by the circular economy was
calculated by reducing the mineral fertilizer application by the
amount which could be recovered, then calculating the associ-
ated reduction in emissions from less mineral fertilizer use. The
estimated application emissions from prospective wastewater-
derived N fertilizers were added to this value using an emission
factor for biosolids from the literature.23 The combined values
and the total percentage reductions offered by the circular
economy were calculated by subtracting the calculated ‘circular
economy’ emissions from the ‘no recovery’ emissions and
expressing as a percentage. This means that if global emissions
from N and P fertilizer production and N application were 1179
Tg CO2 e in 2022, and this were reduced to 1039 Tg CO2 e by
recovering all excreta N and P and thus eliminating some of the
need for fertilizer production (CO2), as well as some mineral
fertilizer application emissions (NO2 expressed as CO2), we then
962 | RSC Sustainability, 2023, 1, 960–974
claim the circular economy can reduce fertilizer production/
application GHG emissions by 11.9%, calculation show below.�ð1178:9� 1038:5Þ

1178:9

�
� 100 ¼ 11:9 %

GHG emissions from sanitation services were calculated
using the IPCC estimation methodology for wastewater emis-
sions24 with some modications to improve accuracy (see ESI†).
This procedure estimates the methane and nitrous oxide
emissions from sanitation utilities (sewers, latrines, septic
tanks etc.) using assessments of their C and N input and ex-
pected regional emission factors. Total renewable water
resources (TRWR), internal renewable water resources (IRWR),
total freshwater withdrawal and agricultural freshwater with-
drawal were calculated using data from AQUASTAT.25 This UN
database gives national data for these water resources. All
national data were aggregated by the studied SDG regions in the
same fashion as the other data previously described. This was
done to frame discussion of the results as evidence for policy to
support attaining SDGs within the regions future projections to
2030 and 2050 for all data were calculated by dividing each
gure by the regional human population in 2022 and multi-
plying by the projected population in 2030 and 2050. This
estimate assumes nothing changes apart from the population
and that change is commensurate with population growth. All
of our calculations on based on source data from FAOSTAT,
AQUASTAT, IPCC andWHO, which uses either Tier 1 and Tier 2,
both of which are no applied with uncertainty analysis.

The details of all calculations reported in the results and
discussion are given in the SM, global calculations are also
given in the SM as this paper focuses on regional considerations
within the SDG framework.

Results

Most SDG regions showed signicant disparity between rates
of N and P excretion and agricultural application of N and P in
2022, as well in the 2030 and 2050 projections (Fig. 1a and b).
Recovery of excreted N and P would not effectively replace or
even supplement mineral fertilizer use in industrialized regions
like North America & Europe, or Eastern & South-Eastern Asia,
but Sub-Saharan Africa and Oceania could almost entirely
replace current and projected rates of fertilizer application with
excreta-derived N and P. Western Asia & Northern Africa could
also signicantly supplement their mineral fertilizer applica-
tion rates with excreta-derived N and P. Rates of N and P
excretion were more closer to crop fertilizer requirements in the
Asian regions, but here crop requirements represent recom-
mended applications rates and not precise crop physiological
requirements. Fertilizer requirement was shown to signicantly
exceed that which could potentially be recovered in Sub-
Saharan Africa, and this disparity was shown to increase in
the 2030 and 2050 projections. Recovery of C was also shown to
provide a greater percentage of the potential sequestering
capacity of cropland in some places, for example the Asian
regions (Fig. 2).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Nitrogen available for recovery in human excreta, total mineral nitrogen fertilizer applied to agriculture, and nitrogen fertilizer
requirement of 17 key crops in Sustainable Development Goal Regions in 2022, with projections to 2030 and 2050. All units are Tg N per year. (b)
Phosphate available for recovery in human excreta, total mineral nitrogen fertilizer applied to agriculture, and nitrogen fertilizer requirement of 17
key crops in Sustainable Development Goal Regions in 2022, with projections to 2030 and 2050. All units are Tg N per year.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2023, 1, 960–974 | 963
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Fig. 2 Carbon available for recovery in human excreta and potential for carbon sequestration in cropland soil in Sustainable Development Goal
Regions in 2022, with projections to 2030 and 2050. Potential sequestration values are taken from Zomer et al.20 All units are Tg C per year.
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Eastern & South-Eastern Asia and North America & Europe
generate more annual GHG emissions than other regions from
fertilizer production and application based on 2022 levels, and
in both future scenarios for 2030. However, Central & Southern
Asia was predicted to increase emissions to levels comparable to
North America & Europe by 2030 (Fig. 3a). N2O emissions, when
converted to CO2-equivalents (CO2 e) from fertilizer application
tended to be greater than CO2 emissions from production in
Europe and the Americas in all years considered, but this
disparity was less signicant in the Asian regions. Emissions
from phosphate mining were far less than those frommineral N
production in all cases. Sub-Saharan Africa could reduce
emissions from fertilizer production by one third and fertilizer
application by ∼80% under a circular economy in 2022,
although this was predicted to diminish in 2030 and 2050
(Fig. 3b). Australia & New Zealand would see a negligible
reduction in fertilizer use and application emissions under
a circular economy in all studied years, and Oceania would
make signicant reduction in fertilizer production emissions
under a circular economy in 2022, but this capacity was pre-
dicted to diminish in 2030 and 2050 (Fig. 3b).

Excreted C was a small percentage (<5%) of that which could
potentially be sequestered in the cropland soil of Australia &
New Zealand, and North America & Europe (Fig. 2), with little
change from 2022 to 2050. Excreted C in Eastern & South-
Eastern Asia and Central & Southern Asia was a larger
percentage of that which could be sequestered at 2022 levels
(29% and 18% respectively), and this percentage was shown to
964 | RSC Sustainability, 2023, 1, 960–974
increase from 2022 to 2050. A similar trend was seen in Latin
America & The Caribbean, and Western Asia & North Africa,
although the overall percentage was lower compared to the 2022
baseline (12.4% and 9.4% respectively). This relatively large
capacity for soil C sequestration offers substantial opportunity
for long-term improvement in soil fertility and related benets
that are offered by reversing the historical decline of soil C
stocks in agricultural regions.7

GHG emissions from sanitation services were most signi-
cant in developing SDG regions. A trend of increasing emissions
from 2022 to 2050 in urban areas of developing regions was
observed, whilst the opposite was true in rural areas (Fig. 4a and
b). Emissions from sewerage dominate in wealthier countries
and in some highly urbanised regions of LMICs, whereas in
rural areas and poor cities, non-sewered sanitation and
uncontrolled discharge of untreated excreta dominate. Open
defecation was a small source of CH4 in urban areas, but
contributed a signicant share in rural areas, particularly in
Central & Southern Asia and Sub-Saharan Africa. N2O emissions
from all services were generally lower than CH4 for all regions
and time periods considered. Rapidly urbanizing regions such
as Sub-Saharan Africa and Central & Southern Asia were pre-
dicted to signicantly increase urban emissions between 2022
and 2050; increasing from 35.4 to 87.8 Tg CO2 e per year in Sub-
Saharan Africa and from 52.3 to 87.9 Tg CO2 e per year in
Central & Southern Asia (Fig. 4a).

Agriculture accounts for 70% of global water withdrawal, but
variation is broad among SDG regions (Table 1). Agricultural
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Greenhouse gas emissions from mineral N synthesis, phosphate production, and N fertilizer application (NO2 expressed as CO2 e) in
Sustainable Development Goal Regions in 2022 with projects to 2030 and 2050. All units are Tg CO2 e per year. (b) Percentage reduction of
greenhouse gases from fertilizer production and application offered by a fully functional circular economy of excreta N and P in Sustainable
Development Goals in 2022 with projections to 2030 and 2050.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2023, 1, 960–974 | 965
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Fig. 4 (a) Greenhouse gas emissions from sanitation services in urban areas in Sustainable Development Goal Regions in 2022 with projections
to 2030 and 2050. Improved services are given in blue, unimproved services are given in yellow/tan. All units are Tg CO2 e year per year. (b)
Greenhouse gas emissions from sanitation services in urban areas in Sustainable Development Goal Regions in 2022 with projections to 2030
and 2050. Improved services are given in blue, unimproved services are given in yellow/tan. All units are Tg CO2 e year per year.

966 | RSC Sustainability, 2023, 1, 960–974 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Total water resources (renewable and internal) with total freshwater and agricultural withdrawal in Sustainable Development Goal
Regions in 2022, with projections to 2030 and 2050. All units are 109 m3 (1 trillion litres)

Region Year
Total renewable
water resources

Total internal
water resources

Total freshwater
withdrawal

Total agricultural
withdrawal

Australia & New Zealand 2022 819.0 819.0 25.8 13.7
2030 28.1 14.9
2050 32.4 17.2

Central & Southern Asia 2022 4155.7 2305.2 1146.7 1132.2
2030 1253.2 1237.4
2050 1404.9 1387.1

Eastern & South-Eastern Asia 2022 9928.4 8402.3 1255.5 927.2
2030 1292.1 954.2
2050 1284.0 948.2

Latin America & The Caribbean 2022 19 203.3 13 777.0 332.4 238.8
2030 355.8 255.6
2050 384.1 275.9

Northern America & Europe 2022 13 770.5 11 689.0 782.0 275.5
2030 791.2 278.7
2050 793.8 279.6

Western Asia & Northern Africa 2022 487.4 405.7 238.3 213.6
2030 276.1 247.6
2050 359.3 322.1

Oceania 2022 884.3 884.3 0.5 0.1
2030 0.6 0.1
2050 0.9 0.1

Sub-Saharan Africa 2022 5488.6 3871.4 100 74.3
2030 113.9 84.6
2050 141.1 104.8
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withdrawal accounted for almost all freshwater withdrawal in
Western Asia & Northern Africa and Central & Southern Asia,
but only for a tiny fraction in Oceania. Sub-Saharan Africa and
Latin America & The Caribbean used the bulk of their with-
drawal for agriculture, but freshwater withdrawal was a small
fraction of total renewable water resources. Renewable internal
resources were much higher than that which is withdrawn in
North America & Europe and Sub-Saharan Africa. The projec-
tions for 2030 and 2050 indicated the drier regions of Western
Asia & Northern Africa and Central & Southern Asia will with-
draw signicantly increasing fractions of internal renewable
water resources for agriculture.
Discussion and evidence for policy
development
Excretion and agricultural application of N and P

Closing nutrient cycles between agriculture and diet is crucial
for food security and environmental stewardship, as mineral
fertilizers are produced using non-renewable resources, and
dumping of waste N and P can cause environmental damage
such as the eutrophication of waterways.26 Cumulative heavy
metal contamination and soil acidication are also problems
associated with overuse of mineral N fertilizer.9 The use of
sanitation systems to recover excreta-derived N and P to
supplement or replace agricultural mineral fertilizer is much
discussed in the sustainability literature,1,27–32 but if the N and P
produced in excreta by humans is signicantly lower than crop
requirements, then sanitation systems cannot deliver the
© 2023 The Author(s). Published by the Royal Society of Chemistry
nutrient requirements within the region. Here the comparison
of N and P excretion rates in SGD regions, with corresponding
rates of agricultural application, places a question mark over
the capacity of the circular economy of excreta-derived nutrients
to supplement mineral fertilizer application rates in every
region apart from Sub-Saharan Africa, and to a lesser extent
Western Asia & Northern Africa. This was also found to be the
case by Trimmer et al.2,33 although these results conrm Oce-
ania could also signicantly supplement mineral fertilizer use
with recovered nutrients from sanitation. Livestock manure N
and P also plays a signicant role in cropping systems (a total of
129 Tg N per year is generated but only 27.8 Tg N per year is
applied to cropland). Full recovery of N from sanitation services
was calculated here to provide a similar proportion to this in
2022 (30 Tg N), rising to 32 Tg N by 2050. Livestock P and C is
not provided by FAOSTAT, but it is likely that it would provide
a similar proportion.

Excretion and agricultural application rates of N and P show
the most synchrony in Sub-Saharan Africa and Oceania because
smallholder subsistence farming with localized consumption of
produced food dominates these regions, and fertilizer use is
restricted by economic conditions and an absence of govern-
ment subsidies.34 This also explains why application rates of N
and P are below that which is required by 17 key crops in these
regions (see values given by IFA21 as described in SM2). Sub-
Saharan Africa also still imports 20% of its cereals,35 which
increases the volumes of N and P in excreta beyond that which is
contained in food produced in the region. Oceania remains
food self-sufficient and N and P in excreta is not bolstered by
RSC Sustainability, 2023, 1, 960–974 | 967
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food imports.36 High prices, lack of adequate transport infra-
structure and restricted market access also limit fertilizer use in
these areas.37 Fertilizer application rates are typically much
higher in regions where fertilizer access is easier, such as North
America & Europe and Eastern & South-Eastern Asia. North
America & Europe also export signicant volumes of food, as do
some parts of Latin America & The Caribbean such as Brazil and
Argentina. Food exports increase the demand for fertilizer
beyond that required by diet domestically. Resource recovery
from wastewater may also yield N and P beyond that which is
excreted, as wastewater typically contains N and P from sources
other than human waste, for example food processing and
industrial waste,38 and this may close the gap to an extent. But
given the disparity between excretion and application rates of N
and P shown in Fig. 1a and b, this addition is unlikely to make
these recovered nutrients a viable alternative to mineral fertil-
izers in these regions.

The potential of excreta nutrients to supplement mineral
fertilizers may be high in some regions and low in others, but
using regional fertilizer application rates to assess the value of
human-derived N and P may be unwise,39 because applications
rates oen exceed or fall short of crop requirement (Fig. 1a and
b) causing environmental emissions from excess use in some
areas whilst limiting yields in others. It is not that soils in
Malawi are rich in mineral nutrition,40 and Chinese soils are not
intrinsically devoid of essential nutrients,41 yet average appli-
cation rates of N fertilizer were 43 kg ha−1 per year in Malawi in
201342 and 503 kg ha−1 per year in China in 2010.43 Key crop
requirement calculations in this study indicate these applica-
tion rates were insufficient and excessive, respectively. Crop
requirements oen have limited bearing on fertilizer applica-
tion rates, as the political economy of production and subsidi-
zation oen dominates farmer's decisions, as application rates
in this study indicate. Excessive application of fertilizer, i.e. at
rates beyond that which the crop is likely to take up, also has
many deleterious environmental effects, and likewise insuffi-
cient application rates perpetuate poor yields. National fertilizer
policy, where it exists, tends to safeguard national food security
by ensuring the availability and affordability of fertilizers, but in
doing this it can contribute to the environmental problems
associated with excessive use.

The capacity of recovered N and P to supplement mineral
fertilizers may change if national fertilizer policy were amended
to reduce or increase application rates to that required by the
crop. Such policies would likely increase fertilizer use signi-
cantly in places like Sub-Saharan Africa and diminish the
capacity of recovered excreta nutrients to bolster mineral
fertilizer application rates, in 2022 and even more so in future
projections. In the developed regions of North America &
Europe and Australia & New Zealand, full recovery of N and P
from sanitation systems would make a negligible contribution
to current and projected rates of mineral fertilizer application,
but would make a signicant contribution if these regions were
to better align fertilizer use with crop nutritional requirement.
If resource recovery is to supplement mineral fertilizer use in
a meaningful way it must also be paired with improved
968 | RSC Sustainability, 2023, 1, 960–974
agricultural, post-harvest and value chain practices that
conserve N and P from farm to fork in all SDG regions.

The use of excreted C for soil organic carbon sequestration

C sequestration in agricultural soils is seen as a key component
of the bioenergy with carbon capture and storage (BECCS)
pathway for climate mitigation.44 The idea that even a small
annual increase in soil organic carbon (SOC) in agricultural
soils could offset signicant volumes of annual GHG emissions
has garnered much interest, e.g. as the ‘4 per mil’ initiative.45

Increasing SOC in agricultural soil is also associated with
improvements in soil fertility and other functionality due to
residual N and P in the added organic matter, whichmay reduce
the necessity for fertilizer applications, further contributing to
climate mitigation.

The results here show excreted C can make a signicant
contribution to what could potentially be sequestered in agri-
cultural soil in some SDG regions according to Zomer et al.20

notably the Asian regions (Fig. 2). Human excreta-derived
fertilizers in Eastern & South-Eastern Asia could provide
∼29% of the C which could be sequestered in agricultural soil in
2022, but it remains unclear how much of this C is recoverable.
WWTPs generally have treatment processes that generate CO2,

limiting the volumes of C available for recovery, but as the Asian
regions had minimal rates of wastewater treatment in 2015
(Central & Southern Asia treated 3% of wastewater and Eastern
& South-Eastern Asia treated 32% (ref. 46)), much of the
untreated C remains available for recovery. The climate miti-
gation offered by annual additions of organic C to agricultural
soil may however also be overstated, as most soils have
a maximum C content which could be reached, and high rates
of addition may alter the soil nitrogen cycle, causing soils to
emit N2O and cancel out the reduction in warming achieved by
sequestering C.47 A signicant proportion of recovered C may
also be lost from soil via respiration or erosion when added to
agricultural land,48 but if crop yields are increased by
wastewater-derived fertilizers then this decrease may be offset
by the increase in SOC associated with increased growth of root
and microbiome biomass.

Excreted C in the industrialized regions (Australia & New
Zealand and North America & Europe) was shown to be negli-
gible when compared to that which could potentially be
sequestered in agricultural soil. WWTPs in these areas are
developing new technologies to recover C from organic mate-
rials, and although this C may contribute to soil fertility if
returned to the regions agricultural soil, these results suggest
the value of recovery in these regions lies more in reduction of
nutrient emissions to water bodies.

GHG emissions from mineral fertilizer production and
application

GHG emissions from the production of P fertilizer were signif-
icantly lower than that of N fertilizer production in all regions,
for all time periods assessed (Fig. 3a), because the Haber–Bosch
process requires much more energy than phosphate mining.
This may change by 2050, as phosphate ore is predicted to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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become less pure and harder to access,49 which will increase the
energy requirements associated with mining and production.
This may further incentivize P recovery from waste streams, but
given how crops require much more N than P, and that P
fertilizers do not have a GHG emission from their application,
the recovery of N to mitigate GHG emissions from N production
will likely take priority in all SDG regions, because the GHGs
from N production and application are much more signicant.

Regional differences in GHG emissions from N fertilizer
production (CO2) and application (N2O expressed as CO2 e) in
2022 and future projections stem from different practices in
production and application. The Haber–Bosch process in the
Asian regions produces higher masses of GHGs because more
carbon-intensive fuels are used (Fig. 3b), thus increasing the
GHG equivalent per kg N produced (for example, Western
Europe emits 2.85 kg CO2 kg per kg N produced, whereas China
emits 6.36).22,43 The use of natural gas as a fuel in North America
& Europe reduces production emissions despite similar
production amounts as the Asian regions in 2013 (34 Mt N per
year in North America & Europe and 41 Mt N per year in Eastern
& South Eastern Asia17). Regions reliant on coal for N production
could reduce emissions signicantly by switching to less
carbon-intensive fuels or modern electrochemical methods (the
‘green’ ammonia project)50 to power the reaction. Cleaner fuels
may become more accessible in Eastern & South-Eastern Asia as
China begins subsidizing domestic natural gas production.51

The development of renewable energy production and
improved resource recovery from waste streams could be
a promising approach to sustainable fertilizer use in Eastern &
South Eastern Asia. If this were to occur concomitant with
fertilizer guidelines to encourage more precise fertilizer appli-
cation rates, it may amount to a more sustainable fertilizer
policy for the region.

Reducing GHG emissions by limiting the need for the
Haber–Bosch process is a longstanding sustainable develop-
ment target,52,53 but N2O emissions from fertilizer application
are also signicant, and in many SDG regions higher than the
equivalent CO2 emissions from fertilizer production (The
Americas, Europe, Sub-Saharan Africa, and Oceania – Fig. 3a).
Other research documenting fertilizer GHG emissions have also
shown how N2O emissions (expressed as CO2 e) from applica-
tion tend to be more signicant than CO2 emissions from
production54 when synthesis is energy efficient. Studies doc-
umenting GHG emissions from global fertilizer production
specically are also in line with the results shown for 2022 in
Fig. S3† (423.1 Tg CO2 per year), for example Liu et al.55 calcu-
lated global emissions from nitrogen fertilizer production to be
420 Tg CO2 in 2022 and Boerner56 calculated 450 Tg CO2 in 2019.

Global N2O emissions frommineral fertilizer application are
predicted to signicantly increase by 2030 based on the data
given in Fig. S3† and other studies,57 and this raises questions
about the use of excreta-derived fertilizers and their capacity to
mitigate climate change. Processing of excreta-derived N and P
can be minimal or extensive, generating potential fertilizers
ranging from nearly raw sewage to highly processed forms; e.g.
phosphate minerals such as struvite. Widely variable water
content and thus unit mass will also inuence the energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
required to transport these organic fertilizers,1 which effects
their carbon footprint and their N2O emission factor.

This study used a standard emission factor of 1.16% for
excreta-derived fertilizers applied to agricultural land as
biosolids (calculated in a global meta-analysis by Charles
et al.23). Using this we found most SDG regions could reduce
fertilizer N2O emission by recovering N and reapplying it to
agriculture, but this was found to be negligible in Australia and
New Zealand (reductions were <2% in all cases). This was likely
caused by low national fertilizer production emissions
combined with the relatively higher emissions associated with
land application of recovered N. This marks a trade-off, as the
capacity of human-derived fertilizers to mitigate climate change
may be compromised if their associated N2O emission factor is
higher than the mineral fertilizer they displace. Sub-Saharan
Africa was shown to have the capacity to reduce mineral fertil-
izer production emissions by ∼80% using the circular economy
at 2022 levels, although this capacity was reduced in the future
projections. This was caused by the capacity for elimination of
mineral fertilizer production emissions, as rates of
recoverable N are higher than rates of mineral N agricultural
application in this region. Novel products such as composted
and pelleted faecal sludge developed in Sub-Saharan Africa58

may further lower fertilizer emissions, as their expected N2O
emissions factor is lower.23 Scaling up use of these more pro-
cessed forms could produce viable organic fertilizers with
minimal climate impact.7 Design of fertilizer products for a low
emission factor will be less critical for dry regions with lower
risk of N2O emissions from fertilizer use, such asWestern Asia &
North Africa.
GHG emissions from sanitation services

Improving nutrient recovery from sanitation services can miti-
gate climate change by providing organic C for sequestration in
cropland soil and by limiting the release of methane from
otherwise unrecovered organic C in sanitation services.
Elements of SDG 6 (Clean Water and Sanitation) such as ending
open defecation and halving the proportion of untreated
wastewater may then have synergies with SDGs 2 and 13 if the
effect of recovering excreta nutrients for agriculture is consid-
ered. Investment in sanitation services is generally motivated by
public health concerns, and GHG emissions from sanitation
services are not strongly prioritized in any part of SDG 6. Many
studies document GHG emissions from WWTPs,59–61 but these
overwhelmingly describe emissions from the treatment process
itself. This can be calculated at any given WWTP, but hetero-
geneity in treatment practices and environmental conditions
make it difficult to scale up with any certainty estimates of the
potential emissions.

Fig. 4a, b and S4† show a global estimate of GHG emissions
(methane and nitrous oxide expressed as CO2 e) from urban and
rural sanitation services, i.e. emissions before reaching
a WWTP, or rivers and oceans as is the case in many SDG
regions. The contrast between developed regions (North Amer-
ica & Europe and Australia & New Zealand) and the rest of the
world is caused by the dominant sewer network in the
RSC Sustainability, 2023, 1, 960–974 | 969
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industrialized regions, which is typically sealed and does not
emit signicant GHGs. For developing SDG regions, the main
sources of emissions are from excreta that are not contained in
the system – predominantly leakage from sewers, and dumping
from onsite systems, coupled with methane and nitrous emis-
sions from within onsite systems. The extent of this is
unknown, but recent work shows that a signicant proportion
of urban excreta end up in anaerobic conditions in poorly
managed pits or open drains,62 and in poor quality pits or open
defecation in rural areas. Urban emissions from sewers in
developing SDG regions are mostly CH4 from unsealed
networks,63 and the extent of this problem is signicant, but not
precisely known. For example, despite signicant government
efforts to upgrade urban residences from latrines to a sewer
network, one third of Chinese sewers are estimated to be in
a state of disrepair.64

Latrines remain an important decentralized sanitation
service for ∼20% of the global urban population,46 predomi-
nantly in Sub-Saharan Africa and Central & Southern Asia, as
Fig. 4a suggests (we assume that the shared category in the JMP
classication46 refers to areas where latrines are most common).
Latrines are even more widely used in rural areas and present
a valuable opportunity for resource recovery, as contamination
with industrial pollution and dilution by water is likely to be
limited, but they may also emit signicant volumes of CH4

when anaerobic. Reid et al.6 calculated CH4 emissions from
latrines in 21 countries using similar methodology to this study
and found comparable regional results, although global esti-
mations were considerably less as this study only surveyed 21
countries and did not include nitrous oxide. Global trends for
latrine emissions found in this study are that rural areas will see
a decline in many regions (see the Asian regions or Latin
America & the Caribbean), whilst urban areas, in regions where
latrines are common, will see a signicant rise (Central &
Southern Asia and Sub-Saharan Africa). If we assume the shared
sanitation service is mostly composed of latrines in Sub-
Saharan Africa, then emissions from latrines and shared
services are predicted to rise from 18.4 Tg CO2 e per year in 2022
to 46.0. Tg CO2 e per year in 2050 (Fig. 4a) – roughly equivalent
to the total national emissions of entire countries such as Syria
(46.2 Tg CO2 e per year), Denmark (46.7 Tg CO2 e per year) or
Bahrain (49.0 Tg CO2 e per year) in 2018.65

These results indicate GHG emissions from Sub-Saharan
sanitation services may contribute a more signicant volume
to total regional emissions. Field assessments in Kampala,
Uganda have also suggested latrine emissions are particularly
signicant, and may account for up to half the city's total
emissions.66 Calculated emissions from latrines may even
underestimate the true value, as they do not account for latrine
leakage to an open drainage network, which may have a higher
emission factor. The short-lived nature of methane in the
atmosphere also implies that even a small curtailment of this
rate may signicantly reduce its warming effect.67 C recovery in
most regions may not provide signicant volumes for C
sequestration in agricultural soil (Fig. 2) but preventing this C
from becoming CH4 in latrines may have a signicant climate
970 | RSC Sustainability, 2023, 1, 960–974
benet for regions with high emission rates from decentralized
and poorly managed sanitation services.

GHG emissions from open defecation in rural areas were
signicant in some developing rural SDG regions in 2022, but
this was projected to decline in 2030 and again in 2050 as these
regions undergo urbanization. Achievement of SDG 6.2 (end
open defecation) would eliminate these emissions, but if people
switch from open defecation to latrines or septic tanks, which
will likely be the case in Sub-Saharan Africa and Central &
Southern Asia, the overall sanitation emissions may increase, as
Shaw et al. have modelled,68 due to the higher emission factors
of latrines and septic tanks. This trade-off may be essential to
achieve SDG 6 and end open defecation, but it can be mitigated
by installing functional latrine services, i.e. dug in areas unlikely
to ood and emptied regularly for resource recovery.69

Global sanitation service GHG emissions are predicted in
this study to increase from 443 Tg CO2 e per year in 2022 to 562
Tg CO2 e per year in 2050 (Fig. S4†) – a gure comparable to the
total annual emissions of some of the world's middle econo-
mies in 2018, e. g. Turkey (474 Tg CO2 e per year), South Africa
(520 Tg CO2 e per year) and Australia (619 Tg CO2 e per year).70

This increase mostly stems from poorly constructed sewers in
urban areas of the Global South, although latrines, septic tanks
and basic sanitation services also make signicant contribu-
tions. Investment in sanitation service improvement could
therefore facilitate the achievement of SDGs 6 and 13 if devel-
opment focused on resource recovery and minimal water usage,
with the value of this investment best realized in Sub-Saharan
Africa and Central & Southern Asia. Water usage is an impor-
tant factor as household water demand for drinking, cooking
and washing is substantial regardless of the sanitation system.
Reducing overall water use and discharge to sanitation systems
will require substantial household conservation measures with
recycling and re-use of grey water.
Water availability and requirement

Recovery of nutrient C, N, and P for a circular economy also
supports the achievement of SDG 2 Zero Hunger. This is
through improved supply of recovered excreta nutrients to
support food production in the face of a need to decrease
mineral fertilizer use in order to achieve SDG 13 Climate Action.
Agriculture and sanitation require water to function, and
climate change is predicted to adversely impact the supply for
both uses.69,71 Drought and ooding can curtail crop produc-
tion, drought can limit ow in sewers, and ooding can cause
latrines and septic tanks to overow, creating signicant public
health problems. Sanitation can also provide water for agricul-
ture in certain contexts, as well as crop nutrition.72,73 Achieving
SDGs 2 (Zero Hunger) and 6 (Clean Water and Sanitation)
requires increases in crop production and development of
sanitation services, but this may create competition for water
resources, which are limited in some regions (Table 1).

Our results indicate Western Asia & Northern Africa and
Central & Southern Asia face the greatest pressure on currently
available resources to deliver water for both goals, now and in
projections to 2050. Sewers are accessed by 56% and 11% of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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population in these regions respectively. If signicantly
increasing sewer access is at all infrastructurally and nancially
viable, the required water may make this development an
impossibility, as agricultural usage amounts to such a signi-
cant percentage of the freshwater which is withdrawn.
Expanding sewers further without improving the current
network may also increase GHG emissions, which would be
signicant, as unsealed sewers in these regions already
contribute a signicant fraction of the total emissions from
sanitation services (Fig. 4a). Trade-offs in resource allocation for
sewer development may also arise in Eastern & South-Eastern
Asia, particularly in China, who began a large program of
urban sewer development in 2014.74 Here agricultural with-
drawal also takes the bulk of freshwater withdrawal, meaning
improving these networks may demand signicantly increasing
the volume of water withdrawn for municipal use.

Regions such as Latin America & The Caribbean and Sub-
Saharan Africa were seen to have undeveloped renewable
water resources (i.e. renewable internal resources were far
higher than water withdrawn). Other researchers have
described how these regions could increase crop irrigation if
water resources could be further developed,75 and newly avail-
able water could also be useful for sewer development. A closed
sewer network would signicantly curtail GHG emissions from
the currently malfunctional networks found in urban areas in
these regions (Fig. 4a) but may render excreta nutrients more
difficult to recover than from a latrine or septic tank. Individual
countries and cities within each region may tailor sanitation
investment programs to minimize trade-offs in water avail-
ability and climate mitigation based on specic environment
and circumstance.

Conclusions

The 19th century sanitation reformer Edwin Chadwick foresaw
the capacity of the circular economy to benet humanity when
he imagined a fully-functional sanitation system would create ‘a
post-Malthusian world where every being generated the fertil-
izer to sustain his own existence’.76Here we show this claimmay
not hold in SDG regions in which fertilizer application rates are
very high, but different SDG regions can benet from a func-
tional circular economy of excreta nutrients in different ways,
and there are contrasting trade-offs and co-benets within
these. The developed regions of North America, Europe, Aus-
tralia and New Zealand would not replace or even meaningfully
supplement current or projected rates of fertilizer application
by maximum recovery of N and P from human waste, although
if application rates were reduced to match actual crop require-
ments, then the disparity between mineral fertilizer application
and potentially recoverable human-derived fertilizer may be
reduced. Replacing mineral N and P fertilizer with human-
derived fertilizers in these regions would not signicantly
reduce fertilizer emissions, it may even increase emissions in
scenarios of low recovery combined with anticipated higher
emission factors for human-derived fertilizers, as is the case in
Australia and New Zealand. Recoverable C in these regions is
only a small proportion of that which could be sequestered in
© 2023 The Author(s). Published by the Royal Society of Chemistry
cropland, but it offers an opportunity for long-term improve-
ment in soil C stocks. GHG emissions from sanitation services
here are not globally signicant now or in future projections
due to the dominance of the closed sewer network.

LMICs offer greater opportunities for the circular economy of
human-derived nutrients to mitigate climate change. Regions
such as Sub-Saharan Africa and Oceania could almost replace
mineral fertilizer application rates with human derived nutri-
ents in 2022 and in future projections, whilst Western Asia &
North Africa could supplement to a signicant degree, reducing
GHG emissions from fertilizer production. Drier regions such
as Western Asia & Northern Africa and Central & Southern Asia
may face trade-offs in water allocation for both sanitation and
agriculture, which could impact pathways to achieving the
linked SDGs 2, 6 and 13, but this is unlikely in other regions.
Although recovering sanitation waste in Latin America and the
Asian regions would not achieve signicant reductions in
fertilizer GHG emissions, it would curb regional GHG emissions
by preventing C and N from becoming CH4 and NO2 in each
sanitation service. Recovered C may also provide further
opportunities for C sequestration to cropland. The circular
economy of human-derived nutrients has climate, food and
water implications for every SDG region and policies focussing
on different aspects of it can deliver some meaningful climate
change mitigation in 2022 and in future projections to 2050.
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