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A B S T R A C T

This paper presents global estimates of nutrient discharge from households to surface water based on the re-
lationships between income and human emissions represented by protein consumption, degree of connection to
sewerage systems, presence of wastewater treatment plants and their level of nutrient removal efficiency. These
relationships were used to construct scenarios for discharge of nutrients with waste water based on the five
Shared Socio-economic Pathways for the period from 1970 to 2050. The number of inhabitants connected to a
sewerage system will increase by 2–4 billion people between 2010 and 2050. Despite the enhanced nutrient
removal by wastewater treatment, which will increase by 10%–40% between 2010 and 2050, nutrient discharge
to surface water will increase in all scenarios by 10%–70% (from 10.4 Tg nitrogen (N) in 2010 to 13.5–17.9 Tg N
by 2050 and from 1.5 Tg phosphorus (P) in 2010 to 1.6–2.4 Tg P by 2050). In most developing countries, nu-
trient discharge to surface water will strongly increase over the next decades, and in developed countries it will
stabilize or decrease slightly. A global decrease in nutrient discharge is possible only when wastewater treatment
plants are extended with at least tertiary treatment in developing countries and with advanced treatment in the
developed countries. In future urban areas that will be developed over the 2010–2050 period, options for re-
cycling can be included in wastewater management systems. A separate collection system for urine can yield
15 Tg N yr−1 and 1.2 Tg P yr−1, which can be made available for recycling in agriculture. The SDG 6.3 about
safely treated waste water by 2030 will be reached in the developed countries in 2030. In the developing
countries, the goal will be reached by 2050 only under SSP1, SSP2 and SSP5.

1. Introduction

Eutrophication accounts for the foremost aquatic ecosystem man-
agement problem in rivers, lakes, and estuaries around the world (EEA,
2012; OECD, 2012; Janse et al., 2015). Eutrophication is caused by
nitrogen (N) and phosphorus (P) nutrient loading of surface water and
leads to higher primary production in rivers and lakes (Butcher, 1947).
Ecosystem services, such as drinking water supply, fisheries, aqua-
culture and tourism, can be negatively affected by eutrophication (Diaz
and Rosenberg, 2008; Zhang et al., 2010). Impacts are not restricted to
fresh water, since coastal seas are also affected by eutrophication, ul-
timately leading to harmful algal blooms and hypoxia due to the decay
of algal biomass (Diaz and Rosenberg, 2008; Kemp et al., 2009; Gilbert
et al., 2010).

The two most important sources of nutrients in freshwater systems
are nutrient losses from agriculture and wastewater discharge from
households and industry (Bouwman et al., 2005). In many countries,

households are the main point sources of nutrients in densely populated
urban areas and the environmental pressure they cause is determined
by the level of sanitation, connection to sewerage systems or lack
thereof, and presence and level of wastewater treatment. Sanitation
improvement is strongly determined by national health and environ-
mental policy (EEC, 1991; WHO and Unicef, 2017b).

The aim of this paper is to project the future pressures from nutrient
discharge from point sources based on scenarios, as well as the potential
for collecting nutrients from human excretion for recycling in agri-
culture. We use the Global Nutrient Model (GNM) (Beusen et al., 2016),
which is part of the Integrated Model to Assess the Global Environment
(IMAGE) (Stehfest et al., 2014). GNM includes both diffuse sources
(agriculture, natural ecosystems) and point sources. The GNM point
source model is an update of the model presented by Van Drecht et al.
(2009) and Morée et al. (2013) with updates of (i) the historical data on
connection to sewerage systems and wastewater treatment up to the
base year 2010, (ii) relationships between per-capita incomes and
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protein consumption, detergent use, connection to sewerage systems,
wastewater treatment and nutrient removal efficiency; these relation-
ships are used in future scenario projections for these aspects.

We selected the five Shared Socio-economic Pathways (SSPs), the
most recent family of scenarios developed for the Intergovernmental
Panel on Climate Change (Kriegler et al., 2014; O'Neill et al. 2014; Van
Vuuren et al., 2014) (Table 1). SSP1 is a scenario in which major efforts
are made to achieve sustainable development while reducing both re-
source intensity and the use of fossil fuels. SSP2 is a business-as-usual
scenario, and SSP3 represents a fragmented world with regions dif-
fering widely in economic development. SSP4 is a world with large
inequalities. Finally, SSP5 involves traditional development with a
focus on economic growth and new technology with a continued de-
pendence on fossil fuels. These scenarios have already been im-
plemented in IMAGE (Van Vuuren et al., 2017b) to assess the impact of
population growth and economic development on food and energy
production, land-use change and climate change (Van Vuuren et al.,
2017a) and fertilizer use and diffuse nutrient loads from agricultural
land (Beusen et al., 2016; Mogollón et al., 2018).

Improved sanitation, or hygienic separation of human excreta from
human contact (Unicef and WHO, 2015) constitutes a major goal to
improve global health as defined in the Sustainable Development Goal
(SDG) 6.2, which reads: ‘by 2030, achieve access to adequate and
equitable sanitation and hygiene for all and end open defecation,
paying special attention to the needs of women and girls and those in
vulnerable situations’ (UN, 2015). If improved sanitation would be
realized through the construction of sewerage systems that directly
discharge into surface water (i.e. lacking wastewater treatment) or with
only primary treatment, this may result in an increase in nutrient
loading (Ligtvoet et al., 2014). Hence, a scenario of population growth
and policy strategies aimed at achieving SDG 6.2 can result in an in-
crease in nutrient loading, particularly if not combined with SDG 6.3,
which reads: ‘by 2030, improve water quality by reducing pollution,
eliminating dumping and minimizing release of hazardous chemicals
and materials, halving the proportion of untreated waste water and
substantially increasing recycling and safe reuse globally’ (UN, 2015).
We will therefore assess the outcomes of the SSPs, in terms of how the
environment progresses towards SDG 6.3.

The collection of human excreta from urban areas for use in agri-
culture was common up to the early 20th century, most substantially in
Europe, Asia, and North America (Morée et al., 2013). With the in-
creasing number of households with access to sewerage systems, this
recycling of human excretion became less common over the course of
the 20th century, and nowadays is only practiced in developing coun-
tries. In the future, recycling of nutrients for agricultural use will have
to become more important, especially since global phosphorus reserves
are being depleted (Van Vuuren et al., 2010; Cordell et al., 2011;
Mihelcic et al., 2011). Various options for gathering human excretion
are available, such as separate collection of human urine from house-
holds or public toilets, as 80% of total human N excretion and 62% of
total human P excretion are in urine (Mihelcic et al., 2011; Roy, 2017;
Simha and Ganesapillai, 2017). Struvite can be produced from urine
separately or in combination with feces and household waste, which

can be used as NP fertilizer (Cordell et al., 2011; Wielemaker et al.,
2018). For the rural population, there are small-scale solutions to use P
as fertilizer, sometimes in combination with biogas production (Cordell
et al., 2011).

2. Material and methods

2.1. Global Nutrient Model

The IMAGE-GNM point source model is discussed in detail in Van
Drecht et al. (2009) and Morée et al. (2013). Here, we first present a
brief outline, and in the following sections we discuss the updates of
both the model and input data. Concerning the household emissions of
nutrients, the model uses human food consumption as the main source
of N and P in household waste water, N and P emissions from industry,
and P emissions from the use of detergents (Fig. 1). Human nutrient
intake is based on food protein intake, which is corrected for retail and
household waste and for protein stored in hair, nails and skin, etc. The
total of urine and feces excretion is assumed to equal intake minus
losses. P emissions from detergent depend on the use of laundry and
dishwasher detergents and the content of P in the detergent.

The fate of household waste water depends on the presence or ab-
sence of a sewerage system (Fig. 1). Part of the waste water from in-
habitants not connected to a sewerage system may be recycled in
agriculture, or it ends up in the ‘other’ pool, together with leakage from
sewerage systems, retail and household waste. The effluent of sewerage
systems can be treated by wastewater treatment plants or directly be
discharged to surface water. Without a sewerage system, excreta is
collected either in septic tanks or pit latrines, or there is open defeca-
tion. The level of nutrient removal depends on the type of wastewater
treatment.

Future total discharge of nutrients to surface water is affected by
socio-economic drivers quantified in the SSP scenarios (Fig. 1): (i) the
total volume of household emissions is directly proportional to the
population size; (ii) income affects protein consumption through the
human diet, as well as the use of laundry and dishwasher detergents;
(iii) the construction of sewerage systems and wastewater treatment
plants is a response to health and environmental problems. This is a
long-term investment and is related to the per-capita income in each
country or region. In addition, the attitude towards health and en-
vironmental problems, available technology and equality are aspects
that we use in the scenario storylines for the urgency and willingness to
construct sewers and wastewater treatment plants.

2.2. Model update

Data on total, urban and rural population and per-capita incomes
are available on all countries, for the period from 1970 to 2010 and
2010 to 2050, for the SSPs (Jiang and O'Neill 2017; KC and Lutz, 2017)
(Table 1, SI. 2). Income is expressed in Gross Domestic Product (GDP)
per capita, measured in purchasing power parity (PPP) and expressed in
US dollars (2005 exchange rate) (Leimbach et al., 2017). For protein
consumption, sewerage system connection (SC), nutrient removal (NR)

Table 1
Total and urban population, GDP and description of the five SSPs.

Property SSP1 SSP2 SSP3 SSP4 SSP5

Keyword Sustainability Middle of the road Fragmentation Inequality Conventional development
Total population in 2050 (106 inhabitants and % relative to 2010) 8477 (+23%) 9181 (+33) 9963 (+45) 9213 (+33) 8629 (+24)
Urban population in 2050 (106 inhabitants and % of population) 6549 (77) 6154 (67) 5445 (55) 6952 (76) 6654 (78)
GDP/capita in 2050 (1000 US$ and % increase related to 2010) 34 (+243) 25 (+156) 18 (+83) 24 (+146) 43 (+330)
Technological development Rapid Medium Slow Slow Rapid
Progress towards development goals Good Some Failure to achieve goals Highly unequal Market-driven
Inequality Less Medium High High Less
Attitude towards environmental problems Proactive Indifferent Reactive Reactive Reactive
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by wastewater treatment plants, and detergent use, we regressed his-
torical data aggregated to the scale of world regions against per-capita
GDP. The resulting regression equations were used to construct future
regional trends based on GDP scenarios for the SSPs, from the year 2011
onwards. These regional trend lines were matched to the base year data
for individual countries within each region using country-specific cor-
rection factors. The regression equations for protein consumption, SC
and NR are shown in Fig. 2 a, b, c. For each regression equation five
regression models (linear, exponential, logarithmic, polynomial and
power) were compared using the correlation coefficient R2, the root
mean square error and mean absolute error (Janssen and Heuberger,
1995), to select the model with the best fit (S.I. 5).

Protein consumption is based on FAO data (2017). Protein con-
sumption can be related to income (Grigg, 1995; Bijl et al., 2017) and
for countries without data on protein consumption and for the future
protein consumption in scenarios, we used this correlation using data
on IMAGE regions (see S.I. 1) for the years 1990, 2000 and 2010
(Fig. 2a). The selected regression equation was similar to Billen et al.
(2013).

Data for SC are based on the previous model version (Van Drecht
et al., 2009; Morée et al., 2013) and updated with information retrieved
from the Joint Monitoring Program (JMP) and OECD (WHO and Unicef,
2015). The JMP database includes country-scale SC data based on na-
tional studies, but for most countries were only a few years available.
Therefore, annual data for periods of 10 years were averaged to obtain
decade information. In case of disagreement between JMP and OECD,
OECD was selected. The data set thus obtained provides information on
200 countries, whereby 30 countries are based on OECD data, 142
countries on JMP data and 28 were either extrapolated to the year 2010
using past trends or corrected in the case of discontinuities (see S.I. 6).

Country-scale data on wastewater treatment on a global scale were
available from Van Drecht et al. (2009), Reder (2017), OECD (2016)
and UN (2017) according to the following scheme: OECD data were
used for all countries with available data; for missing countries, data
from Van Drecht et al. (2009) were used and compared with those
collected by Reder and corrected if necessary (2017) (S.I. 6). The UN

data include total treatment without distinguishing treatment types and
were used to compare with the sum of the treatment types calculated
from the other data sources; in case of a difference, all treatment types
were corrected to match with UN total treatment. For China, NDRC data
were used (NDRC, 2016).

We distinguish primary, secondary and tertiary treatment with
corresponding nutrient removal fractions (Table 2). The percentage
removal by tertiary wastewater treatment was according to current
levels of nutrient removal in Germany (EEA, 2014). For the scenarios,
we also used the quaternary treatment type with N and P removal
fractions of 0.95 (Table 2). For scenario projections, removal fractions
of nitrogen (NRN) and phosphorus (NRP) are combined to the overall
Nutrient Removal fraction (NRNP):

= + + +NR f NR f NR f NR f NRNP
prim prim

NP
secon secon

NP
tert tert

NP
quart quart

NP
(1)

Where fprim, fsecon, ftert and fquart are fractions of total population with
access to primary, secondary, tertiary or quaternary wastewater treat-
ment installations, respectively.

Regarding laundry and dishwasher detergents, we updated the
equations with per-capita GDP, as used by Van Drecht et al. (2009) and
Van Puijenbroek et al. (Submitted). We assumed a P concentration of
0.0625 g P/g detergent for laundry detergents and 0.0006 g P/g de-
tergent for P-free detergents; for dishwasher detergents we used 0.177
and 0.01 g P/g detergent for standard and P-free detergents (Van Drecht
et al., 2009), according to recent European Union regulations (EC,
2011; EU, 2012).

Nutrient emissions from households lacking SC are an important
flux, since, for example, most of the 40 investigated African cities with
more than a million inhabitants lacked a functioning sewerage system
(Miller and Parker, 2013). In cities lacking sewerage systems, part of
the waste is recycled in agriculture, and the remainder is drained via
ditches or canals (Miller and Parker, 2013; World Bank, 2016; SFD,
2017). In many sub-Saharan African cities, up to 60% of human waste is
discharged largely uncontrolled during heavy rainfall (Nyenje et al.,
2010). We assumed that N in the waste water from urban households
that lack sewerage system connection is reduced by 20% due to

Fig. 1. Scheme of the wastewater nutrient flows in the
IMAGE Global Nutrient Model (GNM). In the model, income
is a driver of per capita protein consumption and of use of
detergents; P content of detergents depends on environ-
mental regulations; total fluxes are determined by popula-
tion size. Sewerage connection and wastewater treatment
are also related to income and can reduce nutrient discharge
to surface water. Health and environmental policy and
available technology are implemented in the scenarios in a
qualitative way. Scheme is modified from Morée et al.
(2013).
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ammonium volatilization and both nutrients are reduced by agriculture
recycling. The estimates for local agricultural nutrient recycling were
taken from Morée et al. (2013). The remaining part was split into a
urine part of 80% N and 62% P which is discharged to surface water
and a feces part which is locally accumulated in soil or groundwater.

2.3. Scenario-specific input data

Table 1 gives a brief description of each of the five SSPs in terms of
total and urban population, GDP and other qualitative aspects, such as
sustainability, environmental goals, equality and technology. Future

protein consumption is calculated from per-capita GDP with an equa-
tion that is common to all SSPs (Fig. 2a):

=protein consumption 14.907 In(GDP) 48.767 (2)

The equations for calculating future SC and NR (Fig. 2b and c) have
scenario-specific factors. For SC the equation is as follows:

= +SC f SC f SC_ (22.969 ln(GDP) 162.12 _ )scenario country (3)

where f_SCscenario is a scenario-specific multiplier (Table 3), and
f_SCcountry is the country-specific correction to match calculated values
to the data for 2010 (Fig. 2b). The maximum overall SC depends on the
fraction of the rural population with a sewerage system connection,
which has a maximum value of 10%–50%, depending on the SSP
(Table 3). Finally, NR is calculated according to:

= +NR f NR f NR

SC NR max

min( _ (0.0013 GDP 2.9578 _ ),

_ )
scenario country

scenario (4)

Where f_NRscenario is a scenario-specific multiplier, f_NRcountry the
country-specific correction to match the result of Equation (4) with data

Fig. 2. Relationship between GDP and (a) protein consumption (R2 = 0.73), (b) sewerage connection (SC; R2 = 0.81) and (c) nutrient removal (NR; R2 = 0.85) for
image regions and (d) change in SC and NR for a hypothetical country in the SSP2 world moving from low GDP to high GDP. The equations for the years 1990, 2000
and 2010 separately and for all years together are nearly equal. Protein consumption and sewerage connection are described with a logarithmic regression model and
nutrient removal with a linear (S.I. 5).

Table 2
Nitrogen, phosphorus (NRN and NRP) and overall nutrient removal fraction
(NRNP) for primary, secondary, tertiary and quaternary waste water treatment.

Primary Secondary Tertiary Quaternary

NRN 0.1 0.35 0.8 0.95
NRP 0.1 0.45 0.9 0.95
NRNP 0.1 0.4 0.85 0.95
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for 2010, and f_NR_max is the maximum achievable nutrient removal
fraction which varies per scenario (Table 3). In SSP1, with good pro-
gress towards sustainable goals and SSP5 with rapid technological de-
velopment, this maximum removal is 95% assuming that quaternary
treatment is added to tertiary wastewater treatment plants. This high
level of nutrient removal is already achieved for N and P in some
countries, for example in Germany (EEA, 2014). We therefore used this
level of nutrient removal as a maximum achievable removal fraction for
SSP1 and SSP5 with somewhat lower values in the other SSPs (Table 3).
Countries with a GDP below US dollars 2500 are assumed to have no
wastewater treatment or a stable treatment level from 2010 onwards.

Overall nutrient removal needs to be translated to the four types of
wastewater treatment. Since wastewater treatment plants have a life-
time of 30 years or more, the situation in 2010 is the basis for calcu-
lating the situation in 2020, and this result was used for 2030, and so
on. Countries with a low GDP are supposed to build primary treatment
plants while countries with a high GDP build tertiary treatment plants.
In western Europe, primary wastewater treatment plants were extended
with secondary treatment and later, with tertiary treatment installa-
tions. This process was modelled for each country, for year t, in three
steps: (i) the percentage of sewerage system connection and access to
the various types of treatment systems in year t-10 was used as a
starting point; the treatment type with highest percentage being the
dominant one; (ii) for year t, first, additional nutrient removal (NRt –
NRt-10) was achieved by reducing the percentage untreated sewage and
increasing the level of the dominant type; (iii) if the first two steps did
not yield the required overall nutrient removal level, first primary
treatment was upgraded to secondary treatment, next, secondary to
tertiary and, finally, tertiary to quaternary treatment to arrive at the
required overall nutrient removal level. Using this stepwise iterative
approach, we modelled the successive upgrade of treatment levels as
demonstrated for a hypothetical country with increasing GDP (Fig. 2d).

The use of P-free detergents is currently regulated by environmental
policies in the EU, United States and certain other countries. In the
scenarios, we distinguished reactive environmental policies (in SSP3
and SSP4) and proactive environmental policies (in SSP1); in the SSP2
scenario (business-as-usual) and in SSP5, attitudes towards the en-
vironment are assumed to be less proactive than in SSP1. Banning de-
tergents with a high P content is implemented in the 5 scenarios for
2050, using the following criteria: (i) in SSP1, all countries with a GDP
of more than USD 20,000 per capita in 2050 will have full penetration
of P-free detergents; (ii) in SSP2, all countries with a GDP above USD
40,000 per capita in 2050 will have full penetration of P-free de-
tergents; (iii) in SSP3, standard P containing detergents will still be
permitted in 2050; in countries currently using P-free detergents, half of
the detergent use will consist of P-free detergents in 2050; (iv) in SSP4,
with less environmental policy, the level of penetration of P-free de-
tergents is between that in the current situation and in the SSP2 sce-
nario for 2050; (v) in SSP5, all countries with a GDP of more than USD
30,000 per capita in 2050 will have full penetration of P-free de-
tergents. In all other cases, we assumed the use of P-based laundry and
dishwasher detergents. The use of P-free detergents for years between
2010 and 2050 was obtained by linear interpolation.

2.4. Sustainable Development Goals and recycling potential

In the SDG 6.3.2, waste water that is safely treated is defined as the
sum of i) sewer and septic tank content treated in at least a primary
wastewater treatment plant, and ii) pit latrines and composting toilets
whereby the waste is disposed in situ (excreta remains safely buried
when pit latrine is full) (WHO, 2016). The percentage of pit latrines
whereby the waste is safely disposed in situ was obtained from recent
data from JMP (WHO and Unicef, 2017a), which were aggregated to
IMAGE 27 regions (S.I. 1). The fraction safely treatment in the scenarios
is calculated as the sum of the calculated percentage wastewater
treatment and the fraction safely disposed of in situ.

The construction of sewerage systems and wastewater treatment
facilities provides opportunities to recycle the nutrients contained in
the waste water. In this study, we quantified the amounts of N and P on
the basis of the projected number of future inhabitants with a sewerage
system connection, in both urban and rural areas. This recycling is as-
sumed to occur in SSP1 and SSP5, the scenarios with the most progress
towards sustainability and with rapid technological development.

2.5. Sensitivity analysis

Since many model parameters are uncertain, a sensitivity analysis
was performed to select the most important model parameters in terms
of their effect on N and P discharge for the year 2010, and for 2050 for
the five SSPs. This was done using Latin hypercube sampling (LHS)
(Saltelli et al., 2000), using default ranges prescribed for each para-
meter (Morée et al., 2013). LHS can be used in combination with linear
regression to quantify the uncertainty contributions of the input para-
meters to the model outputs. We performed 1000 runs for 2010 and
2050, for five SSPs. Standardised regression coefficients (SRCs) were
computed for combinations of input parameter and the model output N
and P discharge.

3. Results

3.1. Connection to sewerage system and wastewater treatment

The part of the global population with an SC increased from 21% to
36% between 1970 and 2010, which is a threefold increase from 780
million to 2.5 billion (Table 4). Despite this improvement, the number
of people without such a connection increased by a factor of 1.5. Under
the scenarios, sewerage connections will increase in all regions, both in
percentages and in absolute levels (Figs. 3 and 4). Up to 2050, the
number of people with an SC will increase from 2.5 billion to between

Table 3
Scenario specific coefficients for 2050. Coefficient values are linearly inter-
polated between 2010 and 2050.

2010 SSP1 SSP2 SSP3 SSP4 SSP5

f_SC Fraction sewerage
connection

1 1.1 1.0 0.9 0.95 1.05

f_NR Fraction nutrient removal 1 1.1 1.0 0.9 0.95 1.05
f_rural Fraction rural connection 0 0.5 0.3 0.1 0.1 0.5
f_NR_max Maximum percent

nutrient removal (%)
85 95 90 85 85 95

Table 4
Global population in million inhabitants with and without SC and population
with access to the different types of waste water treatment, overall nutrient
removal NRNP, and global emissions of N and P for 1970, 2010 and 2050 for the
five SSPs.

1970 2010 SSP1 SSP2 SSP3 SSP4 SSP5

No SC 2915 4434 2160 3579 5375 4225 1990
SC 779 2456 6317 5602 4588 4911 6585

Wastewater treatment
Primary 183 860 709 1043 1305 817 447
Secondary 144 567 2773 2780 2086 2197 2363
Tertiary 5 508 1972 1413 1035 1702 1720
Quaternary 0 0 838 303 0 0 2036
NRNP (%) 2 11 43 29 19 26 51

Emissions (Tg)
N (% change

since 2010)
5.2 10.4 15.7

(+50)
16.9
(+62)

15.8
(+51)

17.9
(+71)

13.4
(+29)

P (% change
since 2010)

0.8 1.5 1.7
(+17)

2.4
(+63)

2.4
(+68)

2.4
(+68)

1.6
(+11)
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4.6 and 6.6 billion.
Results are aggregated to the level of 10 world regions (S.I. 1). In

most regions, the number of people without an SC will decrease, except
in SSP3 where it will increase by 20% (Fig. 4, SI. 2). In SSP2 and SSP4,
the number of people without an SC will increase in Africa and the
Middle East, as a result of the rapidly growing population. The largest
increases in the number of people connected to a sewerage system will
take place in South Asia and China, followed by sub-Saharan Africa and
Southeast Asia. For South Asia, the number of inhabitants with an SC
will increase from 160 million people today to between 0.9 and 1.3
billion by 2050.

In 1970, in Europe, wastewater treatment was limited to primary
treatment (Fig. 4). By 2010, already 28% of the global population had
access to some type of wastewater treatment. For 2050, between 44%
(SSP3) and 74% (SSP1) is projected to have access to wastewater
treatment. Primary treatment is the most common type of treatment in
sub-Saharan Africa, secondary treatment is most common in Southeast
Asia and tertiary treatment in the other regions. With the availability of
new technology, quaternary treatment will start to play a role in high-
income countries, in SSP1, SSP2 and SSP5.

3.2. Discharge to surface water

Nutrient discharge to surface water increased from 5.2 to 10.4 Tg N
yr−1 and from 0.8 to 1.5 Tg yr−1 P, respectively, between 1970 and
2010, and will increase further to 13.4–17.9 Tg N yr−1 and 1.6–2.4 Tg P
yr−1 by 2050, in the SSPs (Table 4, Fig. 5). Up to 2030, the increase in
nutrient discharge under SSP5 will be 50% for N and 35% for P,
whereas for the subsequent period up to 2050, it is projected to de-
crease, but not below 2010 levels (Fig. 5). In SSP1, N discharge will
increase over the whole scenario period up to 2050, while P discharge
will increase up to 2030, followed by a slight decrease until 2050. In the
other SSPs, nutrient discharge levels will continue to increase up to
2050.

The largest increases are projected for sub-Saharan Africa (by a
factor of 4–8) and South Asia (by a factor of 3–5) (Fig. 4, SI. 2, 4).
Between 2010 and 2050, the combination of population growth, ur-
banization and income growth in sub-Saharan Africa will result in an
increase in people with a sewerage system connection, from 9 times
more people in SSP3 and SSP4 to 16 times more people in SSP1 and
SSP5; for SSP2, the results will be somewhere in-between. Despite the
higher levels of nutrient removal in SSP1 and SSP5, the increase in the
sub-Saharan population will not be compensated by more removal of
nutrients in treatment plants, and total discharge to surface water will
still increase over the whole period up to 2050.

In North America, Western and Central Europe, Russia and Central
Asia, Japan and Oceania, the SSP1, SSP2, SSP4 and SSP5 scenarios
show decreasing or stable nutrient discharge, while in SSP3 the dis-
charge level will increase slightly towards 2050 (Fig. 4, SI. 2). These
differences are the result of different levels of wastewater treatment
with relatively stable population levels. Under SSP3, the combination of
the smallest population size with the lowest level of nutrient removal,
for these regions, results in the highest levels of nutrient discharge.
Projections for Central and South America show future decreases ran-
ging from 5% for N and 40% for P in SSP5, to increases by 50% in SSP3.
Population size in the China region is more or less the same under all
scenarios (Fig. 4), with a peak in 2020–2030, while GDP is projected to
increase between 2010 and 2050 by a factor of 6–9 (S.I. 2). In SSP1 and
SSP5, there is a shift towards advanced, quaternary treatment in this
region, due to rapid GDP growth, and this will reduce nutrient dis-
charge to a third of the current levels, while under the other SSPs, the
discharge level remains stable from 2010 onwards.

Differences between the SSPs in projected discharge levels are the
highest in sub-Saharan Africa, closely followed by South Asia, whereas
in Europe, North America, Japan and Oceania, differences vary be-
tween 40% and 80% (Fig. 4, SI. 2). For most regions except sub-Saharan
Africa, the highest discharge levels are seen in SSP3, and the lowest in
SSP5. For sub-Saharan Africa, SSP1 and SSP5 show the largest increases
in nutrient discharge from waste water, and SSP3 shows the smallest
(Fig. 4).

3.3. Sensitivity analysis

We discuss model significant parameters with SRC values of < -0.2
or > 0.2 (which is an important contribution of > 4% to model output)
for global N and P discharge (S.I. 3). For all years and all scenarios, total
population (SRC = 0.40 for N and 0.36 for P in 2010), sewerage con-
nection (SRC = 0.38 for N and 0.53 for P in 2010), parameters related
to food consumption (protein consumption, N in proteins and P:N ratio
in food) (e.g. SRC for protein consumption is 0.38 for N and 0.21 for P
in 2010) and urban population (0.22 for N and not important for P in
2010) were the most important parameters (both significant and with
an SRC of greater than 0.2), which together determine the total human
nutrient input to sewerage systems. This is completely in line with the
results of the sensitivity analysis for the year 2000 presented by Morée
et al. (2013). The SRC values for N and P discharge for the total

Fig. 3. Sewerage connection per country in 1970 (a), 2010 (b) and 2050 (c) for
the SSP2 scenario.
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population and urban population, under the scenarios for 2050 are
comparable to those in 2010. SRC values for sewerage connections are
lower than those of 2010 under SSP1 and SSP5 (due to more efficient
nutrient removal and thus lower discharge levels per capita), while
under SSP3 the SRC values exceed those of 2010. The removal of

nutrients in advanced treatment systems (tertiary and quaternary) are
also important (significant and with an SRC of less than −0.2) pro-
cesses that strongly reduce nutrient flows.

We recognize that there are regional differences. For example, in
countries where a large fraction of households has a laundry machine

Fig. 4. Number of inhabitants lacking a sewerage connection, with a connection to sewerage systems and without access to wastewater treatment and with access by
treatment type for 1970, 2010 and 2050 for the five SSPs for 10 world regions (a), nitrogen (b) and phosphorus (c) discharge to surface water.
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and dishwasher, a change in detergent use or use of P-free detergents
will have a larger impact on the P discharge to surface water than in
countries where the use of such machines is less prevalent. Also, in
countries without advanced treatment plants, increases in the N or P
removal efficiency will have a smaller effect on discharge levels than in
countries with full access to advanced treatment systems.

3.4. Recycling of nutrients in agriculture

In 2010, the recycling of nutrients in agricultural production sys-
tems had globally been reduced to 2%, but the construction of sewerage
systems and wastewater treatment facilities in the future offers possi-
bilities for more nutrient recycling. We investigated the options for
recycling under SSP1 and SSP5, with 4 billion people newly connected
to a sewerage system between 2010 and 2050, resulting in an increase
in the volume of nutrients in sewage effluent average by an average
factor of 2.7 (Table 5). Assuming that all new houses and future con-
struction of sewerage systems would include separate urine collection
and diversion systems, this would allow for recycling of 15 Tg N yr−1

and 1.2 Tg P yr−1 in SSP1, and 17 Tg N yr−1 and 1.3 Tg P yr−1 in SSP5.
With increasing income levels and population growth, household and
retail losses will also increase by 2.5 Tg N yr−1 and 0.25 Tg P yr−1. In
the rural area, about 80–100 million people will be connected to sew-
erage systems, from which the sewage could also be collected and re-
cycled.

4. Discussion

For this paper, we used recent, global information on connections to
sewerage systems and wastewater treatment (WHO and Unicef, 2013;
OECD, 2016; UN, 2017; WHO and Unicef, 2017a) to produce an update
of the input data of the previous model version (Morée et al., 2013).
Parallel to the updating of the data on sewerage connection and nu-
trient removal, we were also able to validate the data that originated
from Van Drecht et al. (2009). For most countries, estimated total
treatment according to Van Drecht et al. (2009) for 2000 was com-
parable with data from UN (2017) and Reder (2017), whereby for some
countries a correction was needed (S.I. 6). However, for several coun-
tries, the data on the level of wastewater treatment are less certain than
on the connection to sewerage systems. Other uncertainties in the cal-
culated nutrient discharge include variability in the nutrient removal
efficiency for the various types of wastewater treatment, agricultural
recycling and the ‘other’ fates of nutrients (Fig. 1). A source of P that
has been ignored due to a lack of data is the addition of orthophosphate
to drinking water (between 1 and 2 mg P/l) to reduce lead concentra-
tions in tap water (WHO, 2011; Comber et al., 2013).

The total discharge for the year 2000 is estimated by Morée et al.
(2013) at 7.7 Tg N yr−1 and 1.0 Tg P yr−1, which is slightly below our
estimates of 8.4 Tg N yr−1 and 1.1 Tg P yr−1. A recent study (Mekonnen
and Hoekstra, 2017), which was largely based on the studies by Van
Drecht et al. (2003) and Morée et al. (2013), calculates an even lower
total discharge of 0.9 Tg P yr−1 for the year 2000. The differences are

Fig. 5. Global nitrogen (a) and phosphorus (b) discharge to surface water for the period 1970–2010 for the five scenarios.

Table 5
Total global population with a connection to sewerage systems in urban and rural areas, household and retail waste fluxes, and sewage influent for 2010 and the
increase between 2010 and 2050 for SSP1 and SSP5 to demonstrate the effect of possible options for recycling nutrients.

Population in million people 2010 SSP1 SSP5

Urban population with sewerage connection 2367 +3763 +4029
Rural population with sewerage connection 89 +98 +100

Nutrient fluxes (Tg yr−1) N, 2010 P, 2010 N, SSP1 P, SSP1 N, SSP5 P, SSP5

Household and retail losses 4.5 0.4 +2.3 +0.2 +2.7 +0.3
Emission from households 10.9 1.7 +21.3 +2.1 +23.8 +2.6
Nutrients in urine (80% N, 62% P) 7.7 0.6 +15.2 +1.2 +17.0 +1.3
Nutrients in feces (20%N, 38%P) 1.9 0.3 +3.8 +0.7 +4.2 +0.8
Loss from sewer pipes 1.2 0.2 +2.3 +0.2 +2.6 +0.3
Detergents 0.6 +0.0 +0.2
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caused by including households without a sewerage system connection
in our updated approach. On a smaller scale, our results show good
agreement with Dutch national statistics for 1990, 2000 and 2010, for
both nutrients (CBS et al., 2017).

For all years and all scenarios, total population, urban population,
protein consumption and sewerage connection were the most important
(both significant and with an SRC of > 0.2) parameters determining the
total human nutrient input to sewerage systems. Nutrient removal in
advanced treatment systems (tertiary and quaternary) consists of pro-
cesses that strongly reduce nutrient flows.

Our results show that global nutrient discharge to surface water will
increase under all SSPs. In industrialized countries with slow popula-
tion growth, such as Europe, Russia and Central Asia, North America,
China, Japan and Oceania, further improvement in wastewater treat-
ment to at least tertiary treatment will reduce or stabilize nutrient
discharge (S.I. 4). By contrast, in sub-Saharan Africa and South and
Southeast Asia, rapid population growth and urbanization in combi-
nation with lagging development of wastewater treatment results in
dramatic increases in nutrient discharge under all SSPs.

The construction of new sewerage systems and wastewater treat-
ment plants is projected to occur more rapidly under SSP1 and SSP5
than under the other scenarios, which, for most regions results in lower
nutrient emission levels. Sub-Saharan Africa shows a different pattern,
with low incomes and either no wastewater treatment or only primary
treatment in 2010. For 2050, SSP1 and SSP5 projects highest SC and NR
and SSP3 projects lowest of both. In combination with the growth of the
population, SSP1 and SSP5 project the highest nutrient emission levels,
while SSP3 projects the lowest levels. The investments in sewerage
systems help to reduce human health problems, but without appro-
priate wastewater treatment, result in more emissions to the ecosys-
tems.

Nutrient emission levels start to decline after 2040 under SSP1 and
SSP5. This is a result of high economic growth in both scenarios and is
in line with the storylines whereby SSP1 has progress towards sus-
tainability and SSP5 has rapid technological development. Advanced,
large-scale quaternary treatment may lead to decoupling of population
growth and nutrient discharge. This also allows recycling nutrients for
agricultural use. Several recent studies on nutrient recycling fail to
quantify the amount of N and P that can be recycled (Cordell et al.,
2011; Mihelcic et al., 2011; Roy, 2017). In this study, options to recycle
nutrients were quantified on the basis of the increase in urban devel-
opment. We recognize that more N and P could be collected if existing
sewerage systems would be adapted or replaced, for example with
systems that have separate urine collection.

Development of wastewater treatment installations could also occur
more rapidly than in our scenarios, where we assumed a fixed sequence
from no treatment to primary, then secondary and tertiary, and finally,

in SSP1 and SSP5, quaternary. However, other more direct routes are
also possible.

This scenario analysis indicates that it is difficult to achieve the SDG
6.3 (71% safely treated waste water by 2030) (Table 6). This objective
is not achieved by 2030 under any of the SSPs, although SSP1 and SSP5
show good progress and would achieve this SDG just after 2030, and
under SSP2 by 2050. Under SSP3, SDG 6.3 will be achieved by 2050 in
Western and Central Europe, China, Japan and Oceania. Especially in
sub-Saharan Africa and South Asia, the level of treatment will be in-
sufficient under nearly all scenarios. The difficulties that countries have
in achieving SDG 6.3 are manifold, and are mainly related to poverty,
poorly functioning institutions and inequality (WHO and Unicef,
2017b). For example, although there is progress in improving sanitation
in many countries, in 23 low-income countries between 1990 and 2015
there was no improvement or even a decline in the fraction of the po-
pulation with access to improved sanitation (Alagidede and Alagidede,
2016; Satterthwaite, 2016). Data on 40 cities in sub-Saharan Africa
with more than 1 million inhabitants show that most of those cities had
minimal or no sewerage systems in place and, often, there was no plan
to improve on this situation (Miller and Parker, 2013).

Our results also show that the health situation and the environment
in many developing countries, next to increasing the number of people
connected to a sewerage system, would require rapid development of
wastewater treatment systems, preferably tertiary of more advanced
facilities.

5. Conclusions

Our results show that the number of people with a sewerage system
connection will increase by 2–4 billion in the coming decades. Despite
increased nutrient removal in future wastewater treatment facilities,
nutrient levels in waste water will increase by 10%–70% in the
2010–2050 period. Peak nutrient discharge levels will occur under
SSP1 and SSP5 in the 2030–2040 period, while under the other sce-
narios, increases are projected to continue over the full 2010–2050
scenario period. The largest increases in nutrient emissions will take
place in sub-Saharan Africa and South Asia, while in the developed
countries, emission levels will decrease or stabilize after 2020. The
highest nutrient discharge is projected under SSP3 for most world re-
gions except for sub-Saharan Africa. In sub-Saharan Africa are the
highest discharge levels projected under SSP1 and SSP5, due to lagging
nutrient removal in wastewater treatment systems. Nutrient collection
in new urban and rural sewerage systems as assumed in SSP1 and SSP5
may yield substantial amounts of both N and P for recycling in agri-
culture. These results show that, in developing countries with high
population growth, a further deterioration of the water quality may
occur if sewerage system connection is not accompanied by adequate

Table 6
Treated wastewater (%) in 2010, 2030 and 2050 for the five SSPs, and the SDG target for 2030. Bold shaded values indicate scenario-years for which the SDG target is
not met.

2010 SDG target SSP1 SSP2 SSP3 SSP4 SSP5

2030 2050 2030 2050 2030 2050 2030 2050 2030 2050

North America 73 87 93 99 88 93 83 83 87 91 92 99
Central and South America 44 72 76 93 71 80 65 67 68 75 76 94
Middle East and Northern Africa 41 71 67 81 62 72 57 60 61 70 68 84
Sub-Saharan Africa 18 59 36 74 29 54 26 35 25 31 37 78
Western and Central Europe 83 91 95 100 92 97 88 90 91 97 95 100
Russia and Central Asia 47 74 71 88 66 77 62 66 66 75 72 90
South Asia 23 61 49 76 44 61 40 46 42 54 50 79
China Region 46 73 95 100 86 98 76 81 88 100 95 100
Southeast Asia 33 67 59 83 55 70 52 58 54 64 61 87
Japan and Oceania 89 94 96 99 95 98 94 94 95 96 96 99

Global 42 71 67 86 61 74 56 58 60 65 68 88
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wastewater treatment to remove nutrients. The SDG 6.3 —safely
treated waste water by 2030— will be achieved in the developed
countries, except for under SSP3 and SSP4, where this goal will not be
achieved until 2050. In the developing countries, the goal will be
achieved by 2050, under SSP1, SSP2 and SSP5.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.jenvman.2018.10.048.
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