2 Springer

Dear Author

Here are the proofs of your article.

You can submit your corrections online, via e-mail or by fax.

For online submission please insert your corrections in the online correction form.
Always indicate the line number to which the correction refers.

You can also insert your corrections in the proof PDF and email the annotated PDF.

For fax submission, please ensure that your corrections are clearly legible. Use a fine
black pen and write the correction in the margin, not too close to the edge of the page.

Remember to note the journal title, article number, and your name when sending your
response via e-mail or fax.

Check the metadata sheet to make sure that the header information, especially author
names and the corresponding affiliations are correctly shown.

Check the questions that may have arisen during copy editing and insert your
answers/corrections.

Check that the text is complete and that all figures, tables and their legends are included.
Also check the accuracy of special characters, equations, and electronic supplementary
material if applicable. If necessary refer to the Edited manuscript.

The publication of inaccurate data such as dosages and units can have serious
consequences. Please take particular care that all such details are correct.

Please do not make changes that involve only matters of style. We have generally
introduced forms that follow the journal’s style.

Substantial changes in content, e.g., new results, corrected values, title and authorship are
not allowed without the approval of the responsible editor. In such a case, please contact
the Editorial Office and return his/her consent together with the proof.

If we do not receive your corrections within 48 hours, we will send you a reminder.

Your article will be published Online First approximately one week after receipt of your
corrected proofs. This is the official first publication citable with the DOI. Further
changes are, therefore, not possible.

The printed version will follow in a forthcoming issue.

Please note

After online publication, subscribers (personal/institutional) to thisjournal will have
access to the complete article viathe DOI using the URL:

http://dx.doi.org/10. 1007/ s11356-017-1128- 4

If you would like to know when your article has been published online, take advantage
of our free dert service. For registration and further information, go to:
http://www.link.springer.com.

Due to the electronic nature of the procedure, the manuscript and the original figures
will only be returned to you on specia request. When you return your corrections,
please inform us, if you would like to have these documents returned.


http://dx.doi.org/10.1007/s11356-017-1128-2

AUTHOR'S PROOF!

Metadata of the article that will be visualized in OnlineFirst

- O © 0 N o o &

- - A
N

G U G
o N o o b~ W

19

20
21
22
23
24
25
26
27
28

Article Title

Decision support system for management of reactive nitrogen
flows in wastewater system

Article Sub- Title

Article Copyright -

Springer-Verlag GmbH Germany, part of Springer Nature 2018

Year (This will be the copyright line in the final PDF)
Journal Name Environmental Science and Pollution Research
Family Name  Nascimento
Particle
Given Name Francisco R. A.
. Suffix
Corresponding o . .
Author Organization Federal Institute of Bahia (IFBA)
Division
Address Campus Seabra, Barro vermelho, Seabra CEP:
46900-000, Bahia
e-mail ramonacademico@gmail.com
Family Name  Kiperstok
Particle
Given Name Asher
Suffix
Author Organization Federal University of Bahia (UFBA)
Division Clean Technology Network (TECLIM),
Polytechnical School
Address Rua Aristides Novis, 02, Federagao, Salvador CEP
40210-630, Bahia
e-mail
Family Name  Martin
Particle
Given Name Juan
Suffix
Author
Organization Technical University of Catalonia
Division UNESCO Sustainability Chair
Address Colom 1, Terrassa 08222, Barcelona
e-mail



AUTHOR'S PROOF!

29 Family Name  Moraté

30 Particle

31 Given Name Jordi

32 Suffix

33 Author Organization Technical University of Catalonia

34 Division UNESCO Sustainability Chair

35 Address Colom 1, Terrassa 08222, Barcelona

36 e-mail

37 Family Name  Cohim

38 Particle

39 Given Name Eduardo

40 Suffix

41 Author Organization  State University of Feira de Santana

42 Division Department of Technology

43 Address Novo Horizonte, Feira de Santana CEP
44036-900, Bahia

44 e-mail

45 Received 6 April 2017

46 Schedule Revised

47 Accepted 26 December 2017

48 Abstract The change in nitrogen balance causes many environmental and

socioeconomic impacts. In relation to food production and nitrogen
release in wastewater systems, wastewater and sludge discharge
and mineral fertilizer use intensify nitrogen imbalance of a region.
The replacement of mineral fertilizer by nitrogen from treated
wastewater, biosolids, and treated urine isa promising alternative.
This work presents a model to support decision taking for the
management of reactive nitrogen flows in wastewater systems based
on system dynamics. Six scenarios were simulated for nitrogen flows
in wastewater systems and related components.

49 Keywords Reactive nitrogen - Sustainable sanitation - System dynamics -
separated by ' - Urine segregation



AUTHOR'S PROOF!

50 Foot note
information

Responsible editor: Philippe Garrigues
The online version of this article (https://doi.org/10.1007

/s11356-017-1128-2) contains supplementary material, which is
available to authorized users.

Electronic supplementary material

ESM 1
(DOCX 109 kb)



Q1

AUTHOR'S PROOF!

DOCO—

11
12
13
14
15
16
17

18

19
20

21
22
23
24
25
26
27

Environmental Science and Pollution Research
https://doi.org/10.1007/s11356-017-1128-2

JrnlID 11356_ArtID 1128_Proof# 1 - 04/01/2018

RESEARCH ARTICLE

Decision support system for management of reactive nitrogen flows

in wastewater system

Francisco R. A. Nascimento' - Asher Kiperstok? - Juan Martin® - Jordi Morat6> - Eduardo Cohim*

Received: 6 April 2017 / Accepted: 26 December 2017
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

The change in nitrogen balance causes many environmental and socioeconomic impacts. In relation to food production and
nitrogen release in wastewater systems, wastewater and sludge discharge and mineral fertilizer use intensify nitrogen imbalance
of a region. The replacement of mineral fertilizer by nitrogen from treated wastewater, biosolids, and treated urine is a promising
alternative. This work presents a model to support decision taking for the management of reactive nitrogen flows in wastewater
systems based on system dynamics. Six scenarios were simulated for nitrogen flows in wastewater systems and related

components.

Keywords Reactive nitrogen - Sustainable sanitation - System dynamics - Urine segregation

Introduction

The anthropogenic fixation of reactive nitrogen, mainly used
in agriculture for food production, has caused many changes
in society, economy, and environment. As regards the social
issue, estimates indicated that about half of the global popu-
lation would not have sufficient food without use of nitrogen
fertilizers in food production system (Erisman et al. 2008;
Erisman et al. 2015).
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As regards the economic issue, an important aspect to be
emphasized is the global energy consumption to produce ni-
trogen fertilizer. The nitrogen fertilizer industry consumes
about 2% of world energy (Sutton et al. 2013). On average,
the production of 1 t of ammonia demand about 36.7 GJ if
based on natural gas and 45 GJ if based on coal, oil, and
naphtha (IFA 2009). Due to this fact, the food prices are
strongly influenced by the energy prices.

From an environmental point of view, transformation of
inert nitrogen to its reactive forms by industrial fixation (both
ammonia and energy production) and intentional biological
nitrogen fixation in agriculture has exceeded the planetary
boundary for biogeochemical nitrogen cycle as indicated by
Rockstrom et al. (2009) and Steffen et al. (2015).

Sutton et al. (2013) presented that these anthropogenic ac-
tivities produce at least 200 Tg N (teragram nitrogen) per year.
It is more than three times the planetary boundary proposed by
Steffen et al. (2015), of 62 Tg N per year. Nitrogen fertilizer
represents 60% (120 Tg N) of produced anthropogenic reac-
tive nitrogen (Sutton et al. 2013), of which, around 50% is
released to the environment due to low use efficiency (Smil
2011).

To mitigate the alterations of the biogeochemical nitrogen
cycle is necessary to minimize the conversion of inert nitrogen
(N,) to reactive nitrogen forms through drastic measures
intended to close the cycle. This points directly to the optimi-
zation of existing reactive nitrogen flows management to meet
the nitrogen demand mainly by mineral nitrogen fertilizer. The
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existing reactive nitrogen flow in sanitation system mainly by
human excretion was set in 19 Tg N per year (Billen et al.
2013), which represents around 10% of anthropogenic reac-
tive nitrogen production and 15% of nitrogen fertilizer
production.

Conventional sanitation is characterized by open flows of
water and nutrients, which does not focus adequately on im-
portant issues such as energy use in mineral fertilizer produc-
tion, water supply and wastewater treatment, chemicals use in
water and wastewater treatment, potable water use in non-
potable uses such as for flushing toilets, and nutrients emis-
sions to ecosystems. In this way, alternative more efficient
means have been developed by the sustainable sanitation con-
cept, where segregation and use of resources flows are de-
signed to close the nutrients and water cycles linking sanita-
tion systems and agricultural production. Additionally to mac-
ronutrients recycling, micronutrients can also be recovered as
an additional advantage (Santos et al. 2015).

In relation to nitrogen recycling, urine segregation has
shown to be an effective way for closing the cycle. Human
urine contributes 80% of nitrogen load in wastewater flow
(Munch and Winker 2011; Spangberg et al. 2014). The annual
urine production per capita can fertilize 300-400 m?, consid-
ering the nitrogen application rate between 50 and
100 kg N ha ! (Richert et al. 2010). This means that about
34 people can fertilize 1 ha.

Reactive nitrogen management involves industry, agricul-
ture, society, sanitation, and other sectors, forming a complex
system. There is need for a holistic integrated approach about
nitrogen management. The main objective of this study was to
develop a model of decision support system for reactive
nitrogen flows management in wastewater system.

Material and methods

The five steps of the modeling process developed by Sterman
(2000) were used as methodology to develop the model. In the
first step, “problem articulation,” the problems of inefficient
management of reactive nitrogen and its complexity was pre-
sented. The key variables that influence the amount of reactive
nitrogen excreted and its use in agriculture considered in this
study were population, animal, and vegetal protein consump-
tion, and use efficiency of treated wastewater, treated urine,
and biosolids in agriculture.

In the second step, the dynamic hypothesis are developed
to explain the initial system behavior and its representation by
causal loop diagrams of the conceptual model. Negative ar-
rows (—) represent effects in the opposite directions and the
positive arrows (+) represent effects in the same direction
(Martin 20006).

In the third step, “formulation of simulation model,” the
stock and flow model is developed based on previous

@ Springer

dynamic hypothesis. The causal loop and the stock and flow
diagrams were developed using the software Vensim PLE
Plus Version 6.3. The simulation was set for the period of
50 years, from the year 2000 to 2050.

The model was applied to a hypothetical region with
480,000 inhabitants in year 2000, characterized by agricultur-
al production and inadequate sanitation as usual found in
many in developing countries. In the “testing” and “policy
design and evaluation” steps, simulations of six scenarios of
policies for nitrogen flow management in wastewater system
were carried out.

Decision support system for management
of reactive nitrogen flows from wastewater
system

Conceptual model
The dynamic hypothesis of this study was defined as follows:

Nitrogen recycling from wastewater flows, including
treated wastewater, treated urine and biosolids, can re-
duce the need for mineral fertilizer, reducing the conver-
sion of inert nitrogen to reactive forms and, consequent-
ly, reducing reactive nitrogen emissions to ecosystems.
Environmental and economical advantages will encour-
age more the nitrogen recycling.

The causal loop diagram formulated for the dynamic hy-
pothesis is shown in Fig. 1. The system was divided in four
parts, population, wastewater, urine segregation, and vegetal
production subsystems. The population subsystem (in box 1)
represents the variation of population size, protein consump-
tion, considering type and amount, and human metabolism, in
relation to nitrogen excretion. The wastewater subsystem (in
box 2) represents the treatment and use of wastewater and
biosolids as nitrogen sources for agriculture. The urine segre-
gation subsystem (in box 3) represents the treatment and use
of urine as nitrogen source for agriculture. The vegetal pro-
duction subsystem (in box 4) represents the vegetal produc-
tion, which depends on productivity and harvested area that
demands nitrogen fertilizer.

Nitrogen discharged by wastewater from human excreta
(nitrogen in produced wastewater variable) depend on popu-
lation size and diet, which are influenced by lifestyle and
income. An increase of population, vegetal protein
consumption, and animal protein consumption produce an
increase of nitrogen in produced wastewater. Digestibility
rates of animal protein are generally higher than those of veg-
etal protein (WHO 2007). The higher the digestion and ab-
sorption of protein, more nitrogen will be excreted via urine.
Due to digestibility values, an increase of animal protein
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Fig. 1 Causal diagram of
decision support system for
management of reactive nitrogen
flows in wastewater system
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154  consumption variable causes an increase of nitrogen excretion
155  per capita via urine. Note that, world consumption of animal
156  products have significantly increased in recent decades
157 (Westhoek et al. 2014). Particularly in some developing
158  countries, growth of animal products consumption has
159  been determined by economic and urban development
160  (FAO 2009).

161 If nitrogen in produced wastewater is not collected, treated
162 or recycled, it will be directly emitted to ecosystems (waste-
163 water disposition) intensifying the nitrogen imbalance of the
164  region already loaded by the application of mineral fertilizer in
165  agriculture (mineral fertilizer demand). The higher the vegetal
166  production caused by increase of productivity or harvested
167  area, the higher the mineral fertilizer demand. A way to min-
168  imize the nitrogen inflow is to replace the mineral fertilizer
169  demand in vegetal production system by nitrogen in produced
170  wastewater in the form of treated wastewater, treated urine,
171 and biosolids. Thus, a reduction of emitted reactive nitrogen to
172 ecosystems in the region would be achieved.

173 Traditionally, treating and recycling resources from
174  wastewater systems occur using treated wastewater for
175  irrigation and biosolids for fertilization. However, irriga-
176  tion and fertilization practices follow different logics. This
177  alternative has some suboptimal aspects in terms of ener-
178 gy, water, and nutrients, which make the recycling system
179  more expensive.

More efficient alternatives have been considered by the
sustainable sanitation approach. Urine segregation has been
shown to be a better alternative in relation to nitrogen use and
recovery (Zhou et al. 2010; Larsen et al. 2009), due to the
availability of concentrated nitrogen and the optimization of
other resources as phosphorus (Mihelcic et al. 2011; Cordell
et al. 2009).

It is expected that environmental impacts such as eutrophi-
cation, provoked by the emitted reactive nitrogen to
ecosystems, together with rising prices of energy and fertil-
izers, cause a pressure for investments on new systems for
nitrogen recycling. This is highlighted in Fig. 1 by thick ar-
rows, representing links between three variables: wastewater
use in agriculture, treated urine use in agriculture, and bio-
solids use in agriculture. This would cause a reduction of
mineral fertilizer demand, and consequently a reduction of
mineral fertilizer production and emitted reactive nitrogen to
ecosystems.

Stock and flow model
The stock and flow models of population, wastewater, urine
segregation, and vegetal production subsystems are here de-

veloped and detailed. The equations of the variables used are
detailed in Appendix A.
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Population subsystem

As described before, this subsystem includes the human me-
tabolism and variation of population. The model to quantify
the variation of nitrogen in produced wastewater is shown in
Fig. 2. The population of the hypothetical region was deter-
mined by the logistic curve method, where Ps is the saturation
population and, K/ and ¢ are coefficients.

Population, nitrogen in gray water, nitrogen in water, ni-
trogen in yellow water, and nitrogen in brown water deter-
mines the nitrogen in produced wastewater. Animal protein
consumption per person per day (animal protein per capita per
day), vegetal protein consumption per person per day (vegetal
protein per capita per day), and protein digestibility rates de-
termined nitrogen excretion via urine (nitrogen in yellow
water) and nitrogen excretion via feces (nitrogen in brown
water). The total nitrogen excreted per year in the hypothet-
ical region was calculated by multiplying nitrogen excreted
per capita per year and population. The nitrogen excreted
per capita per year was estimated by sum of nitrogen in yellow
water and nitrogen in brown water. The urine segregation
rate was used to determine the nitrogen amount that enters
the urine segregation subsystem.

Wastewater subsystem

Figure 3 shows the model representing nitrogen flows in the
wastewater system. The produced wastewater is composed by
yellow water (urine and water), brown water (feces and wa-
ter), and gray water (kitchen and bathing water). The nitrogen

™ /$

K|l4—Ps—»¢

o \Pz/:/ ://Tu

t0—population
urine
segregation rate

nitrogen in produced 4———__
wastewater

total nitrogen
excreted per year
nitrogen in grey
water
nitrogen excreted per

/' capita per year \

nitrogen in <4— conversion factor from nitrogen in

yellow water protein to nitrogen brown water

animal protein
digestibility rate

vegetal protein per
capita per day

animal protein per
capita per day

vegetal protein
digestibility rate

<Time>

total protein per
capita per day

Fig. 2 Population subsystem
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amount that enters the wastewater system (nitrogen in waste-
water production) was determined by nitrogen in produced
wastewater, with the same meaning. The figure below de-
scribes the conventional wastewater system considered in this
study.

We assumed that part of fotal nitrogen in produced
wastewater is diverted to the wastewater collection system.
Total nitrogen in collected wastewater was determined based
on the wastewater collection rate. The rest of total nitrogen in
produced wastewater was assumed to be disposed into water
ecosystems (nitrogen discharged from produced wastewater).

Part of total nitrogen in collected wastewater is treated and
can be directed to wastewater recycling system. The total
nitrogen in treated wastewater was calculated based on waste-
water treatment rate. The other part of fotal nitrogen in col-
lected wastewater was assumed to be disposed (nitrogen
discharged from collected wastewater).

Part of total nitrogen in treated wastewater is recycled
(nitrogen in recycled wastewater), which was determined
based on wastewater recycling rate. The nitrogen emissions
to ecosystems from wastewater treatment system, including
sludge treatment system, occur by gases losses (N,O, NHs,
NOy, and N,), non-recycled biosolids, and non-recycled treat-
ed wastewater.

The nitrogen discharged from treated wastewater was ob-
tained by subtraction between total nitrogen in treated
wastewater and the sum of nitrogen losses to atmosphere in
wastewater treatment, nitrogen in produced sludge, and nitro-
gen in recycled wastewater. In the view point of closing nitro-
gen cycle, nitrogen discharged from treated wastewater rep-
resents the potential available nitrogen in treated wastewater
that could be used in agriculture, but that eventually is dis-
posed into water ecosystems.

The nitrogen in produced sludge was estimated by sludge
production rate, assuming that all produced sludge is treated.
A part of total nitrogen in biosolids is recycled and the other
part is disposed in landfill. The nitrogen in recycled biosolids
was calculated based on biosolids recycling rate. The nitrogen
discharged from biosolids disposal in landfill was obtained by
subtraction between nitrogen in produced sludge and the sum
of nitrogen gases losses in sludge treatment and nitrogen in
recycled biosolids. The nitrogen discharged from biosolids
disposal in land(fill represents the potential available nitrogen
in biosolids that could be used in agriculture, but that eventu-
ally is disposed.

Urine segregation subsystem

In Fig. 4 is shown the urine segregation subsystem model.
Urine segregation rate, nitrogen in yellow water, and
population determined the fotal nitrogen in segregated urine.
Some nitrogen losses (nitrogen losses to atmosphere in urine
collection system) occur before the urine treatment system, in
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Fig. 3 Wastewater subsystem
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the collection and segregation system, which were determined
by the nitrogen losses rate to atmosphere in urine collection
system. In urine treatment system also occur nitrogen gases
losses, which were determined by the nitrogen losses rate to
atmosphere in urine treatment system. The nitrogen in
recycled urine was determined based on urine segregation
rate, assuming that all treated and segregated urine is recycled.

Vegetal production subsystem

In Fig. 5 is shown the vegetal production subsystem model.
The vegetal production was estimated through harvested area
and productivity, which was related to the desired nitrogen
application rate from mineral fertilizer. The harvested area
varies in accordance to growth rate of harvested area. The
desired nitrogen application rate from mineral fertilizer could
be estimated based on crop production expectation, economic
factors, or agricultural practices. The function WITH
LOOKUP was used to determine the productivity, assuming
that for given desired nitrogen application rate from mineral
fertilizer exists an associated productivity.

The fotal nitrogen application from mineral fertilizer was
obtained from harvested area and nitrogen application rate

nitrogen gases losses ™ nitrogen discharged from
rate from sludge biosolids disposal in
treatment landfill
Q biosolids

<Time>/'rccycling rate

from mineral fertilizer, which was determined by the function
IF THEN ELSE. Thus, if nitrogen application rate from or-
ganic fertilizer is equal to or greater than desired nitrogen
application rate from mineral fertilizer, then nitrogen appli-
cation rate from mineral fertilizer will be zero, if not, will be
determined by the subtraction between desired nitrogen appli-
cation rate from mineral fertilizer and nitrogen application
rate from organic fertilizer.

The nitrogen application rate from organic fertilizer is the
sum of equivalent nitrogen application from treated urine,
treated wastewater, and biosolids. The equivalent nitrogen of
each organic fertilizer was determined by multiplying the ni-
trogen application rate from each organic fertilizer by the ni-
trogen fertilizer replacement value (NFRV), which represents
the fraction of applied total nitrogen by organic fertilizers that
have the same effect in vegetal production that applied total
nitrogen by mineral fertilizer (Schroder 2014).

The nitrogen losses by leaching, gases losses, and runoff of
each organic fertilizer and mineral fertilizer were calculated to
analyze the evolution of total nitrogen emissions (emitted re-
active nitrogen to ecosystems) for different scenarios of nitro-
gen flows management. In order to analyze the potential en-
vironmental impact, the emitted reactive nitrogen to

Fig. 4 Urine segregation S sz _p| total nitrogen in sz total nitrogen
subsystem nitrogen in urine | Segregated urine | nitrogen in urine |[in treated urine|  nitrogen in
segregation ‘ \‘\> collection ‘ \\recycled urine
/ nitrogen losses to nitrogen losses to
<urine . atmosphere in urine atmosphere in urine
<population> collection system treatment system

segregation rate>

<nitrogen in

yellow water> nitrogen losses rate to

nitrogen losses rate to
atmosphere in urine
treatment system

atmosphere in urine
collection system
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Fig. 5 Vegetal production subsystem

ecosystems were calculated by sum of emitted reactive nitro-
gen to air, emitted reactive nitrogen to water, and emitted
reactive nitrogen to soil (Fig. 6).

Application of the model in an hypothetical
region

In order to analyze the system behavior, the variables
population, total nitrogen excreted per year, nitrogen in
wastewater production, total mineral fertilizer replaced, and
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Nk
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Fig. 6 Emitted reactive nitrogen to ecosystems
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emitted reactive nitrogen to ecosystems were used as manage-
ment indicator of the model.

Population dynamics

The population of the hypothetical region in 1991 (t0), 2000
(t1), and 2010 (t2) were defined in 400,000 (P0), 480,000
(P1), and 560,000 people (P2), respectively. From initial con-
ditions, the population of the hypothetical region in 2050 was
established in 805,169 people. The population increased
around 1.7 times since year 2000.
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Human metabolism

Assuming average protein consumption of 75 g person ' day ',
being 67 and 33% of vegetal protein and animal protein (Smil
2011), respectively, the nitrogen excreted per capita per year, in
2000, was set around 4.4 kg N person ' year .

The protein digestibility rate was set as 90% for animal
protein and 75% for vegetal protein (WHO 2007). Thus, in
2000, the nitrogen in yellow water and nitrogen in brown water
were fixed in around 3.5 and 0.9 kg N person ' year ', respec-
tively. The conversion factor of protein to nitrogen (conversion
factor from protein to nitrogen) was set at 16%.

The consumption of animal and vegetal protein in the sim-
ulation period is presented in Table 1. The protein consump-
tion variation was set based on the world average evolution in
protein consumption per capita, for the period between 1961
and 2011 (FAO 2016). The values were determined to archive
an increase of 25 g in per capita protein consumption in
50 years, from 75 to 100 g person ' day '. Thus, the total
nitrogen excreted per year varied from 2067 t of nitrogen, in
2000, to 4702 t, in 2050.

Wastewater system

The nitrogen amount in gray water (nitrogen in gray water)
was fixed at 0.74 kg N person ' year ', being around 50%
from kitchen water and 50% from bathing and washing water
such as used by Magid et al. (2006). Thus, the nitrogen in
wastewater production varied from 2416 t, in 2000, to
5298 t, in 2050.

It was assumed that the wastewater collection rate and
wastewater treatment rate gradually grow in time, as shown
in Table 2, initially as 60 and 30%, respectively. Based on
Gronman et al. (2016), it was assumed that 30% of nitrogen
inflow in wastewater treatment system leaves as sludge
(sludge production rate) and 26% leaves as gases emissions
by N, and N,O (nitrogen losses rate to atmosphere in waste-
water treatment).

The nitrogen amount that will enter in the wastewater col-
lection and treatment systems, by 2050, will be 4716 and
3690 t, respectively. The available nitrogen in produced
sludge increased from 5.4 to 20% of nitrogen in produced

Table 1 Protein consumption (g person ' day ')

Year Animal protein Vegetal protein Total protein
2000 25 50 75

2010 25.5 53 78.5

2020 26 58 84

2030 29 60 89

2040 32 62 94

2050 35 65 100

Table 2 Wastewater

collection and treatment Year  Collectionrate ~ Treatment rate
rates

2000 0.6 0.3

2020 0.7 0.5

2040 0.8 0.7

2050 0.9 0.8

wastewater. Figure 7 shows the evolution of variables nitro-
gen in wastewater collection, nitrogen in wastewater
production, nitrogen in wastewater treatment, and nitrogen
in produced sludge.

Mineral fertilizer demand

The desired nitrogen application rate from mineral fertilizer
was set in 170 kg N ha™" year . The harvested area in 2000
was considered to be 50,000 ha. The growth rate of harvested
area was assumed to be 0.1% per year. Thus, fotal nitrogen
application from mineral fertilizer varied from 8500 t, in
2000, to 8935 t, in 2050.

Total nitrogen emissions to ecosystems

The emitted reactive nitrogen to ecosystems was calculated by
sum of all emissions from wastewater system, urine segrega-
tion system, and vegetal production system by treated
wastewater, biosolids, treated urine, and mineral fertilizer.
The nitrogen losses were determined through leaching,
runoff and gases emissions rates.

Nitrogen losses from the application of fertilizers were as-
sumed to be similar to those reported by Zhang et al. (2013)
for China. Those are 1% for N,O emissions, 12.9% for NH;
losses, and 9.8% for NO5 ™ losses. These numbers can be com-
pared to others found in the literature. Bouwman et al. (2002)
estimated that world average of NH; losses in application
were 14% (10—19%) for mineral fertilizer and 23% (19—
29%) for animal manure. IPCC’s methodology uses an emis-
sion factor of 0.01 (1%) for N,O emissions (De Klein et al.
2006). Gu et al. (2015) assumed loss rates from organic

6000
4500
=
g
2 3000
e
1500
0 M
2000 2010 2020 2030 2040 2050
Time (year)
nitrogen in wastewater production : Scenario 1
nitrogen in wastewater collection : Scenario 1
nitrogen in wastewater treatment : Scenario 1 5 3 3 5 3
nitrogen in produced sludge : Scenario 1 4 4+ 4+ 4 4 4+

Fig. 7 Evolution of nitrogen flows in the wastewater system
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fertilizer application in 23, 15,4, 5, 1, 0.7% for NH; emission,
denitrification, leaching, runoff, N,O emission, and NO
emission.

In this study, the loss rates through leaching, runoff, and
gases emissions in application of mineral fertilizer and treated
urine were set to 5, 5, and 15%, respectively. For treated
wastewater and biosolids, the losses rates were assumed to
be those used by Gu et al. (2015), being 4, 5, and 25% for
leaching, runoff, and gases emissions, respectively.
Application of these values lead to an emitted reactive nitro-
gen to ecosystems varying from 4.5 to 7 t of nitrogen between
year 2000 and 2050.

Scenarios for new policies of nitrogen
management

Six scenarios where considered in this study.

Scenario 1—no nitrogen is removed from wastewater in
the region

The first results shown in section 4 were determined for
Scenario 1. In this scenario all nitrogen excreted that enters in
wastewater system is emitted to the environment. That is,
there is no recycle and no replacement of mineral fertilizer
in the system.

Scenario 2—no nitrogen is removed from wastewater in
the region, which applies advanced agricultural practices

Scenario 2 is an improvement of Scenario 1. Here, the
efficiency of mineral fertilizer application was assessed. It
was assumed a reduction of 20% in mineral fertilizer demand
from improving of nitrogen use efficiency without reduction
ofyield. Thus, the desired nitrogen application rate from min-
eral fertilizer was set in 136 kg N ha ' year .

Scenario 3—nitrogen is recovered from wastewater in the
region

This scenario considers nitrogen recycling from treated
wastewater and biosolids in a traditional approach. The
recycling rate of treated wastewater and biosolids were de-
fined in Table 3.

To determine the mineral fertilizer replaced by the applica-
tion of treated wastewater, the nitrogen fertilizer replacement
values published by Gutser et al. (2005) where applied. These
authors indicate that the mineral fertilizer equivalent of sew-
age sludge vary between 15 and 30%. The Nitrogen Fertilizer
Replacement Values of treated wastewater and biosolids were
assumed to be 60 and 25%, respectively.

@ Springer

Table 3 Recycling rates

of treated wastewater and Year Wastewater Biosolids
biosolids in the
hypothetical region 2000 0.0 0.0

2010 0.1 0.1

2020 0.25 0.3

2040 0.35 0.6

2050 0.5 0.8

Scenario 4—urine is segregated at the source and no N is
removed from wastewater

In order to analyze the effects of urine segregation, in this
scenario it was assumed that all N recovered comes from
treated urine. The NH;-N losses in segregation and collection
system where set to be 0.1% following Jonsson et al. (2000)
work quoted by Spangberg et al. (2014).

NH;-N losses in urine treatment by storage were consid-
ered to be 4% as measured by Karlsson and Rodhe (2002) in
storage of animal urine, and used by Spangberg et al. (2014).
The NFRV values of urine vary between 90 and 100% (Gutser
et al. 2005). This study considered this value to be 100%. The
urine segregation rate is indicated in Table 4.

Scenario 5—nitrogen is recovered from three sources:
treated wastewater, biosolids, and segregated urine

This scenario represents the sum of Scenario 3 and 4 to
show a transition between scenario of treated wastewater
and biosolids recycling and scenario of treated urine
recycling.

Scenario 6—nitrogen is recovered from treated wastewa-
ter, biosolids, and segregated urine, and a policy for the
stabilization of protein consumption is in place

Scenario 6 considers Scenario 5 and ads the effects of a
successful policy for the stabilization of protein consumption
from 2030 onwards maintaining a total protein consumption
in 89 g person ' day ', being 29 g person ' day ' of animal
protein, and 60 g person ' day ' of vegetal protein.

Table 4 Urine

segregation rate Year Urine segregation
2000 0.0
2010 0.1
2020 0.3
2040 0.6
2050 0.8
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Fig. 8 Effects of urine segregation in the wastewater system on the
overall deposition of N in the region considered

Results
Quantitative effects of urine segregation

Figure 8 shows the quantitative effects of urine segregation
from wastewater. For the considered values of urine segrega-
tion rate, in 2050, around 40% of nitrogen in produced
wastewater would be segregated, as indicated for Scenarios
4,5, and 6.

Total mineral fertilizer is replaced by nitrogen
from waste sources

Figure 9 shows the total mineral fertilizer replaced from the
considered scenarios. Scenario 5 shows the higher potential of
mineral fertilizer replacement in 2050, which represented
about 46% of nitrogen fertilizer use. Stabilization of protein
consumption from 2030, as considered in Scenario 6, can lead
to a nitrogen fertilizer replacement of 41.3%.

Scenario 4, only urine recycling, shows to be more efficient
than Scenario 3, which occur only treated wastewater and
biosolids recycling. This occurred due to the nitrogen losses
rates of treated wastewater and biosolids recycling system are
higher than in urine recycling system.

50
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Fig. 9 Total mineral fertilizer replaced
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Fig. 10 Emitted reactive nitrogen to ecosystems from six scenarios
Nitrogen emissions to environment

Figure 10 shows the emitted reactive nitrogen to ecosystems
from all scenarios. As expected, in Scenario 1, where nitrogen
recycling does not occur and has the highest rate of mineral
fertilizer application, emitted reactive nitrogen to ecosystems,
represents more than twice the one shown in Scenario 6,
where recycling of treated wastewater, treated urine and bio-
solids, and stabilization of protein consumption, are
considered.

Conclusions

A model of decision support systems for the management of
reactive nitrogen found in wastewater systems has been pre-
sented. It is shown that considering action in multiple sectors,
including cultural and technological changes, a reduction of
more than half of the disposal of reactive nitrogen in the en-
vironment can be achieved. The model allows to identify the
effects of different variables in the task to reduce anthropo-
genic deposition of reactive nitrogen in the environment.

Whereas nitrogen flows are well-known, the analysis of its
components and their relationships allows a better and more
complete understanding of this phenomenon. The proposed
model permits to identify the main variables of subsystems
population, wastewater, urine segregation, and vegetal pro-
duction, and its interactions. The model can indicate the nitro-
gen availability and use, and their efficiencies.

For the actions proposed in six scenarios, the urine segre-
gation and stabilization of protein consumption showed to be
more effective in relation to reduction of nitrogen emissions to
environment and potential of nitrogen recycling. The pro-
posed model permits the formulation of new policies for ni-
trogen recycling in a region. It also helps decision-making for
a more effective management of reactive nitrogen flows.

New scenarios to promote the urine segregation system
should be tested from aspects as technology change in water
and sanitation sector from economic incentive, reduction of
negative impact on health and environment from government
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policy, and changes of educational aspects to use and accept
the new sanitation system.
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