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Graphical abstract
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Abstract

The aim of the project is to analyze the situation of Nitrogen (N) in the Spanish context
using the Substance Flow Analysis (SFA) methodology in order to determine the national
accumulation of this substance. The Nitrogen inputs and outputs will be determined via
data collection and the STAN software will be used as a tool to develop the SFA. In addition,

an uncertainty analysis will be elaborated, and substance recovery pathways will be
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discussed as a way of engaging in a transition to circular economy.






Introduction

SOCIOPOLITICAL CONTEXT

Climate emergency is a reality. It has been for decades, though governments and mass
population have had different priorities such as economic growth or technological progress
which has made the effects of climate change worse year by year in some regions. Despite
this trend we do have a wide almost universal consensus among experts that this is the
challenge to face in the following years if we do not want humanity to get extinguished

rather soon.

In 2018, before the declaration of the sanitary emergency state due to COVID-19,
implementation of international and national policies on environmental sustainability was
considerably high on the political agenda. Lots of initiatives from civil population arose in
a short period of time. Some of this initiatives took shape as protests e.g. Extinction
Rebellion or Fridayos for future; some implied the creation of new businesses that offered
more environmentally friendly products or services; and others simply endured a massive
behavioral change in society that manifested with a rapid raise in the number of people

pursuing plant based diets for instance.

The IPCC (Intergovernmental Panel on Climate Change) published the special report Global

Warming of 1.5°C and stated four scientific pillars of climate change!:

9 Climate change is real and human activities are the main cause

1 The concentration of greenhouse gases in the earthds atmosphere is directly linked
to the average global temperature on Earth

1 The concentration has been rising steadily, and mean global temperatures along
with it, since the time of the Industrial Revolution

1 The most abundant greenhouse gas, accounting for about two-thirds of greenhouse

gases, carbon dioxide (CO,), is largely the product of burning fossil fuels

One of the proposals of the intellectuals to constrict the negative effects of human action
to the planet is to replace the economical paradigm from the current linear one to a circular

one. The transition to this alternative, more sustainable economic model implies the

! Intergovernmental Panel on Climate Change. Global warming of 1.5°C. <https://www.ipcc.ch/sr15/>

7



recuperation of substances disposed all along the production-consumption chain and the

further reinsertion of the substance to the cycle. See Fig. 1.

take

take make waste

reuse

produce - distribute - consume
use

waste

Figure 1. Linear economy model (left) and circular economy model (right)

This restructuring of economy also implies a mass change in the consumption habits of

businesses and individuals specially in the European countries and USA.

In order to supply policy makers with tools to make long term policies for sustainability, it
is convenient to regularly update the state of art, revise literature and publish new research

portraying innovative ways to enable the implementation of a circular economy model.

NITROGEN CONTEXT
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Figure 2. Global population trends with key dates related to N. Also shown is an estimate of the annual
production of N; by the Haber-Bosch process (Galloway 2002)

Population is rapid and continuously growing from the industrial revolution to the present

moment (Fig. 2). Therefore, in order to meet the growing demand, many agricultural

procedures have drastically changed in the past century. Current availability of cheap




inorganic fertilizers such as ammonia (NHs3) has reduced the necessity of recycling certain

essential plant nutrients contained in manure back to crop production (Maurer et al., 2002).

Before the 20th century, the N cycle regulated itself during the operation of natural
ecosystems by biological N fixation (BNF), lightning N fixation (LNF), N deposition, and
denitrification. Since the Haber-Bosch nitrogen fixation (HBNF) process was invented, a
considerable amount of N; (all N species other than N, N;) has been added to terrestrial
ecosystems (raising 14 times its value from 1890 to 2010) with the goal of ensuring global
food security and meeting the food demands of approximately 48% of the world population.
Thus, N cycles in terrestrial and marine ecosystems have been greatly altered (Luo, Zhibo
2018).

In contrast to other essential nutrients such as phosphorous (P), nitrogen (N) is abundant
in the atmosphere in the form of gas. The problem lies in the fact that the conversion of
inert N gas to its reactive forms is extremely energy intensive and fossil fuel dependent.
Some studies point that the Haber-Bosch process used for the production of synthetic N

fertilizer (Coppens et al., 2016) :

- Entails 2.5% of the global fossil energy usage

- Implies the production 4-8 tonnes of CO; eq. per ton of N fertilizer synthezied

The global tendency of gathering population in dense urban nodes and its subsequent rise
in human needs has led to a large flow of nitrogen from anthropogenic activities wasted
into the environment. This acceleration of the nitrogen cycle is not only unsustainable in
an environmental resource level, but it is also very harmful both for nature and for humans.
Some damaging effects of the excess of N in the environment i.e. air, water and soil are
(Pan et al., 2019):

- Biodiversity reduction
- Ecosystem degradation
- (Climate change

- Smog

- Contamination of groundwater and drinking water (Payne et al., 2017)

These externalities can result in health issues as well as contribute to the climate

emergency state.



In Consequences of human modification of the global nitrogen cycle (Erisman, 2013) a
group of experts research the impacts of N on air, water quality and human health; impacts
of N; on natural ecosystems; and the correlation between N, and climate change.
Concluding remarks state that even though there is strong evidence for the N; cascade of
effects, better data are needed to quantify the components of the cascade to best support

policy options.
FERTILIZER MARKET

When speaking about alterations in the natural N cycle due to anthropogenic activities,
scientific research points to the popularization of inorganic fertilizers application to
agricultural soil as the main driver. In 2016, the main fertilizers and raw materials used for

agricultural purposes worldwide were (Fig.3):

WORLD MAJOR PRODUCING COUNTRIES OF FERTILIZERS AND RAW MATERIALS 2016

AMMONIA million tonnes product UREA
China 56,00 China 62,00
Russia 16,20 India 24,65
India 14,05 Russia 8,10
uUs 12,35 us 7,45
Indonesia 5,75 Indonesia 6,50
Trinidad 5,40 Pakistan 6,00
World World
PHOSPHATE ROCK DAP
China China | 15,70
us 27,50 US | 3,55
Morocco 26,90 India |l 4,45
Russia 12,40 Morocco [} 2,15
Jordan 8,00 Saudi Arabia [ 2,10
Brazil 5,10 Russia || 1,25
World . Ol World 33,60
POTASH SULPHUR
Canada 18,00 us 910
Russia 10,60 Russia 6,66
Belarus 10,00 UAE 6,08
China 7,60 China 5,10
Germany 4,50 Canada 4,97
Israel/Spain/UK 5,25 Saudi Arabia 4,60
World World

Figure 3. World major producers of fertilizer in 2016. Source: ICIS.
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In order to follow the path of N in the fertilizing industry, the only two substances that are
considered for the study are Ammonia and Urea. It is noted that in 2016 their market
worldwide was considerably larger than that of DAP, Potash and Sulphur; however,
Phosphate Rock trade leads the list. Both Ammonia and Urea have high nitrogen content;
the conversion factors used for further calculations are the stablished by ICIS in the

Fertilizer Trade Map published in 2018 (Fig.4):

Nitrogen [N) Ammonia: N [ {divided by) 0.82
Urea:M / (divided by) 046
Phosphate (P,0.) Phosphate Rock: PO / 0.30
MAP: PO J 0.52
DAP: PO / 0.46
Potassium (K,0) Potash (MOP or KCIRK;O / 0.60

Figure 4. Conversion factors (ICIS)

As shown in Fig. 3, China is the largest contributor to the fertilizer market?. In Table 1 data
from the FAOSTAT database about N fertilizers show that in 2016 the region was leading
the market, especially in the production sector. This indicator is coherent with the fact that
the largest proportion of world population is gathered in Asia. Other regions such as
America and Oceania are more reliant on external sources to meet the inner demand. Africa
is an exceptional case; due to historical, climate and economic reasons some regions of the
continent face scarcity of food and water which have led to distinct challenges in the

agricultural production field.

Table 1. Fertilizer market by region (kt N)

Region Production Import Export Agricultural use % of total ppl.
Africa 3,70 5,27 8,86 3,49 16,25
America 14,67 29,10 11,05 21,67 13,26
Asia 61,30 30,77 40,52 59,34 59,98
Europe 19,88 30,57 39,26 13,71 9,97
Oceania 0,44 4,30 0,32 1,79 0,54

2 Note that fertilizers can be quantified by total weight, by product or by nutrient. From this point on, fertilizers
are amounted by their N content in weight units (kt).
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The area of interest for this study is Europe. Spain as a country is an important exporter of
agricultural products worldwide, but most importantly inside Europe. The latter shows
particularly high importation and exportation rates of N fertilizers, even though inner

production is sufficient for the agricultural needs of the region.

EUROSTAT published recently a study of the agricultural use of N and P of European Union
countries from 2008 to 20183.

Gross nitrogen balance on agricultural land, EU-28, kg N per ha UAA

60

50

40

30

20

10

0. T T T
2004-2006 2007-2009 2010-2012 2013-2015

EU-28

Note: Eurostat estimate.
Sopurce: Eurostat (online data code: aei_pr_gnb)

eurostat#

Figure 5. Gross N balance on agricultural land from 2004 to 2015 (EUROSTAT)

On one hand, the study points that the estimated N mineral fertilizer consumption in EU-
27 has remained around 10 million tons in the last ten years with fluctuations and a slight
increase tendency. On the other hand, there is a decrease and stabilization tendency in the
gross N balance on agricultural land in EU-28 from 2004. The latter are estimated as kg N
per ha of UAA (utilized agricultural area). The countries with a highest N fertilizer
consumption are, by order France and Germany. Following on the list, with similar

amounts around 1 million tons in 2017, stand Poland, UK and Spain.

The study also concludes that high consumption of N occurs particularly in central Europe
countries. N fertilizer consumption per ha of UAA averaged 77.2 kg in 2018. The highest
numbers can be observed particularly in the Benelux countries, Czech Republic and

Denmark accounting for more than 100 kg per ha (Fig. 6). The lowest values were reported

3 Source: https://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-environmental_indicator_-
_mineral_fertiliser_consumption
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Map 1: Nitrogen fertiliser consumption per hectare of fertilised UAA {utilised agricultural area),
EU-27 and UK, 2018
(kg Niha)

)
Reunlon (FR) | Mapyatta (FR)

L
f eurostatia
AN © UN-FAO 8 Turksat
GE. 052020

< m value: 40.3)
[ so-<80

[ 50 - <100

I >= 100 (maximum value: 120)
[0 Data not available

Figure 6. N fertilizer consumption per fertilized

UAA in EU-27 and UK, 2018 (EUROSTAT)

in the Baltic countries (< 60 kg N per ha). Spain

is categorized in the second lowest
consumption range (60 -< 80). In the early
1960s, Spain was nearly self-sufficient in
terms of food and feed supply. In the first stage
of the twenty first century, net imports of
agricultural product reached domestic crop
production when expressed in terms of
nitrogen content; ca. 650 Gg N y' (Lassaletta

2014).

Fig. 7 sums the N market through fertilizers in
Spain from 2002 to 2018. There seems to be a
huge dependency on external markets to meet
the national fertilizer demand. If points of

accumulation along the N flow are identified,

this substance could be recovered and the rapid raising import tendency could be changed.

The recovery of this element from certain points of its cycle could serve not only as a

national approximation to the circular economy paradigm, but also as a way to increase

efficiency in the fertilizers market by eliminating a portion of the unnecessary

international transports linked to fertilizer trade.

1400
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Production

Import @ Export
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Figure 7. Evolution of the N fertilizer market in Spain from 2002 to 2018 in kt of N (FAOSTAT)

The aim of this project is performing an SFA for Nitrogen in order to determine the

technical and economic feasibility of recovering this element from the various points of
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accumulation within its material flow cycle. The geographic framework is the Spanish
territory contained in the Iberian Peninsula i.e. Spain excluding the Balearic and Canary
Islands, as well as the Spanish cities in the African continent, Ceuta and Melilla. The
reference year for this study is 2016, given that some of the official sources of information

only provided information up to this year.
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Glossary

BNF

LNF

HBNF

UAA

STAN

SFA

PPA

VGF Waste
WWTP
SDG

NUE
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Nitrogen

Phosphorous

Biological Nitrogen Fixation

Lightning Nitrogen Fixation

Haber-Bosch Nitrogen Fixation

Utilized Agricultural Area

SFA Software

Substance Flor Analysis

Poblacién promedio annual (Mean annual population)
Vegetable and Green Fraction of the municipal waste
Waste Water Treatment Plant

Sustainable Development Goal

Nitrogen Use efficiency



Background

N CYCLE IN NATURE

Prior to the development of an SFA a good understanding of the substance of interest and
its behavior in the defined space is required. To understand N in a Spanish national context
many processes must be considered. As a starting point, the N cycle in a natural

environment without human intervention was reviewed.

N2

ANIMALS, NH3 N2 N20
PEOPLE PLANTS
SOIL ORGANIC N NHs NO2 NOz

Figure 8. N cycle in nature based on Mengel and Kirkby, 1982 (Antikainen 2007)

As shown in Fig. 8, N cycle in nature takes-up many different compounds. Without
anthropogenic intervention N cycle consists on chemical interaction between air, plants,
soil and water. Nitrogen gas (N;) is one the main element in the atmosphere yet it is the
limiting nutrient in certain ecosystems (Bernhard 2010). Therefore, N fixation and its
subsequent conversion of to a bioavailable form are essential for life. If anthropogenic
intervention is neglected, the only means of increasing bioavailable N in the biosphere are
either through organisms such as Rhizobium bacteria and cyanobacteria that fixate N; or,
in a much odder way, through lightning responsible for the formulation of nitric oxide (NO),
which oxidizes to nitrate (NOs") and is deposited to earth in dry or wet form (Antikainen,
2007).

In soil, N mainly takes up inorganic forms. Organic N needs to be transformed to NH4*
(ammonification) or further to NOs™ (nitrification) for plants to be able to access it. N can
also be released from the soil surface as ammonia (NHs). In addition, many bacteria species
in soil are able to release N back to the atmosphere by reducing nitrates and nitrites to

gaseous form (NO, N;O, N;) in a process called denitrification.
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In waters, N is present in molecular form (N), ammonium (NH4"), nitrates (NO,"), nitrites
(NOs"), dissolved organic nitrogen or particulate organic nitrogen. The N cycle in waters is
similar to the cycle in soil adding three processes: ammonification, nitrification and

denitrification.

It is a subject of relevancy to be able to identify all of these compounds because they
constitute large N flows in the national scale. Final resolution of the SFA will rely on the
successful determination of these flow regardless of the weight contribution of N in the
substance (Table 2).

Table 2. Main compounds in the N cycle

N NH; NH.* NO> NOs NO N-O
. Mono- )
Nitrogen ) ) o . . Nitrous

Ammonia Ammonium Nitrite Nitrate nitrogen )

gas ) oxide
oxides
Nr X X X X X X
Plant nutrient X X

To sum up, the main processes to acknowledge in the N cycle are that will rule the flowing

of this substance in between systems are:

- Nitrogen fixation: conversion from molecular dinitrogen in the air into ammonia or
related nitrogenous compounds in the soil.

- Ammonification: process by which microorganisms in soil, sediment or water
produce ammonium.

- Nitrification: two-step process. Ammonia is first oxidized to NO,- which in turn is
further oxidized to NOs~.

- Denitrification: microbial process reducing nitrate and nitrite to gaseous forms,
mainly nitrous dioxide (N,O) and nitrogen (N>).

- Lightning: less common natural phenomenon by which N gets fixated from the

atmosphere to the soil.
N CYCLE INCLUDING ANTRHOPOGENIC ACTIVITY

Human action has added new dimensions to the natural N cycle. At present, N cycling in
the global food production system is largely based on the Haber-Bosch synthesis, in which
atmospheric molecular N and hydrogen are combined to NHs at high temperatures and

pressures in the presence of catalyzing agents.

17



According to Leigh GJ. (2004), the Haber-Bosch process, is one of the towering
achievements of industrial chemistry because it has enabled to production of enough
nitrogen fertilizer to feed the current world population, provided enough explosive to fight
as many minor wars as seems desirable to desperate enough people, and made it possible

to do so for the foreseeable future.

Since it was popularized, scientific literature regarded the discovery of this process as the
human salvation in terms of food production. Currently, new factors come into the
equation and even though the synthesis of N through the Haber-Bosch process is and will
always be an important discovery in the chemical engineering field, new paths must be
found in order to embrace a more sustainable global way, in this case, of fertilizing

agricultural soils.

CONSEQUENCES OF HUMAN MODIFICATION OF THE GLOBAL N CYCLE

A\tmosphere Stratospheric
‘ Effects
PM& | b4
NO, S— > Vishility Greenhouse
Effects »> Filects FfTects
Energy s
Production |
lerrestrial | N,O
NO NH Ecosvsiems
Food : < ' )
NH, Agroccosystem Effects ———— |
Production > | Forests & |
Crop }—’{ Animal | Grassand
¢ |
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s L] ==y |
(Food: Fiber) | =
Niq ;
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-4 Stream
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Effects ==
Cascade
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T - Indcates dentrfication potantial

Figure 9. The N cascades.

The N cycle auto regulates itself to the point where human intervention appears. This
intervention, though, is key to the survival of the human species given that it appears
with the human necessity to produce food. The consequences of the additional Nr
injected into the environment from human activities include effects on global climate,

human health and ecosystem function (Galloway 2013).
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Fig. 9 shows how human activities revert the original stability of the atmosphere, the

terrestrial ecosystem and the aquatic ecosystem.

Much evidence exists for N; effects on eutrophication of coastal zones, increased
concentrations of ozone and PM in the atmosphere, ozone depletion in the stratosphere
and biodiversity loss in terrestrial and aquatic ecosystems. Less is known about the
relationship with human health (air and water) and climate. Furthermore, although there
is strong evidence for the N; cascade of effects, better data are needed to quantify the
components of the cascade to best support policy options. On smaller scales, there are still
many uncertainties owing to spatial and temporal variability, and insufficient knowledge
(Erisman, 2013).
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Methodology

In order to identify, qualify and analyze the N flows in Spain, the Substance Flow Analysis
(SFA) tool has been chosen as the most suitable one. The general aim of most SFA studies
is to provide the relevant information for a region6s management strategy regarding
specific chemicals (Van der Voet, 2002). Its basic idea is the mass balance principle, derived
from Lavoisierés law of mass conservation. Generally, substance flow studies consist of a

three-step procedure (Van der Voet, 1995):

(a) definition of the system

(b) quantification of the overview of stocks and flows
(c) interpretation of the results

In order to compute the unknown values in the model, the algorithm follows the following

sequences of equations (Eq.1 to Eq.4) (Cencic, 2008):

Balance equation: B'Q¢ N6 BE 6 0 1) 6K E AT 0 € ©Q (1)
Transfer coefficient equation: € 6 6 B 60 ®1 ©& IWOQIQ B'Q¢ n o(@)
Stock equation:i 0 £ ©Q [ 0E6Q e A 60¢ 0Q (3)
Concentration equation: ¢ @i G ®i | ©WéE & OQEO1 OGO QE & (4)

SFA METHODOLOGICAL FRAMEWORK

Prior to the development of the SFA a literature review was conducted for the purpose of
getting a methodological framework (Table 3). It also served as a revision of the state of art.
Some of the consulted reports were extracted from Restoring nutrient circularity: A review
of nutrient stock and flow analyses of local agro-food-waste systems (van der Wiel 2019)
published in 2019.

Table 3. SFAs literature review

Nutrient Year Area Approach Reference

N 1998 Huizhou (China) Urban (Ma 2008)

N 2000-2016 Beijing (China) Urban (Pan 2019)

N 2002 Illinois (USA) Agricultural (Singh 2017)

N 2004-2014 France Agricultural (Billen 2018)

N 2010 Scania (Sweden) Regional (Hellstrand 2015)
N 2010 Maeklong river (Thailand)  Regional (Pharino 2016)

N 2011 Bangkok (Thailand) Urban (Buathong 2013)
N 2014 Thailand Agricultural (Suesatpanit 2017)

[\
(@]



N, P 2004-2007 Finland National (Antikainen 2007)

N, P 2009 Flanders region (Belgium)  High-resolution (Coppens 2016)

N, P 2014 St. Eustatius (NL) Agricultural and (Firmansyah 2017)
urban

p 2012 Spain National (Alvarez 2018)

MODEL DEFINITION

The three main attributes that define a system are space, time and material. In this study,

these are defined as:

r 4 2016 N

Space Time Material

Y Space: Spanish territory within the Iberian Peninsula

Y Time: one year; particularly 2016 which was the latest year of which accurate

information regarding most flows could be found.

Y Material: Nitrogen; in various forms such as ammonia (NH3), nitrogen dioxide (NO.), etc.

However, the flows have always been quantified as kilotons of nitrogen per year.

The model was developed using STAN 2.6, a software developed by the Technische
Universitit Wien, that allows the creation of graphical models with predefined
components (processes, flows, system boundary, text fields), as well as the development
of Material Flow Analysis through mathematical statistical tools such as data reconciliation

and error propagation®.
MODEL DESCRIPTION

The final system comprises 31 flows and 7 subsystems, 5 of which have stock. Regarding
sub-systems, the following were taken for calculations: agriculture, air, households,
industry, transport, waste management and water bodies. The subsystems with stock i.e.

inner accumulation of N are agriculture, air, industry, waste management and water bodies.

4 Stan2web. About STAN. <http://www.stan2web.net/infos/about-stan>
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A fraction of N enters these subsystems and does not get transferred within the year of

study.

Agriculture as the system with the biggest theoretical relevancy in the SFA. It comprises
crops, livestock, forestry and pasture lands; the most important attribute to this subsystem
is that it includes all the soil used for the mentioned purposes. Air is defined as the part of
the troposphere placed just above the territory of study; it is noted that substances in this
subsystem are in constant movement, therefore exact quantification of certain flows will
have to be approximated. Households basically represent the end-consumers of
goods/services provided by the industry sector. Consequently, industry is a general
category including all processes performed before the consumption phase except for
transport, which builds a subsystem on its own. Waste management is regarded as general
entity encompassing the bigger urban waste management plants but also waste
management inside industries and waste management derived from agriculture. Lastly,
water bodies are all of those contained in the previously defined geographical boundaries

i.e. rivers, lakes, groundwater, etc.

Flows can be divided into those entering and exiting the system and those connecting two
subsystems. The first are considered imports/inputs or exports/outputs depending on

weather they enter or exit the geographical space; the latter are referred to as inner flows.

Imports and exports are key in the flow definition process. This SFA evaluates five groups
of high N content goods: fertilizers, food, feed, fuel and non-food. These are the only
substances that are considered to enter or exit the stablished geographical boundaries (Fig.
10).

Imports and exports

e & 5

e

Fertilizers Food Feed Fuel Non-food
] Alimentary Alimentary

Inorganic Substance burned )

- products for products for ) Chemical
fertilizers ) to provide heat or

o human animal substances

containing N . . power
consumption consumption

Figure 10. System imports and exports
Non-food comprises listed chemicals in the global trade market containing significant

amounts of N, mostly used for production purposes.
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Inner flows are more numerous and harder to classify. Based on their start and end point

they represent many non-related substances transporting N. The most relevant inner flows

featured in the model are emissions and this to the air or to waterbodies in the specified

darea.

Table 4 summarizes the flows accounted in the development of the SFA.

Table 4. Flows accounted in the general model

Flow name From To

F1 Fertilizer imports - P5,Industry

F2 Fertilizer exports P5,Industry -

F3 N emissions P2,Agriculture P3,Air

F4 N emissions P2,Agriculture P4,Water bodies

F5 N emissions P5,Industry P3,Air

F6 Water emissions P5,Industry P4,Water bodies

F7 Air emissions from P7,Transport P3,Air
combustion

F8 Air emissions P6,Waste management P3,Air

F9 Water emissions P6,Waste management P4,Water bodies

F10 Air emissions P8,Households P3,Air

F11 Fuel P5,Industry P7,Transport

F12 Products P5,Industry P8,Households

F13 Fertilizer P5,Industry P2,Agriculture

F15 N in waste P8,Households P6,Waste management

F17 Fuel imports - P5,Industry

F18 Industry waste P5,Industry P6,Waste management

F19 Crops P2,Agriculture P5,Industry

F20 Food imports - P5,Industry

F21 Non-food imports - P5,Industry

F22 WWSludge P6,Waste management  P2,Agriculture

F23 Fixation + deposition + P3,Air P2,Agriculture
etc

F24 Fodder P5,Industry P2,Agriculture

F25 Animal produce P2,Agriculture P5,Industry

F26 Feed imports - P5,Industry

F27 Food exports P5,Industry -

F28 Feed exports P5,Industry -

F29 Fuel exports P5,Industry -

F30 Non-food exports P5,Industry -
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AUXILIARY MODELS

Given the complexity of the flow quantification process, two auxiliary models were
developed for the subsystems agriculture and waste management as a way to facilitate the

elaboration of the general model.

Agriculture sub-model

The Agriculture SFA portrays 3 subsystems: crops, livestock and pasture land. Fishing and
forestry were not considered as subsystems due to lack of relevancy in comparison to the
three mentioned before. Inner flows accounted for these SFA are manure and fodder. The
first exits livestock and is applied to crops and pasture land, the latter follows the same
path but the other way around. Out of the three subsystems, only crops and livestock were
marked as stock systems, given that N gets fixed in soil; livestock does not show a stock
because, even though animals do retain N in their corpse while alive, once they are
sacrificed for human consumption these N does get transferred to humans in the form of

protein. Imports and exports in the agriculture SFA are collected in Fig. 11.

Imports
Paali™N Q [o] OO n
263 = %

Atmospheric deposition

Fertilizers Seeds Feed
and biological fixation
Exports

=)

o €S
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—:([[n! @S

Plant products Meat produce Air emissions

Figure 11. Imports and exports in the agriculture auxiliary model

Waste management sub-model

The Waste Management sub-model comprises 4 end of life scenarios: WWTP, landfill,
biological treatment/composting, incinerator. Each scenario acts almost independently
from the rest and many external flows e.g. food waste end up in all of them by fractions

according to the waste management strategy of the territory within Spain. The only flow
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considered inner in this framework is WWTP Sludge. It appears in WWTP and can be
exported or processed in the incinerator or trashed in the landfill. The remaining flows are
imports or exports from other subsystems in the main model summed up by subsystem of

origin or end respectively in Fig. 12.

Imports
iy (
: | A
Gl ey @’5
Agricultural Industrial Other
Solid waste Solid waste Mixed waste
VGF waste Food waste
Household waste
Exports
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T A aVel !
Fertilizer Water emissions Air emissions

Figure 12. Imports and exports in the waste management auxiliary model

DATA ACQUISITION

One key aspect upon performing an SFA is the acquisition of the data that will enable flow
quantification. Given that one of the aims of a study of this kind is creating a theoretical
basis for the proper management of a substance in a region, the sources used for
quantification must be as reliable as possible, so that the results can be taken as accurate.
Regardless, data availability for such a specific substance as N in a broad space like Spain
is a challenge; especially in those systems where N concentration data is not collected or

published for public use.

Data acquisition and subsequent treatment tends to be the most time-consuming part of
the project. Data availability is limited, therefore, most of the values were taken from
public, mostly governmental institution reports. For the development of the auxiliary
Agriculture SFA, Balance Del Nitrégeno En La Agricultura Espafiola published in 2018 was

taken as the main source of information.

Raw data extracted from databases listed in Table 5 did not present the needed
characteristics for it to be directly computed into the model. As a result, many spreadsheets

were created for the purpose of transforming the obtained numbers to N flows.
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Table 5. Summary of the official databases used for flow quantification

Database Description

FAOSTAT Food and Agriculture Organization of the United Nations. Free access to food and
agriculture data for over 245 countries and territories and covers all FAO regional
groupings from 1961 to the most recent year available

MITECO Ministerio de la Transicion Ecologica y el Reto Demografico. Official open access national
statistics about environment and energy

MAPA Ministerio de Argicultura, Pesca y Alimentacién. Official open access national statistics
on agriculture, fishery and food

INE Instituto Nacional de Estadistica. Official statistical institute of Spain.

PRTR Registro Estatal de Emisiones y Fuentes Contaminantes. National register of emissions
and polluting sources.

Camaras Agencia Tributaria. Foreign trade database

- Fertilizers

For Fertilizers data was extracted from FAOSTAT>Data>Inputs>Fertilizers by Nutrient®. The
following specifications were used to obtain the values corresponding to the fertilizer

imports and fertilizer exports flows (Fig. 13).

Country Elements Items Years
Spain Import and export Nutrient nitrogen N
quantity (total)

Figure 13. FAOSTAT search criteria for the fertilizer imports flow

- Food and Feed®

As a means to obtain a specific value for Food and Feed imports an Excel sheet was created

with crops and livestock products entering the Spanish borders in 2016. This data was

> FAOSTAT. Fertilizers by nutrient. <http://www.fao.org/faostat/en/#data/RFN>
6
Annex 1
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extracted from FAOSTAT>Data>Trade>Crops and livestock products’. From the resulting
database, products were divided into those used for human consumption and those used
for animal feed. Mean protein content was added to each food or feed in order to be able
to calculate the N contained in the product (Eq.5). The average protein contents were
extracted from USDA FoodData Central for foods and from Feedipedia (INRAE, CIRAD and
FAO) for animal feed. In order to convert protein to N the traditional (N-to-protein)

conversion factor of 6,25 was used (Bak, 2019).

0 QO Q QG & EA 8 9 ® b o (5)
- Fuel

Raw data for fuels was obtained in the INE database. The Material Flow Accounts. Series
2008-2017 provides information on Spanish imports and exports by material and year.
Fuels considered for the calculations were coal, oil, natural gas and fuels for transport;
average N content of each was determined through research in scientific publications
(Table 6). Oil includes crude petroleum and liquefied natural gas, therefore the average N

content was calculated as the average of its concentration in crude petroleum (Manrique

1997) and in natural gas.
Table 6. N contents used to quantify fuel flows
Fuel Average N content in wt. % Reference
Coal 1.500 (Schweinfurth 1979), (Simon 2019)
oil 0.322 (Manrique 1997)
Natural gas 0.500 (Florida Power & Light Company 2004)
Fuels for transport 1.515 (Granchi 1987)
- Non-food?®

Other substances containing N entering in Spain were regarded as Non-food. In this group
data about organic chemicals was collected. Specific values were extracted from Camaras
de Comercio Exterior, a database with Spanish customs information managed by the

Spanish tributary agency. From all the imported and exported goods those within the

7 FAOSTAT. Crops and livestock products. <http://www.fao.org/faostat/en/#data/TP>
8
Annex 2
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TARIC® 7 Chapter 29 were considered. A data sheet was created with the following

information:

Name TARIC t product Formula (if = Mean N N total (kt) Sources
code Imported Exported applicable) wt.% Imported Exported

Among the subgroups in the TARIC 29 (Organic Chemicals), some were neglected because
their N contribution to the total mass of the compounds within was residual or because it
could not be determined with the available data but was suspected to be comparatively
trivial. The procedure followed to obtain mean N wt.% of the substances in each subgroup

was the following:

o Nitromethane: CH.NO, Y (N=14, tot=61) N wt.%=0.2295
o Nitroethane: CH.NO, Y (N=14, tot=75) N wt.%=0.1867
o 1-Nitropropane: CH.NO, Y (N=14, tot=73) N wt.%=0.1918
o 2-Nitropropane: CH.NO, Y (N=14, tot=73) N wt.%=0.1918
0 2,4-dinitrotoluene: C:HN.O, Y (N=28, tot=182) N wt.%=0.1539
o 5-tert-butyl-2,4,6-trinitro-m-xylene (Musk xylene): C.H.N.O. Y (N=42,
tot=297) N wt.%=0.1414
H=1, C=12, N=14, 0=16, F=19, S=32
1 Derivatives containing only nitro or only nitrous groups (TARIC 29042000) Y mean
N wt.%=0.1825 (Eq.6)
0D QOO &

(6)

Each compound was given the same theoretical importance given that in the total
imported/exported amount there is no further information for each specific substance in

the group.

Two TARIC groups out of the 29 chapter were also added to the flows, due to their high N

contents:

9 Multilingual database integrating all measures relating to EU customs tariff, commercial and agricultural
legislation  (https://ec.europa.eu/taxation_customs/business/calculation-customs-duties/what-is-common-
customs-tariff/taric_en)
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1 380893211 Herbicides based on dinitroaniline derivatives

1 280430007 Inorganic chemicals. Non-metals. Nitrogen

- Air emissions

Air emissions of each system were calculated based on the yearly governmental reports on
air quality. Various sources were consulted in order to get a more accurate perspective of
the N flow from certain systems to the air. However, the final calculations used data
extracted from Webtabla2020'% a summary by the National Emissions Inventory including
air emissions by year, activity and polluting substance. Data was extracted from the total
pollution results excluding the Canary Islands. The search was conducted for 2016 and the
substances where cut down to NOy (as NO,eq.) and NHs. For the assignation of quantities to
a subsystem the sectors used in the source were grouped, the emissions were added and
attributed to the corresponding subsystem. N,O emissions were not in the inventory but
were added for calculations. Even though the contribution to the total N emitted to the air
is low, N2O is considered the third most harmful greenhouse gas; therefore, it was
considered a matter of interest to quantify national emissions of this gas. Data for this
substance was extracted from INE© Atmospheric emissions count, 20081 2018, Table 7

presents an overview of the emissions by subsystem.

Table 7. Air emissions by polluting substance attributed to each subsystem in the SFA

Substance (kt)

Subsystem Sectors
NO, NH3 N>O N
Industry Public power, industry, fugitive 364,51 5.97 7.40 120,56
and solvents
Households Other stationary gombustion 22.44 7,83 2.16 14,65
(Residential)
Transport Road transport, shipping, 395,88 2,46 1,45 123,43
aviation, offroad
Waste Waste 35,51 1,70 - 12,21

_ Livestock, agriOther, forest
Agriculture fires, stationary combustion 89,85 446,60 46,08 424,46
(Agriculture)

19Webtabla2020.
<https://[www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi-
iPrp3YnuAhWpSRUIHY7iBy8QFjAAegQIAxXAC&url=https%3A%2F%2Fwww.miteco.gob.es%2Fes%2Fcalidad-y-
evaluacion-ambiental%2Ftemas%2Fsistema-espanol-de-inventario-sei-%2Fwebtabla-inv-2020_tcm30-
506253 .xIsx&usg=A0vVaw0AKWvpfE7TM1EYmZa9zA11V>

MNE. Cuenta de emisiones a la atmésfera. Serie 2008-2018 y avance 2019.
<https://www.ine.es[jaxi/Datos.htm?path=/t26/p084/base_2010/serie/10/&file=01002.px#!tabs-tabla>
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For the translation from polluting substance weight to N weight the following conversions

factors were used based on N weight contribution to each compound.

v o« X ,, o PT v oo X
Vv — U 00 — L —
Co p X pp

- Water emissions

0

Flows with water bodies as end point were quantified using the PRTR (Registro Estatal de
Emisiones y Fuentes Contaminantes) database. A search was conducted for the year 2016
and using total N as polluting substance. The economic activities showing emissions to

water were grouped by sector (Table 8).

Table 8. Water emissions by subsystem

Sector Industry Waste Agriculture

kt of N 2,62 50,65 2,92

Data acquisition for auxiliary models

- Agriculture related flows

Being Agriculture the most important system regarding N flows, a separate SFA was
conducted for agriculture and livestock. Flows were determined using data from Balance
de Nitrogeno en la Agricultura Espafiola (2016). This report presents detailed information
on the various imports and exports of N in Spanish agricultural soil. Table 9 shows the

concepts used for the calculation agriculture related flows.

Table 9. Inputs and outputs to crops and pasture land

Crops Pasture land

Surface (ha) 13.915.561 17.060.078
Inputs (kt N)
Mineral fertilization 959,99 22,17
Organic fertilization 49,92 22,75
Manure 398,66 279,54
BNF (Biological N fixation) 96,793 79,28
Atmospheric deposition 106,77 122,75
Total 1612,133 526,49
Outputs (kt N)

Plant products 867,87 0
Fodder 139,28 265,8
Air emissions 233,26 28,07
Total 1240,41 293,87
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Upon calculating livestock related flows, the main source of information was Bases
zootécnicas para el calculo del balance alimentario de nitrégeno y de fésforo. The specifics
are detailed in Table 10.

For the determination of the total N flowing from Industry to Agriculture as fodder,
national annual directories were used. Data from 2014, 2015 and 2016 was used for the

determination of the annual livestock population as well as mean N intake.

Table 10. Mean N intake requirements and mean population by specie in Spain for 2016

g o @ w o W

Equid Poultry Porcine Ovine Bovine
PPA 47.835.269 640.124 79.307.879 29.231.596 15.970.343 6.022.106
N intake (kt) 42,59 40,25 101,19 407,01 72,15 473,37

Once the mean annual N intake for each species of interest in the Spanish livestock was
calculated, from the total N animal intake as fodder, the following calculation was made

obtain the net value;

"YE OUS@E O O WAQI £ddi £ NG QE DI 60D Q0 QEQE QUMIEAE QO d7)

ppwg polwy coe N
- Waste management related flows

To determine certain N flows included in the waste management subsystem various
sources were used. Emissions to water and air were determined using the same data
sources as in the general SFA; PRTR and Webtabla 2020 respectively. The rest were
estimated and approximated based on specific waste management reports for other
regions. Two points of specific interest are the distribution of Waste Water Sewage Sludge,
which can be used as fertilizer if properly treated, and origin of waste ending in each
process. According to official reports, destiny of WWTP Sewage Sludge is distributed as

shown in Fig. 14.
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Figure 14. Destiny of WWTP Sludge in Spain (MITECO)

o Incinerator flows

The main source of information used to quantify contribution of each subsystem to the
flows entering the incinerator was a similar report published for the Flanders region given
that there are no studies with similar approach. N percentage present in incinerator waste
was assumed to have an equal distribution in Spain and based on the total amount of N
emitted to the air by incinerators, which was a known value, the contribution per

subsystem was deduced (Table 11).

Table 11. Flows of N to incinerators in the Flanders region and subsequent deduction for Spain

R

Flanders value Spanish value

Households 11,18 0,39 4,22
Agriculture 5,68 0,20 2,15
Industry 8,45 0,30 3,19
WWTP 3,29 0,12 1,24
Total 28,60 1,00 10,80

o WWTP Sludge destiny

Taking the amount of N flowing from WWTPs to Incinerators as a start point and using the
distribution of WWTP Sludge (Fig. 14) the quantity of N in WWTP Sludge ending up in

landfills and applied to the soil were calculated.
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Table 12 summarizes the calculated values.

Table 12. Destiny of N flows as WWTP Sludge

Distribution (%) kt N-y-1
Agriculture 76 13,49
Incinerator 7 1,24
Dumpster 15 2,66
Total 17,75

o Biological treatment flows

Quantification of N flows embed in the Spanish biological treatment of waste parted from
the air emissions obtained of the Webtabla2020 database. Assuming the use of similar
processes in the composting of organic waste within Europe, the ratio between Spain and

the Flanders region [ref] was calculated using equation:

Y O0E GnEtho Qe ptpo (9)

Once the ratio was obtained the following equation was used to deduce the value of VFG

waste ending up in composing plants in Spain:
0 "Q&"0"QEY 0 "Q&v"0QE0 Y "Oné G nE o Gt D (10)

Latest reports from official sources stated that the amount of food waste from households
was almost equivalent to that of food industry; therefore, the flow of food waste from
industry was assumed to be equal to that from VFG. Water emissions from composting
plants were taken from PRTR. Lastly, a fertilizer flow was assumed to exit biological
treatment plants and its value resulted from the SFA calculation once the system was

properly defined.
o Landfill flows

The only accountable flow acting as input to the landfills is organic waste from the food

industry, other flows do not present sufficient N content to be considered (Coppens 2016).
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The calculations for this flow were also based on the Flanders report, introducing the fact
that, according to European level statistics, the fraction of waste with this end-of-life
scenario is 1% whereas in Spain it accounts for 54%. Using the equation below the flow was

quantified:
04 HE @DUAOREER Qo D& i 0 Vith Q& © (11)
UNCERTAINTY ANALYSIS

The diverse nature of sources and the varying quality and availability of data makes SFA
results inherently uncertain. In order to evaluate the reliability of the results, the
information used to quantify each flow was classified in four categories. Hedbrant and
S6rme (2001) developed a method widely used for the assessment of uncertainty in SFA
models. This method involves assigning uncertainty levels to various data sources, such as
official statistics or values from literature, and applying an interval to each level (Cooper

2013). Intervals used in this study are explained in Table 13.

Table 13. Uncertainty intervals applied to the general SFA flows

Level Interval ~ Source

1 *11,05 Official national source

2 *I1,10 Official international source

3 *11,20 Calculation from data in the above categories
4 *11,33 Approximation from related literature
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Results

GENERAL SFA
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Figure 15. Nitrogen SFA for Spain with 2016 as reference year

SFA results point that Spain in 2016 had a budget of 1511,68 kt N y' (dStock) only
accounting the accumulation in that year. There is a clear national necessity of

international high N content products. Among imports fertilizer would be the largest flow
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closely followed by fuel and food. Exports seem to have a residual influence in national N

budget; the most relevant export flow being fertilizer accounting for 275.54 kt Ny,

In Fig. 15 it is visually deduced that the largest N interaction between subsystems involves
industry and agriculture. Industry is the subsystem with the most flows linked
nevertheless agriculture concentrates the largest N flows, some of the most remarkable
being the fertilizer flow going from industry to agriculture accounting for 1080.5 kt N y'.
These two subsystems concentrate also ca. 77% of the national stock with 577.19 kt N y'!

and 585.78 kt N y! for agriculture and industry respectively.
Imports and exports

In 2016, 1.772,28 kt N entered the system while 794,32 kt N left the geographical
boundaries. The strong relation between food industry and the anthropogenic intervention
in the N cycle becomes clear in Fig. 16; fertilizer, food and feed take up 89% of the annual
N inputs in Spain. When it comes to exports the proportions change. The three groups of
goods mentioned only represent 62% of the exported N. The most remarkable distinction
between exports and imports is the amount of N containing Non-food traded to other
countries in comparison the amount acquired by Spain. This is mainly due to the fact that

Spain exports more than twice the amount of Nitrogen gas it imports.
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Figure 16. |
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