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Nitrogen footprint (NF)

sential to guarantee the food needs of the world population.

In this context, there is a growing interest in the evaluation of the environmental impact related to this issue, particu-
larly with regard to the effects of changes in the nitrogen cycle and the methods for quantifying them. In the latter field,
several researches have recently been developed focusing on the indicator known as the nitrogen footprint, associated
with the environmental releases of reactive nitrogen.

This study proposes an innovative method to quantify the reactive nitrogen emissions of a product system through the
reactive nitrogen indicator; the method is designed using as a reference the requirements of the international standards
ISO 14040 and ISO 14044, in order to be aligned with the operating procedures of the life cycle assessment technique,
thus differing from the previous approaches to calculate the nitrogen footprint.

As part of the study, the proposed method is applied to calculate the reactive nitrogen emissions of a set of agricultural
and livestock supply chain products, using secondary inventory data from an internationally recognized database.

A validation of the method was also carried out by comparing references in the literature regarding the nitrogen foot-
print accounting for the same products, generally obtaining a good level of agreement.

The proposed method, due to its reproducibility, ease of application and completeness, can therefore be usefully ap-
plied to any product system for the calculation of reactive nitrogen emissions, thanks to an innovative approach that
meets the requirements of life cycle assessment.
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Life cycle assessment (LCA)
Life cycle inventory (LCI)
Nitrogen cycle
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1. Introduction

The role of Nitrogen as an essential element for life on earth and a fun-
damental constituent of many compounds found in living cells within
plants, animals and humans is known. However, the abundant supply of
gaseous dinitrogen (N,) in the atmosphere is in a chemical form that plants
and animals cannot use directly; only a few special microorganisms can
convert atmospheric nitrogen into reactive forms that plants and animals
can use (Galloway et al., 2004). Reactive Nitrogen (N,), commonly defined
as all nitrogen forms apart from N, is therefore an indispensable nutrient
for agricultural production and human alimentation (Bodirsky et al.,
2014). Taking this aspect into account, it should be emphasized that
“food insecurity at the global level has been increasing steadily over the
past 8 years - since FAO first started collecting data in 2014. In 2020, the
year the COVID-19 pandemic spread across the globe, it rose nearly as
much as in the previous five years combined. Updated projections of the
number of undernourished people suggest that nearly 670 million people
will still be undernourished in 2030” (FAO, 2022). Strategies linked to
the achievement of the goal of “zero hunger” are also strongly present in
the context of the sustainable development goals which, among other
things, provide, by 2030, to “duplicate the agricultural productivity” and
to “ensure sustainable food production systems and implement resilient ag-
ricultural practices that increase productivity and production, that help
maintain ecosystems, that strengthen capacity for adaptation to climate
change, extreme weather, drought, flooding and other disasters and that
progressively improve land and soil quality” (United Nations, 2022). And
precisely the provision of N, of anthropic origin, through mineral fertilisers,
has certainly contributed and will continue to contribute to the increased
production of agricultural products needed to feed the increasing global
population (Erisman et al., 2008) and hence to food security.

Regarding sustainability in the food production, on the other hand, it
has been highlighted that the continuous increase in production of N,
“has led to a progressive alteration of the natural cycle of nitrogen, exceed-
ing the limit defined for the planetary boundary, fixed as a safe operating
space for human societies to develop and thrive” (Steffen et al., 2015). Be-
sides the benefits of the use of nitrogen compounds, nitrogen, in its various
chemical forms, plays indeed a major role in several environmental issues
such as “acidification and eutrophication of soil, groundwater and surface
waters, decreasing ecosystem vitality and biodiversity, also causing ground-
water pollution through nitrate leaching. Nitrogen compounds give also a
contribution to carbon sequestration, global climate change, and formation
of ozone, oxidants and aerosols, potentially posing a threat to human health
and affecting visibility. Each of the emissions takes part in the cycling of ni-
trogen causing a number of different effects with its consequent linkages”
(Erisman et al., 2011).

There are several studies that describe and quantify the environmental
effects of human perturbations on nitrogen cycle; an in-depth analysis of
this topic is the one proposed by Galloway et al. (2004), in which reference
is also made to papers that addressed the nitrogen cycle on a global and re-
gional scale, to the major phases and components of the nitrogen cycle, and
to the relationship to public policies.

Recently, with reference to the quantification of impacts related to the
nitrogen cycle, different calculation and communication methods have
also been proposed that fall within the scope of the nitrogen footprint
(NF) tool. In this context, the most recognized definition of the nitrogen
footprint as “the total amount of reactive nitrogen released to the environ-
ment as a result of an entity's resource consumption, expressed in total units
of N,” (Leach et al., 2012). This definition is included within a general
project named N-PRINT that also presents a first accounting tool for the
nitrogen footprint, the nitrogen-calculator (N-Calculator), with the aim of
helping consumers to understand and possibly reduce their personal nitro-
gen footprint.

Subsequently to this first approach, various applications have been pro-
posed and implemented using different analysis and calculation methods,
according to specific objectives. All tools are characterized by a life cycle
approach with different degrees of application, by considering various

Science of the Total Environment 882 (2023) 163578

phases of the life cycle to calculate the NF of the analyzed entities. Further-
more, current applications are exclusively in the agricultural and livestock
sectors with reference to food products.

Early works in this topic refer to the tools proposed by Leach et al.
(2012), mentioned above, by carrying out an analysis of reactive nitrogen
released for the production of food, for the use of energy during the produc-
tion phase and for the consumption of food (Mungcharoen and
Suwanmanee, 2021; Pierer et al., 2014). This approach is based, for the
most relevant part of NF calculation, on the concept of virtual nitrogen
(Burke et al., 2009; Galloway et al., 2007), understood as any nitrogen
that was used in the food production process and is not in the food product
that is consumed. Virtual nitrogen is used to estimate the N, lost to the en-
vironment along the production, processing, and consumption stages of the
life cycle. The release of Nr is thus obtained not by an analysis of the actual
emissions, but by difference with respect to the nitrogen content of the final
product. This methodology can therefore be applied only to food products
for which the virtual nitrogen coefficients are available and does not
allow highlighting the actual flows of nitrogen-containing substances in
all phases of the product life cycle.

Other and more recent applications, developed mainly in the Chinese
area (Chen et al., 2020; Xu et al., 2020a, 2020b), use specific emissions
factors - contained, for example in the IKE eBalance database (IKE
Environmental Technology CO., 2006) — to obtain N, losses related to
farm inputs and eutrophication potential factors based on internationally
adopted characterization models to obtain N; losses in the food crop pro-
duction processes. These applications are also related to food products,
but the NF calculation is based on actual emissions of nitrogen-containing
substances, with an approach much closer to the principles of LCA (ISO,
2020a, 2020b). However, it should be noted that the database and the eu-
trophication potential factors used in this approach take into account only
compounds that are responsible for most of the environmental impacts re-
lated to the perturbation of the nitrogen cycle (mainly NH; volatilization,
N,O emissions, leaching of NO3 and NH").

With reference to the different approaches developed to date and pre-
sented above, as well as pointed out by Pelletier and Leip (2014), although
research has usually been based on LCA, “consistency and comparability of
studies are hampered by the current lack of common methodologies”. To
address these potential weaknesses, the authors developed a two-step
method (consisting of classification and characterization) for systematic
inventorying and aggregation of nitrogen mobilization flows in product sys-
tems and emissions in life cycle assessment. In particular, they proposed an
approach, which they refer to as “characterization”, based on N-equivalent
factors for nitrogen-containing compounds, obtained by calculating the
ratio of N mass to total molecular mass for each compound of interest.
The approach proposed by the authors is certainly valid, even if it is not ad-
equately highlighted its compliance with the principles and requirements of
the LCA envisaged by international standards (ISO, 2020a, 2020b). In fact,
in the study, the inventory analysis phase is not addressed from a method-
ological point of view; furthermore, the characterization phase and those
identified as characterization factors could be improved with greater align-
ment with the provisions of the reference standards. The proposed charac-
terization factors, indeed, should be considered a method for aggregating
the results of the inventory analysis, rather than impact-oriented factors
derived from a characterization model, based upon an identifiable environ-
mental mechanism, as required by the LCA standards (ISO, 2020b). Finally,
the authors apply the method to the aggregate inventory of a set of products
and not to a specific product system, making it difficult to compare the re-
sults with previous specific NF calculation applications, also basing the cal-
culation on a limited number of substances.

Considering the importance and diffusion of the LCA technique and the
issues presented regarding nitrogen flows and related environmental im-
pacts, it is considered useful to propose a method to quantify the overall
perturbation of the nitrogen cycle attributable to a product system in accor-
dance with the approach used by researchers who make use of the LCA
technique and related tools (software and databases) and based on the re-
quirements of the LCA standards ISO 14040 and ISO 14044 and. This article
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presents such a method that, with the aim of overcoming the potential lim-
itations of existing approaches, can be applied, using the concept of reactive
nitrogen, to any product system starting from the results of a life cycle in-
ventory analysis; the method takes into account all the emissions of
nitrogen-containing substances, in order to calculate the reactive nitrogen
indicator (N,I), which, to all intents and purposes, corresponds to what is
currently referred to as nitrogen footprint.

The proposed method is described in detail, presenting the underlying
mathematical model and then applied to nine products from the agricul-
tural and livestock sectors using secondary data from a specific database
in order to demonstrate its efficacy and consistency; the results obtained
in terms of N,I are furthermore compared with the NF values reported in
some scientific papers for the same products.

It must also be emphasized that, in this study, the wording “reactive ni-
trogen indicator” (N,I) is used rather than “nitrogen footprint” (NF), while
referring to the same metric. In fact, given the definition of footprint
contained in international standards, “metric(s) used to report life cycle as-
sessment results addressing an area of concern” (ISO, 2017), the debate on
which metrics can actually be considered as footprints is still open (see, for
example, Matustik and Koci, 2020 or Ridoutt et al., 2016). The current def-
inition and framework for NF makes this an indicator that could be defined
“at inventory level” as it provides an aggregate quantification of reactive ni-
trogen emissions, but does not include an assessment of the actual environ-
mental impacts related to the nitrogen cascade, which, as mentioned, can
be multiple and heterogeneous (e.g., eutrophication, global warming, acid-
ification, etc.); an impact-oriented NF metric should, moreover, consider
the issue of spatial variability of N impacts (see, for instance, De Vries
et al., 2013), a factor that is not addressed in any of the NF proposed
tools. This specific topic, however, must be considered outside the scope
of the present study.

2. Material and methods
2.1. Method framework and supporting tools

The method proposed for the quantification of reactive nitrogen emis-
sions of a product system, based on the calculation of the reactive nitrogen
indicator (N,I) using a LCA approach, is shown, in its general framework, in
Fig. 1.

The method is based on the provisions of international standards for life
cycle assessment (ISO, 2020a, 2020b) and can be applied as a stand-alone
tool, considering only nitrogen streams, or, more reasonably, it can be
one of the outputs of a LCA analysis as in the applications carried out in
the present study.

According to this last approach, the first phase of the method consists
precisely in the complete inventory analysis of the considered product sys-
tem, for the details of which reference can be made to the requirements of
the above-mentioned international standards. Once the results of inventory
analysis have been obtained, the selection of nitrogen inventory data must
be made: from an operational point of view, this step consists in a selection
of the results of the full inventory, in order to identify the streams of
nitrogen-containing substances attributed to the system, thus obtaining
the Nitrogen inventory results. Subsequently, the nitrogen coefficients are
calculated for each of the nitrogen-containing substances detected as a
result of the nitrogen inventory. Finally, the reactive nitrogen indicator
is obtained by applying the nitrogen coefficients to the streams of
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nitrogen-containing substances resulting from the nitrogen inventory. The
method and calculation formulas are described in detail in the following
paragraphs.

The SIMA PRO software (PRé Sustainability, 2022) and the ecoinvent
database (Wernet et al., 2016) were used for the application part of this
work. Although different databases could have been used as a source for
secondary data, based on the analysis carried out, the ecoinvent database
proved to be most complete and updated among those available within
the SIMA PRO software. In particular, the ecoinvent v3 database (converted
ecoinvent 3.6, data compiled in December 2019) was used with system
model “cut-off by classification”.

2.2. Nitrogen coefficients determination

Starting from the standard inventory results of the datasets contained in
the ecoinvent database, which include >1500 input and output streams,
nitrogen-containing substances and compounds were selected, identifying
approximately 290 streams. The ecoinvent database specifies, for each
stream, the output compartment (“air, water, soil”) and input compartment
(“raw”). As far as nitrogen is concerned, streams related to the input com-
partment (raw) are not exhaustive with respect to the total molecular nitro-
gen absorbed by the product system. This probably happens because
nitrogen is not considered a “scarce resource” and therefore, from an LCA
perspective, the potential impacts attributable to its depletion are not
accounted for.

Consistent with the purposes of the proposed indicator, in this approach
only the output flows were considered, ignoring the flows identified as
‘raw’ for nitrogen and for any other nitrogen-containing items (e.g.: granite,
gravel, sodium nitrate); however, the input flows are useful and must be
taken into account to carry out mass balances in the inventory analysis
phase. For this purpose, particular attention must be paid to the mass
balance of the processes that absorb molecular nitrogen from the air
(e.g., production of ammonia or combustion processes) for which the
incoming flows are not specified in the standard databases.

For each of the identified nitrogen-containing substances, the nitrogen
coefficient (Nc) was calculated according to the following formula (exclud-
ing the exceptions specified below):

nitrogen coefficient(Nc;) — molar mass of N contained in the substance/compound i
& v molar mass of the substance/compound i

@

Table 1 shows, by way of example, the nitrogen coefficients calculated
for some of the nitrogen containing substances; for molecular formula
and molecular mass reference was made to the public web database
“Pubchem” (National Center for Biotechnology Information, 2022). The
complete list of calculated nitrogen coefficients is available as Supplemen-
tary material (S1).

In order to calculate the nitrogen coefficients, some assumptions were
made regarding database streams, as specified below:

+ the emissions of “nitrogen oxides” were considered as nitrogen dioxide,
estimated to be substance most likely present among the various forms
of nitrogen oxides;

« for the determination of nitrogen content, for the “nitrogen organic
bound” stream, the standard nitrogen-to-protein conversion factor of
6,25 was used;

- Data collection

rﬁgry - Data validation
secotidat - Relating data to unit process —
data Y - Relating data fo functional unit

- Data aggregation

Nitrogen related Nitroen .
data selection coe ffigcients Rfeactlve
(Nitrogen > a nitrogen
inventory calculation and indicator
results) application (NrI)

Fig. 1. Method framework.
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Table 1
Nitrogen coefficients (non-exhaustive list).
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Substance/compound Molecular formula Compartment Molar mass [g/mol] Nitrogen atoms Nitrogen content [g/mol] Nitrogen coefficient
Ammonia NH; Air, water, soil 17,031 1 14,007 0,822
Ammonium, ion NH; Air, water, soil 18,039 1 14,007 0,776
Dinitrogen monoxide N>,O Air, water, soil 44,013 2 28,014 0,636
Nitrate NO;3 Air, water, soil 62,005 1 14,007 0,226
Nitric oxide NO Air 30,006 1 14,007 0,467
Nitrite NO2 Air, water 46,006 1 14,007 0,304
Nitrogen dioxide NO, Air, water, soil 46,005 1 14,007 0,304
Nitrogen fluoride FsN Air 71,002 1 14,007 0,197
Nitrogen, organic bound n.a. Water n.a. n.a. n.a. 0,160
Particulates, <2,5 pm n.a. Air n.a. n.a. n.a. 0,087
Particulates, >2,5 pm, and <10 pm n.a. Air n.a. n.a. n.a. 0,028
Urea CH4N,0 Air, water, soil 60,056 2 28,014 0,466

database includes different types of particulate matter emissions (Particu-
lates, <2,5 pm; Particulates, >2,5 pm, and <10 pm,; Particulates, >10 pm)
which, as is known, may contain nitrogen compounds that can be traced,
for their chemical composition, to ammonium ion (NH; ) and nitrate ion
(NO3). To estimate the nitrogen content of particulate, reference was
made to the results reported by Sillanpaa et al. (2006) and Masri et al.
(2015) regarding the chemical composition of particulate matter in
urban sites in Europe and U.S.; starting from these researches, an average
value of the nitrogen coefficient was calculated equal to 0,028 for “Partic-
ulates, >2,5 pm, and <10 pm” and equal to 0,087 “for Particulates,
<2,5 pm”. No estimates were made regarding the output “Particulates,
>10 pm” as no reliable studies were found in the literature.

the elementary flow “Nitrogen” was considered an emission of molecular
nitrogen (N5), for instance, as a result of denitrification processes; a coef-
ficient of 0 was assigned to this flow, according to Pelletier and Leip
(2014), who state that “denitrification, through a series of intermediate
gaseous nitrogen oxide products, returns reactive nitrogen to its most
thermodynamically stable form, nitrogen gas (N,). Therefore, N, must
be assigned a characterization factor of 0 in impact assessments that
quantify contributions to perturbation of the nitrogen cycle”.

The approach adopted is that proposed by Pelletier and Leip (2014);
however, in this work it is preferred not to use the term “characterization
factor” because the coefficients obtained are not functional to calculate of
an effective impact indicator result for a defined impact category, but rather
they are used to aggregate the inventory results into a single indicator: ex-
actly the reactive nitrogen, as specified below.

2.3. Calculation of reactive nitrogen indicator

Starting from the nitrogen coefficients, obtained with (1), the reactive
nitrogen indicator, defined as the total reactive nitrogen released by a prod-
uct system in the different environmental compartments, is calculated ac-
cording to the following:

. . .. _sn osm . ) g
reactive nitrogen indicator (N,I) = Z[ |27, 5; j + Nc; [ﬁm}, (2)

where:

- NI is the reactive nitrogen indicator calculated for the product system;

- i1is the identification index of the specific substance/compound;

- j is the identification index of the substance compartment of emission;

- nis the total number of nitrogen-containing substances and compounds
for the product system;

- m is the total number of the compartments of emission (for this study
m = 3; the considered compartments are: air, water and soil).

- sy is the emission of the substance i in the compartment j as resulting
from inventory analysis [g/functional unit];

- Ng; is the nitrogen coefficient for the substance/compound i;

As already mentioned, the reactive nitrogen indicator, which, according
to the current meaning, accounts for the nitrogen footprint, provides an ag-
gregate quantification of the reactive nitrogen emissions, without specify-
ing the type of related impacts.

The calculation formula is made explicit in order to clearly highlight the
different emission compartments and to make it easily applicable to the
standard outputs of the inventory analyzes of LCA studies. A particular ap-
plication of (2) also allows, considering index j fixed, to quantify the reac-
tive nitrogen emissions of the system produced for each primary emission
compartment (air, water, soil).

2.4. Application of the method and comparison with the results of the literature

The proposed method was applied to a set of 9 products from the agri-
cultural and livestock food sector (rice, maize, wheat, potato, tomato, pep-
per, milk, poultry, swine). The products were selected from the ecoinvent
database, using the following datasets:

Rice: 1 kg Rice, non-basmati {CN} | rice production, non-basmati. The
dataset is representative of Chinese production.

Maize:1 kg Maize grain {RoW?} | production. The dataset is representative
of average production outside the United States, South Africa, Brazil,
Canada, and India.

Wheat:1 kg Wheat grain {RoW} | wheat production. The dataset is repre-
sentative of average production outside the United States, South Africa,
Brazil, Canada, India, Australia, Germany, France, and Spain.

Potato:1 kg Potato {RoW?} | production. The dataset is representative of
average production outside the United States, Canada, Ukraine, Russia,
China, and India.

Tomato: 1 kg Tomato, fresh grade {RoW} | tomato production, fresh
grade, in heated greenhouse. The dataset is representative of average pro-
duction outside Netherlands.

Pepper: 1 kg Bell pepper {GLO} | bell pepper production, in heated green-
house. The dataset is representative of a global average production.
Milk:1 kg Cow milk {RoW} | milk production, from cow. The dataset is
representative of average production outside Canada.

Poultry: 1 kg Chicken for slaughtering, live weight {GLO} | chicken pro-
duction. The dataset is representative of a global average production.
Swine: 1 kg Swine for slaughtering, live weight {RoW} | swine produc-
tion. The dataset is representative of average production outside Canada.

The choice of products was made considering also the results of scien-
tific works in which the NF was calculated for the same products; the results
obtained in terms of N,I are then compared with the NF values reported in
scientific papers, with the aim of evaluating the actual applicability of the
proposed method and its validity to calculate an aggregate indicator of
the reactive nitrogen emissions of a product system. For the analysis, pro-
duction datasets were selected that are representative of a cradle to gate ap-
proach (i.e., no product distribution scenarios are included). The dataset
inventory results were used to calculate the N,I as described above, using
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a simple algorithm to speed up the procedure. Specifically, the algorithm,
through database or electronic spreadsheet formulas, extracts from the in-
ventory analysis the flows of nitrogen-containing substances (Nitrogen in-
ventory results), calculates the reactive nitrogen flow using the Nitrogen
coefficients and finally the reactive nitrogen of the product system as the
sum of the nitrogen flows.

3. Results

Fig. 2 shows the results of the calculation of the reactive nitrogen indi-
cator (N,I) for 9 products of the agricultural and livestock sector, as a result
of the application of the proposed method.

As expected and already highlighted in several studies, the indicator
shows higher values for livestock products than for agricultural sector prod-
ucts. The absolute lowest values of the indicator are also found for products
for which the datasets refer to the production “in heated greenhouse” (to-
mato and pepper).

Fig. 3 shows, for each product, the contribution to the N,I of the main
streams.

Regarding the results of the N,I calculation for the nine products, con-
sidered as a whole, the streams that give the greatest contribution are “ni-
trate” in the compartment water, “ammonia”, “nitrogen oxides” and
“dinitrogen monoxide” in the compartment air. Specifically, for all the
products analyzed, with the exception of tomato and pepper (production
in heated greenhouse), “nitrate” in the compartment water is the stream
that contributes the most to N,I with percentages ranging from 42,92 %
(swine) to 74,33 % (potato) and an average percentage of 49,97 % for the
nine products analyzed. For these same products, the second stream by con-
tribution is “ammonia” in the compartment air with percentages ranging
from 12,00 % (potato) to 42,84 % (swine), and an average percentage of
25,36 % for the nine products analyzed. The ammonia output stream
was, proportionally, much more significant for products in the livestock
sector (with an average percentage of contribution to N,I equal to
40,10 % and with values ranging from 34,96 % of milk to 42,84 % of
swine) compared to what was found for agricultural sector products (for
which an average percentage of contribution to N,I equal to 17,99 % was
calculated, with values ranging from 4,85 % of pepper to 28,46 % of
rice). The preponderant contribution of streams nitrate and ammonia and
the percentage values obtained with reference to N,I are in line with what
is reported in the literature results with reference to NF (see, for example
Xu et al., 2020b). Regarding dinitrogen monoxide in the compartment
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air, which has important implications for environmental impact in terms
of global warming, an average percentage contribution to N,I equal to
5,86 % was detected, with values ranging from 2,60 % (rice) to 10,15 %
(tomato). Is worth highlighting that the stream of “nitrogen oxides” in com-
partment air, which is not taken into account as a contribution to the NF in
the previous studies pertaining to the emissions in the production phase, is
the most significant stream for greenhouse-grown products, with a contri-
bution to N,I equal to 57,21 % for tomato and 44,42 % for pepper. Further-
more, the design and application has also allowed to bring out the
contribution of other streams such as “particulates” in the compartment
air (with emissions of the average order of magnitude of 10! g of reactive
nitrogen per kg of product and an average contribution to N,I for the prod-
ucts analyzed products of approximately 1,4 %) or, albeit to a lesser extent,
cyanide in the compartment air and atrazine in the compartment soil (with
emissions of the average order of magnitude of 10~ g of reactive nitrogen
per kg of product). It is emphasized that these emissions, like others that are
not mentioned here for the sake of brevity, are not considered in previous
studies relating to NF, although they could make a non-negligible contribu-
tion in some specific applications.

As mentioned above, the proposed method also makes it easy to calcu-
late the amount of reactive nitrogen emission for each primary environ-
mental compartment (air, water, and soil), thus providing a rough
indication of the nature of the potential impacts, caused by emissions of re-
active nitrogen, for the product system. An example of such an additional
analysis for 4 of the products studied in this study is shown in Fig. 4.

It can be seen that almost all of the reactive nitrogen emissions for the
considered products have, as their first destination, the air and water com-
partments with a different prevalence of one of the two; emissions in the
soil compartment are, instead, much lower and almost absent for
greenhouse-grown products.

4. Discussion

Table 2 shows the comparison of the results of the calculation of N,I for
the 9 products of the agricultural and livestock sector with some results
found in the literature regarding the nitrogen footprint accounting (NF).
The geographic area of reference is indicated for dataset and literature re-
sults: correspondence in this regard was sought where possible (e.g. for
rice); otherwise, database global geographic areas were used (see § 2.4).
For the results of the literature, the source and an indication of the bound-
aries (stages of the life cycle and reference geographical area) of the system

Reactive Nitrogen indicator (N, I) results [g/kg]

60
50

40

10 7.70 8.23
2.80

57.58

34.75

11.39

1.94

0.63

Rice Maize Wheat Potato  Tomato  Pepper Milk Poultry Swine

Fig. 2. Results of the reactive nitrogen indicator for 9 products of the agricultural and livestock sector.
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Contribution to the NI of the main streams
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Fig. 3. Contribution to the N,I of the main streams for 9 products of the agricultural and livestock sector.

to which the calculation of NF is applied are shown. With regard to the lit-
erature data, the following should also be noted (for more details, refer to
the specific sources indicated):

« the reported results of the work of Leip et al. (2014) are obtained by ana-
lyzing the graphs contained in the paper, since the exact values of the re-
sults are not disclosed: they are therefore affected by a greater degree of
uncertainty than the others data. The data range refers to the lower and
upper quartiles and takes into account the maximum and minimum
values of the results obtained using two different impact assessment
models (CAPRI and MITERRA);

the reported results of Mungcharoen and Suwanmanee (2021) include
two values of which the higher takes into account the effect of interna-
tional trade;

Rice

with respect to Xu et al. (2020b) data, the lower and higher values of
the results obtained from the experiments (three water management
practices combined with three nitrogen management practices) are
reported;

regarding the data from Xu et al. (2020a), the average values of the exper-
iments on two modes of management are reported: the farmers' practice
(higher value) and the reduced inputs of water and nitrogen fertilizer
(lower value); furthermore, for maize cultivation, only “summer maize”
results were considered, ignoring “spring maize”;

Wang et al. (2020b) reported data are the lowest and the highest values of
the results obtained for four experimental treatments (“farmers' practice”,
“soil remediation”, “soil remediation and crop planting density optimiza-
tion”, “integrated soil-crop system management”) for two reference years
(2017 and 2018);

Pepper

Water
35,81%

o “Soil
63,74 Y% 0,45%
4117% 0%
Milk Swine
Water
Water 96,61%
47,29%
Air
52,48% Soil Ar Soil
0,23% 43,07% 0,32%

Fig. 4. Primary environmental compartment of emission of reactive nitrogen (example for 4 products).
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Table 2
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Comparison of reactive nitrogen indicator results with literature results for nitrogen footprint.

Product NI [g/kg] Database geographic area NF (literature) System boundaries (literature) Literature source
[g/kg]

Rice 7,70 China 11,4/22,1 Farm-to-fork (Thailand) (Mungcharoen and Suwanmanee, 2021)
11,6 Cradle-to-farm-gate (China) (Chen et al., 2020)
1,3 £ 0,1/6,1 = 1,3 Cradle-to-farm-gate (China) (Xu et al., 2020b)

Maize 4,31 Rest of the world 3,27/11,65 Cradle-to-farm-gate (China) (Xu et al., 2020a)

Wheat 8,23 Rest of the world 2,88/5,81 Cradle-to-farm-gate (China) (Xu et al., 2020a)

Potato 2,80 Rest of the world 3,2 Farm-to-fork (Austria) (Pierer et al., 2014)
0,3-5 Farm-gate (European Union) (Leip et al., 2014)

Tomato 0,63 Rest of the world 0,42 + 0,05/1,18 + 0,06 Cradle-to-farm-gate (China) (Wang et al., 2020b)

Pepper 1,94 Global 1,2 + 0,06/2,1 = 0,05 Cradle-to-farm-gate (China) (Wang et al., 2020a)

Milk 11,39 Rest of the world 33,4/34,3 Farm-to-fork (Thailand) (Mungcharoen and Suwanmanee, 2021)
3,2 Farm-to-fork (Austria) (Pierer et al., 2014)

Poultry 34,75 Global 256,9/803,1 Farm-to-fork (Thailand) (Mungcharoen and Suwanmanee, 2021)
67 Farm-to-fork (Austria) (Pierer et al., 2014)
50-170 Farm-gate (European Union) (Leip et al., 2014)

Swine 57,58 Rest of the world 49,3/49,7 Farm-to-fork (Thailand) (Mungcharoen and Suwanmanee, 2021)
60-200 Farm-gate (European Union) (Leip et al., 2014)

+ as regards Wang et al. (2020a) data, the mean of lower and the mean of
higher values for three tested treatments (“farmers' current practice”,
“soil remediation”, “integrated soil-crop system management”) are
reported.

It can be noted that the results, in terms of N,1, are in most cases compa-
rable with those published and analyzed relating to NF, with greater con-
vergence for some agricultural products such as rice, maize, potato,
tomato and pepper. A very high correspondence can also be found if we
consider the ratio of the results (in terms of N,I and NF) for potato, cereals
and swine using as a reference the studies in which NF is calculated for dif-
ferent products (Leip et al., 2014; Pierer et al., 2014). The differences
found, which in some cases are even high (for example regarding milk
and poultry), can be attributed to several elements, the main ones being
the approach used for the analysis — mainly for the absence of standard
methods for NF calculation as already highlighted — the considered system
boundaries and the allocation choices (important for example in the case of
milk) which in some studies are not disclosed. Regarding the system bound-
aries, in the scientific works analyzed, the NF calculation approach in-
cludes, in some cases, also the food consumption stage (e.g., Pierer et al.,
2014 or Mungcharoen and Suwanmanee, 2021) thus generating, for NF,
greater final results that are more evident in the case of products from the
livestock sector — for the higher protein content which determines higher
nitrogen emissions in the final stages of the life cycle. Minor differences
in results are in general found with studies that refer to a more LCA-
compliant approach with cradle-to-farm-gate system boundaries and actual
emissions calculation for the production phase (Wang et al., 2020a, 2020b;
Xu et al., 2020a, 2020b). Additionally, the geographical context of refer-
ence, as mentioned above, is a relevant factor for the final results; by exam-
ple and limiting the analysis to what concerns N,I calculation, it is observed
that, for the item “rice, non-basmati”, different results (with deviations
>70 %) are obtained using datasets of different geographical contexts
(7,70 g/kg for the “China” dataset, 13,12 g/kg for the “U.S.” dataset and
12,90 g/kg for the “rest of the world” dataset). Moreover, the methodolog-
ical approach that considers the contribution of almost 300 output streams —
using the proposed method and database for N,I — could have a not
negligible impact on the final results as regards the comparison with NF cal-
culation applications. This last consideration is particularly valid for studies
that use the LCA approach and account analytically for the releases of N, in
the production phase (Chen et al., 2020; Wang et al., 2020a, 2020b; Xu
et al., 2020a, 2020b). In fact, in these examples, only the contribution of
volatilization of NHs, emissions of N»O, leaching of NO3 and NHy is con-
sidered for the production phase, while the contribution of other emissions,
such as nitrogen oxides, is ignored; based on application carried out in this
study, however, nitrogen oxides emissions are relevant for greenhouse-
grown products, as seen, and, in any case, not negligible also for the other

products analyzed (with percentage contribution to N,I ranging from
4,58 % for rice to 8,82 % for swine).

As seen, the proposed method produces results similar to those of the NF
indicator, but, unlike the approaches currently used, it is perfectly aligned
with the LCA technique and with the related standards requirements.

In particular, compared to the tools proposed by Leach et al. (2012) and
the studies that can be traced back to them, the method is applicable to any
product system, not only to food products, since it considers the actual
emissions of the analyzed entity, rather than using virtual nitrogen coeffi-
cients. Compared to other applications that use specific emission and eutro-
phication potential factors, the proposed method is designed to take into
account the contribution of any nitrogen-containing emissions, not only
some of them, allowing a more complete and accurate assessment of reac-
tive nitrogen flows. Compared finally to the methodological proposal of
Pelletier and Leip (2014), which has the same approach, the presented
method provides a perfectly aligned with LCA and inventory-oriented
scheme, including a detailed description of all the phases and explanation
of calculation formulas that allow replication of the procedure. In this re-
gard, a punctual comparison is not possible as the formulas underlying
the method, although intuitive, are not explicit in the published research.
Furthermore, the applications presented in this study refer to inventories
of specific product systems, rather than to a generic set of consumer prod-
ucts, thus allowing for a test of the method very close to real operating con-
ditions such as those found in LCA studies. Finally, the streams considered
in the inventory analysis are very numerous (the contribution of nearly 300
nitrogen-containing substances was calculated), thus allowing to obtain
more accurate results, also accounting for the contribution of particulate
emissions (not considered in the approach of Pelletier and Leip, 2014),
which, as seen, is in some cases significant.

The proposed method can also be easily integrated with additional ana-
lyzes, such as those presented and related to the primary compartment of
emission of reactive nitrogen emissions, thus providing information on
potential environmental impacts and indications useful for identifying
significant issues.

As regards the proposed method, it is based on the LCA technique and
therefore affected by the limits of the latter relating to the inventory analy-
sis phase (Islam et al., 2016) or to the handling of multifunctionality
(Moretti et al., 2020). The N,I indicator can be applied without preclusion
to inventories developed with different end-of-life or co-product allocation
approaches. For the presentation of the results in this study, reference was
made to the ecoinvent databases with a cut-off approach, as required by
various sectoral rules (e.g., International EPD System, 2022). For the sake
of completeness, the results obtained with the end-of-life allocation ap-
proach “at point of substitution” (APOS) are given in the Supplementary in-
formation (S2). The variation of the results obtained with the “APOS”
approach compared to the “cut-off” approach is limited and between
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0,12 % for swine and — 8,18 % for chicken. For a more detailed discussion
of the differences in the approaches, see Wernet et al. (2016).

With regard to the data used and the results obtained in this study, they
can be traced back to the contents of the selected database and, therefore
they are conditioned by the methodological choices inherent in them,
with reference, for example, to the system boundaries and allocation
choices. In particular, to calculate the inventory of agricultural and live-
stock products, the ecoinvent database uses the methodological approaches
for life cycle inventory of agricultural products contained in the World Food
LCA Database (Nemecek et al., 2019) to which reference is made for details.
These guidelines provide for a cradle-to-gate approach for both crop and
animal production considering, as output flows, direct emissions from
field and farm, indirect emission form inputs (e.g., energy carriers,
fertilisers, pesticides), waste and wastewaters as well as products and co-
products. Regarding direct emissions from crop and animal production,
limiting the discussion to the substances with the greatest contribution to
reactive nitrogen, for ammonia, the emission factors for mineral fertilisers
are taken from the EMEP guidelines (European Environment Agency
(EEA), 2016) for crop production, while the emission factors for animal
housing are taken from the IPCC 2006 guidelines (Eggleston et al., 2006);
for nitrate leaching, the SALCA-NO3; model by Richner et al. (2014) is ap-
plied for Europe, while, for non-European countries, the SQCB-NO3
model is used (Faist Emmenegger et al., 2009); for nitrogen oxides, the
emission factor for the application of mineral and organic fertilizer is
taken from European Environment Agency (EEA) (2016), while the emis-
sion factor for manure storage is based on the volatilization fraction given
by IPCC (Eggleston et al., 2006).

It is noted that the proposed method was applied using predefined
datasets of a specific database; however, as explained, it is designed to be
applied to any product system. Obviously, in the case of output streams dif-
ferent from those analyzed, it may be necessary to calculate and apply the
relative nitrogen coefficients to obtain the final results.

It should be further underlined that the use of secondary data in this
study is functional to the comparison with the published studies in order
to verify if the results obtained with the proposed method are in line. In
fact, the contents of the databases represent average data and obviously dif-
fer from the results of an approach based on primary data. In the case of a
specific application, the primary data must be privileged, in line with the re-
quirements of the ISO 14040 and ISO 14044 standards.

Concerning the calculation of the nitrogen coefficients, the method is
subject to the limits relating to the assumptions made for some database
streams (see § 2.2) regarding which the following is highlighted:

« for “Particulates, <2,5 pm” and “Particulates, >2,5 pm, and <10 pm”
streams a deepening could be performed to estimate the nitrogen content
more accurately, considering that the results of the literature show vari-
able compositions based on the reference geographic area. A specific
study should also be performed to evaluate the possible nitrogen content
in the stream “Particulates, >10 pm”, even if it is supposed a non-relevant
nitrogen content that does not affect the validity of the final results of the
applications. It is noted that, for particulate emission, an average coeffi-
cient calculated from literature data is proposed, thus introducing an un-
certainty factor into the method. For completeness, it is specified that the
contribution of particulate emissions to the total emissions, calculate by
mass, for each of the product systems analyzed is <0,15 %, varying
from 0,02 % for “Particulates, >2,5 pm, and <10 pm” (tomato) to
0,11 % for “Particulates, <2,5 pm” (swine);

a methodological consideration should be made, in a specific study,
regarding the molecular nitrogen released as a result of denitrification
processes. In fact, a negative value could be assigned to this stream, in
order to enhance the positive contribution of the processes, natural or
anthropic, that reconvert reactive nitrogen into molecular nitrogen,
thus avoiding potential environmental impacts. It must be emphasized
that, in the applications carried out, the flows referred to as “nitrogen”
are quite low and their contribution does not significantly affect the
results;
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« the assumptions relating to the streams “nitrogen organic bound” and “ni-
trogen oxides” are considered consistent with the scientific evidence and
not significant with respect to the final results, even if an in-depth and
contextual analysis of the actual composition of the emissions generically
referred to as nitrogen oxides could be performed in the inventory analy-
sis phase for more accurate applications.

Regarding the additional analyzes carried out to highlight the primary
destination compartments of the reactive nitrogen emissions, it should be
noted that the results obtained must only be considered as indicative of
the potential impacts resulting from reactive nitrogen emissions. Further-
more, in this regard, the method only allows identifying the output com-
partment of the flows from the inventory analysis and does not provide
information on the actual final destinations, due to the extreme mobility
of reactive nitrogen in the various compartments presented in different
studies (Galloway et al., 2004).

An uncertainty analysis was not performed for the study as it was not in-
cluded in the objectives: specifically, for the secondary data used, the uncer-
tainty factors included in the ecoinvent database can be used. The proposed
method for the calculation of reactive nitrogen is based on molecular mass
ratios and therefore does not introduce further contributions to the uncer-
tainty, except for the assumptions illustrated in § 2.2.

Finally, as regards the part of the research relating to the comparison be-
tween the results of N,I and NF, no considerations were made relating to the
reference context and time periods, both as regards the validity of the data-
bases and as regards the publications analyzed: only the differences relating
to the geographical context and the system boundaries have been made ex-
plicit. In particular, it should be noted that the results of the NF reported lit-
erature are related to the specific studies conducted and therefore
conditioned by the reference context analyzed in terms of, for example,
the cultivation and breeding techniques, the technologies used, the refer-
ence time periods, the meteoclimatic conditions, etc., while the databases
are representative of average conditions of different contexts.

5. Conclusions

With reference to the quantification of reactive nitrogen flows in the en-
vironment that refers to an entity, a method is proposed to calculate and ex-
press, in aggregate form, the reactive nitrogen emissions of a product system
in its life cycle using the reactive nitrogen indicator (N,I). The method is de-
veloped in accordance with the LCA technique and the reference standards
of (ISO 14040 and ISO 14044), is suitable to be supported by databases
and software commonly applied in the LCA field, and produces results corre-
sponding to those of the metric known as nitrogen footprint.

The proposed method has some specific characteristics that make it a
suitable tool to overcome the limitations of current approaches to calculat-
ing the nitrogen footprint, since it is perfectly aligned with the LCA
technique, is designed to account for all reactive nitrogen emissions, includ-
ing, for example, the potentially significant contribution of particulate
emissions, and is easy to replicate.

The method was successfully and efficiently applied to nine products in
the food and livestock sectors, also thanks to the use of standard calculation
procedures. The results obtained were also compared with some results
found in the literature and related to the calculation of the nitrogen foot-
print, obtaining, in general, a good level of agreement; the differences
found, in some cases even significant, are justifiable in view of the different
approaches underlying each study and application and the methodological
choices of the database.

Finally, in our opinion, the question of the real environmental impact at-
tributable to the nitrogen cycle remains open. In fact, both in the case of the
proposed method and in the case of NF as currently defined, these are eval-
uated at the inventory level, without expressing a specific quantification for
the impact categories involved.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163578.
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