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Abstract: The use of fertilizers is of the utmost importance for food security on a global scale.
However, fertilizer production and overuse may yield environmental issues. In this research, Life
Cycle Assessment (LCA) was used to estimate eighteen environmental impact categories for six
different fertilizer products: three synthetic (ammonium nitrate; calcium ammonium nitrate; and
urea ammonium nitrate) and three organic (cattle manure; compost; and a mixture of compost
and synthetic fertilizer). The processes for fertilizer production were obtained from the Agribalyse
database. The system boundaries were from cradle to factory gate (or farm gate in the case of animal
waste), and the impact indicators were calculated per kg of nitrogen (N). The data showed that the
organo-mineral fertilizer (a mix of compost and synthetic fertilizer) had the highest environmental
impact according to the results for most of the impact categories. The median values for this product
regarding water consumption, fossil resource use and global warming potential were 322.5 L, 3.82 kg
oil equivalent and 13.70 kg CO2 equivalent, respectively, per kg of N. The respective values for
cattle manure, for which the lowest environmental impact was observed, were 0.23 L of water,
0.002 kg oil-eq and 3.29 kg of CO2-eq, respectively, per kg of N. Further research should focus on the
determination of the impact from other stages of the life cycle (e.g., transportation and application
to the field) which were not included in this work. This research could support the selection of N
fertilizer in sustainable food production.
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1. Introduction

Ensuring food security for a projected worldwide population of nearly 10 billion
people by 2050 is a significant problem, particularly in an era of global climate change and
land degradation [1]. Fertilizers have been crucial in providing food, and a little less than
half of the world’s population is thought to be dependent on synthetic fertilizers [2]. On
one hand, fertilizers can assist the environment because they can boost crop production [3],
leading to less land being needed to produce food due to increased yields. However, they
also harm the ecosystem [1,3]. Many nations overuse fertilizers, which causes nutrient
runoff into ecosystems and water systems [4]. Negative environmental effects can result
from fertilizer overuse, such as increasing environmental pollution [5], land degradation [6],
chemical runoff [4], and biodiversity losses [7]. Through ammonia volatilization and/or bi-
ological processes such as nitrification and denitrification, a significant amount of fertilizer
nitrogen (in some cases exceeding 50%) is ultimately lost to the environment [8], leading to
environmental pollution and a low crop nitrogen use efficiency [9]. It is possible to reduce
these losses and increase fertilizer efficiency with enhanced efficiency fertilizers (such as
controlled release fertilizers) and urease and nitrification inhibitors [8], but their effective-
ness varies depending on the soil type and climate [10,11], and some non-biodegradable
polymers used in fertilizer coatings have negative environmental effects [9].

In Europe, as well as other parts of the world, nitrate-based fertilizers are the most
widely used fertilizers [12]. The primary products are urea and urea ammonium nitrate
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(UAN) aqueous solution, which are widely used in other areas of the world, and nitrate-
based fertilizers such ammonium nitrate (AN) and calcium ammonium nitrate (CAN),
which are well suited to most European soils and climatic conditions [12]. Ammonium
sulphate and ammonium sulphate nitrate, calcium nitrate, sodium nitrate, Chilean nitrate,
and anhydrous ammonia are also classified as nitrogen fertilizers. The main types of
organic fertilizers are animal waste (e.g., slurries, manures), and crop residues [3]. They
vary in nutritional significance, but they are typically found on farms, where the nutrients
and organic carbon they contain are recycled. Animal waste, however, contains pollutants
such as heavy metals and xenobiotics, as well as harmful microorganisms [13,14]. Various
nutrient sources with varying physical characteristics and nutrient concentrations are
covered by animal manures and slurries. Furthermore, depending on the species of cattle
and the farm management technique, their nutrient content varies [9]. There are numerous
so-called fertilizing products (e.g., organic fertilizers, organo-mineral fertilizers, mineral
fertilizer growing mediums, and plant biostimulants). These can assist farmers in tailoring
their fertilization practices to their environmental and farm conditions [3].

According to current estimates from the International Panel on Climate Change (IPCC),
the manufacture of synthetic nitrogen fertilizers alone uses around 2% of the world’s
energy [15,16]. Nitrogen fertilizer use is a main source of anthropogenic non-CO2 GHG
emissions [15,16]. Nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2) are the
most common GHG emissions, although ammonia (NH3) emissions are also significant.
According to estimates [15], agriculture is responsible for more than 80% of anthropogenic
N2O emissions, and 70% of anthropogenic NH3 emissions, which are primarily caused
by the application of livestock manure and inorganic fertilizer. Relevant to livestock and
organic fertilizers is 40% of anthropogenic CH4 emissions which are primarily caused by
enteric fermentation [15,16].

Even if the emission factors for synthetic fertilizers are known [9], other impact
categories have not been studied. Life Cycle Assessment (LCA) is a useful approach to
studying the environmental impact of fertilizers [9]. Defining similar system boundaries
and functional units for different fertilizer types can lead to a holistic evaluation of the
environmental impact of fertilizer production. This could support decision-making for
reducing the GHG emissions from agriculture. In addition, the novelty of this research is
related to the comparison of different fertilizers, in terms of their environmental impacts
per kg of nitrogen added to the crops. Typically, the environmental impact is provided per
kg of fertilizer, which is misleading as the nutrients are what the crops require.

This research aimed to evaluate the environmental impact of the production of six
different fertilizers, organic and conventional. The objectives were (1) to apply LCA to
determine key environmental impact indicators for each of the fertilizer types, and (2) to
compare the environmental impacts due to fertilizer production. The results could be
useful for GHG emission mitigation in the food production sector.

2. Materials and Methods
2.1. Fertilizers

The fertilizers used for this research were (1) ammonium nitrate (AN), (2) calcium
ammonium nitrate (CAN), (3) urea ammonium nitrate (UAN), (4) cattle manure (MAN),
(5) organic fertilizer (OF) and (6) organo-mineral fertilizer (OMF). Their basic properties
are provided in Table 1.

Based on the UUID, these processes can be obtained via the Agribalyse database [17]
and details about the production of these fertilizers can be found. The fertilizers were
selected as proxies for globally used products (e.g., AN) and alternatives to synthetic
fertilizers (e.g., cattle manure). Regarding the synthetic fertilizers, the processes used
represented the production of 1 kg of ammonium nitrate (AN), calcium ammonium nitrate
and urea ammonium nitrate, as nitrogen, at the factory gate. The organic and organo-
mineral fertilizer processes that are available in Agribalyse are based on the work of
Avadí [18,19]. The cattle manure process in Agribalyse represents the organic material
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produced after the fresh manure is stored in a pit, outside the farm facilities, for a typical
period of six months before it is applied to the field.

Table 1. Characteristics of the fertilizers used for this research and identification code in the Agribal-
yse database.

Fertilizer NPK Agribalyse Process—UUID

Ammonium Nitrate (AN) 33.5-0-0 Ammonium Nitrate, as N
(00b72b4a-0121-47f4-b0a6-8994ea3045cb)

Calcium Ammonium
Nitrate (CAN) 26-0-0 Calcium Ammonium Nitrate, as N

(951a335f-1630-4363-8248-552951786331)

Urea Ammonium
Nitrate (UAN) 46-0-0 Urea Ammonium Nitrate, as N (c0e960a7-

33bd-457d-9645-0f5baaa9412b)

Cattle manure (MAN) 0.77% N w.w.
Manure from cattle, stocked in

surface or pit
(ccbe7eec-2d09-464c-ab89-2fb771142a6d)

Organic fertilizer (OF) 3-2-3
Organic fertilizer, 3-2-3,

granulate, packaged
(fef98b5f-e133-4b75-916b-a27990b6f4b1)

Organo-mineral (OMF) 5-5-10
Organo-mineral fertilizer, 5-5-10,

granulate, packaged
(1178a3f6-cd65-4f27-bc03-f1deb4c437f7)

2.2. Life Cycle Assessment

A Life Cycle Assessment was performed to determine the environmental impact of
the six fertilizer products (presented in Table 1). The system boundaries were from material
production to the factory gate (or farm gate, in the case of cattle manure). The functional
unit was 1 kg of nitrogen. The processes for the production of the six fertilizers were
obtained from the Agribalyse database [17]. The OpenLCA software was used [20], and
for the environmental impact assessment, the ReCiPe 2016 midpoint (H) method was
employed [21]. The following impact categories were determined:

1. Fine particulate matter formation (kg PM2.5 equivalent);
2. Fossil resource scarcity (kg oil-eq);
3. Freshwater ecotoxicity (kg 1,4-DCB);
4. Freshwater eutrophication (kg P equivalent);
5. Global warming (kg CO2 equivalent);
6. Human carcinogenic toxicity (kg 1,4-DCB);
7. Human non-carcinogenic toxicity (kg 1,4-DCB);
8. Ionizing radiation (kBq Co-60 equivalent);
9. Land use (m2a crop equivalent);
10. Marine ecotoxicity (kg 1,4-DCB);
11. Marine eutrophication (kg N equivalent);
12. Mineral resource scarcity (kg Cu equivalent);
13. Ozone formation, Human health (kg NOx equivalent);
14. Ozone formation, Terrestrial ecosystems (kg NOx equivalent);
15. Stratospheric ozone depletion (kg CFC11 equivalent);
16. Terrestrial acidification kg (SO2 equivalent);
17. Terrestrial ecotoxicity (kg 1,4-DCB);
18. Water consumption (m3).

The above-presented indicators were expressed per kg of nitrogen, based on the
nitrogen content of each of the six fertilizers: AN (33.5% N), CAN (26%), UAN (46%), OF
(3%), OMF (5%) and MAN (0.77%). Therefore, the indicators provide the environmental
impact per kg of N applied in the field.
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2.3. Data Treatment and Statistical Analysis

Uncertainty calculation was performed using a Monte Carlo simulation (10,000 runs)
in OpenLCA, according to Hsu [22]. All uncertainty distributions that were defined
in the flows (e.g., inputs for machinery production) that were used in the LCA were
considered for the simulation. Accordingly, for the impact categories reported for each
of the 6 fertilizers, the median value and range were reported. Cluster analysis was used
to group the 6 fertilizers according to the values obtained for the 18 impact categories.
Euclidean distance was used for the grouping.

2.4. LCA Assumptions and Limitations

The models for fertilizer production (Table 1), as presented in the Agribalyse database,
should be treated as proxies for fertilizer production. The main assumptions that were
made in this work are: (1) The geographic location of the processes for the fertilizers was
Central Europe (France). (2) Emissions or C storage due to soil processes, after fertilizer
application, were not considered. (3) Emissions due to organic material degradation in the
manure pit (storage) were not considered. (4) Nitrogen content in the cattle manure was
0.77% wet weight [23].

3. Results

In Figure 1, the impact categories—water consumption (L), fossil resource scarcity
(kg oil equivalent) and global warming potential (kg CO2-equivalent)—are presented
for synthetic (a, c, e) and organic (b, d, f) fertilizers (per kg of N). In the case of water
consumption and fossil resource scarcity, the lowest median values were observed for
manure and the highest for organo-mineral fertilizer.
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Figure 1. Water consumption (L), fossil resource scarcity (kg oil equivalent) and global warming
potential (kg CO2-eq) for synthetic (a,c,e) and organic (b,d,f) fertilizers. The boxplots provide the
range, upper (5%) and lower (95%) percentile, median (line) and average (X) values.

The median values for water consumption (Figure 1a,b) due to the production of
fertilizer were 16.37, 74.52, 158.58, 0.23, 45.01 and 322.54 L per 1 kg of N for AN, CAN,
UAN, MAN, OF and OMF, respectively. Regarding fossil resource scarcity (Figure 1c,d) the
respective median values were 0.36, 1.43, 1.55, 0.002, 1.56 and 3.82 kg oil equivalent per 1 kg
of N for AN, CAN, UAN, MAN, OF and OMF, respectively. For global warming potential,
median values for the six different fertilizers were 1.47, 4.59, 4.14, 3.29, 14.71 and 13.70 per
1 kg of N for AN, CAN, UAN, MAN, OF and OMF, respectively. For water consumption, the
lowest median value was found for manure while the highest was observed for the organo-
mineral fertilizer. In the case of resource scarcity, the same was observed. For the global
warming potential (per kg of N), the lowest median value was observed for ammonium
nitrate while the highest was for the organic fertilizer. In Table 2, the remaining (15) impact
categories (median values; range) are presented for the six different fertilizer types.

Table 2. Median values (minimum and maximum) for impact categories (ReCiPe 2016 Midpoint H),
for synthetic (AN, CAN, UAN) and organic fertilizers (MAN, OF, OMF).

Impact Category AN CAN UAN MAN OF OMF

Particulate matter
(g PM2.5 eq)

1.42
(0.88–2.49)

4.41
(2.29–8.53)

3.91
(2.26–6.88)

11.80
(0.93–20.80)

19.71
(7.40–31.46)

22.75
(16.41–29.17)

Freshwater
ecotoxicity
(g 1,4-DCB)

32.01
(17.95–63.93)

117.56
(57.44–233.47)

92.99
(49.65–173)

0.271
(0.269–0.275

126.63
(107.83–166.17)

393.82
(335.26–482.73

Freshwater
eutrophication

(g P eq)

0.38
(0.20–0.77)

0.95
(0.46–1.90)

0.76
(0.40–1.44)

0.003
(0.001–0.012)

1.026
(0.795–1.659)

5.164
(4.273–6.301)

Human
carcinogenic

toxicity
(g 1,4-DCB)

39.57
(21.69–79.69)

99.12
(49.19–195.38)

78.81
(42.79–145.15)

1.112
(1.119–1.125)

111.6
(110.45–111.6)

386.61
(328.26–478.25)

Human
non-carcinogenic

toxicity
(g 1,4-DCB)

1293.77
(725.7–2642.2)

3453.19
(1720.9–6790)

2737.64
(1497.1–5019.2)

8.13
(8.03–8.25)

5149.3
(3298.1–8778.1)

12,883
(10,884–16,186)
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Table 2. Cont.

Impact Category AN CAN UAN MAN OF OMF

Ionizing radiation
(Bq Co-60 eq)

65.41
(32.14–145.92)

208.62
95.62–423.25)

150.22
(71.94–303.87)

0.001
(0.0002–0.03)

2.29
(2.26–2.29)

1.71
(1.60–1.86)

Land use
(m2a crop eq)

0.04
(0.02–0.11)

0.06
(0.03–0.11)

0.04
(0.02–0.08)

0.007
(0.001–0.012)

6.07
(4.77–8.31)

3.32
(2.77–4.14)

Marine ecotoxicity
(g 1,4-DCB)

45.38
(25.87–89.72)

170.12
(83.35–337.33)

135.57
(72.45–252.33)

0.387
(0.383–0.398)

144.69
(138.33–157.88)

552.04
(466.7–679.1)

Marine
eutrophication

(mg N eq)

81.16
(45.01–142.87)

454.27
(219.65–907.02)

519.56
(276.79–965.38)

0.0001
(0.0001–0.005)

0.003
(0.002–0.007)

0.002
(0.001–0.003)

Mineral resource
scarcity (g Cu eq)

2.96
(1.76–5.63)

14.31
(7.06–28.31)

11.39
(6.07–20.97)

0.090
0.089–0.091)

21.08
(15.58–35.18)

3966.34
(2645.5–6165.4)

Ozone formation,
human health

(g NOx eq)

3.09
(1.92–5.51)

5.86
(3.27–10.85)

5.38
(3.29–9.17)

0.036
(0.028–0.055)

18.55
(17.58–20.51)

23.92
(20.74–28.26)

Ozone formation,
terrestrial

ecosystems
(g NOx eq)

3.13
(1.95–5.58)

5.98
(3.34–11.08)

5.52
(3.38–9.40)

0.037
(0.029–0.056)

18.94
(17.97–20.90)

24.44
(21.21–28.86)

Stratospheric
ozone depletion
(mg CFC11 eq)

11.88
(5.21–24.97)

26.33
(14.77–44.33)

26.511
(15.21–49.28)

48.88
(10.73–111.22)

211.25
(14.80–404.78)

84.25
(12.85–154.75)

Terrestrial
acidification
(g SO2 eq)

4.90
(2.97–8.59)

19.13
(9.58–37.58)

15.30
(8.55–27.58)

96.28
(7.51–201.3)

127.6
(28.11–224.13)

94.5
(53.87–135.61)

Terrestrial
ecotoxicity

(kg 1,4-DCB)

3.62
(2.69–5.79)

12.21
(6.87–22.56)

10.35
(6.19–17.87)

0.026
(0.025–0.050)

22.19
(22.03–24.53)

42.47
(36.06–52.63)

In Figure 2, the comparison of the six fertilizers for the 18 impact categories is presented.
Based on the values provided in Figure 1 and Table 2, the lowest median value is coloured
green and the highest red. In this sense, fertilizers with a green colour for most of the
impact categories are better in terms of environmental impact. It can be observed that in
comparison to the other (5) fertilizer types, the organo-mineral fertilizer has the highest
values (red colour) in the most impact categories. Therefore, this fertilizer has the highest
environmental impact.

In Figure 3, cluster analysis was used to group the six fertilizers according to the
median values for the 18 impact categories. Two groups were observed: one containing am-
monium nitrate, calcium ammonium nitrate, manure, and urea, and the second containing
organic and organo-mineral fertilizers. This means that these groups have similar values in
respect of the indicators’ values.
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4. Discussion

Life Cycle Assessment was performed on six fertilizers typically used in global agri-
culture [9]. The system boundaries for the LCA were from cradle to factory (or farm)
gate. The impact categories of the ReCiPe (2016 Midpoint H) method captured the effects
on resource use (e.g., fossil resource scarcity; water consumption; land use), ecotoxicity
(e.g., marine, and terrestrial), atmosphere (e.g., fine particulate matter formation; ionizing
radiation, stratospheric ozone), human health (e.g., non-carcinogenic toxicity), climate
change (e.g., global warming potential), eutrophication and acidification. The functional
unit selected for the assessment was 1 kg of N. This means that the environmental impact
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of six different fertilizers (products) was compared based on providing 1 kg of nitrogen to
the crop.

One of the most recognized environmental impact indicators is global warming poten-
tial (or carbon footprint), expressed as kg of CO2 equivalent per functional unit [24]. The
results showed that the range for the fertilizers was 1.47–14.71 kg CO2-eq/kg N. The lowest
value was observed for ammonium nitrate, while the highest values were observed for
the organic (3-2-3) and organo-mineral fertilizers. Ammonium nitrate had a lower global
warming potential even when compared to manure. This is due to the low N content of
cattle manure [23]. It should be stressed that these values only account for fertilizer produc-
tion. Fertilizer application in the field leads to greenhouse gas emissions (e.g., N2O) [24]
which were not taken into consideration in this research. It should also be stressed that C
storage in the soil, due to organic material application, was not taken into consideration.
The addition of organic material in the soil could decrease greenhouse gas emissions and
benefit soil functions [25]. The results of this study, regarding the CO2 emissions of syn-
thetic N fertilizers, are per the review of Walling and Vaneeckhaute [9], which report values
of 1.3–7.2 kg CO2-eq/kg of N for urea and ammonium nitrate fertilizers produced in several
countries/continents. However, this work provides the emissions of organic fertilizers per
ton of material produced, thus making direct comparison difficult. Our results stress the
importance of making similar comparisons among N fertilizers of different types before
recommending several types to be broadly used. Additionally, LCA is a useful tool for
holistic assessment of the environmental impact of fertilizers (Figures 2 and 3).

Besides the CO2 emissions, data in the literature for the other impact categories
(Table 2) remain scarce. In this study, manure, which is a byproduct of cattle-raising, showed
a smaller environmental impact in comparison to the other five fertilizer types (Figure 1;
Table 2). On the other hand, it was observed that per kg of nitrogen, the organic fertilizers,
especially the organic and organo-mineral fertilizers, have higher impacts compared to
the conventional in terms of particulate matter, ecotoxicity, eutrophication, human health,
and stratospheric ozone depletion (Table 2; Figure 2). The higher impacts for many of the
categories for the organic and organo-mineral fertilizers are related to the inputs used for
their production and the low N content. This results in increased impact when data are
expressed per kg of N and not per kg or ton of product, which is the typical functional unit
of organic fertilizers in LCA studies [9,18]. For instance, electricity and fuel are used for the
production and packaging of both organic and synthetic fertilizers. The lower N content of
organic fertilizers (5% for organo-mineral and 3% for compost) compared to the respective
content in synthetic fertilizers (e.g., 33.5% for ammonium nitrate), results in higher values
of the indicators, such as particulate matter emissions, when the impact is expressed per kg
of N.

Further research should include the other life cycle stages (e.g., transportation, ap-
plication to the field, soil processes) to obtain a complete picture of fertilizer use impacts
on the environment. Transportation over large distances (e.g., aeroplanes, trains, ships)
increases the environmental impact of products due to fuel consumption [26–28]. To reduce
the environmental impact, fertilizers produced and distributed at the national scale have a
lower impact due to decreased values in almost all categories of the LCA [9].

The results of this work favour the use of ammonium nitrate and cattle manure
(Figure 2) in comparison to the other four fertilizers, due to lower values in many of the
impact categories of the LCA study. It should be highlighted that the nitrogen release from
manure is much slower than from the ammonium nitrate fertilizer [29,30]. In the long term,
however, the use of organic material supports soil health [25,30].

Finally, LCA for the determination of the environmental impact of fertilizers could
be a useful tool for the selection of products that support food security with the lowest
environmental impact. In this case, the impacts should be provided per kg of nutrient and
not per kg of the final product.
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5. Conclusions

The use of fertilizers is of the utmost importance for food security on a global scale.
However, fertilizer production and overuse could yield environmental issues. This research
shows that the fertilizers with the lowest environmental impacts were cattle manure,
followed by ammonium nitrate. Our work stresses that the comparison for the values of
the indicators should be carried out per kg of nutrient, not per kg of product, as is typically
used in LCA research. According to this study, organic materials such as animal waste are
promising to ensure food security in combination with low environmental impact. The
use of packaged organic fertilizers could result in a higher environmental impact than
that of simpler synthetic fertilizers, such as ammonium nitrate. Further work is required
to consider LCA stages, such as transportation, soil functions, and N2O release due to
N application.
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