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Abstract: Pig farming plays a crucial socioeconomic role in the European Union, which
is one of the largest pork exporters in the world. In Portugal, pig farming plays a key
role in regional development and the national economy. To ensure future sustainability
and minimize environmental impacts, it is essential to identify the most deleterious pig
production activities. This study carried out a life cycle assessment (LCA) of pig production
using a conventional system in central Portugal to identify the unitary processes with the
greatest environmental impact problems. LCA followed the ISO 14040/14044 standards,
covering the entire production cycle, from feed manufacturing to waste management, using
1 kg of live pig weight as the functional unit. The slurry produced is used as fertilizer in
agriculture, replacing synthetic chemical fertilizers. Results show that feed production,
raising piglets, and fattening pigs are the most impactful phases of the pig production cycle.
Fodder production is the stage with the greatest impact, accounting for approximately 60%
to 70% of the impact in the categories analyzed in most cases. The environmental categories
with the highest impacts were freshwater ecotoxicity, human carcinogenic toxicity, and
marine ecotoxicity; the most significant impacts were observed for human health, with an
estimated effect of around 0.00045 habitants equivalent (Hab.eq) after normalization. The
use of more sustainable ingredients and the optimization of feed efficiency are effective
strategies for promoting sustainability in the pig farming sector.

Keywords: pig farming; LCA; environmental impacts; slurry valorization

1. Introduction

Life cycle assessment (LCA) is an essential tool to evaluate the environmental im-
pact of a product throughout its useful life, from raw material extraction to disposal and
recycling [1]. The process encompasses multiple steps, such as manufacturing, transporta-
tion, installation, use, maintenance, and end-of-life disposal, to provide a comprehensive
analysis of a product’s sustainability performance. It offers a comprehensive view of the
most critical phases in terms of resource consumption and pollutant generation, allowing
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governments, companies, and even consumers to make informed decisions. By identifying
areas for improvement, LCA directly contributes to the creation of more sustainable prod-
ucts, which is crucial in the transition to a low-carbon economy and promotion of more
environmentally responsible practices [2]. In addition to the environmental aspects, it is
possible to incorporate social and cost indicators for a comprehensive assessment [1].

The application of LCA to pig farming is particularly relevant since this sector plays
a crucial role in the global economy and generates significant environmental impacts
throughout all production stages. Pig farming has a big socioeconomic relevance in the
European Union (EU), which is one of the largest exporters of pork meat in the world.
Pork production has gradually increased in the EU in recent years, reaching a maximum of
22 million tonnes in 2022 [3].

LCA has increasingly been applied to evaluate the environmental impacts of pig
farming, aiming to identify opportunities for improvement in sustainability. Several recent
studies have focused on assessing the different stages of the pig production system, from
feed production to waste management [4,5]. The mini-review by Ferreira et al. [6] on the
application of LCA in pig farming highlights the advances and methodologies adopted in
this field. It emphasizes the importance of identifying which stages of pig production have
the most significant environmental impacts, providing valuable insights into areas where
improvements can be made for greater sustainability.

Pig farming is considered one of the most important agricultural activities in the world.
In 2022, global pork production reached approximately 108.8 million tons, with China, the
United States, and the European Union being the largest producers [7,8]. This growth is
attributed to factors such as increasing population, increasing incomes, and improving
production efficiency.

In Portugal, pig farming is a vital activity due to the wealth and jobs it generates,
being an important component of the country’s culture and food tradition. It represents
more than 41% of the country’s animal production and more than 50% of all agricultural
production [9]. The central region of Portugal is characterized by geographic and climatic
diversity that impacts agricultural practices and livestock farming. The Mediterranean cli-
mate, characterized by hot and dry summers, can negatively affect livestock production [9],
but its mountainous soils and fertile areas help in cereal production and livestock farming,
including pig farming [10]. The proximity of rural areas to urban centers facilitates access
to markets, but also poses challenges related to waste management and the efficient use of
resources [11]. This sector is an important driver of regional development, and plays an
important role in the Portuguese trade balance and in the population’s food supply [3].

However, pig production chains face challenges related to sustainable management,
animal welfare, and technological advances [12]. The entire livestock production system
can generate environmental burdens, such as greenhouse gas emissions and soil and
water pollution, asking for more sustainable practices. Environmental impacts are present
from feed production to waste disposal, substantially impacting water, air, soil quality,
biodiversity, and the global climate [13].

Waste management is the more promising issue in terms of mitigating pig farming en-
vironmental impacts. Inadequate waste management can increase nitrate and phosphorus
leaching, causing soil and water pollution, whilst increasing the danger of adding heavy
metals to the environment [14]. Sustainable livestock waste management strategies can
significantly reduce the environmental burden linked to animal rearing, namely global
warming, freshwater eutrophication, and terrestrial acidification [15]. The integration of
swine production in agroecological systems can promote biodiversity and improve re-
source efficiency, in addition to optimizing the use of fertilizers and minimizing the flow of
nutrients into water bodies [16].
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The current literature demonstrates that feed production and waste management
are the stages with the most significant environmental impact. The production of feed
ingredients, such as corn and soy flour, has substantial impacts on global warming, acid-
ification, and eutrophication, leading to high environmental burdens. In contrast, the
sustainable management of pig waste can enhance the overall environmental performance
of the production system [17-19].

This study applies the LCA methodology to pig production in the central region of
Portugal. Factors such as climate, soil conditions, and local agricultural practices play
a significant role in the magnitude of environmental impacts and the identification of
hotspots. The main objective is to identify and quantify the environmental impacts linked
with each stage of a conventional pig production system in this region, highlighting its
local particularities and offering insights to improve the sector’s sustainability.

2. Materials and Methods
2.1. Case Study

This study examines the production model of a single company devoted to rearing pigs
for slaughter, in the central region of Portugal. Production is divided into two main phases:
(i) Breeding and insemination of sows. At this stage, the sows go from the gestational
period until the piglets” birth. Piglets remain in this unit until they reach approximately
20 kg. (ii) The next process is carried out in another unit, to which the piglets are transferred
to complete the fattening stage until they reach around 100 kg, the appropriate weight
for slaughter. During this fattening phase, the pigs” waste falls into a box located beneath
the area where they move around. At the end of three months, these boxes are emptied
and cleaned, and the slurry is directed to a homogenization tank. With this system, the
area occupied by the pigs remains consistently clean and dry. The waste then undergoes a
mechanical separation, dividing it into solid and liquid components using a mechanical
press. Both separated fractions are then reused in agricultural activities (e.g., as fertilizers),
in collaboration with local farmers. This unit is powered by a diesel generator to meet its
energy needs, as it is not connected to the electricity grid. Furthermore, the water supply is
guaranteed through a local well.

Only data from the second stage were made available by the pig farm owner and used
in this study. The management of waste generated by pigs is carried out during this second
phase. A characterization of the raw slurry was carried out experimentally, and the data
obtained in this analysis are presented in Table 1. The analytical methods used to perform
the slurry characterization are described in the Supplementary Materials, along with the
standard deviations, which are presented in Table S1.

Table 1. Characterization of raw slurry from pig farming (mean values).

Parameters Unit Raw Slurry
pH - 7.26
Humidity % 96.74
Electric Conductivity mS/cm 22.17
Alcalinity mg CaCO3/L 10,500
Chemical Oxygem Demand (COD) g/L 26.07
Total Solids g/L 33.02
Fixed Solids g/L 11.03
Volatile Solids g/L 41.99
Nitrate g/L 0.41
Total Phosphorus g/L 1.388

Total Kjeldahl Nitrogen g/L 4.695
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Table 1. Cont.

Parameters Unit Raw Slurry
Total Potassium g/L 3.957
Total Calcium g/L 20.35
Total Magnesium g/L 3.69
Total Iron g/L 0.57
Total Manganese g/L 0.09
Total Copper g/L 0.02
Total Zinc g/L 0.08
Total Cadmium g/L <0.0005 *
Total Chromium g/L 0.0032
Total Lead g/L <0.0069 *
Total Niquel g/L <0.0017 *
Total Mercury g/L 0.000004

* Below the quantification limit of the equipment.

2.2. Life Cycle Assessment (LCA)

The environmental impact assessment was carried out using the LCA framework in
accordance with ISO 14040:2006 [20] and ISO 14044:2006 [21] guidelines.

Life cycle assessment (LCA) entails several critical components that are required for
assessing the environmental consequences of a product throughout its entire life cycle.
These components comprise selecting a functional unit, defining study objectives, develop-
ing an inventory, evaluating environmental impacts, and interpreting results for informed
decision-making [22].

2.2.1. Aim and Scope of This Study

The main objective of this LCA was to evaluate the environmental impacts of pig
production for slaughter in a pig farm based in central Portugal. Other objectives were to
identify the main critical points throughout the life cycle, evaluate the significance of the
pig waste management stage in the final result, and propose improvements to reduce the
environmental impacts.

The functional unit (FU) was assumed to be 1 kg live weight of a fattened pig for
slaughter outside the pig farm gate.

The limits of the study system covered all processes related to pig farming including
the use of pig manure (i.e., from cradle-to-gate), as shown in Figure 1.

The analyzed scenario begins with the production of fodder and fuel used to generate
electrical energy, following the entry of piglets into the breeding system. After the pigs grow
and fatten, for about three months, the slurry generated is directed to a homogenization
tank and subsequently processed in a mechanical press that separates the solid and liquid
fractions. The liquid fraction is stored in a lagoon. Both fractions are reused in agricultural
activities, contributing to reducing the use of chemical fertilizers.

System boundaries encompass all stages of the pig production life cycle, including:

e Fodder Production: The compound feed formulation is a generic swine formulation
(weighted aggregate of piglet, sow, and fattening pig formulations), based on Kebreab
et al. [23], which is representative of Portugal. It starts with the cultivation and pro-
cessing of ingredients, involving sowing the seeds, applying fertilizers and pesticides,
harvesting, transporting, cleaning, drying, grinding, and mixing the ingredients.

e  Fuel Production: Including the production of the fuel (diesel) used at the farm to
generate electricity. It begins with the extraction of crude oil and its transportation to
refineries. In refineries, oil is processed to produce diesel and other derivatives. The
refined diesel is subsequently transported to distribution points such as warehouses
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and gas stations. The final phase involves storing diesel oil in tanks on the pig farm
and combusting it in diesel—electric generators sets to produce electricity for essential
power run equipment, and illumination.

e  Piglets: As the data for this stage were unavailable from the pig farm owner in this
study, this dataset represents an adaptation for Portugal of a typical (average) pig
breeding production in Spain available in SimaPro 9.6.01 software. Animal farm inputs
include fodder, energy, water, straw, and transport of fodder to the farm. Specific
manure management systems are considered. Emissions included are CHy from
enteric fermentation and from manure, N,O (direct and indirect), NHjz, NOy, PM, and
NMVOC emissions from manure.

e  Pig production: This includes activities at the farm from the arrival of piglets until the
pigs reach their slaughter weight. This includes daily feeding adjusted to promote
adequate growth, sanitary management of the animals, and the use of energy and
water to maintain farm conditions. The pigs were raised in pens and fed a balanced
diet to efficiently reach their ideal commercial weight. Specific manure management
systems are considered.

e  Waste Management: This includes the management of the waste produced by pigs
during breeding. Washing of stalls and other breeding areas was performed using
water, which was subsequently directed to the homogenization tank, where the slurry
(a mixture of feces, urine, and water) was stirred to ensure a uniform mixture. Sub-
sequently, solid-liquid separation occurs using a mechanical press that consumes
energy and separates the slurry into two fractions: solid and liquid. The liquid fraction
was then stored in an open tank (lagoon). Both solid and liquid fractions are used in
agriculture. The application of these fractions to the soil partially replaces industrial
chemical fertilizers (NPK), promoting more sustainable agricultural practices.

Feed Fuel Pidles
production Production 9
Lagoon
T T ° T
Tr Tr Tr
—‘— Liquid fraction of
Electrical slurry
energy Mechanical press ‘
eneration . . ;
gener — Solid fraction of Agricutural
slurry valorization
Y ———
{ Pig production ]-» Pig slurry - Homotg;nnklzauon
Avoided chemical fertilizers
Inorganic Inorganic Inorganic
nitrogen phosphorus potassium
fertilizer fertilizer fertilizer
Y
Live pigs

Figure 1. System limit for production of pigs for slaughter.

2.2.2. Life Cycle Inventory (LCI)

According to ISO 14040:2006 [20], LCI is a stage of LCA that comprises the collection
and detailed quantification of all inputs and outputs associated with the production system
under investigation. The inputs and outputs of the system under study are presented in
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Table 2. Primary data on the consumption of fuel, fodder, water, piglet input, and the
quantity of pig and manure produced were obtained directly from the administration of
the production unit. Data on emissions to the air and water were calculated in accordance
with the IPCC [24] and EMEP/EEA [25] protocols. Secondary data for the inputs of fodder,
water, diesel, piglets, and transportation, as well as for chemical fertilizers avoided, were
obtained from the background processes (Table 2) available in the SimaPro software.

Table 2. Data table for a functional unit (kg/year live pigs at the exit from the pig farm).

Background Process Available in

Ttem Unit Quantity SimaPro Software
Inputs
Feed fon/year 2126 Swine compound fodde.r, at processing {PT}
Economic, U
Water M3/ year 5851 Water, well, PT
Diesel, burned in diesel-electric generating set,

Diesel L/year 5700 18.5 kW {GLO} I market for diesel, burned in

diesel-electric generating set, 18.5 kW | Cut-off, U
Piglets ton/year 167 Piglet, at farm {PT} Economic, U

Transport (diesel)

Transport, freight, lorry 16-32 metric ton,
tkm 0.18 EUROG6 {RER} | market for transport, freight,
lorry 16-32 metric ton, EURO6 | Cut-off, U

Outputs
Pigs ton/year 835.20 -
Slurry ton/year 4908 -

Emissions to the air

Ammonia (NH3) 2 kg/year 10,848.95 -
Dinitrogen monoxide (N,O)-direct P kg/year 46.09 -
Dinitrogen monoxide (N,O)-indirect P kg/year 117.07 -
Methane, biogenic (enteric fermentation) P kg/year 2609.98 -

Methane, biogenic b

kg/year 25,472.34 -

NMVOC, non-methane volatile organic

compounds ? kg/year 183.80 -
Nitrogen oxides (NOx) kg/year 81.58 -
Particulates < 10 pum 2 kg/year 346.36 -
Particulates <2.5 ym @ kg/year 14.84 -
Particulates SPM 2 kg/year 2597.70 -
Emissions to the water

Nitrate € kg/year 2972.73 -
Phosphorus ¢ kg/year 122.61 -

Emissions to the soil

Nitrate kg/year 11,522.19 -
Calcium kg/year 99,859.00 -
Magnesium kg/year 18,116.66 -
Iron kg/year 2797.21 -
Manganese kg/year 459.44 -
Copper kg/year 95.66 -
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Table 2. Cont.

Background Process Available in

Item Unit Quantity SimaPro Software
Zinc kg/year 368.13 -
Cadmium kg/year 2.25 -
Chromium kg/year 15.94 -
Lead kg/year 33.99 -
Niquel kg/year 8.48 -
Mercury kg/year 0.02 -
Chemical fertilizers avoided
Inorganic nitrogen fertilizer, as N kg/year 23,044.39 ggfﬁgﬁ;ﬁ:ﬁ%ﬁgﬁtfl(lglrztﬁrl; Zi,ljs{lliTTI} A'?Sg’(%
Inorganic phosphorus fertilizer, as P;O5
Inorganic phosphorus fertilizer, as P,Os kg/year 6811.86 {PT} | market for inorganic phosphorus fertiliser,
as P,Os5 | APOS, U
Inorganic potassium fertilizer, as K,O
Inorganic potassium fertilizer, as K;O kg/year 19,421.05 {PT} | market for inorganic potassium fertiliser,

as K,O 1 APOS, U

a The emission model EMEP/EEA [25]. ® The emission model IPCC [24]. € The Smaling [26] model proposed by
Roy et al. [27]. d The Brock [28].

With the aid of the SimaPro 9.6.01 software, the LCI data were calculated, and used as
a basis for environmental impact assessments.

Three main types of avoided inorganic fertilizers were considered: nitrogen (N),
phosphorus (P;0Os), and potassium (K;O), all of which originate from mineral sources and
are macronutrients essential for plant development. These fertilizers are synthesized from
fossil resources such as natural gas, coal, phosphate rock, and potassium minerals, and
are expressed in terms of their equivalent nutrient forms. The production chain for each
fertilizer begins with the finished product ready for transport at the manufacturing unit
and finishes with the distribution to consumers in Portugal.

Allocation

The allocation of environmental impacts between coproducts is in accordance with the
background processes available in the SimaPro software (Table 2). In the process “Piglet,
at farm {PT} Economic, U,” the allocation between spent sows and piglets is based on the
economic values of the coproducts. The prices considered for spent sow and piglets are
888 euros/ton and 1767 euros/ton, respectively.

2.2.3. Life Cycle Impact Assessment (LCIA)

Life cycle impact assessment (LCIA) is a crucial component of LCA that seeks to
comprehend and quantify the significance of potential environmental effects linked to
identified inputs and outputs. The LCIA process involves categorizing inventory data into
impact groups and quantitatively characterizing them to estimate each category’s potential.
This evaluation is the basis for comparing the environmental consequences of assessed
processes and products, providing information for more sustainable and well-informed
decision-making. The SimaPro software was used to transform inventory data into an
environmental profile.

The ReCiPe 2016 method was chosen to evaluate environmental impact, allowing for
the generation of environmental indicators at intermediate and ultimate levels. The interme-
diate level encompassed 18 impact categories: global warming (GW), stratospheric ozone
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depletion (SOD), ionizing radiation (IR), ozone formation (affecting human health (OF-HH)
and terrestrial ecosystems (OF-TE)), fine particulate matter formation (FPMF), terrestrial
acidification (TA) and ecotoxicity (Tec), freshwater eutrophication (FE) and ecotoxicity
(FEc), marine eutrophication (ME) and ecotoxicity (Mec), human carcinogenic toxicity
(HCT) and non-carcinogenic toxicity (HNCT), land use (LU), mineral (MRS) and fossil
resource scarcity (FRS), and water consumption (WC). The last level includes 3 damage
categories: human health, ecosystems, and resources. ReCiPe’s strength lies in its provision
of detailed midpoint indicators and their integration into broader endpoint categories, of-
fering a comprehensive perspective on potential impacts. It is currently the most frequently
employed LCIA method in LCA research [29,30].

To determine the relative importance of each product system indicator, a normalized
environmental profile was developed. In accordance with ISO 14044:2006 [21] guidelines,
normalization involves dividing an indicator’s result by a selected reference value. The
ReCiPe method uses aggregate inputs and outputs per world inhabitant for 2010 as refer-
ence values, serving as a benchmark. The normalization unit, Hab.eq (habitants equivalent),
is used to express impacts in terms of the equivalent contribution of an average inhabitant
to a specific environmental issue in a year.

3. Results

Figure 2 and Table S2 display the environmental profile of the FU, which is 1 kg of live
weight of fattened pigs ready for slaughter at the farm gate. The LCA of pig production
reveals that the most significant environmental impacts occur during compound pig feed
production, piglet rearing, and animal fattening phases.

® Pig fattening

» Piglet

W Swine compound
feed

| Transport

m Diesel

sx\ ‘,00 @‘@b “3 («. /\v Qﬁ, \33, 4,. é'o "sy\(é[ ‘ u Avoided inorganic

nitrogen fertilizer

-20
Avoided inorganic
phosphorus fertilizer
~-40
Avoided inorganic
potassium fertilizer
-60

Figure 2. Environmental profile of FU using the method ReCiPe 2016 Midpoint (H) V1.09/World
(2010) H/A/Characterisation. Acronyms: GW: Global warming; SOD: Stratospheric ozone de-
pletion; IR: Ionizing radiation; OF-HH: Ozone formation, Human health; FPMF: Fine particulate
matter formation; OF-TE: Ozone formation, Terrestrial ecosystems; TA: Terrestrial acidification; FE:
Freshwater eutrophication; ME: Marine eutrophication; TEc: Terrestrial ecotoxicity; FEc: Fresh-
water ecotoxicity; MEc: Marine ecotoxicity; HCT: Human carcinogenic toxicity; HNCT: Human
non-carcinogenic toxicity; LU: Land use; MRS: Mineral resource scarcity; FRS: Fossil resource scarcity;
WC: Water consumption.
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The characterization graphs show that fodder production is the main contributor to
environmental impacts, accounting for roughly 60% to 70% in most categories analyzed.
However, for TA, GW, and FPME, fodder’s impact is less than 50%. In those categories, pig
fattening is more prominent, contributing 47.40%, 27.32%, and 29.84%, respectively.

Piglet rearing also shows substantial impact across all categories, typically representing
about 25% of the total impact. Notably, for the IR category, this phase has the highest
contribution at 42.03%.

The use of diesel in electric generators and transportation had comparatively mi-
nor impacts. Nevertheless, transport is more significant in the HCT and TEc categories,
contributing 11.83% and 9.21%, respectively. Diesel use was most impactful in the HCT
category, with a 5.99% contribution.

Conversely, measures preventing the use of nitrogen-, phosphorus-, and potassium-
based inorganic fertilizers show a positive effect on mitigating environmental impacts.
These steps help reduce impacts, particularly in the categories MRS, HCT, IR, and FRS, with
reductions of —52.33%, —23.75%, —22.39%, and —20.48%, respectively. The negative values
imply that these measures have a beneficial effect in decreasing environmental impacts.

The normalized environmental profile of the FU is illustrated in Figure 3 and Table S3.
The most significant environmental impact categories were FEc (0.012 Hab.eq), HCT (0.006
Hab.eq), and MEc (0.0035 Hab.eq). The processes that contribute the most to these effects
are the production of compound fodder for pigs and the raising of piglets. The steps to
avoid inorganic fertilizers are also relevant in these three categories, exhibiting negative
values, which indicates a beneficial contribution to reduce environmental impacts.

0.012
| Pig fattening
0.010
u Piglet
0.008
8 Swine compound feed
0.006
g | Transport
o
o
x

0.004
u Diesel

0.002
I 1 Avoided inorganic
nitrogen fertilizer

0
Avoided inorganic

& < <& & & & 8 > O
(-P N Q“b \x‘ " T ‘3’ “& & phosphorus fertilizer

-0.002 .
Avoided inorganic

potassium fertilizer

Figure 3. Normalized environmental profile of FU using the method ReCiPe 2016 Midpoint (H)
V1.09/World (2010) H/A. Acronyms: GW: Global warming; SOD: Stratospheric ozone depletion;
IR: Ionizing radiation; OF-HH: Ozone formation, Human health; FPMF: Fine particulate matter
formation; OF-TE: Ozone formation, Terrestrial ecosystems; TA: Terrestrial acidification; FE: Fresh-
water eutrophication; ME: Marine eutrophication; TEc: Terrestrial ecotoxicity; FEc: Freshwater
ecotoxicity; MEc: Marine ecotoxicity; HCT: Human carcinogenic toxicity; HNCT: Human non-
carcinogenic toxicity; LU: Land use; MRS: Mineral resource scarcity; FRS: Fossil resource scarcity;
WC: Water consumption.
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Swine compound fodder consumption is the main contributor to FEc, accounting for
78.4%. Within this, dried barley grain contributes 27.4%, dried wheat grain 17.1%, and
soybean meal 12.1%. Piglet production is responsible for 25.4% of FEc, with gestation
and weaning housing systems contributing 14% and piglet rearing housing systems 6.6%.
Avoiding inorganic nitrogen, potassium, and phosphorus fertilizers reduces FEc by 3.7%,
1.3%, and 0.5%, respectively. Herbicides and insecticides contribute 48.6% and 15.8% to this
impact category, primarily through soil emissions of metolachlor (44.7%) and chlorpyrifos
(15.5%), and water emissions of copper (13.3%).

While agricultural practices largely influence FEc, HCT shares similar contributing
factors but with different health implications. HCT is mainly attributed to swine compound
fodder consumption (75.1%), with dried barley grain contributing 27.4%, dried wheat grain
17.1%, and soybean meal 12.1%. Piglet production accounts for 32.4% of HCT, including
14% from gestation and weaning housing systems and 6.6% from piglet rearing housing
systems. Avoiding inorganic nitrogen, potassium, and phosphorus fertilizers reduces HCT
by 20%, 8.29%, and 2.89%, respectively. Farm tractors, concrete slabs in facility construction,
and electricity usage contribute 27.2%, 22.6%, and 18% to this impact category, primarily
through chromium emissions to water (90%).

Transitioning from land to water environments, MEc shows both commonalities and
distinctions in its primary contributors compared to human carcinogenic toxicity. MEc
is largely associated with swine compound feed consumption (80.1%), with dried barley
grain contributing 27.6%, dried wheat grain 16.2%, and electricity 8.21%. Piglet production
accounts for 31.3% of MEc, including 14.6% from gestation and weaning housing systems
and 7% from electricity. Avoiding inorganic nitrogen, potassium, and phosphorus fertilizers
reduces HCT by 10.6%, 3.94%, and 1.5%, respectively. Sulfuric acid use, electricity, and
insecticides contribute 20.7%, 15.4%, and 14.8% to this impact category, mainly through
copper (35.6%) and zinc (19%) emissions into water.

Across all three toxicity categories, swine compound fodder emerges as the primary
contributor, emphasizing its significant environmental impact. Piglet production consis-
tently accounts for a substantial portion of each toxicity category, highlighting the impor-
tance of sustainable practices in this phase of swine farming. The avoidance of inorganic
fertilizers helps reduce all three toxicity categories to various degrees. While soil and water
emissions primarily impact freshwater ecotoxicity, water emissions, particularly of heavy
metals, have a greater influence on human carcinogenic toxicity and marine ecotoxicity.

Analysis of endpoint-level normalization (Figure 4 and Table S4) revealed that human
health was the most significantly damage category in pig production, with an estimated
effect of about 0.00045 Hab.eq. This damage primarily stemmed from the substantial
contributions of pig compound fodder production, piglet rearing, and pig fattening stages.
Processes linked with mitigating the use of inorganic fertilizers showed considerable
positive effects in this damage category. The ecosystem damage followed, with an impact
below 0.0001 Hab.eq. The resource damage demonstrated minimal significant influence on
the overall results.
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Figure 4. Normalized environmental profile of FU using the method ReCiPe 2016 Endpoint (H)
V1.09/World (2010) H/A.

4. Discussion

This study identified the stage of producing compound fodder for pigs as the main
critical point in the pig production chain. This step proved to be more significant in
terms of its contribution to environmental impacts, in line with findings from previous
research. In addition, McAuliffe et al. [31], Dourmad et al. [32], and Gonzalez-Garcia
et al. [33] identified fodder production as the main factor responsible for the environmental
impacts in pig production systems. The cultivation of grains used in fodder, such as
corn and soy, is a relevant factor contributing to deforestation, resulting in the loss of
biodiversity and maintenance of ecosystems. This process also involves intensive water
consumption and is responsible for significant greenhouse gas (GHG) emissions. Gislason
et al. [34] and Reckmann et al. [35] demonstrated that environmental impacts attributed to
fodder production can range from 31% to 50% of the total impacts of the pig production
system. Similarly, a recent LCA study on pork production in Thailand highlighted fodder
production, particularly corn cultivation, as a critical factor with the greatest impact across
several environmental categories [36].

The most relevant impact categories were FEc, MEc, and HCT. Although these results
show areas of environmental concern, it is important to consider that toxicity impacts
often present high uncertainty in LCA studies. Therefore, the comparison of toxicity
results between different studies must be performed with caution, as the methodologies
and characterization factors can vary significantly. However, a relevant factor for these
impacts may be the use of chemical fertilizers and pesticides in fodder production, which
can contaminate soil and water courses and pose potential risks to the environment [37].
Research by Buch et al. [38] demonstrated that agrochemicals used in agricultural systems
can harm beneficial microorganisms in the soil, putting the sustainability of food systems
in danger.

Normalized results indicate that human health is the damage category most impacted,
followed by ecosystems, in line with the results of Notarnicola et al. [39]. This finding rein-
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forces the hypothesis that the use of chemical fertilizers and pesticides in fodder production
contributes significantly to these impacts. This process of contamination and bioaccu-
mulation in the food chain represents a relevant threat to human health and ecosystems,
especially in the toxicity and ecotoxicity categories, where the impacts increase.

The piglet production stage also significantly contributes to increase environmental
impacts. According to Reckmann and Krieter [40], piglet production has a significant
share of the GWP associated with pig production, estimated at 3.22 kg CO,-eq per kg
of pork, which is in line with the 4 kg CO,-eq obtained in this study. This impact is
due to the fact that piglet production includes the entire maintenance of the production
system, from caring for breeding sows to managing animal waste during the piglet rearing
period, until they reach the ideal weight to be taken to the rearing fattening phase. The
environmental impacts at this stage include intensive consumption of resources, such as
water and fodder, and generation of waste, such as leachate, which emits GHGs. Raising
breeding sows also requires the maintenance of energy-intensive facilities as well as the
need for substantial water and fodder resources. The high resources’ demand can result in
negative environmental impacts if sustainable management is absent [41]. Management
practices can also contribute to soil tilling and the contamination of water resources due to
fertilizers and antibiotics use.

The waste produced at the fattening stage also stands out for its high environmental
impacts, largely due to waste management, particularly pig manure. According to Brito
etal. [41], pig farming is linked with high levels of methane and nitrous oxide emissions that
arise mainly from manure management. In relation to manure management, allocating all
pig manure for agricultural valorization through the use of biological fertilizers contributes
positively to the mitigation of environmental impacts. The use of this biofertilizer reduces
the use of inorganic fertilizers based on nitrogen, phosphorus, and potassium. Basset-Mens
and Van der Werf [42] state that organic pig production systems have lower eutrophication
and acidification potentials than conventional systems, partly due to the reduction in
synthetic fertilizers” use.

Antezana et al. [43] performed a detailed physicochemical analysis of swine manure,
revealing that it can be used as a replacement for synthetic fertilizers, as long as it is
adequately characterized. This measure is required due to specific variations in its compo-
sition, which may require nutrient supplementation or the application of specific treatment
techniques, depending on crop requirements. Partial replacement of chemical fertilizers
with biofertilizers can significantly reduce pig production’s environmental impacts [44].
Additionally, biofertilizers improve the soil structure and increase microbial activity, facili-
tating efficient nutrient cycling and improving soil health. This process also contributes to
atmospheric nitrogen fixation and reduces the dependence on synthetic fertilizers [45,46].

However, it is important to consider that the results of LCA studies in agriculture
can vary significantly, depending on regional characteristics. Factors such as climate, soil
conditions, and local agricultural practices influence the observed environmental impacts,
and studies in different regions tend to reveal differences in the magnitude of the impacts
and critical points.

The study highlights the importance of understanding the environmental impacts and
the impact categories most affected in the study region, which, in this case, is the Central
Portugal. Eutrophication and acidification are relevant categories, as these conditions
directly affect the local environment, with increased pollution of water bodies and deterio-
ration in soil quality. Eutrophication, for example, can be intensified by inadequate waste
management in pig farming, while acidification can occur due to emissions of ammonia
and nitrogen oxides from animal production [47].
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Furthermore, the “water consumption” category is especially significant for Central
Portugal, as this region faces a water deficit during the summer due to the scarcity of water
resources [48].

Adopting sustainable strategies is crucial to mitigate the environmental impact of pig
production. One of the most effective strategies may be to focus on the production of pig
fodder, as this stage is responsible for the highest environmental impacts. In this context, the
implementation of precision feeding is presented as an advanced nutritional management
practice, the objective of which is to provide the exact amount of nutrients required by each
animal in a personalized and efficient manner. This technique can reduce the excretion of
nitrogen and phosphorus, thereby reducing environmental contamination [49]. Another
recommended measure is the replacement of soy-based products with alternative legumes
or synthetic amino acids that can mitigate environmental impacts [35].

5. Conclusions

The implementation of LCA on a pig farm in Portugal highlights the main challenges
to be overcome by the local industry.

The results show that fodder production, piglet farming, and pig fattening have the
greatest environmental impact on pig production. The production of fodder compounds for
pigs stood out as the main source of impact in almost all the addressed categories, except
for terrestrial acidification, where manure management during the animal fattening phase
had greater relevance.

In the normalized environmental profile, human health was the damage category most
affected by pig production, and the most significant impact categories were freshwater
ecotoxicity, human carcinogenic toxicity, and marine ecotoxicity. These impacts are mainly
linked with fodder production and piglet farming, with substantial contributions from
agricultural practices such as the use of herbicides and insecticides.

This study guides society, potentially influencing public policies, promoting responsi-
ble agricultural practices, and informing consumers and producers about the importance
of sustainable methods in reducing emissions and promoting long-term sustainability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su17020426/s1, File S1: Analytical methods used for slurry
characterization [50]; File S2: Tables for Characterization, Normalization (Midpoint and Endpoint) of
Environmental Profile.
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