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Abstract: The primary aim of this research was to evaluate and compare the environmental impacts,
throughout the life cycle, of the main treatment systems employed by the industry, as well as
to identify the processes that contribute most to these environmental impacts. To achieve this, a
bibliographical search was conducted using the Web of Science Core Collection database platform,

v ou vou

utilizing the keywords “life cycle assessment”, “pig”, “treatment”, and “manure” or “slurry”. The
search was restricted to publications from the last five years (2019-2023), resulting in a total of
66 publications that were then analyzed according to the functional unit (FU) adopted. For the
10 publications whose FUs were expressed in tons or cubic meters of treated manure, a descriptive
and quantitative analysis was carried out. It was found that anaerobic digestion has been the
most widely used treatment technology for pig manure over the past five years, according to the
LCA methodology. These systems, configured as biogas and biofertilizer production facilities, have
proven to be environmentally friendly and could play a crucial role in the energy transition and

decarbonization of the energy matrix.
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1. Introduction

According to the Planning, Policy, and General Administration Office (GPP), pig farm-
ing is economically important in the European Union (EU). Over the years, pig production
has steadily increased, with a record production value of 23,407.79 tons achieved by 2021.
As a result, exports also experienced growth, amounting to 67 million euros in 2019. In
2021, this figure increased by 22.8% compared with 2019 and by 13.2% compared with
2020 [1]. Similarly, in Portugal, pig farming contributes significantly to the economic and
social development of the areas where it is conducted, as well as to the balance of the
country’s trade balance and food supply.

The expansion of the livestock industry has led to an increase in waste, particularly
that of pig manure. Improper management of this waste can have significant consequences
on the environment, human and animal health, and climate change. Livestock is a major
contributor to greenhouse gas emissions, accounting for approximately 66% of all agricul-
tural emissions [2]. Additionally, handling pig manure can result in terrestrial acidification
and eutrophication in freshwater systems, and releasing gases during storage and transport
can exacerbate these environmental issues [3].

Economic and social growth must be aligned to minimize environmental consequences.
It is crucial to alter our approach to managing pig production waste, specifically manure.
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This waste can be incorporated into reusable and recyclable options through sustainable
management, thus moving closer to a circular economy [4]. To achieve this, it is nec-
essary to identify the most environmentally efficient pig manure treatment technique
currently available.

Life cycle assessment (LCA) is a technique, as defined by ISO 14040/44 [5,6] standards,
that measures and compares the potential environmental impacts of a product throughout
its entire life cycle, from the extraction of raw materials for its manufacture to its end-of-life
treatment. LCA presents its findings in a structured manner from a holistic perspective
of the product or process, ensuring a comprehensive assessment and quantification of
environmental impacts [7].

The primary objective of this review was to evaluate and compare the major environ-
mental impacts from a life cycle perspective of pig manure treatment technologies, which
have been published in reputable scientific journals within the last five years. Another aim
of this study was to determine which processes contribute the most to these environmen-
tal impacts, thus providing a comprehensive view of sustainable waste management in
pig farming.

2. Methodology
2.1. Bibliographic Research

Bibliographic research was conducted using the Web of Science Core Collection
database platform, as it provides an effective means of identifying influential researchers,
institutions, journals, and articles in various fields of study. The study concentrated on
the findings derived from the search for the topics “life cycle assessment”, and “pig”, and
“treatment”, and “manure”, or “slurry”.

The following specific criteria were employed to ensure the scientific validity of the
analyzed studies:

Studies published within the last five years (2019-2023);
Studies that adhere to the ISO 14040/44:2006 method for LCA;
Studies that present original research findings, excluding results from cited literature,
and avoiding duplication;

e Studies with emphasis on environmental analysis and the impact of pig manure
management;

e  Studies that provide a descriptive LCA analysis.

From the LCA studies obtained through this research, those with functional units
(FU) expressed in weight (tons) or volume (cubic meters) of pig manure were selected for
further examination.

The FU constraint was established to focus on examining exclusively those research
endeavors directed towards the management of a specific quantity of swine waste, such as
LCA investigations typically conducted with an emphasis on input materials as opposed
to treatment outcomes. Given the frequent updates of LCA software and databases such as
Ecoinvent, prolonging the search beyond a span of 5 years could potentially exacerbate the
complexity of interpreting the results.

2.2. Descriptive Analysis

The analysis began with a review of LCA studies that met the specified criteria,
including publication title, authors, country, year, journal of publication, and the primary
objective. The studies were then assessed based on the type of treatment, description,
and ultimate use of the products or by-products produced. Additionally, the studies were
evaluated in terms of the functional unit (FU), system limits, impact categories, life cycle
impact assessment (LCIA) method, database, and software used.
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2.3. Quantitative Analysis

A quantitative analysis was then conducted for the LCA studies, considering only the
results obtained for the impact categories deemed most relevant for pig manure treatment,
as determined by the descriptive analysis.

3. Results
3.1. Descriptive Analysis of the Life Cycle Assessment of the Pig Manure Treatment Systems
3.1.1. Basic Study Characteristics

The descriptive analysis of the LCA of pig manure treatment systems revealed 66 stud-
ies in the Web of Science database, based on the topics “life cycle assessment”, “pig”,
“treatment”, and “manure”, or “slurry” for the last five years. Of these, only ten studies
reported the functional unit in terms of weight (tons) or volume (cubic meters) of treated

pig manure (Table 1).

Table 1. General description of the publications selected for the study.

St. N°. Publication Title Authors Year  Country LCA Approach/Goal Reference
A lif 1 £ i I
on tlefp?ilse?salisvii:;gc:;o an Attributional and substitution
emissions model: The Xinjiang . app.roaches to e.valuate the .
1 Shihezi pig farm fecal Wang et al. 2022 China  environmental impacts of swine [8]
treatment biogas project as a waste management on electricity
case study and biomethane production.
Attributional and substitution
Life cycle assessment on the approach to evaluate the
environmental impacts of . environmental impacts of swine
. . . 9
2 different pig manure Dong etal 2022 China waste management for ]
management techniques electricity or biomethane
production.
Life cvcle assessment of waste Attributional and substitution
manaz;ement from the approaches to evaluate and
3 Brazilian pig chain residuesin ~ Hollas et al. 2022 Brazil ~ Compare the pojc ential . [10]
two perspectives: Electricit environmental impacts of swine
and Eiome thane ) roduc tior}ll waste management on electricity
P ' and biomethane production.
Life cycle assessment of Attributional and substitution
et dsion o i e wenlutete
4 manure coupled with different Duan et al. 2020 China p p [11]
digestate treatment waste management for
technologies electricity or biomethane
Bles. production.
Environmental assessment of Attributional and substitution
energy production from approach to evaluate the
R . Ramirez-Islas . environmental impacts of swine
5 anaerobic digestion of pig ot al 2020 Mexico waste management for [12]
manure at medium-scale using ' mlanager
life cycle assessment electricity or biomethane
' production.
Holistic life cycle assessment .
of a biogas—bzsed electricity C.onseqfuentlal L.C.A to prodgce
6 generation plant in a pig farm  Freitas et al. 2022 Brazil biogas for electricity generation [13]

considering co-digestion and
an additive.

from co-digestion with different
substrates and additives.
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Table 1. Cont.
St. N°. Publication Title Authors Year  Country LCA Approach/Goal Reference
. Attributional and substitution
Effects of swine manure
. 1 s approaches were used to
storage time on solid-liquid .
. . . evaluate the environmental
7 separation and biogas Hollas et al. 2021 Brazil . . . . [14]
A impacts associated with swine
production: A life-cycle .
manure storage time and energy
assessment approach .
use by anaerobic digestion.
Swine manure treatment Attributional and substitution
technologies as drivers for approach to evaluate the
8 c1rc.ular'economy in Hollas et al. 2023 Brazil environmental impacts of swine [15]
agribusiness: A waste management for
techno-economic and life cycle electricity or biomethane
assessment approach. production.
. . Attributional LCA is used to
Environmental impact and .
o . evaluate the environmental
optimization suggestions of impacts of pig manure treatment
9 pig manure and wastewater Liu et al. 2023 China pacts of pig . [16]
. and disposal routes and provide
treatment systems from a life o S
. insights for optimizing future
cycle perspective. S
technical improvements.
Consequential Life Cycle Conseq.uentlal LCA to evaluate
Assessment of Swine Manure the environmental impacts of
10 Sharara et al. 2019 USA swine waste management for [17]

Management within a
Thermal Gasification Scenario.

electricity or biomethane
production.

Most studies were conducted in China and Brazil, with four studies each, while Mexico

and the USA had one study each. China’s prominence in these studies can be attributed
to its position as the world’s largest pig producer, producing approximately 450 million
pigs in 2021, nearly half the world’s pig production [2]. Despite being the world’s second-
largest producer and largest exporter of pork and pork products, the European Union is
experiencing a decline in pork production and exports, resulting in a 20% reduction in
exports in the first half of 2023. This indicates that pork prices are less competitive than in
the world market [18].

Regarding the year of publication, most studies were published in 2022, with a total of
four studies, followed by 2020 and 2023, with two studies each, while 2019 and 2021 had
one study each.

The objectives of these studies mainly focused on the evaluation and environmental
comparison of various treatments or routes of pig manure treatment. There are also a
significant number of studies with objectives related to the production and use of biogas
from pig manure.

A brief summary of the type of treatment, scenario/description, and final use of
products/co-products generated in the system of each study is presented in Table 2. Anaer-
obic digestion is the primary treatment found in the selected studies and is present in all but
one publication, which used gasification as its treatment. In most of these studies, biogas
was utilized to generate electrical or thermal energy, thereby avoiding the production of
fossil fuels. Studies 1 and 2 used the term anaerobic fermentation, rather than anaerobic
digestion. Anaerobic fermentation is a broader term encompassing various anaerobic
processes, while anaerobic digestion specifically refers to the controlled breakdown of
organic waste to produce biogas.
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Table 2. Type of treatment, scenario/description, and end use of products/coproducts of each work.

St. N°. Treatment Scenario/Description Use of Products/By-Products
Sce I—Long chain fermentatlon system (LC) 1—Return of dry manure and biogas
. . (underground anaerobic); . .
1 Anaerobic fermentation .. . . residue to the field; 2—use of
Sce Il—automatic integration fermentation as/biogas for heatin
system (AI). 8 & &
5 Aerobic composting and Sce I—Traditional composting system; Sce Biogas waste and biogas slurry were
anaerobic fermentation II—biogas production system. used comprehensively.
Sce —Storage in stabilization open lagoon;
Sce II and Sce V—AD based on covered Generation of electricity and
3 Anaerobic digestion (AD) lagoon biodigester (CLB); Sce IIl and Sce vehicular fuel from bioyas
IV—solid-liquid separation of effluent; Sce &as-
VI—A power generation unit.
Sce I—Direct use of digestates in agriculture;
Sce Il—composting of the solid fraction and =~ 2—Power generation, replacement of
pretreatment of the liquid fraction; Sce natural cooking gas; 3—conditioning
4 Anaerobic digestion (AD) III—composting the solid fraction and of the soil by the solid fraction;
diluting the liquid fraction with water; Sce 4—production of liquid medium for
IV—composting of the solid fraction and the production of microalgae.
production of powdered biofertilizers.
Sce —With partial energy production; Sce
e II—with total energy production; Sce . .
5 Anaerobic digestion (AD) Il—with the burning of biogas; Sce Power generation from biogas.
IV—traditional management.
Sce I—Tradjitional anaerobic digestion; Sce
g II—co-digestion with elephant grass silage; . .
6 Anaerobic digestion (AD) Sce T—co-digestion with corn silage; Sce Power generation from biogas.
IV—Dbiochar as an additive.
Sce I—Storage and stabilization open lagoon; 1—Generation of energy from biogas;
7 Anaerobic digestion (AD) Sce [I—Storage and AD; Sce III—Solid-liquid ~ 2—application of the digestate as a
separation and AD. soil fertilizer.
Sce I—Traditional management; Sce
II—digestion in continuous stlrred.-tanlf . 1—Generation of energy from biogas;
8 Anaerobic digestion (AD) reactor (CSTR) and CLB; Sce ITl—digestion in 2—application of the digestate as a
& CSTR; Sce IV—digestion in CSTR and soil fI:e)ftilizer &
anaerobic sludge blanket; Sce V—digestion ’
in CSTR and system sludge composting.
. . Sce I—Buffering and direct use on the
Biological wastewater . . .
) . ... ground; Sce II—black-film anaerobic Use of manure and sludge as soil
9 treatment; anaerobic digestion; . . . . e
. digestion and composting; Sce Ill—buffering  fertilizers.
composting .
and composting.
1—Use of gas as a fuel and as a
10 Gasification for manure solids The gasification system produces gas, heat, substitute for natural gas; 2—use of

and biofertilizer.

heat in drying; 3—application of
biochar in the soil as fertilizer.

Anaerobic digestion has gained widespread recognition as the most environmentally
friendly waste treatment method because of its ability to mitigate the negative effects of
eutrophication and soil acidification caused by CH4 and NHy4 emissions from poor manure
management. In addition, it produces bioenergy and biofertilizers [16]. Developed coun-
tries such as the United States, the United Kingdom, Italy, and Germany have increasingly
adopted the anaerobic digestion of livestock manure for biogas and energy production [19].

The selected publications also examined complementary treatments such as com-
posting, biological water treatment, and gasification. Additionally, some co-products are
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used for energy production, as previously mentioned, and others are used as agricultural
fertilizers or as a liquid medium for the production of microalgae.

3.1.2. Functional Unit (FU), Methods/Software and Database

Table 3 presents the functional units, system limits, methods/software, and databases
used in the selected studies. Eight of the ten studies analyzed used the mass (tons) of pig
manure to be treated as the most representative functional unit. Only two studies used
volume as the functional unit. In work No. 1, the functional unit is expressed as the amount
(tons) of manure produced by 1000 pigs during the three summer months, equivalent to
7.4 tons of pig manure (2.2 tons of solids and 5.2 tons of liquid).

Table 3. Functional unit, methods/software, and database used in the selected works.

St. N°. FU LCIA Method/Software Database
1 74t - -
2 1t - -
3 1t Midpoint ReCipe 2016/SimaPro 9.1.1.1 Ecoinvent 3.7.1
4 1t IMPACT2002+ (Endpoint) Ecoinvent V3.3
5 1t CML-IA 2013/SimaPro 8.1.1.16 Ecoinvent 3
6 1t CML2 baseline 2000, V3.01/SimaPro 8.0 -
7 1m3 OpenLCA 1.10.2/OpenLCA 1.10.2 Ecoinvent 3.6
8 1m3 ReCiPe Midpoint/SimaPro 9.2.0.1 Ecoinvent 3.8
9 1t Recipe Midpoint 1.04/SimaPro 9.1 Ecoinvent 3.5
10 1t IMPACT World+ (Midpoint)/SimaPro 8.5.2 Ecoinvent V3.4

Although many studies have typically reported the functional unit in terms of mass, it
is important to note that there can be significant variations in the type of pig manure, which
can make it difficult to compare the results of these studies. In terms of life cycle impact
assessment (LCIA) methods, software, and databases, the analyzed studies used diverse
methods, as shown in Table 3. All studies except for one presented the impact categories
at the intermediate level, and the most used method was the ReCipe Midpoint method,
followed by the CML and IMPACT methods. Study 7 used a free method (OpenLCA),
whereas Studies 1 and 2 used models for the impact categories available in the literature.
SimaPro software was the most used software in the analyzed studies. In terms of generic
databases, 70% of the studies used the Ecoinvent database, whereas the remaining 30% did
not mention the databases used.

It is important to acknowledge that certain studies have employed similar method-
ologies, software, or databases; however, the versions used may vary, which may pose
challenges when attempting to draw comparisons between the outcomes achieved.

3.1.3. System Boundaries

The system boundaries of pig waste management presented in these studies can be
divided into three stages, as presented in Table 4: pig farming, manure treatment, and
end use. The following processes were included in pig farming: facility construction
(FC), pig management (PM), and manure collection (MC). Manure treatment consisted
of the following processes: transport of manure to treatment (TT), construction of the
treatment plant (CT), manure treatment (MT), and manure storage (MS). End use included
the transport of treated manure for use (TU), use of the product or by-product in the field
(UF), and use of the product or by-product (biogas) (UB).

As shown in Table 4, manure collection (MC) served as the starting point for the system
boundary in approximately 70% of the studies, while transport of manure for treatment
(TT) was the starting point in 20% of the cases. Study 9 initiated its system boundary with
manure treatment (MT).

It is important to note that all the analyzed studies concentrated solely on the treatment
of pig manure and disregarded the construction of facilities for pig production or manure
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treatment. Understanding the processes that constitute the system boundaries of each
study is crucial for comparing the obtained results.

Table 4. Stages and processes within the system boundaries of the selected works.

o Pig Farming Manure Treatment End-Use
St. N°. FC PM MC TT CT MT MS TU UF UB
1 X X X X X X X
2 X X X X
3 X X X X X X
4 X X X X X X
5 X X X X X
6 X X X X
7 X X X X X X X
8 X X X X X X X
9 X X X X
10 X X X X X X X

x: process included in the system boundary; FC: facility construction; PM: pig management; MC: manure
collection; TT: transport of manure for treatment; CT: construction of the treatment plant; MT: manure treatment;
MS: manure storage; TU: transport of treated manure for use; UF: use of the product or by-product in the field;
UB: use of the product or by-product (biogas).

3.1.4. Impact Categories

Table 5 presents the impact categories used in two or more studies. The most frequently
addressed impact categories were global warming potential (GWP), terrestrial acidification
(TA), and freshwater eutrophication (EUF), which collectively appeared in seven out of
ten publications. Consequently, these impact categories were considered to be the most
relevant in LCA studies of pig manure treatment systems, as stated by McAuliffe et al. [20].

Table 5. Impact categories at the midpoint level used in the selected studies.

St. N°.  FEc TEc GWP OD AC EU OF HT HCT SFR SMR

1 X X X X

2 X X X X

3 X X X X X

4

5 X X X X
6 X X X X X
7 X X X X X X

8 X X X X X X

9 X X X X X X X X X X X
10 X X X

x: impact category included in the system boundary; FEc: freshwater ecotoxicity; TEc: terrestrial ecotoxicity;
GWP: global warming potential; OD: ozone depletion; AC: acidification; EU: eutrophication; OF: ozone formation;
HT: non-carcinogenic human toxicity; HCT: human carcinogenic toxicity; SFR: scarcity of fossil resources; SMR:
scarcity of mineral resources.

Study 4 provided the impact categories at the endpoint level, categorized into four
categories: human health, ecosystem quality, climate change, and resources.

3.2. Quantitative Analysis of the Global Warming Potential, Acidification, and Eutrophication
Results for the Pig Manure Treatment

Table 6 presents a quantitative analysis of the results obtained from the analyzed
studies on the treatment of pig manure, both solid and liquid, and disposal routes, solely
for the impact categories deemed most relevant, namely global warming potential (GWP),
acidification, and eutrophication.
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Table 6. Results found for global warming potential, acidification, and eutrophication in the selected

studies per FU.
Global Warming Potential Acidification Eutrophication
St. N°./Scenario (GWP) (AQ) (EU)
Value Unit Value Unit Value Unit
Scel 319.77 . 9.16 1 2.35 =
1 See I 235433 kg COzeq. (741) 20.09 kg SO, eq. (7.4 t) 422 kg POgeq (74 t)
Sce I 107.38 . 6.17 i 1.10 1
2 Scell  143.14 kg COz eq:t 0.02 kg SOz eq.t 134 x 10-3 kg POy eq:t
Sce I 119.25 2.04 9.60 x 1074
SEE)H 31.54 0.37 3.69 x 10~4
(b) 30.53 0.34 372 x 1073
SC(‘;)IH 6.90 1.40 499 x 1073
(b) 231 1.40 5.14 x 1073
-1 —1 -1
3 SC(E;)IV 6.75 kg CO; eq.t 141 kg SO, eq.t 501 x 103 kg Peq.t
(b) 4.83 1.41 5.05 x 1073
S?E)V 2.92 1.35 2.08 x 103
(b) —17.04 1.31 257 x 1073
SC(‘;)V L 008 1.34 221 x 1073
(b) —16.73 1.31 2.65 x 1073
Sce I —-11 - -
Sce I 64.7 4 - B
* Selm 355 kg COz eqt - -
Sce IV 45 - -
Scel 272 10.1 2.25
Sce II 359 . 9.8 1 221 4
5 Sce III 356 kg CO; eq.t 11.06 kg SO, eq.t 233 kg POy eq.t
Sce IV 402 6.36 5.97
Scel 18* —0.19* —0.035 *
Sce I 71% _ —0.1* _ —0.08* _
6 Sce III 118 * kg COy eq.t™! 04 * kg SO, eq.t ! 0.06 * kg PO, eq.t™!
Sce IV 22 * —0.19* —0.035 *
Scel 175 * 34 %1076+ 455 x 1072+
7 Sce II 90 * kg CO, eq.m 3 32 x1076* kgSO,eqm™3 455 x1072*  kgPOyeqm3
Sce 111 80 * 32x 1076+ 455 x 1072 *
Scel 221 1.32 —1.99 x 1072
Sce Il 21.6 2.04 x 1071 1x 1072
8 Sce III 31.6 kg CO, eqm™3 1.13 kg SO, eqm—3 3.85 x 1073 kg Peq.m3
Sce IV 27.7 591 x 101 7.21 x 1073
Sce V 38.9 248 137 x 103
Scel 652 1.4 0.3
9 Sce Il 1300 kg COy eq.t™! 4.1 kg SO, eq.t ™! 0.2 kgPeqt!
Sce I 909 21 0.3
10 Scel 166 kg CO, eq.t_1 - 0.551 kg POy eq.t_1

(a) from the perspective of electricity generation; (b) from the perspective of biomethane generation; * approximate

value (obtained from the graph).

The first study presented two options for processing pig manure in the form of sludge,
which mainly differ in the pretreatment and final treatment stages of the biogas sludge.
Both options included the following stages: pre-treatment, characterized in Scenario I
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(Sce I) by dried nightsoil and temporarily stored dry feces, and characterized in Scenario
II (Sce II) by water nightsoil, where biogas slurry backwash and dung are stored in deep
pits; anaerobic fermentation, in Sce I, characterized by underground pipe insulation and
biogas heating in winter, as well as solid-liquid separation, and in Sce II, characterized
by solar pipe network insulation and biogas heating in winter; outdoor storage, in Sce I,
characterized by compost storage and open composting of dry manure and biogas residue,
and in Sce II, characterized by open storage, with biogas slurry and residue (mixed) stored
in the open air; return of fertilizer, in Sce I, characterized by (1) the return of dry dung
and biogas residue to the field, and (2) biogas slurry filtration and drip irrigation, and in
Sce II, characterized by the return of biogas slurry and residue (mixed) to the field; and
biogas power generation, in both scenarios, which avoids the production of electricity in the
national grid, which is often generated from coal. The return of fertilizers for agricultural
purposes avoids the use of chemical fertilizers. The primary distinction between these two
scenarios lies in the utilization of solar energy for heating the fermentation process in Al,
as opposed to the use of biogas to heat the process in the LC.

From Table 6, it is evident that Scenario I was preferable to Scenario II for all impact
categories considered. In Scenario I, the global warming potential was notably lower, at
approximately 7.4 times less, and outdoor storage was the process that makes the most
significant contribution, accounting for 63% of the impact. By avoiding the production of
chemical fertilizers and energy, there was a considerable reduction of 38% in this environ-
mental impact. With regard to acidification, the reduction was approximately 60%, with
the process of returning fertilizer being the primary contributor, accounting for 56% of the
impact, followed by pretreatment at 28%. The avoided production of chemical fertilizer
allowed for a slight reduction in this impact category of approximately 13%. In terms of
eutrophication, the process of returning fertilizer was the primary contributor, accounting
for 64% of the impact, followed by pre-treatment at 12%. The avoided production of
chemical fertilizers resulted in a slight reduction of 10% in this impact category.

In Study 2, two contrasting strategies for pig manure management were assessed. Sce-
nario I entailed the combination of waste with straw and its application in aerobic compost-
ing. Conversely, Scenario II involved mixing manure with washing water and subjecting it
to anaerobic fermentation. In both scenarios, the solid fraction was transformed into organic
compost, and Scenario II produced biogas that was utilized for electricity generation.

Examining the data presented in Table 6, Scenario I proved to be a more favorable
option with regard to global warming. In contrast, Scenario II exhibited a significantly
more favorable impact on acidification and eutrophication. However, it should be noted
that this study did not delve into the individual contributions of these scenarios to various
impact categories.

In Study 3, six alternative approaches for managing pig manure were comparatively
evaluated. Except for the base scenario (Scenario I), all other scenarios presented two
possibilities for the treatment of the gaseous fraction (biogas). Option A involved converting
biogas into electricity, thereby replacing the electricity produced by the national grid.
Option B, on the other hand, involved purifying the biogas (biomethane) and utilizing it to
replace the national diesel oil production (with a 12% biodiesel component) in Scenarios 1I,
III, V, and VI, and replacing gasoline consumption in vehicles in Scenario IV.

Scenario I served as the base scenario, characterized by the stabilization of pig manure
in an open pond for 100 days, followed by its transportation to the field for application in
the soil, avoiding the production of chemical fertilizers.

Scenario Il involved pig manure passing through the biodigester of the covered lagoon,
before being stored in the open lagoon (stabilization lagoon) for an additional 100 days, with
the intention of applying it to the soil and avoiding the production of chemical fertilizers.

After anaerobic digestion of manure in a covered pond, solid-liquid separation oc-
curred, with the solid fraction composted and the liquid stored in an open tank for 60 days
before being applied to the soil, thus avoiding the production of chemical fertilizers. This
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process was similar in Sce III and Sce IV, with the latter utilizing biomethane to replace the
national production of vehicular gasoline.

In Sce V, pig manure from 40 facilities in the region was transported by truck to the
treatment plant, where it underwent anaerobic digestion in a covered lagoon. The resulting
product was stored in an open lagoon for 60 days before being applied to the soil to avoid
the production of chemical fertilizers.

In Sce VI, pig manure from 17 regional facilities was sent to a covered lagoon (biodi-
gester) for anaerobic digestion. The resulting digestate was then sent to a stabilization
pond for 60 days before being applied to the soil to avoid the production of chemical
fertilizers. The gaseous fraction of the 17 units was then sent through a pipeline to the
energy recovery unit.

From a global warming perspective, it was preferable to use biogas to produce diesel
fuel or vehicular gasoline rather than electricity. Sce V had the most favorable result in
this regard, with a reduction of —17.04 kg CO, eq/ton in global warming potential. In this
scenario, the process that contributed the most to this impact category was the purification
of biogas (17.44 kg CO; eq), followed by unintentional emissions in anaerobic digestion
(7.02 kg CO; eq). The emissions avoided in diesel burning represented the highest negative
impact value (—34.65 kg CO; eq).

The acidification resulted in the lowest value of 0.34 kg SO, eq. for Sce II, which
utilized biogas to produce biomethane as fuel. Emissions from the storage pond were the
primary contributors to this impact category, accounting for 84.17% of the total. However,
the application of digestate from the digester to the soil had a residual impact on reducing
acidification.

Eutrophication had the lowest value in Sce I (base scenario), with a total of 9.60 x 10~* kg
P eq. Fertigation negatively impacted eutrophication the most, whereas fertilization (solid)
was the most positive contributor.

Study 4 compared four scenarios for PM treatment of pig manure. Sce I (base scenario)
involved the direct use of the digestate from anaerobic digestion in agriculture, thereby
avoiding the production of chemical fertilizers. An internal combustion engine used part
of the biogas to produce electricity for the anaerobic digestion process, whereas the rest
was used for biomethane, which was injected into the natural gas network to avoid natural
gas extraction.

Sce Il included the composting of the solid fraction of the digestate, pre-treatment
of the liquid fraction with integrated flocculation, oxidation of biological contact, and the
use of the resulting medium for the cultivation of microalgae, which were then sent for
anaerobic digestion. Compost and solid fractions of flocculation were used in agriculture to
avoid the production of chemical fertilizers. Part of the biogas generated electricity and heat
in a cogeneration plant for internal consumption, whereas the other produced biomethane,
which was injected into the natural gas network to avoid extracting natural gas.

The following text describes two scenarios for the management of digestate, a byprod-
uct of anaerobic digestion. In Scenario III, the solid part of the digestate was sent for
composting, and the liquid part was used as a medium for the cultivation of microalgae,
which were then sent for anaerobic digestion. The compost and solid fractions from the cen-
trifuge and settling tank were used in agriculture to reduce the need for chemical fertilizers.
The biogas produced was used in a cogeneration plant to generate electricity and heat for
internal consumption, with the surplus used to produce biomethane and sold to the grid.

In Scenario 1V, a solid fraction of the digestate was composted and powdered biofertil-
izers were produced through struvite precipitation with ammonia removal. Compost and
biofertilizers were used in agriculture to reduce the need for chemical fertilizers. The biogas
produced was used in a cogeneration plant to generate electricity and heat for domestic
use, with the surplus used as a substitute for electricity from the grid and natural gas.

In this study, inventory data were aggregated into four categories of damage: human
health, ecosystem quality, climate change, and resources. The results for climate change are
presented in Table 6 and indicate that Scenario I (base scenario) was the most sustainable
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option, with the process that avoided the production of chemical fertilizers having the most
positive impact, and the storage of the digestate having the most negative impact.

In terms of the impact on human health and ecosystem quality, Scenario III was pre-
ferred because the digestate storage process was the most negative contributor. Processes
that avoided the production of chemical fertilizers and natural gas contributed the most
positively. In terms of the impact on resources, Scenario IV was preferred, as the anaero-
bic digestion process was the most negative contributor, and processes that avoided the
production of chemical fertilizers and natural gas contributed the most positively.

Study 5 compared four scenarios for pig manure management. Scenario I (partial
energy production) was the current scenario, in which 59% of the liquid fraction was treated
through anaerobic digestion in a covered pond, and 41% of the solid fraction was treated
through composting. It was considered that 10% of the biogas produced was transformed
into electricity for internal consumption, thereby avoiding the consumption of electricity
from the national electricity grid and burning the rest. The compost and solid fractions of
the digestate were utilized in agriculture to avoid the production of chemical fertilizers.

Scenario II (total energy production) was a simulated scenario in which all manure
energy was produced through anaerobic digestion, both liquid and solid fractions. The
electricity produced was used for domestic consumption, and any excess was sent to the
national grid to avoid the production of electricity. The solid fraction of anaerobic digestion
was used in agriculture to avoid the production of chemical fertilizers.

Scenario III (biogas burning) was a simulated scenario identical to Scenario I, except
that all the biogas produced was burned without energy use, and the electricity used in the
system comes from the national electricity grid.

Sce IV (conventional management) represented a scenario that simulates manure
management without any treatment, adhering to conventional practices. In this scenario,
all dried manure was utilized directly as an organic fertilizer in agricultural settings, thereby
avoiding the production of chemical fertilizers. Half of the liquid manure was discharged
directly into waterways, while the remaining portion was stored in uncovered ponds for
half a year before being utilized as an organic fertilizer in agriculture, again avoiding the
production of chemical fertilizers.

In terms of global warming, Sce I was the preferred scenario, with a total value of
272 kg CO, eq. This represented a reduction of 130 kg CO, eq compared to Sce IV, which
was less favorable. In Sce I, digestate discharge represented 46% of the total GWP, while
unintentional releases represented 23%. The process that contributed the most to reducing
global warming potential was avoiding electricity production in the national grid (82%).

For acidification, Sce IV achieved the best result (6.36 kg SO, eq), primarily due to the
greater replacement of chemical fertilizers. The waste storage process (liquid and solid)
was the primary contributor (79%) to this impact category, because of the NH3 emissions
while the avoided production of chemical fertilizers contributed the most (21%) to the
reduction in the total value.

The scenario with the lowest eutrophication impact was Sce II (2.21 kg POy eq), due
to the lower compost production and subsequent reduction in NHj3 emissions. In this
scenario, the waste storage process (liquid and solid) was the primary contributor (50%)
to the total value, mainly due to NH3; emission. Conversely, avoiding the production of
chemical fertilizers contributed in a residual manner to reducing the environmental impact.

Study 6 examined four scenarios for pig manure treatment. All scenarios generated
biogas for the co-generation of heat and electricity and the production of biofertilizers for
use in agriculture, thereby eliminating the production of chemical fertilizers. In Scenario I,
the amount of electricity consumed internally was greater than the amount produced in
the system. In Scenarios II and III, the amount of electricity produced exceeded the amount
consumed. In Scenario IV, the amount of electricity produced was equal to the amount
consumed. Any unused energy in the system avoided the production of electricity in the
national electrical grid and propane in the gas grid.
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Scenario I (base scenario) involved the anaerobic digestion of both the solid and
liquid fractions of pig manure. In Scenario II, the pig manure substrate was co-digested
with elephant grass silage. Scenario III involved the co-digestion of pig manure substrate
with corn silage. Scenario IV utilized biochar as an additive for the treatment of a pig
manure substrate.

Regarding global warming, Scenario I (base) was the most favorable, emitting ap-
proximately 18 kg CO, eq/ton. Scenario III was the least favorable, emitting 117.81 kg
CO;, eq/ton. Fugitive methane emissions from indoor lagoon digesters were the primary
contributors to this impact category.

For acidification, Scenarios I and IV, with emissions of approximately —0.19 kg SO,
eq/ton, were preferable. Scenario III, with emissions of approximately 0.4 kg SO, eq/ton,
was the least favorable. The use of biofertilizers in agriculture was the primary contributor
to this impact category, whereas the avoided production of electricity in the grid was the
primary contributor to its reduction.

To mitigate eutrophication, it was preferable to opt for Sce II, which emitted approxi-
mately —0.08 kg PO, eq/ton. Conversely, Sce III, with an emission rate of 0.2082 kg PO,
eq/ton, was the least favorable option. The processes that had the most significant impact
on reducing this effect were avoiding electricity production in the grid and the substitution
of chemical fertilizers.

As previously mentioned, Sce III ranked lowest among the three categories of impact,
despite the positive effects of avoided grid electricity production and the substitution
of chemical fertilizers with organic fertilizers, due to the strong negative environmental
impact of using fossil fuels in planting, harvesting, and silage production.

Study 7, which involved laboratory experiments on treating pig manure (both solid
and liquid), consisted of three scenarios.

Sce I was the base scenario, in which the waste was stored in facilities for 8 days before
being stabilized in an open storage tank for 120 days, transported to the field, and applied
as fertilizer.

Sce Il included the storage of manure in facilities for 8 days, followed by the degrada-
tion of organic matter via anaerobic digestion for 30 days, and the storage of the digestate
in an open tank for 60 days. This digestate was subsequently applied as fertilizer to the
soil, and the gaseous fraction (biogas) could be utilized in a cogeneration plant for heat and
electricity production.

Sce III reduced waste storage in facilities by three days, after which the solid fraction
was separated from the liquid in a separator. The biological process then occurred in
separate reactors due to the concentration of solids in the waste. As in the previous
scenario, digestate was utilized as fertilizer for the soil, and the gaseous fraction (biogas)
could be harnessed for heat and electricity production in a cogeneration plant.

Treatment systems could be classified into various phases, including storage, trans-
port and fertilization, infrastructure and operation, electricity avoided, heat avoided, and
fertilizer (NPK) avoided. Sce III generally presented the most favorable environmental
outcomes in the three impact categories examined, while the base scenario (Sce I) tended to
produce the least favorable results.

With regard to global warming, Sce III emitted approximately 80 kg CO, eq/ton,
whereas Sce I emitted approximately 175 kg CO, eq/ton. These emissions were primarily
attributed to the storage phase (approximately 200 kg CO, eq/ton), and the avoided
fertilizer phase contributed to their reduction by approximately 25 kg CO; eq/ton.

For acidification, the three scenarios produced extremely similar results (about
3.4 x 107° kg SO, eq/ton). The transport and fertilization phases contributed the most to
this environmental impact (approximately 3.5 x 10~¢ kg SO, eq/ton), followed by storage
(approximately 0.5 x 10~° kg SO, eq/ton). The avoided fertilizer phase contributed to its
reduction by about 0.6 x 10~ kg SO, eq/ton.
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Regarding eutrophication, the scenarios yielded comparable results, with emissions of
approximately 4.6 x 102 kg POy4/ton, with the transport and fertilization phases being
the primary contributors to this environmental impact.

Study 8 evaluated five different scenarios of pig manure treatment. All scenarios,
apart from the base scenario, produced biogas that was utilized in a combined heat and
power plant and digestate that was used as a biofertilizer in the soil, thereby avoiding the
production of chemical fertilizers. The electricity generated would replace the electricity
that would otherwise be obtained from the grid, and the heat produced would replace the
heat that would otherwise be derived from fossil fuels.

Scenario I was the baseline scenario, which involved the conventional management of
pig manure. This involved storing the manure in a deep hole for approximately 80 days
before applying it to the soil while avoiding the production of chemical fertilizers.

Scenario II consisted of three modules: biogas generation and organic load reduc-
tion (bio module), nitrogen removal (N module), and phosphorus removal and recovery
(P module).

Scenario III focused on removing nitrogen and ensuring an adequate supply of carbon
for denitrification.

Scenario IV replaced the covered lagoon bio-digester with four up flow anaerobic
sludge blankets.

Scenario V aimed to produce fertilizer at the end of the process by composting the
sludge of the system, which could be exported from the production area.

From a global warming and acidification perspective, Scenario II was preferred, with
total emissions of 21.6 kg CO, eq/m? and 0.204 kg SO, eq/m?, respectively. The fertilization
process was the most significant contributor to global warming, accounting for 39% of the
total value, followed by emissions in the storage pond (15%). Acidification was almost
entirely due to emissions during fertilization.

For the assessment of eutrophication, the base scenario (Sce I) yielded the most fa-
vorable outcome, with a reduction of 1.99 x 1072 kg Peq/m3. The process that had the
most detrimental effect on this category was fertilization, with approximately 2.45 kg P
eq/m?, while the most positive contribution came from avoided phosphorus production
(about —2.6 x 1073 kg P eq/m?), followed by avoided nitrogen production (—1.8 x 1073 kg
Peq/ m3).

Study 9 presented three treatment scenarios and disposal routes, each with a pre-
treatment step for separating the solid and liquid fractions. Sce I and III shared similar
wastewater treatment processes, including buffering, biochemical treatment, coagulation,
sedimentation, and disinfection. In contrast, Sce II featured anaerobic digestion by a black
film, biochemical treatment, coagulation/sedimentation, and disinfection. The primary
distinction between these treatments lay in the utilization of digestate. In Sce I, the sludge
and manure from the treatment were directly applied to the ground, while in Sce II, the
sludge and manure were composted separately and utilized as fertilizers in the soil. In Sce
II1, silt and manure were mixed, composted, and used as fertilizers in the soil.

Regarding global warming (GWP) and acidification (TA), Sce I was the preferred
option, with CO, emissions of 652 kg CO; eq/ton and SO, emissions of 1.4 kg SO, eq,
respectively. Composting of the solid fraction of manure was the process that made the
most significant contribution to GWP (approximately 65%), while emissions from electricity
and chemicals consumed in the system accounted for 15.56% of the total GWP value. In
terms of GWP, Sce III represented the worst-case scenario, with CO, emissions of 1300 kg
CO, eq/ton. Acidification was primarily due to emissions from the use of the solid fraction
(manure) in soil (approximately 67%) and wastewater treatment (approximately 24%).

For the mitigation of eutrophication, the utilization of manure, both in solid and liquid
form, in the soil was the most significant contributor (89%) to this impact category, with
a preference for the emission of 0.2 kg Peq. Avoided fertilizer production contributed to
reducing the overall impact by approximately 10%.
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The objective of Study 10 was to evaluate the effects of managing pig manure using
gasification technology, resulting in the production of three byproducts: syngas, heat, and
biochar. Syngas that was not utilized within the system was considered as a substitute
for natural gas. In soil, biochar was utilized as a substitute for chemical fertilizers. The
treatment process included the following stages: swine house, pre-separation tank, pump-
ing/stirring, separation, post-separation storage, drying, gasification boiler, transport,
mixing/spreading, and land application.

For global warming, the system had a net emission of 166 kg CO, eq/ton. Emissions
from the sludge storage processes under slatted floors in the swine house and external
storage (pre-separation tank) made the most significant contribution to the total value,
representing 42.1% and 35.1%, respectively. Nitrous oxide (N,O) and methane (CHy)
were the substances that contributed most significantly to this impact category. The post-
separation storage process contributed 22.4% of this impact category. Natural gas avoided
by the production of syngas in the gasification boiler process and chemical fertilizer avoided
by the application of sludge and biochar in the land (land application process) contributed
to a reduction in global warming potential (GWP) by (—3.54%) and (—3.57%), respectively.

Eutrophication was primarily caused by the application of slurry biochar to the soil,
accounting for almost all (98.5%) of the phosphorus contained in the compost being leached.

4. Discussion

The presence of distinct goals and scope, system boundaries, functional units, im-
pact assessment methods and model assumptions pose challenges to achieving precise
comparisons among LCA investigations. The same was emphasized in a preceding re-
view [20]. Nonetheless, by classifying inquiries under the three categories delineated
in this manuscript, extensive comparisons emerged as more viable, as demonstrated in
Table 7. The optimal scenario was presented for each study’s relevant impact categories to
facilitate comprehension.

Anaerobic digestion emerged as the predominant treatment method utilized for pig
manure management in various studies examined in this manuscript, with the exception of
Study 10, where solid manure gasification was employed, devoid of comparative analysis
with other treatment modalities.

Utilization of composting has been observed in several studies (Studies 2 and 9).
In Study 2, a blend of manure and straw preceded composting, juxtaposed with anaer-
obic digestion of the manure, and wash water amalgam. Meanwhile, Study 9 entailed
co-composting and mono-composting of sludge and manure, in contrast to the direct
application of wastewater biological treatment on soil containing manure and sludge.

The composting of pig manure along with straw to generate organic compost has
exhibited superiority over mixing manure with wash water for anaerobic digestion for
global warming, albeit inferiority in terms of acidification and eutrophication. Both mono-
composting and co-composting of manure/sludge alongside land utilization have shown
adverse effects on global warming and acidification, compared to the direct application of
manure and sludge from wastewater biological treatment onto the soil. This contention
was also supported by Lopez-Ridaura et al. [21], who indicated that spreading had a lesser
impact than aerobic treatment, with mono-composting emerging as the optimal choice for
addressing eutrophication concerns.

Subsequent studies have focused on anaerobic digestion as the primary treatment
modality, with comparisons drawn among various scenarios. Study 1 particularly high-
lighted distinctions between the two scenarios, emphasizing the pretreatment and final
treatment stages of biogas sludge. The scenario characterized by dried nightsoil and tem-
porarily stored dry feces, coupled with biogas residue managed through compost storage
and open composting, proved preferable in terms of global warming, acidification, and
eutrophication.

Studies 3, 5, 7, and 8 delineated a baseline scenario in which manure management
proceeded without treatment. While Study 5 involved direct manure application onto soil,
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Study 3 entailed stabilization in an open pond for 100 days, Study 7 in an open storage
tank for 120 days, and Study 8 in a deep hole for approximately 80 days.

Table 7. Treatment, system boundary, functional unit, and GWP, AC, and EU for the best pig manure
treatment systems found in the selected studies.

St. N° Treatment Scope FU GWP AC EU

Sce I—Long chain g . . 319.77 kg CO, 9.16 kg SO, eq. 2.35 kg POy eq

1 fermentation Pre-treatment to biogas power generation 74t eq. (7411 (74171 (741"
Sce [—Aerobic composting Collection of pig waste and transfer to the 10755/1;511(:02

treatment til solid waste is f d duri
2 See II—Anaerobic reatment area until solid waste is formed during 1t 002 kg SO, 134 x 103 kg
. composting.

fermentation eq/ton POy eq/ton
Sce 1—(baseline) application 9.60 x 10~ kg PO
the manure to the soil as a eq/ton—
source of fertilizer (Freshwater EU)
Scell (b,)_SOhd_hqmd Manure storage; stabilization of organic matter
separation and AD based on followed by field application and/or production of 0.34 kg SO,

3 covered lagoon biogas for electricity or biomethane; followed by 1t eq/ton—
biodigester—Biomethane storage of the digested AD and application as (Terrestrial AC)
generation fertilizer.

Sce V (b)—AD based on
covered lagoon —17.04 kg CO,
biodigester—Biomethane eq.t!
generation
Transport of pig manure, storage, treatment and
Sce I—AD—Direct use of use of d}gestate in agrlct'lltural processes, “11kg CO,
4 digestates in agriculture: production and use of biogas to generate 1t eat-l - -
& g ’ heat/energy, and replacement of biogas or a
biofertilizers with equivalents from fossil resources.
Sce I—AD with partial energy 272 kg CO,
production Treatment and handling of liquid and solid manure eq.t™!
Sce II—AD with total energy generated on the farm until the production of 1

5 production inputs of biogas/electricity, compost, and treated Lt 221 kg POy eqt
Sce IV—AD with Traditional water for irrigation 6.36 kg SO,
management eqt!

. 18 kg CO,
Sce I—Traditional AD Collection of manure for the production of biochar eq.t!
Sce II—AD with Co-digestion  for the use of biogas and biofertilizer and the —0.08 kg PO,
6* - : ; . e 1t 5,
with elephant grass silage production of biogas for heat/electricity eq.t
Sce IV—AD with Biochar as cogeneration. —0.19 kg SO,
an additive eq.t™!
Production and storage of manure, stabilization of 32 x 106 kg
. . I . i
s Sce II—Solid-liquid organic matter in manure, aqd application in the s 80 kg CO, SO, eq.m 4.55 x 10 13<g
7 separation and AD field and /or production of biogas for 1m eq 3 (Freshwat PO4 eq.m
p electricity /heat cogeneration, storage of digestate, - resACV\)ra er (Marine EU)
and application as fertilizer.
Sce II—AD with continuous AD process, solid-liquid separation, N and P 21.6 ke CO 2.04 x 1071 kg
stirred-tank reactor and removal, water reuse, sludge storage and/or é r§1’3 2 SO, eq.m’3
covered lagoon biodigester composting, application as biofertilizer, 5 @ (Terrestrial AC)

8 Sce V—AD with continuous replacement of synthetic fertilizers, production and Im 1.37 x 1073 kg P
stirred-tank reactor and use of biogas for electricity /heat cogeneration, and eq.m
system sludge composting replacement of the energy generated. (Freshwater EU)
Sce [—Buffering and direct 652 kg CO, 14 kg§102
use on the ground; The pre-treatment process and manure/sludge eqt! eq.t

9 treatment process until the digestate is used in 1t (Terrestrial AC)

Sce [I—black-film anaerobic the field. 02kgP eq.t’1
digestion and composting; (Freshwater EU)
 Cacifiaat Waste management activities up to the application

10 Scel Ga51_f1cat1on for of the liquid fraction (slurry) and the solid fraction 1t 166 kgSOZ - 0',5151 kg‘PO4
manure solids eq.t eq.t™' (Marine EU)

of the digestate to the land.

(b) from the perspective of biomethane generation. * study with approximate value.

The traditional approach to pig manure management (without any form of treatment)
resulted in the least favorable outcomes in terms of global warming, acidification, and
eutrophication in the laboratory experiments conducted in Study 7. Conversely, it showed
a preference for eutrophication in Studies 3 and 8, which was attributed to the reduction
in phosphorus and nitrogen production. The management method also demonstrated
a preference for acidification in Study 5, primarily due to the increased substitution of
chemical fertilizers. The separated liquid fraction from pig manure displayed a decrease in
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greenhouse gas emissions compared with the unseparated fraction, which can be linked to
lower levels of carbon and nitrogen concentrations, as evidenced by Dennehy et al. [22].

The SISTRATES® system (Portuguese abbreviation for swine effluent treatment system)
used in Study 8 efficiently eliminated nitrogen from pig farm wastewater, thus reducing
eutrophication risks, as supported by the findings of Huang et al. [23]. Additionally, the
energy and nitrogen removal (N module) and phosphorus removal and recovery (P module)
techniques employed, together with the reduction in greenhouse gas emissions, contribute
to the sustainability of the pig production chain.

Anaerobic digestion was consistently favored over the traditional management of
pig manure, as it minimizes its impact on global warming. Furthermore, utilizing biogas
for the production of diesel fuel or vehicular gasoline was preferred to electricity gen-
eration, mainly because of the emission reduction in diesel combustion, as indicated in
Study 3. However, to minimize acidification, producing biomethane fuel using biogas
was preferable.

The studies analyzed in this work also specify which stages of the pig waste manage-
ment process produce the greatest environmental impacts, as shown below.

The processes of manure storage, composting, and fertilization were the ones that
were most cited in studies as the processes that produced the most environmental impacts,
each being cited in four studies.

Studies 1, 5, 6, and 10 identified manure storage as one of the main processes that
negatively impacted the environment in their research. According to Im et al. [24], signifi-
cant amounts of methane are emitted by manure storage tanks, which are important for
maintaining the greenhouse effect.

The composting process was cited in Studies 2, 5, 8, and 9 as responsible for the
greatest environmental impacts. According to Kim et al. [25], the aerobic composting
stage of pig manure can release harmful substances into the environment, which can affect
air, soil, and water quality, thus significantly contributing to environmental acidification
and eutrophication.

Fertilization and agricultural processes were cited in Studies 3, 6, 7, and 8 as the worst
in environmental terms. Although fertilizers derived from pig manure are considered
environmentally better than synthetic fertilizers, they can still have varied environmental
impacts [26] and their excessive use can intensify greenhouse gas emissions [27].

Other processes were also considered important for the production of environmental
impacts, such as the anaerobic digestion process (cited in Studies 2 and 4), drying of manure
or digestate (cited by Studies 5 and 10), wastewater treatment (cited by Study 1), transport
(cited by Study 7), and disposal of manure in water bodies that occur in the conventional
management system (cited by Study 5).

5. Conclusions

This study demonstrated the significant challenges encountered when attempting to
compare the findings of the different LCA researches examined, as they lack a standardized
methodological framework. Subsequent conclusions are outlined below.

Pig manure mishandling poses significant environmental impacts, emphasizing the
importance of proper waste management practices. Anaerobic digestion is a commonly
favored method for pig manure management, due to its benefits in reducing environmental
impacts, which is in line with the article review made by Dennehy et al. [22] (European
practices in particular). Different scenarios and treatment modalities have varying effects on
global warming, acidification, and eutrophication, with some methods proving preferable
in terms of environmental sustainability. Utilizing biogas to produce diesel fuel or vehicular
gasoline was preferred over electricity generation to reduce emissions, while producing
biomethane fuel using biogas was preferable for minimizing acidification. Optimization
of storage time, solid-liquid separation, and anaerobic digestion processes are crucial for
environmental sustainability in swine farms.
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To realize improved comparisons between LCA studies in the pig manure sector, a
methodical approach regarding the harmonization of system boundaries, functional units,
considered processes, and allocation assumption is recommended for future research.

Author Contributions: Conceptualization, J.F. and L.D.; methodology, J.F. and L.S.; software, M.E;
validation, J.F,; formal analysis, J.E, I.D. and L.S.; investigation, ].F. and L.S.; resources, ].F.,, A.F. and
L.D.; data curation, ].E,; writing—original draft preparation, J.F. and L.S.; writing—review and editing,
J.E, LS., M.E, AF. and I.D.; supervision, ].E; project administration, A.F.,; funding acquisition, J.F.,
A'F. and L.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was conducted in the framework of Project PRR-C05-i03-1-000030-LA3.3 and
LA3.4, financed by PRR and financed by national funds through FCT—Fundagao para a Ciéncia e
Tecnologia, through the CERNAS Research Centre—project UIDB/00681 /2020 (I.D.).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. GPP. Setor Suinicola Nacional. In Diagndstico do Setor e Propostas de Medidas de Promogio da Sustentabilidade da Atividades Suinicola;
GPP—Gabinete de Planeamento, Politicas e Administracao Geral, Praca do Comércio: Lisbon, Portugal, 2022; pp. 17-54.

2. FAO; FAB. Livestoch and Enviromental Statistics: Manure and GHG Emissions [Global, Regional and Country Trends 1990-2018].
Available online: https://www.fao.org/3/cb1922en/cb1922en.pdf (accessed on 11 January 2024).

3. Longhurst, PJ.; Tompkins, D.; Pollard, S.J.; Hough, R.L.; Chambers, B.; Gale, P.,; Tyrrel, S.; Villa, R.; Taylor, M.; Wu, S.; et al. Risk
assessments for quality-assured, source-segregated composts and anaerobic digestates for a circular bioeconomy in the UK.
Environ. Int. 2019, 127, 253-266. [CrossRef] [PubMed]

4. Wainaina, S.; Awasthi, M.K; Sarsaiya, S.; Chen, H.; Singh, E.; Kumar, A.; Ravindran, B.; Awasthi, S.K,; Liu, T.; Duan, Y.; et al.
Resource recovery and circular economy from organic solid waste using aerobic and anaerobic digestion technologies. Bioresour.
Technol. 2020, 301, 122778. [CrossRef] [PubMed]

5. ISO 14040; Environmental Management—Life Cycle Assessment—Principles and Framework. International Organization for
Standardization: London, UK; British Standards Institution: Hutchings, UK, 2006.

6.  ISO 14044; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. International Organization for
Standardization: London, UK; British Standards Institution: Hutchings, UK, 2006.

7. Lemming, G.; Hauschild, M.Z.; Bjerg, P.L. Life cycle assessment of soil and groundwater remediation technologies: Literature
review. Int. |. Life Cycle Assess. 2010, 15, 115-127. [CrossRef]

8.  Wang, X,; Dong, X.; Wang, X.C.; Zhang, P.; Liu, R.; Klemes$, ].].; Zheng, J. A life cycle assessment of an enterprise’s low-carbon
emissions model: The Xinjiang Shihezi pig farm faecal treatment biogas project as a case study. J. Environ. Manag. 2022, 304,
114251. [CrossRef] [PubMed]

9. Dong, B.; Song, C.; Li, H.; Lin, A.; Wang, J.; Li, W. Life cycle assessment on the environmental impacts of different pig manure
management techniques. Int. J. Agric. Biol. Eng. 2022, 15, 78-84. [CrossRef]

10. Hollas, C.E.; do Amaral, K.G.C.; Lange, M.V,; Higarashi, M.M.; Steinmetz, R.L.R.; Barros, E.C.; Mariani, L.F; Nakano, V.; Kunz, A;
Sanches-Pereira, A.; et al. Life cycle assessment of waste management from the Brazilian pig chain residues in two perspectives:
Electricity and biomethane production. J. Clean. Prod. 2022, 354, 131654. [CrossRef]

11. Duan, N.; Khoshnevisan, B.; Lin, C.; Liu, Z.; Liu, H. Life cycle assessment of anaerobic digestion of pig manure coupled with
different digestate treatment technologies. Environ. Int. 2020, 137, 105522. [CrossRef] [PubMed]

12.  Ramirez-Islas, M.E.; Giiereca, L.P.; Sosa-Rodriguez, ES.; Cobos-Peralta, M.A. Environmental assessment of energy production
from anaerobic digestion of pig manure at medium-scale using life cycle assessment. Waste Manag. 2020, 102, 85-96. [CrossRef]

13. Freitas, EE,; Furtado, A.C,; Pinas, ].A.V.; Venturini, O.].; Barros, RM.; Lora, E.E.S. Holistic Life Cycle Assessment of a biogas-based
electricity generation plant in a pig farm considering co-digestion and an additive. Energy 2022, 261, 125340. [CrossRef]

14. Hollas, C.E.; Bolsan, A.C.; Chini, A.; Venturin, B.; Bonassa, G.; Candido, D.; Antes, F.G.; Steinmetz, R.L.R.; Prado, N.V.; Kunz, A.
Effects of swine manure storage time on solid-liquid separation and biogas production: A life-cycle assessment approach. Renew.
Sustain. Energy Rev. 2021, 150, 111472. [CrossRef]

15. Hollas, C.E.; Rodrigues, H.C.; Bolsan, A.C.; Venturin, B.; Bortoli, M.; Antes, EG.; Steinmetz, R.L.R.; Kunz, A. Swine manure
treatment technologies as drivers for circular economy in agribusiness: A techno-economic and life cycle assessment approach.
Sci. Total Environ. 2023, 857, 159494. [CrossRef] [PubMed]

16. Liu, B.; Zhou, H,; Li, L.; Ai, J.; He, H.; Yu, J.; Li, P.; Zhang, W. Environmental impact and optimization suggestions of pig manure
and wastewater treatment systems from a life cycle perspective. Sci. Total Environ. 2023, 905, 167262. [CrossRef] [PubMed]

17.  Sharara, M.; Kim, D.; Sadaka, S.; Thoma, G. Consequential life cycle assessment of swine manure management within a thermal
gasification scenario. Energies 2019, 12, 4081. [CrossRef]

18. EC—European Commission. Pigmeat CMO Committee 14 December 2023. Available online: https:/ /agriculture.ec.europa.eu/

data-and-analysis/markets/overviews/market-observatories/meat_pt (accessed on 11 January 2024).


https://www.fao.org/3/cb1922en/cb1922en.pdf
https://doi.org/10.1016/j.envint.2019.03.044
https://www.ncbi.nlm.nih.gov/pubmed/30928849
https://doi.org/10.1016/j.biortech.2020.122778
https://www.ncbi.nlm.nih.gov/pubmed/31983580
https://doi.org/10.1007/s11367-009-0129-x
https://doi.org/10.1016/j.jenvman.2021.114251
https://www.ncbi.nlm.nih.gov/pubmed/34933266
https://doi.org/10.25165/j.ijabe.20221503.6212
https://doi.org/10.1016/j.jclepro.2022.131654
https://doi.org/10.1016/j.envint.2020.105522
https://www.ncbi.nlm.nih.gov/pubmed/32007689
https://doi.org/10.1016/j.wasman.2019.10.012
https://doi.org/10.1016/j.energy.2022.125340
https://doi.org/10.1016/j.rser.2021.111472
https://doi.org/10.1016/j.scitotenv.2022.159494
https://www.ncbi.nlm.nih.gov/pubmed/36257411
https://doi.org/10.1016/j.scitotenv.2023.167262
https://www.ncbi.nlm.nih.gov/pubmed/37741414
https://doi.org/10.3390/en12214081
https://agriculture.ec.europa.eu/data-and-analysis/markets/overviews/market-observatories/meat_pt
https://agriculture.ec.europa.eu/data-and-analysis/markets/overviews/market-observatories/meat_pt

Sustainability 2024, 16, 3521 18 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

Scarlat, N.; Dallemand, J.F,; Fahl, F. Biogas: Developments and perspectives in Europe. Renew. Energy 2018, 129, 457-472.
[CrossRef]

McAuliffe, G.A.; Chapman, D.V.; Sage, C.L. A thematic review of life cycle assessment (LCA) applied to pig production. Environ.
Impact. Assess. Rev. 2016, 56, 12-22. [CrossRef]

Lopez-Ridaura, S.; Werf Hvd Paillat, ].M.; Le Bris, B. Environmental evaluation of transfer and treatment of excess pig slurry by
life cycle assessment. |. Environ. Manag. 2009, 90, 1296-1304. [CrossRef] [PubMed]

Dennehy, C.; Lawlor, P.G.; Jiang, Y.; Gardiner, G.E.; Xie, S.; Nghiem, L.D.; Zhan, X. Greenhouse gas emissions from different pig
manure management techniques: A critical analysis. Front. Environ. Sci. Eng. 2017, 11, 11. [CrossRef]

Huang, L.; Lu, Z,; Xie, T.; Wang, L.R.; Mo, C. Nitrogen and phosphorus removal by coupling Anaerobic ammonia oxidation
reaction with algal-bacterial symbiotic system. J. Environ. Chem. Eng. 2022, 10, 108905. [CrossRef]

Im, S.; Kang, S.; Jang, D.; Kim, G.; Kim, D.H. Use of reverse osmosis concentrate for mitigating greenhouse gas emissions from
pig slurry. Front. Microbiol. 2023, 14, 1180018. [CrossRef]

Kim, ] K.; Kwag, ].H.; Jeong, K.H.; Han, D.W,; Yu, B.K.; Ahn, HK,; Ra, C.S. The Mixing Effect of Decomposed Manure as Bulking
Agent in Composting of Dairy Cow Manure. |. Anim. Environ. Sci. 2015, 21, 99-104. [CrossRef]

Litskas, V.D. Environmental impact assessment for animal waste, organic and synthetic fertilizers. Nitrogen 2023, 4, 16-25.
[CrossRef]

Venslauskas, K.; Navickas, K.; RubeZius, M.; Tilvikiené, V.; Suproniené, S.; Doyeni, M.O.; Barcauskaité, K.; Baksinskaité, A.;
Buneviciene, K. Environmental impact assessment of sustainable pig farm via management of nutrient and co-product flows in
the farm. Agronomy 2022, 12, 760. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.renene.2018.03.006
https://doi.org/10.1016/j.eiar.2015.08.008
https://doi.org/10.1016/j.jenvman.2008.07.008
https://www.ncbi.nlm.nih.gov/pubmed/18793822
https://doi.org/10.1007/s11783-017-0942-6
https://doi.org/10.1016/j.jece.2022.108905
https://doi.org/10.3389/fmicb.2023.1180018
https://doi.org/10.11109/JAES.2015.21.3.99
https://doi.org/10.3390/nitrogen4010002
https://doi.org/10.3390/agronomy12040760

	Introduction 
	Methodology 
	Bibliographic Research 
	Descriptive Analysis 
	Quantitative Analysis 

	Results 
	Descriptive Analysis of the Life Cycle Assessment of the Pig Manure Treatment Systems 
	Basic Study Characteristics 
	Functional Unit (FU), Methods/Software and Database 
	System Boundaries 
	Impact Categories 

	Quantitative Analysis of the Global Warming Potential, Acidification, and Eutrophication Results for the Pig Manure Treatment 

	Discussion 
	Conclusions 
	References

