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Abstract: Although pig meat accounts for nearly half of total meat production in Europe, less attention
has been focused on the greenhouse gas (GHG) emissions of pig farming. The aim of this study was
to assess and compare the impact of pig livestock on GHG emissions during the period 2015–2020 in
major European countries, including Greece, using different computational approaches (Tier 1, Tier 2,
Gleam-i software v. 2.0 developed by FAO, Rome, Italy). A semi-extensive pig farm was also used
as a small-scale scenario. The ranking of the countries related to GHG emissions was not affected
by the applied methodology. Spain had the highest emissions due to the higher number of farming
animals. The noted numeric differences in the estimations can be attributed to the elaborated and
different equational approach that Tier 2 methodology and Gleam-i followed, considering many
livestock parameters. Additionally, the semi-extensive farm had lower emissions/fewer animal
compared to the average intensive pig farm in the Greek territory. The Tier 1 approach revealed that
breeding animals produces more to the emissions, contrary to Tier 2, which showed that fattening
pigs is responsible for the majority of GHG emissions. Therefore, specific animal categories could be
targeted (i.e., fattening gilts) in a more specialized manner apart from general strategies (i.e., animal
improvement).
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1. Introduction

Climate change has been reported to have a direct impact on agriculture and live-
stock [1], as their production depends on weather conditions. On the other hand, the
agriculture–food sector is considered one of the most important sectors of the European
economy, contributing a high proportion of total greenhouse gas emissions [2–4]. The types
of food with the highest environmental burdens are meat (beef, pork, chicken) and dairy
(cheese, milk, butter) products [5]. The impact of livestock production on climate change
has been of great concern in recent decades, mainly due to the increase in human population.
It is estimated that the sector is responsible for 14.5% of total anthropogenic greenhouse
gas (GHG) emissions, which means that more than nine million CO2 equivalents (eq.)
are emitted every year due to livestock activity. GHG emissions from the livestock sector
include CO2, CH4 and NO2. Enteric fermentation, feed production and processing, manure,
transportation and further processing of animal products are the main contributors of
these emissions [1,3]. Therefore, a wide range of mitigation strategies have been proposed
to eliminate these emissions, such as changes in diet content, manure management and
herd management [1]. Further to these strategies, novel techniques to capture methane or
carbon dioxide emissions have been developed, including, for example, antimethanogenic
strategies (chemical inhibitors, electron acceptors and ionophores) or carbon capture and
utilization strategies (CCU) using microalgae for enhanced carbon sequestration [1,6–9].

On the other hand, the human population is expected to reach 9.7 billion by 2050 [10].
This population growth, together with the increase in the urbanization rate and the ame-
lioration of humans’ social status, is expected to lead in an increase in future need for
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livestock products, which is estimated to double by 2050 [1,11] Therefore, the livestock
sector will require more natural resources to meet these demands, resulting in a larger
environmental footprint.

Until now, ruminants have mainly been of interest due to the considerable methane
(CH4) emissions derived from enteric fermentation, whereas less attention has been paid to
other non-ruminant species. Indeed, the ruminant sector, especially beef cattle, followed
by dairy cattle and buffaloes, is considered to be among the main contributors of GHG
emissions, participating in the “tank” of global warming potential, with more than 74%
of total CO2-eq produced by the livestock sector [3]. However, in the light of the high
consumption of many other livestock commodities, attention should also be paid to other
livestock categories in the European Union, such as pig farming.

The European pig farming sector accounts for nearly half of total meat production.
Germany, Spain and France are the main contributors of pig meat, producing more than
half of all pig meat produced in the EU. In addition, pig meat ranks in first position in terms
of consumer preference [12]. The sector is highly diverse, with considerable differences in
rearing methods and farm size across the member states, ranging from backyard farming
to industrial systems. Pig farming in Greece is considered one of the most dynamic sectors
of intensive farming systems, after poultry production. It accounts for 25% of domestic
meat production, with a self-sufficiency rate of approximately 35% [13]. Within common
agricultural policy (CAP), the sector is enhanced by the common organization of markets,
regulating trade and providing support in the event of a sectoral crisis. The new framework
of CAP sets as a priority a more environmental approach, reflecting a lower contribution of
the sector to livestock’s environmental impact.

Livestock’s carbon footprint is mainly based on the assessment of the respective GHG
emissions. According to the Intergovernmental Panel on Climate Change guidelines [14],
the estimation of GHG emissions can be achieved following different tier methodologies
(Tier 1, 2 or 3) according to the available data. These approaches are based on using specific
equations of elevated computational power according to the available data (i.e., population
number, animal categories, feed parameters, etc.). According to Tier 1 methodologies,
GHG emission estimations per head of livestock are responsive only to changes in animal
numbers and populations. On the contrary, Tier 2 methodologies intend to better capture
the management of GHG emissions and offer higher precision, as these methodologies
are based on more elaborate data, such as classification of different types of livestock
categories, as well as data regarding livestock weight, weight gain, feed digestibility, level
of production, etc. Tier 3 methodologies refer to the most sophisticate approach, including
models and inventory measurement systems tailored to national circumstances, repeated
over time and driven by high-resolution activity data and disaggregated at the subnational
level. However, as the carbon footprint is emerging among the various human activities, a
number of promising software applications have been developed to facilitate the estimation
of GHG emissions based on the aforementioned approaches. A promising software that
utilizes a Tier 2 approach is the “Global Livestock Environmental Assessment Model”
(GLEAM), a web-based tool that was recently developed by the Food and Agriculture
Organization to estimate GHG emissions in the livestock sector [15].

The environmental impact of GHG emissions has been well studied, especially in
ruminant species. Most studies refer to a set of examined farms under the same or different
farming systems (i.e., intensive, semi-intensive, organic) using specific boundaries in
each study, although results are not comparable between the majority of studies due to
different functional units and/or different computational approaches (model equations,
IPCC equations, LCA software approaches, etc.). When referring to the country level, they
use only either Tier 1 or Tier 2 approaches [14,16]. However, scarce information exists about
the assessment of GHG emissions, especially in the pig sector, using different inventories
in the same dataset. Therefore, the aim of the present study is to depict the impact of
pig livestock on climate change in terms of GHG emissions, particularly methane (CH4)
and direct (N2O) and indirect (NOx, NH3, NO3

−) nitrogen emissions, during the last six
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consecutive years in the territory of Greece, as well as in major European countries, using
comparatively different methodological approaches (Tier 1 and Tier 2 using IPCC equations
as well Tier 2 using Gleam-i softwaredeveloped by FAO, Rome, Italy). In addition, a case
study of a typical semi-extensive pig farm in Northern Greece in terms of GHG is considered
as a small-scale scenario. To the best of our knowledge, this is the first comprehensive and
differentiated assessment regarding the emissions of pig farming, especially in Greece, and
may serve as a fundamental step to evaluate estimated GHG emissions in order to identify
gaps and limitations in the used methodologies, as well as to highlight potential mitigation
strategies that could be applied to eliminate GHG emissions in pig livestock production.

2. Materials and Methods
2.1. Area of Study

The study included the estimation of GHG emissions of (a) a semi-extensive pig farm
rearing an autochthonous breed pig in the territory of northern Greece, (b) the Greek pig
sector and (c) the major European pig-farming countries (France, Germany, Denmark, Spain,
Italy, the Netherlands, Portugal, Bulgaria, Croatia) using Tier 1 and 2 approaches according
to IPCC guidelines [14,17], as well as GLEAM-i software [15]. Regarding Tier 1 and
2 approaches, all on-farm activities related to pig production were considered to estimate
methane (CH4) emissions through intestinal fermentation and manure management, as
well as direct (N2O) and indirect (NOx, NH3, NO3

−) nitrogen emissions. Gleam-i software
was used to indirectly consider emissions related to transportation at the territory level.
GHG emissions in each European country level were estimated for the last six consecutive
years (2015-2020). Estimations for the case study of the semi-extensive pig farm were
made only for 2019 due to inadequate available data from previous years (especially for
feed parameters). Results are presented in Gg equivalents of carbon dioxide (Gg CO2-eq),
considering the 100-year global warming potential of non-CO2 GHG emissions and that of
CH4 and N2O as 25 and 298 times CO2, respectively.

2.2. Population Number
2.2.1. Semi-Extensive Pig Farm

The studied pig farm followed a semi-extensive system for breeding sows, replacement
gilts, boars and weaned piglets and an intensive system for fattening pigs (pre-fattening
and fattening piglets). The typical characteristics of the examined farm, as well as the
recorded number of each animal category, are depicted in Table 1. All data concerning
farming system characteristics (population, reproductive and productive characteristics,
diets, etc.) were collected using a specially designed questionnaire, on-site visits to the
farm and personal interviews with the owner.

For the correct computation of GHG emissions in the animals living less than one
calendar year (i.e., fattening gilts), the exact population number was estimated using the
following Equation (1) [14,17]:

N = Daysalive ×
(

NAPA
365

)
(1)

where N = the number of head of livestock species/animal category in the country (equiva-
lent to annual average population), and NAPA = number of animals produced annually.

2.2.2. Pig Population of European Countries

The total pig population, as well as the population of each animal category (i.e.,
sows, boars), was retrieved from the European Statistical Office (EUROSTAT) [18] for each
targeted case for the studied years (Table 2). In animal categories in which populations
live less than one calendar year (i.e., fattening gilts), the exact population number was
estimated as previously described (Equation (1)).
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Table 1. Characteristics of the studied semi-extensive pig farm.

Parameter Value

Number of adult females 122
Number of adult males 9

Weight at birth (Kg) 1.5
Weight of weaned piglets (Kg) 9

Daily weight gain of fattening animals (g) 0.215
Live weight of adult females (Kg) 70
Live weight of adult males (Kg) 110

Live weight of slaughtered animals (fattening
pigs; Kg) 60

Duration of gestation period (days) 115
Duration of lactation period (days) 55

Days between parturition and next pregnancy
(days) 180

Weaning age (days) 55
Mortality rate of weaned piglets 0.02

Mortality rate of fattening animals 0.02
Replacement rate of males 10

Litter size (number of animals) 8
Replacement rate of adult females 10

Fertility of adult females 1.5
Death rate of young females 0.02
Death rate of adult animals 0.02

Used Feeds for animal diets %
Grazing 55%

Leguminous beans 5%
Crop residue from leguminous plant

cultivation 10%

Grains from wheat 5%
Grains from maize 15%

Grains from rice 10%

2.3. Emissions Estimation Using Tier Methodologies

The estimation of GHG emissions (methane and nitrous oxide) using Tier 1 and Tier 2
methodologies was based on the equations and guidelines proposed by the IPCC [14,17]
for each specific gas category. As IPCC recommendations are publicly available, here-
after, the number of each used equation is highlighted following the nomenclature of
IPCC guidelines.

2.3.1. Methane (CH4) Emissions

Equations (10.19) and (10.20) were used for the estimation of the total annual methane
emissions derived from porcine intestinal fermentation [14]. According to IPCC guide-
lines [17], for this type of emissions, only a Tier 1 approach was followed because these
emissions contribute a very low percentage of the total derived emissions compared to
other productive animals, such as cattle. Therefore, country-specific emissions factors (EFs)
were used to estimate intestinal fermentation methane emissions.

CH4 emissions derived from manure management were estimated using Equation
(10.22) [17]. In the Tier 1 approach, a fixed emission factor per country was used based on
the guidelines of the IPCC [17]. In the case of the examined semi-extensive pig farm, the
applied manure management system consisted of 60% in daily spread of manure and 40%
in a manure storage system for the categories of grazing animals. For the animal category
of fattening pigs (intensively reared), manure management was based only on a storage
system. The latter was also assumed for the case of European farms, as they implement
an intensive farming system. For estimation of methane emissions derived from manure
using the Tier 2 methodology, a more elaborated approach was implemented, estimating
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the respective emission factor (EF) using Equation (10.23) [17]. For the above estimations,
the climate region of each examined case was considered, as proposed by the IPCC [17].

Table 2. Pig population per animal category in the studied European countries.

Country Animal
Category 2015 2016 2017 2018 2019 2020

Bulgaria
Sows 58,150 64,510 62,160 69,990 50,860 65,770
Boars 2220 1080 1000 1120 750 930

Replacement
gilts 4690 8060 6850 8130 9410 6750

Croatia
Sows 118,000 120,000 125,000 122,000 125,000 110,000
Boars 4000 3000 3000 3000 3000 3000

Replacement
gilts 19,000 11,000 15,000 15,000 15,000 13,000

Denmark
Sows 1,237,000 1,236,000 1,260,000 1,243,000 1,244,000 1,273,000
Boars 11,000 11,000 10,000 11,000 10,000 13,000

Replacement
gilts 221,000 234,000 225,000 223,000 216,000 239,000

France
Sows 1,011,000 986,000 998,000 1,018,000 984,000 965,000
Boars 10,000 9000 9000 8000 8000 13,000

Replacement
gilts 106,000 108,000 112,000 112,000 108,000 86,000

Germany
Sows 1,973,240 1,908,360 1,905,360 1,837,000 1,787,900 1,694,700
Boars 25,350 24,990 24,240 17,900 18,500 19,600

Replacement
gilts 224,950 216,790 226,000 226,100 210,300 197,000

Greece
Sows 137,000 106,000 100,000 91,000 94,000 93,000
Boars 11,000 8000 7000 5000 5000 5000

Replacement
gilts 22,000 11,000 13,000 9,000 10,000 10,000

Italy
Sows 582,450 558,070 561,640 556,810 556,010 568,550
Boars 28,350 28,680 29,020 23,100 23,440 22,460

Replacement
gilts 52,310 55,780 56,940 53,550 42,470 46,500

Netherlands
Sows 1,053,000 1,022,000 1,066,000 967,000 1,047,000 923,000
Boars 4000 3000 9000 7000 5000 5000

Replacement
gilts 137,000 157,000 165,000 134,000 160,000 152,000

Portugal
Sows 240,140 233,250 235,640 236,060 237,280 230,910
Boars 5450 4880 5780 5060 5220 5010

Replacement
gilts 21,980 22,050 24,250 24,540 23,530 25,940

Spain
Sows 2,466,270 2,415,170 2,454,330 2,500,520 2,576,990 2,635,250
Boars 38,250 33,230 31,420 28,900 26,830 31,240

Replacement
gilts 261,660 246,570 302,010 288,820 308,850 317,770

2.3.2. Estimations of Nitrous Oxide (N2O) Emissions Derived from Manure Management

Direct Estimations

Direct nitrogen gases (N2O) derived from the management of pig manure were esti-
mated with Equation (10.25) according to the guidelines of the IPCC (2019). The application
of the equation requires the estimation of the excreted nitrogen per animal (Nex), whereas
the emission factor (EF) is provided by the IPCC guidelines [14,17]. For the Tier 1 approach,
the calculation of the excreted nitrogen (Nex) is based on Equation (10.30) [17].

Tier 2 methodology utilizes a more specialized approach that concerns productive
characteristics and special nutritional traits. Therefore, Nex factor is estimated using Equa-
tion (10.31A), which considers the nitrogen taken in and retained by an animal according
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to its productive stage [17]. The intake of nitrogen was computed following Equation
(10.32A), whereas the nitrous retained by an animal was estimated with Equations (10.33A)
and (10.33C) based on the IPCC guidelines [17].

Indirect Estimations

The estimation of indirect nitrogen gases (N2O) takes into account the respective emis-
sions that are volatized and leached using Equations (10.28) and (10.29), respectively [17].

2.4. GHG Emissions Estimation Using GLEAM-i Software

GLEAM-i software v.2.0 [15] was used for a more comprehensive assessment of GHG
emissions in the examined cases. Gleam uses a Tier 2 methodology approach. The number
of pig populations used in each examined case was based on the data retrieved from
EUROSTAT (country cases) or on data collected from an in-situ survey in the case of the
examined pig farm. The default values were used for the rest of the required data because
these parameters reflect the respective country’s average values [19].

3. Results

Analysis of pig populations in the examined cases is depicted in Tables 1 and 2.
Throughout the studied period the population remained relatively stable for the majority of
studied countries, apart from Spain, where an increase was noted, in contrast to Germany
and Greece.

3.1. Tier 1 Approach
3.1.1. Methane Emissions

Table 3 presents total methane emissions derived from animals’ intestinal fermentation
using Tier 1 methodology in the examined countries. The highest methane emissions were
observed in Spain and Germany for the entire examined period (2015–2020). The other
major pig meat-producing countries (Denmark, the Netherlands, France) ranked in the
middle of the list, whereas Greece, together, with the two other Balkan countries (Croatia
and Bulgaria) occupied the lowest positions. It is also noted that during the examined
period, the majority of the countries had stable methane emissions, apart from Spain, where
methane emissions increased in the final years of the examined period (2019–2020). On the
contrary, Germany and, to a lesser extent, France exhibited decreased methane emissions.
Similar results were noted for methane emissions derived from manure (Table 4).

Table 3. Results of CH4 emissions from enteric fermentation using Tier 1 methodology (Gg CO2-
eq/year).

Position * Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 953.43 933.15 950.12 967.18 997.07 1,019.83 970.13
2 GERMANY 763.22 738.11 737.28 710.93 691.61 655.54 716.12
3 DENMARK 481.27 481.37 490.17 483.64 483.72 495.77 485.99
4 NETHERLANDS 407.56 396.43 413.77 374.71 406.17 358.50 392.86
5 FRANCE 390.58 381.07 385.80 393.40 380.26 372.37 383.91
6 ITALY 225.54 216.37 217.79 215.59 214.88 219.79 218.32
7 PORTUGAL 92.77 90.12 91.15 91.29 91.73 89.37 91.07
8 CROATIA 45.94 46.37 48.43 47.28 48.43 42.62 46.51
9 GREECE 51.87 39.95 37.75 34.24 35.38 34.97 39.03

10 BULGARIA 22.47 24.99 24.04 27.08 19.81 25.41 23.97

* Based on the mean value of the studied period (2015–2020).

3.1.2. Nitrogen Oxide Emissions

Table 5 presents an estimate of nitrogen oxide emissions in the studied cases. The two
European countries with the highest emissions were Spain and Germany, while Greece
ranked in eighth position. Almost all countries showed relatively stable emissions during
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the studied period, except Bulgaria and Greece, where a decrease in the respective emissions
was observed.

Table 4. Results of CH4 emissions from manure management using Tier 1 methodology (Gg CO2-
eq/year).

Position * Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 13,363,290.91 13,077,740.47 13,317,149.06 13,554,735.0 13,973,372.63 14,293,249.35 13,596,589.57
2 GERMANY 10,696,714.01 10,344,931.82 10,333,542.25 9,963,316.21 9,692,301.19 9,187,294.12 10,036,349.93
3 DENMARK 6,747,247.69 6,749,264.48 6,871,730.27 6,780,460.21 6,781,086.69 6,951,431.75 6,813,536.85
4 NETHERLANDS 5,710,605.09 5,555,433.14 5,799,746.84 5,251,362.65 5,692,308.20 5,024,796.65 5,505,708.76
5 FRANCE 5,473,019.71 5,339,731.95 5,406,156.99 5,512,334.06 5,328,283.50 5,218,012.78 5,379,589.83
6 ITALY 3,165,175.44 3,037,039.67 3,057,040.90 3,024,825.69 3,014,529.28 3,083,118.37 3,063,621.56
7 PORTUGAL 1,300,501.82 1,263,272.82 1,277,977.04 1,279,843.12 1,285,914.75 1,253,063.28 1,276,762.14
8 CROATIA 644,683.32 650,090.00 679,088.73 663,048.89 679,088.73 597,756.68 652,292.73
9 GREECE 753,254.79 579,013.50 547,311.42 495,415.78 512,022.04 506,675.43 565,615.50
10 BULGARIA 315,238.72 350,291.06 36,980.74 379,660.37 277,825.21 356,172.51 336,028.10

* Based on the mean value of the studied period (2015–2020).

Table 5. Results of N2O emissions from manure management using Tier 1 methodology (Gg CO2-
eq/year).

Position * Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 44,313.46 43,365.76 44,158.41 44,945.79 46,333.14 47,394.60 45,085.19
2 GERMANY 35,469.56 34,303.19 34,265.13 33,036.17 32,137.92 30,463.90 33,279.31
3 DENMARK 22,371.22 22,377.73 22,783.69 22,481.31 22,483.27 23,048.42 22,590.94
4 NETHERLANDS 18,933.63 18,418.63 19,229.92 17,411.63 18,872.87 17,303.03 17,837.73
5 FRANCE 18,147.62 17,705.43 17,925.62 18,277.45 17,667.25 16,659.72 18,254.40
6 ITALY 10,500.30 10,075.47 10,141.84 10,033.77 9,999.85 10,227.00 10,163.04
7 PORTUGAL 4312.97 4189.40 4238.33 4244.35 4264.53 4155.53 4234.18
8 GREECE 2814.10 2417.56 2316.59 2138.59 2181.19 1982.46 2163.30
9 CROATIA 2138.20 2156.01 2252.11 2198.92 2252.11 1815.25 2280.55
10 BULGARIA 1045.66 1161.59 1117.45 1258.97 921.22 1181.07 1114.33

* Based on the mean value of the studied period (2015–2020).

3.2. Tier 2 Approach
3.2.1. Manure Methane Emissions

Methane emissions derived from manure management are depicted in Table 6. Simi-
larly, to the results of the Tier approach 1, Spain and Germany occupied the first two posi-
tions, whereas Greece and Bulgaria had lower emissions compared to the other countries.

Table 6. Results of CH4 emissions from manure management using Tier 2 methodology (Gg CO2-
eq/year).

Position * Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 311,047.21 304,586.85 309,580.6 315,382.16 325,036.33 332,391.12 316,337.38
2 GERMANY 248,877.64 240,694.23 240,325.78 231,706.51 225,503.63 213,748.23 33,476.00
3 DENMARK 156,102.67 155,991.29 159,003.67 156,860.82 156,977.82 160,660.55 57,599.47
4 NETHERLANDS 132,819.43 128,935.27 134,494.28 121,984.81 132,090.48 116,459.49 27,797.29
5 FRANCE 127,500.03 124,351.56 125,867.86 128,386.41 124,098.47 121,685.68 25,315.00
6 ITALY 73,469.93 70,402.71 70,854.15 70,235.20 70,122.35 71,705.61 71,131.66
7 PORTUGAL 30,284.59 29,416.00 29,720.58 29,773.01 29,925.76 29,125.71 29,707.61
8 CROATIA 14,891.93 15,133.79 15,768.21 15,390.25 15,768.21 13,876.20 15,138.10
9 GREECE 17,296.86 13,375.63 12,620.85 11,480.26 11,859.34 11,733.35 13,061.05
10 BULGARIA 7333.73 8137.49 7839.98 8828.00 6418.95 8294.59 7808.79

* Based on the mean value of the studied period (2015–2020).

Figure 1 shows a comparison between average methane emissions for each examined
case during the studied period estimated by Tier 1 and 2 methodologies. It is observed that
in all cases, the Tier 1 approach estimated higher emissions results compared to that of Tier
2 approach.
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Figure 1. Comparison of mean CH4 emissions from manure management using Tier 1 and 2 method-
ologies (Gg CO2-eq/year). The different thickness of each graph (blue or red) represents the estimated
emission by the two methodologies.

3.2.2. Nitrogen Oxide Emissions

The computed nitrogen oxide emissions are shown in Table 7. Accordingly, Spain
and Germany were ranked in the first two places. Greece had a low gas concentration,
occupying the eighth position. Bulgaria had the lowest emissions. Generally, all countries
showed relatively stable emissions during the studied period. However, Germany and
Greece showed a decrease in emissions between 2015 and 2020, whereas in Spain an increase
in emissions was noted.

Table 7. Results of N2O emissions from manure management using Tier 2 methodology (Gg CO2-
eq/year).

Position
* Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 27,087.99 26,497.09 27,028.04 27,490.50 28,347.71 29,001.25 27,575.43
2 GERMANY 21,693.26 20,979.48 20,964.69 17,964.75 19,658.96 18,634.02 19,982.53
3 DENMARK 13,753.96 13,770.19 14,006.73 13,822.48 13,816.42 14,182.04 13,891.97
4 FRANCE 11,088.68 10,822.35 10,959.38 11,171.67 10,798.62 10,560.53 10,900.21
5 NETHERLANDS 11,589.91 11,296.53 11,798.79 10,667.88 11,575.50 10,228.62 11,192.87
6 ITALY 6421.48 6167.88 6209.35 6137.06 6106.28 6246.94 6214.83
7 PORTUGAL 2634.22 2559.15 2591.40 2594.87 2606.23 2542.41 2588.04
8 CROATIA 1314.41 1317.00 1378.94 1346.75 1378.94 1213.87 1324.98
9 GREECE 1944.68 1559.68 1115.67 1006.28 1040.54 1029.81 1282.78
10 BULGARIA 638.61 711.27 683.34 770.27 566.85 721.70 682.01

* Based on the mean value of the studied period (2015–2020).

Figure 2 shows a comparison between average nitrogen oxide emissions for each
examined case during the studied period estimated by Tier 1 and 2 methodologies. Like
methane emissions, Tier 1 estimations were noted to be higher when compared to the
corresponding Tier 2 values.
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Figure 2. Comparison of mean N2O emissions (Gg CO2-eq) from manure management using Tier 1
and 2 methodologies.

3.3. GHG Estimation using GLEAM-i Software

Tables 8 and 9 show the GHG estimations (CH4 and N2O) using Gleam-i software.
It is noted that the European countries with the highest concentrations of methane gases
were Spain and Germany, whereas Greece was in the penultimate position.

Table 8. Results of CH4 emissions from manure management using GLEAM-i software (FAO, Rome,
Italy) (Gg CO2-eq/year).

Position
* Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 1183.60 1158.76 1177.37 1199.29 1235.75 1263.97 1203.12
2 GERMANY 572.70 553.89 552.99 532.93 518.73 491.77 537.17
3 DENMARK 297.39 297.15 302.88 298.83 299.04 306.11 300.23
4 NETHERLANDS 282.45 274.10 286.10 259.49 280.87 247.63 271.78
5 FRANCE 257.80 251.40 254.46 259.52 250.86 246.19 253.37
6 ITALY 191.08 183.12 184.29 182.56 182.30 186.38 184.95
7 PORTUGAL 106.52 103.44 104.56 104.69 105.24 102.41 104.48
8 GREECE 58.26 45.04 42.45 38.54 39.79 39.38 43.91
9 CROATIA 24.90 25.28 26.33 25.70 26.33 23.18 25.29
10 BULGARIA 15.06 16.65 16.04 18.06 13.12 16.97 15.98

* Based on the mean value of the studied period (2015–2020).

Table 9. Results of N2O emissions from manure management using GLEAM-i software (FAO, Rome,
Italy) (Gg CO2-eq/year).

Position
* Country 2015 2016 2017 2018 2019 2020 Mean

1 SPAIN 3346.59 3276.19 3328.72 3390.59 3493.54 3573.48 3401.52
2 GERMANY 2560.46 2476.37 2472.32 2,382.46 2319.01 2198.56 2401.53
3 NETHERLANDS 1129.31 1095.91 1144.10 1037.65 1123.05 990.15 1086.70
4 FRANCE 1027.26 1001.73 1013.91 1034.03 999.54 981.11 1009.60
5 ITALY 808.40 774.78 779.76 772.23 771.18 788.35 782.45
6 DENMARK 690.00 689.45 702.68 693.34 693.78 710.30 696.59
7 PORTUGAL 260.31 252.75 255.53 255.82 257.18 250.26 255.31
8 CROATIA 139.86 141.97 147.86 144.33 147.86 130.20 142.01
9 GREECE 163.88 126.67 119.38 108.31 111.84 110.66 123.46
10 BULGARIA 56.96 62.91 60.61 68.25 49.58 64.11 60.41

* Based on the mean value of the studied period (2015–2020).
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In regard to the emissions of nitrous oxide gases, a similar trend was observed, with
the exception of Denmark. Specifically, Denmark was ranked lower than with respect to
methane emissions derived from manure management.

Figure 3 shows a comparison between the sum of methane and nitrogen oxide emis-
sions for each country in the studied period. It is observed that the estimations based on
IPCC equations (Tier 2) were higher than those estimated by GLEAM-i software.
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Figure 3. Comparison of mean CH4 and N2O emissions from manure management using Tier 2 IPCC
equations) and GLEAM-i software (FAO, Rome, Italy) (Gg CO2-eq/year). The different thickness of
each graph (blue or red) represents the different estimated emissions by the two methodologies.

3.4. GHG Emission Estimations from a Case-Study Pig-Farm

Table 10 shows the results of the estimated CH4 emissions from enteric fermentation
and manure management, as well as N2O emissions from manure management per animal
in each animal category reared in the examined case study of a semi-extensive pig farm
using both Tier 1 and 2 methodologies. Higher emissions were noted for the category
of fattening pig according to both methodologies used, except CH4 enteric fermentation
emissions. For comparative purposes, we also estimated the respective emissions per
animal of each animal category for the average pig farm in the year 2019 in the Greek
territory (Tables 10 and 11, Figures 4 and 5), dividing the total estimated emissions by
animal category (i.e., sow, boar, fattening) by the total number of animals within each
animal category.

Table 10. Estimated CH4 emissions derived from enteric fermentation and manure management and
N2O emissions from manure management using Tier 1 and 2 methodologies per animal within each
animal category on a semi-extensive pig farm (Gg CO2-eq).

Animal Category
Tier 1 Tier 2

CH4 Enteric
Fermentation

CH4 Manure
Management

N2O Manure
Management

CH4 Manure
Management

N2O Manure
Management

Sow 0.00004 0.16 0.0005 0.0002 0.0004
Boar 0.00004 0.16 0.0005 0.0002 0.0004

Replacing gilt 0.00004 0.12 0.0004 0.0002 0.0004
Fattening pig 0.00004 0.50 0.0016 0.0010 0.0010

Total 0.00016 0.94 0.003 0.0016 0.0022
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Table 11. Estimated CH4 emissions derived from enteric fermentation and manure management and
N2O emissions from manure management using Tier 1 and 2 methodologies per animal within each
animal category for the average pig farm in 2019 (Gg CO2-eq).

Animal Category
Tier 1 Tier 2

CH4 Enteric
Fermentation

CH4 Manure
Management

N2O Manure
Management

CH4 Manure
Management

N2O Manure
Management

Sow 0.00004 0.76 0.0027 0.0011 0.0019
Boar 0.00004 0.76 0.0027 0.0011 0.0023

Replacing Gilt 0.00004 0.57 0.0039 0.0011 0.0021
Fattening pig 0.00004 0.50 0.0018 0.0136 0.0010

Total 0.00016 2.59 0.0111 0.0169 0.0073

Environments 2022, 9, x FOR PEER REVIEW 12 of 18 
 

 

Table 11. Estimated CH4 emissions derived from enteric fermentation and manure management 
and N2O emissions from manure management using Tier 1 and 2 methodologies per animal within 
each animal category for the average pig farm in 2019 (Gg CO2-eq). 

Animal Category 
Tier 1  Tier 2  

CH4 Enteric  
Fermentation 

CH4 Manure 
Management 

N2O Manure 
Management 

CH4 Manure  
Management 

N2O Manure 
Management 

Sow 0.00004 0.76 0.0027 0.0011 0.0019 
Boar 0.00004 0.76 0.0027 0.0011 0.0023 

Replacing Gilt 0.00004 0.57 0.0039 0.0011 0.0021 
Fattening pig 0.00004 0.50 0.0018 0.0136 0.0010 

Total 0.00016 2.59 0.0111 0.0169 0.0073 

The estimated methane emissions from enteric fermentation per animal were the 
same in both examined cases. On the other hand, the methane and nitrous oxide emissions 
derived from manure management per animal were different between the studied semi-
extensive farm and the average pig farm, as well as per examined animal category. Spe-
cifically, the Tier 2 approach estimated lower emissions of CH4 and N2O than those esti-
mated by the Tier 1 approach. According to the results of the average pig farm, a pig pro-
duces higher CH4 and N2O emissions derived from manure management; nevertheless, a 
Tier 1 or Tier 2 methodology was applied. It was also noted that in the case of the average 
pig farm, the animal category of “fattening pig” contributed more to the total CH4 emis-
sions derived from manure management when a Tier 2 methodology was applied. On the 
other hand, both boars and sows produced the majority of CH4 and N2O emissions de-
rived from manure management when a Tier 1 methodology was used. 

 
Figure 4. Comparison of computed CH4 (a) and N2O (b) emissions (Gg CO2-eq/year) derived from 
manure management produced per pig on a semi-extensive Greek farm and an average Greek farm 
using Tier 1 methodology. 

Figure 4. Comparison of computed CH4 (a) and N2O (b) emissions (Gg CO2-eq/year) derived from
manure management produced per pig on a semi-extensive Greek farm and an average Greek farm
using Tier 1 methodology.

Environments 2022, 9, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 5. Comparison of computed CH4 and N2O emissions (Gg CO2-eq/year) from manure man-
agement produced per pig on a semi-extensive Greek farm and an average Greek farm using Tier 2 
methodology. 

4. Discussion 
Livestock is one of the fastest-developing subsectors of the agricultural sector. The 

projected increase in population between now and 2050 will multiply human needs for 
animal products, and this will undoubtedly lead to an increase in the natural resources 
used by the livestock sector to meet these needs and will negatively influence its environ-
mental impact [20–22]. Emissions of GHG produced during livestock production are of 
great concern, as they significantly contribute to overall anthropogenic GHG emissions 
[3]. Although pig meat ranks in first position in terms of consumer consumption prefer-
ences, little attention has been given to the study of GHG emissions of the sector compared 
to other species (i.e., ruminants), especially on a country level. In the present study, we 
report, for the first, time the environmental impact of the Greek pig farming in terms of 
GHG emissions during six consecutive years, using both Tier 1 and 2 approaches, as rec-
ommended by the IPCC. In addition, the respective emissions were estimated for other 
European countries contributing to pig production for comparative purposes. The emis-
sions derived from a typical semi-extensive pig farm in Greece were also reported as a 
small-scale approach. All reported emissions were calculated using different computation 
methods for comparison purposes between inventories.  

For Tier 1 and 2 approaches, we first implemented the IPCC recommendation guide-
lines [14], using specific equations for the respective emission estimations with regard to 
methane and nitrous oxide gasses. According to the results, the countries were ranked 
accordingly to the reared populations, and Tier 2 emissions estimations were notably 
lower compared to those of Tier 1 in each country, reaching almost the half of those re-
vealed through the Tier 1 approach in many of the examined cases. These results are in 
line with our expectations, as both methodologies utilize different parameters, which are 
responsible for the observed differentiation of the results for each gas category (i.e., CH4, 
NO2). The Tier 1 approach is one of the simplest and most common approaches for esti-
mating GHG emissions, and it focuses on species populations and on the assessment fac-
tors (emission factors), which are specific to the examined animal species, regardless of 
age and/or production stage. In addition, the factors that are used depend on the generally 
characterization of the implemented productive system (high- or low-productivity sys-
tems) and not on country- or territory-level characteristics [17]. Population number was 
the key parameter in both approaches, according to the equations. Therefore, the general 
ranking of countries based on CH4 and N2O emissions is proportional to the changes in 
population per year; thus, the higher the number of animals within a certain production 

0.0000
0.0020
0.0040
0.0060
0.0080
0.0100
0.0120
0.0140
0.0160

Sow Boar Gilt Fattening pig

GH
G 

em
iss

io
ns

 
(G

g C
O 2

-e
q/

an
im

al
/y

ea
r) 

Animal Category

CH4 (semi-extensive) CH4 (average farm) N2O (semi-extensive) N2O (average farm)

Figure 5. Comparison of computed CH4 and N2O emissions (Gg CO2-eq/year) from manure
management produced per pig on a semi-extensive Greek farm and an average Greek farm using
Tier 2 methodology.
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The estimated methane emissions from enteric fermentation per animal were the
same in both examined cases. On the other hand, the methane and nitrous oxide emis-
sions derived from manure management per animal were different between the studied
semi-extensive farm and the average pig farm, as well as per examined animal category.
Specifically, the Tier 2 approach estimated lower emissions of CH4 and N2O than those
estimated by the Tier 1 approach. According to the results of the average pig farm, a pig
produces higher CH4 and N2O emissions derived from manure management; nevertheless,
a Tier 1 or Tier 2 methodology was applied. It was also noted that in the case of the
average pig farm, the animal category of “fattening pig” contributed more to the total CH4
emissions derived from manure management when a Tier 2 methodology was applied. On
the other hand, both boars and sows produced the majority of CH4 and N2O emissions
derived from manure management when a Tier 1 methodology was used.

4. Discussion

Livestock is one of the fastest-developing subsectors of the agricultural sector. The
projected increase in population between now and 2050 will multiply human needs for
animal products, and this will undoubtedly lead to an increase in the natural resources used
by the livestock sector to meet these needs and will negatively influence its environmental
impact [20–22]. Emissions of GHG produced during livestock production are of great
concern, as they significantly contribute to overall anthropogenic GHG emissions [3].
Although pig meat ranks in first position in terms of consumer consumption preferences,
little attention has been given to the study of GHG emissions of the sector compared to other
species (i.e., ruminants), especially on a country level. In the present study, we report, for
the first, time the environmental impact of the Greek pig farming in terms of GHG emissions
during six consecutive years, using both Tier 1 and 2 approaches, as recommended by the
IPCC. In addition, the respective emissions were estimated for other European countries
contributing to pig production for comparative purposes. The emissions derived from a
typical semi-extensive pig farm in Greece were also reported as a small-scale approach. All
reported emissions were calculated using different computation methods for comparison
purposes between inventories.

For Tier 1 and 2 approaches, we first implemented the IPCC recommendation guide-
lines [14], using specific equations for the respective emission estimations with regard to
methane and nitrous oxide gasses. According to the results, the countries were ranked
accordingly to the reared populations, and Tier 2 emissions estimations were notably lower
compared to those of Tier 1 in each country, reaching almost the half of those revealed
through the Tier 1 approach in many of the examined cases. These results are in line with
our expectations, as both methodologies utilize different parameters, which are responsible
for the observed differentiation of the results for each gas category (i.e., CH4, NO2). The Tier
1 approach is one of the simplest and most common approaches for estimating GHG emis-
sions, and it focuses on species populations and on the assessment factors (emission factors),
which are specific to the examined animal species, regardless of age and/or production
stage. In addition, the factors that are used depend on the generally characterization of the
implemented productive system (high- or low-productivity systems) and not on country-
or territory-level characteristics [17]. Population number was the key parameter in both
approaches, according to the equations. Therefore, the general ranking of countries based
on CH4 and N2O emissions is proportional to the changes in population per year; thus, the
higher the number of animals within a certain production system, the higher estimated
emissions. However, Tier 2 methodology, compared to Tier 1, considers animal population
within each animal category and not only the total studied population. Because Tier 1
does not consider the number of animals within each animal category, as opposed to Tier 2
methodology, but only the total population, obviously, it may overestimate emissions com-
pared to Tier 2. The latter methodology, apart from the animal number and herd structure,
also considers many other specific parameters regarding animal husbandry, i.e., animal
diet rations, animal performance, etc., which permits a more accurate approach. It should
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be noted that in some developing countries, it has been reported that Tier 2 emission factors
were higher than the corresponding factors of the Tier 1 inventory, leading to higher total
emissions than those of estimated by a Tier 1 approach [23]. The choice of using one of
the two approaches lies in the need to draw specific conclusions regarding the amount
of greenhouse gas emissions or the need for qualitative conclusions concerning a general
assessment of concentrations. In any case, IPCC guidelines recommends that all countries
use higher-tier inventories for GHG estimations, as they are considered to lead to a more
accurate result [14,17].

Another result emerging from the present study is that although the depth of analysis
differs between Tier 1 and Tier 2 methodologies, in both cases, the ranking of the studied
countries according to their emissions per gas type (CH4, N2O) and per source (manure,
enteric fermentation) did not change. Therefore, if only comparing approaches in terms of
ranking regarding GHG emissions in the pig sector, then Tier 1 methodology could form
an easy case scenario to draw up initial results, followed by a more elaborated approach
(i.e., Tier 2) for further qualitative estimations and decisions.

We further proceeded to estimate GHG emissions using GLEAM-i, a software that
provides emissions calculations with sufficient technical rigor [24]. GLEAM-i uses a herd
model coupled with an IPCC (2006) Tier 2 approach, enabling characteristics of major
importance in a livestock population to be considered in computations. The comparison of
the results obtained by IPCC’s Tier 2 equations and GLEAM-i showed some similarities with
the results obtained from the comparison between Tier 1 and Tier 2 estimations. First, the
ranking of the studied countries according to CH4 and N2O emissions remained the same.
Secondly, the IPCC’s Tier 2 and GLEAM-i outputs highlighted numerical differences in the
estimations. The observed differences may be attributed to a different equational approach.
IPCC equation parameters are based on default average approaches for each category
(i.e., default values for nitrogen excretion rate or nitrogen gain by growth stage, live weight
change of sows during gestation, etc.). In addition, Gleam-i uses energy requirement
parameters based on NRC equations for further swine GHG estimation, whereas IPCC
guidelines lack such an approach [24]. There are also various parameters involved, the
values of which are subject to some degree of uncertainty, which, in some cases, can impact
the final the results [24].

We, also, focused on estimating GHG emissions on a semi-extensive pig farm in
northern Greece as a small-scale scenario. Tier 1 and Tier 2 approaches followed a similar
trend as in the case of the examined countries, with Tier 2 estimations being lower compared
to Tier 1 emissions due to the different equational approach that the methodologies follow.
Based on the comparison of the estimated emissions per pig between the examined semi-
extensive pig farm and the average pig farm, it was found that a semi-extensively reared pig
contributes to the total emitted gasses to a lesser extent. A different manure management
system and/or feed supply could have contributed to this difference. In the studied semi-
extensive system, an autochthonous breed was used with low productivity compared to
the hybrids that are used in intensive pig farming, which could contribute to the lower
emissions per animal. Moreover, the larger amount of produced manure was directly
spread in pastures due to grazing, compared to the average pig farm, where in the later,
due to intensive farming, a deposit of manure was applied before any further treatment.
Generally, grazing assists in lowering GHG emissions, as it eliminates the time that manure
remains in a deposit site [25]. Depending on the methodology applied, different results in
relation to the main source of GHGs were noted. When a Tier 1 methodology was applied,
breeding animals (sows, boars) contributed to estimated GHGs in a greater extent. On the
contrary, fattening pigs were noted to contribute more to the estimated emissions when
a Tier 2 approach was followed. Tier 1 methodology is the simplest method, takes the
least resources to capture emissions and it therefore not able to reflect the circumstances
of countries compared to the Tier 2 inventory, which uses more detailed data, such as
information on animals’ energy requirements or dry matter within each examined animal
category, to estimate their actual emissions. A profound reason that, the fattening pigs
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were associated with the highest emissions under Tier 2 methodology, could be the ad
libitum feeding and their intensive productive status (growth and fattening) [26], whereas
under Tier 1 methodology, only population number is concerned. Therefore, if policy
measures should be undertaken in terms of mitigation strategies, the methodology that is
applied to estimate GHG emissions seems to be of utmost importance for evaluating which
animal category contributes more to the estimations, especially when Tier 2 methodology
is applied, that more accurately captures emissions. Furthermore, if policies intend to
subside the category of breeding of animals (i.e., sows) as an attempt to strengthen pig
husbandry, then it would be advisable that these measures be accompanied by GHG
mitigation commitments, as the estimated environmental impact in terms of emissions is
expected to increase with use of either a Tier 1 or Tier 2 methodology. In any case, specific
categories could be targeted (i.e., breeding animals or fattening gilts) in a more specialized
manner (i.e., improvement in diet digestibility, better utilization of manure) apart from
more general strategies in livestock units (i.e., animal improvement).

A comparison of our findings with those reported in studies from the literature reflects
some difficulties and limitations in a more general approach. Although previous studies
reported the environmental impact of pig husbandry, each had set different boundaries
and/or used different functional units to present the estimated GHG emissions. This was
also recently depicted by Andretta et al. [16], who further stated that transformations in
some cases did not lead to precise results. In addition, at country level, only Tier 1 or, in
some cases, a combination of Tier 1 and Tier 2 equations, according to the availability of
emission factors, have been used without any further separate comparison between the
two approaches. Therefore, for informative scope, some examples of pig GHG assessment
are further discussed below. A Swedish report [27] using country-specific emissions factors
(Tier 2) estimated the environmental impact of pig production considering all the inputs at
the farm level, as well as transport steps, but not emissions related to buildings, machinery
and medicines. Total methane emissions from animals (enteric fermentation) and manure
ranged from 16.66 to 29.21 kg/year, depending on the yearly amount of produced meat. The
direct emissions of nitrous oxide from manure ranged from 34 to 120 kg N2O/year, whereas
the respective indirect emissions ranged from 21 to 55 kg N2O/year. Losses of nitrous oxide
from manure ranged from 0.0041 to 0.0059 kg N2O per pig/year. The total emissions of
GHGs varied between 3.6 and 4.4 kg CO2-eq/kg of bone- and fat-free meat. Bava et al. [28]
reported on the environmental impact of Italian pig production using a Tier 1 methodology
to estimate methane emissions and a Tier 2 approach to estimate emissions derived from
slurry management on six pig farms in northern Italy. The system boundaries included
the on-farm processes and off-farm activities linked to the production of external inputs
without considering slaughtering transfers and processes. Total emissions varied from
2.69 to 5.81 kg CO2-eq/kg animal live weight. According to the same authors, fattening
pigs (growing and finishing pigs) contributed more to the estimated emissions, similarly
to the results of the present study. Dourmand et al. [29] revealed that conventional pig
farms had lower emissions (2.25 Kg CO2-eq/kg pig live weight) compared to organic
(2.43 Kg CO2-eq/kg pig live weight) or traditional systems (3.47 Kg CO2-eq / kg pig
live weight), which seems not to be in agreement with the noted results of the present
study between a semi-extensive farm and average farms. Different functional units, feed
supply and genetic material may have contributed to the observed differences. Another
study [30] focusing on an Iberian traditional pig production system using a Tier 2 approach
showed that growing stage contributed most to the emissions impact (75%), followed by
the production of piglets (19%) per Kg of live pig at farm gate, which is similar to our
observations. The same trend was also noted in intensive pig farming systems in Mexico,
where fattening pigs produced the most emissions, followed by weaning piglets [31].
At country level, a previous study [32] reported that methane emissions of the Vietnam
pig sector from manure management reached approximately 50 kt, and those of nitrous
oxide and ammonia reached approximately 2 kt and 10 kt, respectively. Interestingly,
Amon et al. [33] tried to capture changes in GHG emissions in Austria due to the shift from
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the 1996 IPCC guidelines to the 2006 and 2019 IPCC refinements. The authors reported that
moving from previous guidelines to the recent guidelines resulted in prominent changes in
livestock GHG emissions from different source categories. Additionally, the importance
of the used methodology and emissions factors was confirmed with respect to generate
more accurate and transparent emission inventories. Therefore, the reported variability in
functional units, as well as the implemented farming boundaries, is an important issue to
be highlighted. The functional unit choice is certainly a challenging task because it directly
impacts the estimated emissions and is also related to the aim of each study [34]. The same
is true of the set of system boundaries. However, these parameters seem to be an utmost
limitation when the comparison of results between studies is a main research scope, as
further transformations are sometimes not possible or precise (e.g., results expressed in one
ton of live pig are difficult to compare to those stated, i.e., in one kg of bone- and fat-free,
meat because there are more processes included, and sometimes yield is based on country
standards). Therefore, common agreed-upon guidelines for comparing the impact of GHG
emissions between different pig farms would be a critical solution. Such guidelines for
comparisons between studies assessing the environmental impact in the livestock sector
could contribute to more precise, comprehensive and integrated assumptions.

5. Conclusions

Tier 1 and 2 methodologies did not affect the ranking in regard to the estimated GHG
emissions among the studied countries. However, the noted differences in the numeric
estimations between the applied computational methodologies are attributed to the more
elaborated equational approach that Tier 2 methodology follows. Gleam-i software, al-
though it follows a Tier 2 approach, produced numeric differentiations compared to the
results obtained by IPCC’s Tier 2 equations, which can be attributed to a slightly different
computational approach that the software follows in regard to animals’ energy require-
ments. When a semi-extensive farming system and the average pig farm (intensive farming)
in the Greek territory were compared, the former was noted to have lower emissions per
animal. In addition, depending on the methodology applied, different results regarding
which animal category contributes more to the GHG emissions were noted. Specifically,
Tier 1 methodology revealed that breeding contributed more to these emissions, contrary
to the Tier 2 approach, which showed that fattening pigs were responsible for the majority
of GHG emissions. Generally, a strong relationship was noted between emissions and
inventory methodology. Thus, depending on the methodology, specific categories could be
targeted (i.e., breeding animals or fattening gilts) in a more specialized manner. Therefore,
if mitigation policy measures should be undertaken, the methodology that is applied to
estimate GHG emissions seems to be of utmost importance. In addition, if policies intend
to subside a certain category of animals (i.e., sows) in an attempt to strengthen pig hus-
bandry, it would be advisable that these measures be accompanied by GHG mitigation
commitments, as emission estimations are expected to increase independently, depending
which methodology is applied. Thus, it is important for pig sector to report detailed and
transparent inventories, following periodic estimations of trends and new approaches in
computational methods. Although many pig systems have been studied in terms of environ-
mental impact assessments, results are not easily comparable due to different approaches
applied in each study (different functional units, boundaries, statistical analyses, etc.). Com-
mon agreed-upon guidelines for comparison of studies should be introduced to contribute
to the establishment of more precise, comprehensive and integrated interpretations.

Author Contributions: Conceptualization, G.P.L. and I.B.; methodology, G.P.L. and K.A.; software,
K.A. and G.P.L.; validation, K.A. and G.P.L.; formal analysis, K.A.; investigation, K.A.; resources,
G.P.L.; data curation, K.A. and G.P.L.; writing—original draft preparation, K.A.; writing—review and
editing, K.A., G.P.L. and I.B.; visualization, K.A. and G.P.L.; supervision, G.P.L.; project administration,
I.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Environments 2022, 9, 59 16 of 17

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors would like to thank the owner of the semi-extensive pig farm for the
consent to provide us the appropriate animal information (animals number, diet information, manure
system application, etc.) to conduct a small-scale scenario in the present study.

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

References
1. Rojas-Downing, M.M.; Nejadhashemi, A.P.; Harrigan, T.; Woznicki, S.A. Climate change and livestock: Impacts, adaptation, and

mitigation. Clim. Risk Manag. 2017, 16, 145–163. [CrossRef]
2. Iribarren, D.; Hospido, A.; Moreira, M.T.; Feijoo, G. Benchmarking environmental and operational parameters through eco-

efficiency criteria for dairy farms. Sci. Total Environ. 2011, 409, 1786–1798. [CrossRef] [PubMed]
3. Gerber, P.J.; Steinfeld, H.; Henderson, B.; Mottet, A.; Opio, C.; Dijkman, J.; Falcucci, A.; Tempio, G. Tackling Climate Change through

Livestock—A Global Assessment of Emissions and Mitigation Opportunities; Food and Agriculture Organization of the United Nations
(FAO): Rome, Italy, 2013; ISBN 978-92-5-107920-1.

4. Crippa, M.; Solazzo, E.; Guizzardi, D.; Monforti-Ferrario, F.; Tubiello, F.N.; Leip, A. Food systems are responsible for a third of
global anthropogenic GHG emissions. Nat. Food 2021, 2, 198–209. [CrossRef]

5. Notarnicola, B.; Tassielli, G.; Renzulli, P.A.; Castellani, V.; Sala, S. Environmental impacts of food consumption in Europe. J. Clean.
Prod. 2017, 140, 753–765. [CrossRef]

6. Llonch, P.; Haskell, M.J.; Dewhurst, R.J.; Turner, S.P. Current available strategies to mitigate greenhouse gas emissions in livestock
systems: An animal welfare perspective. Animal 2017, 11, 274–284. [CrossRef] [PubMed]

7. Molino, A.; Mehariya, S.; Karatza, D.; Chianese, S.; Iovine, A.; Casella, P.; Marino, T.; Musmarra, D. Bench-Scale Cultivation of
Microalgae Scenedesmus almeriensis for CO2 Capture and Lutein Production. Energies 2019, 12, 2806. [CrossRef]

8. Huang, D.; Li, M.-J.; Wang, R.-L.; Yang, Y.-W.; Tao, W.-Q. Advanced carbon sequestration by the hybrid system of photobioreactor
and microbial fuel cell with novel photocatalytic porous framework. Bioresour. Technol. 2021, 333, 125182. [CrossRef] [PubMed]

9. Daneshvar, E.; Wicker, R.J.; Show, P.-L.; Bhatnagar, A. Biologically-mediated carbon capture and utilization by microalgae towards
sustainable CO2 biofixation and biomass valorization—A review. Chem. Eng. J. 2022, 427, 130884. [CrossRef]

10. United Nations, Department of Economic and Social Affairs, Population Division. World Population Prospects 2019: Highlights
(ST/ESA/SER.A/423); United Nations: New York, NY, USA, 2019.

11. Alexandratos, N.; Bruinsma, J. World agriculture towards 2030/2050: The 2012 revision. In ESA Working Paper 2012, No. 12–03;
FAO: Rome, Italy, 2012.

12. FAO. Environmental performance of pig supply chains: Guidelines for assessment (Version 1). In Livestock Environmental
Assessment and Performance Partnership; FAO: Rome, Italy, 2018; p. 172.

13. Ministry of Greek Rural Development and Food. Available online: www.minagric.gr/index.php/gr (accessed on 9 February 2022).
14. IPCC. Guidelines for National Greenhouse Gas Inventories: Agriculture, Forestry and Other Land Use; Eggleston, H.S., Buendia, L.,

Miwa, K., Ngara, T., Tanabe, K., Eds.; IGES: Hayama, Japan, 2006; ISBN 4-88788-032-4.
15. FAO. Global Livestock Environmental Assessment Model, Version 2.0. In Model Description; Food and Agriculture Organization

of the United Nations: Rome, Italy, 2018.
16. Andretta, I.; Hickmann, F.M.W.; Remus, A.; Franceschi, C.H.; Mariani, A.B.; Orso, C.; Kipper, M.; Létourneau-Montminy, M.-P.;

Pomar, C. Environmental Impacts of Pig and Poultry Production: Insights From a Systematic Review. Front. Vet. Sci. 2021, 8,
750733. [CrossRef] [PubMed]

17. IPCC. Refinement to the 2006IPCC Guidelines for National Greenhouse Gas Inventories: Agriculture, Forestry and Other Land Use;
Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K., Eds.; IGES: Hayama, Japan, 2019; ISBN 978-4-88788-232-4.

18. Eurostat. Available online: https://ec.europa.eu/eurostat/web/main/data/database (accessed on 1 February 2022).
19. FAO. Global Livestock Environmental Assessment Model—Interactive (GLEAM-i). Guidelines, Version 1.9; Food and Agriculture

Organization of the United Nations: Rome, Italy, 2021.
20. Steinfeld, H.; Gerber, P.J.; Wassenaar, T.; Castel, V.; Rosales, M.; de Haan, C. Livestock’s Long Shadow: Environmental Issues and

Options; Food and Agriculture Organization of the United Nations (FAO): Rome, Italy, 2006.
21. Herrero, M.; Thornton, P.K. Livestock and global change: Emerging issues for sustainable food systems. Proc. Natl. Acad. Sci.

USA 2013, 110, 20878–20881. [CrossRef] [PubMed]
22. Leip, A.; Billen, G.; Garnier, J.; Grizzetti, B.; Lassaletta, L.; Reis, S.; Simpson, D.; Sutton, M.A.; de Vries, W.; Weiss, F.; et al. Impacts

of European livestock production: Nitrogen, sulphur, phosphorus and greenhouse gas emissions, land-use, water eutrophication
and biodiversity. Environ. Res. Lett. 2015, 10, 115004. [CrossRef]

http://doi.org/10.1016/j.crm.2017.02.001
http://doi.org/10.1016/j.scitotenv.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21371738
http://doi.org/10.1038/s43016-021-00225-9
http://doi.org/10.1016/j.jclepro.2016.06.080
http://doi.org/10.1017/S1751731116001440
http://www.ncbi.nlm.nih.gov/pubmed/27406001
http://doi.org/10.3390/en12142806
http://doi.org/10.1016/j.biortech.2021.125182
http://www.ncbi.nlm.nih.gov/pubmed/33906015
http://doi.org/10.1016/j.cej.2021.130884
www.minagric.gr/index.php/gr
http://doi.org/10.3389/fvets.2021.750733
http://www.ncbi.nlm.nih.gov/pubmed/34778435
https://ec.europa.eu/eurostat/web/main/data/database
http://doi.org/10.1073/pnas.1321844111
http://www.ncbi.nlm.nih.gov/pubmed/24344313
http://doi.org/10.1088/1748-9326/10/11/115004


Environments 2022, 9, 59 17 of 17

23. Wilkes, A.; Reisinger, A.; Wollenberg, E.; Van Dijk, S. Measurement. Reporting and Verification of Livestock GHG Emissions
by Developing Countries in the UNFCCC: Current Practices and Opportunities for Improvement. In CCAFS Report No. 17,
CGIAR Research Program on Climate Change; Agriculture and Food Security (CCAFS) and Global Research Alliance for Agricultural
Greenhouse Gases (GRA): Wageningen, The Netherlands, 2017.

24. MacLeod, M.J.; Vellinga, T.; Opio, C.; Falcucci, A.; Tempio, G.; Henderson, B.; Makkar, H.; Mottet, A.; Robinson, T.;
Steinfeld, H.; et al. Invited review: A position on the Global Livestock Environmental Assessment Model (GLEAM). Animal 2018,
12, 383–397. [CrossRef] [PubMed]

25. Grossi, G.; Goglio, P.; Vitali, A.; Williams, A.G. Livestock and climate change: Impact of livestock on climate and mitigation
strategies. Anim. Front. 2019, 9, 69–76. [CrossRef] [PubMed]

26. Philippe, F.-X.; Nicks, B. Review on greenhouse gas emissions from pig houses: Production of carbon dioxide, methane and
nitrous oxide by animals and manure. Agric. Ecosyst. Environ. 2014, 199, e10–e25. [CrossRef]

27. Cederberg, C.; Flysjo, A. SIK Rapport: Environmental Assessment of Future Pig Farming Systems—Quantifications of Three Scenarios
from the FOOD 21 Synthesis Work; MAT Food 21; The Swedish Institute for Food and Biotechnology: Gothenburg, Sweeden, 2004;
Available online: https://www.diva-portal.org/smash/get/diva2:942901/FULLTEXT01.pdf (accessed on 2 May 2022).

28. Bava, L.; Zucali, M.; Sandrucci, A.; Tamburini, A. Environmental impact of the typical heavy pig production in Italy. J. Clean. Prod.
2017, 140, 685–691. [CrossRef]

29. Dourmad, J.Y.; Ryschawy, J.; Trousson, T.; Bonneau, M.; Gonzalez, J.; Houwers, H.W.J.; Hviid, M.; Zimmer, C.; Nguyen, T.L.T.;
Morgensen, L. Evaluating environmental impacts of contrasting pig farming systems with life cycle assessment. Animal 2014, 8,
2027–2037. [CrossRef] [PubMed]

30. García-Gudiño, J.; Monteiro, A.N.T.R.; Espagnol, S.; Blanco-Penedo, I.; Garcia-Launay, F. Life Cycle Assessment of Iberian
Traditional Pig Production System in Spain. Sustainability 2020, 12, 627. [CrossRef]

31. Giraldi-Díaz, M.R.; Castillo-González, E.; De Medina-Salas, L.; la Cruz, R.V.-D.; Huerta-Silva, H.D. Environmental Impacts Asso-
ciated with Intensive Production in Pig Farms in Mexico through Life Cycle Assessment. Sustainability 2021, 13, 11248. [CrossRef]

32. Truong, A.H.; Kim, M.T.; Nguyen, T.T.; Nguyen, N.T.; Nguyen, Q.T. Methane, Nitrous Oxide and Ammonia Emissions from Live-
stock Farming in the Red River Delta, Vietnam: An Inventory and Projection for 2000–2030. Sustainability 2018, 10, 3826. [CrossRef]

33. Amon, B.; Çinar, G.; Anderl, M.; Dragoni, F.; Kleinberger-Pierer, M.; Hörtenhuber, S. Inventory reporting of livestock emissions:
The impact of the IPCC 1996 and 2006 Guidelines. Environ. Res. Lett. 2021, 16, 075001. [CrossRef]

34. Finkbeiner, M.; Ackermann, R.; Bach, V.; Berger, M.; Brankatschk, G.; Chang, Y.-J.; Grinberg, M.; Lehmann, A.; Martínez-Blanco, J.;
Minkov, N.; et al. Challenges in Life Cycle Assessment: An Overview of Current Gaps and Research Needs. In Background and
Future Prospects in Life Cycle Assessment; Klöpffer, W., Ed.; Springer: Dordrecht, The Netherlands, 2014.

http://doi.org/10.1017/S1751731117001847
http://www.ncbi.nlm.nih.gov/pubmed/28789724
http://doi.org/10.1093/af/vfy034
http://www.ncbi.nlm.nih.gov/pubmed/32071797
http://doi.org/10.1016/j.agee.2014.08.015
https://www.diva-portal.org/smash/get/diva2:942901/FULLTEXT01.pdf
http://doi.org/10.1016/j.jclepro.2015.11.029
http://doi.org/10.1017/S1751731114002134
http://www.ncbi.nlm.nih.gov/pubmed/25170767
http://doi.org/10.3390/su12020627
http://doi.org/10.3390/su132011248
http://doi.org/10.3390/su10103826
http://doi.org/10.1088/1748-9326/ac0848

	Introduction 
	Materials and Methods 
	Area of Study 
	Population Number 
	Semi-Extensive Pig Farm 
	Pig Population of European Countries 

	Emissions Estimation Using Tier Methodologies 
	Methane (CH4) Emissions 
	Estimations of Nitrous Oxide (N2O) Emissions Derived from Manure Management 

	GHG Emissions Estimation Using GLEAM-i Software 

	Results 
	Tier 1 Approach 
	Methane Emissions 
	Nitrogen Oxide Emissions 

	Tier 2 Approach 
	Manure Methane Emissions 
	Nitrogen Oxide Emissions 

	GHG Estimation using GLEAM-i Software 
	GHG Emission Estimations from a Case-Study Pig-Farm 

	Discussion 
	Conclusions 
	References

