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Abstract: This study analyzes the economic and energy dimensions of greenhouse gas
(GHG) emissions from agriculture at the European level, making a regional comparison for
the period 2000-2022. The research assesses the sustainability and resilience of agricultural
systems through regional comparisons, analyzing emissions at the farm and agricultural
land level using indicators such as emissions per capita, emissions relative to economic
value and emissions per hectare of agricultural land, providing insights into the disparities
between Eastern, Northern, Southern and Western European regions. The results reveal
significant variations in emissions intensity and sustainability practices between regions,
with Northern Europe showing the highest emissions per unit due to intensive agriculture,
Southern and Eastern Europe showing lower emissions influenced by climatic conditions
and economic transitions, and Western Europe showing a balance between agricultural
intensification and sustainability due to early adoption of advanced technologies. The study
underlines the importance of adapting regional strategies to increase sustainability and en-
ergy resilience in agriculture, providing valuable insights for integrating renewable energy
sources, optimizing resource use and implementing targeted policies to reduce emissions.

Keywords: agricultural sustainability; greenhouse gas emissions; energy resilience;
regional disparities; sustainable agricultural practices

1. Introduction

Agriculture plays a key role in the European Union (EU) economy, contributing to
food security and economic development, yet agricultural activities are a major source of
greenhouse gas (GHG) emissions, negatively impacting the environment and accelerating
climate change. GHG emissions from agriculture are influenced by a number of factors,
such as land use, intensification of agricultural activities, livestock farming and the use
of fertilizers and pesticides [1], so in the context of European climate policies such as the
European Green Pact [2] and the “Farm to Fork” strategy [3], reducing emissions from
agriculture is becoming a key priority. However, EU countries differ significantly in their
farming systems and emission levels, and a deeper understanding of the trends of conver-
gence or divergence between countries is needed; thus, in 2022, agriculture accounted for
about 12% of total EU greenhouse gas (GHG) emissions, equivalent to 380 million tons
of CO, [4], of which almost two-thirds came from meat and dairy farming [5]. Over the
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period 2005-2022, emissions from the agricultural sector fell by about 1 million tons of CO,
annually [6], equivalent to a total reduction of only 5%; this decrease underlines the effec-
tiveness of EU-wide programs and policies to make agriculture one of the least polluting
sectors after 2030.

Direct emissions from EU agriculture are projected to fall significantly, especially from
the livestock sector [7], as livestock numbers are reduced and the shift to more extensive
production systems. According to data from the European Environment Agency (EEA) [8]
and the FAO [9], agriculture is a significant contributor to greenhouse gas (GHG) emissions
in Europe; thus, in 2017, agriculture contributed about 20% of global GHG emissions,
including 11% from direct agricultural activities and 9% from associated land use.

In 2023, the EU experienced its warmest year on record, with increased average
temperatures and a northward shift of agroclimatic zones, and due to severe droughts and
extreme heat waves, large areas in regions such as the Mediterranean and Eastern Europe
were severely affected, contributing to significant losses in productivity [10]. Demand
for biofuels is declining as advanced production increases, with biofuels derived from
municipal waste projected to become the main source of biofuel by 2035, replacing much of
the use of vegetable oils for energy [11].

Methane, nitrous oxide and carbon dioxide from agriculture have different character-
istics and require specific approaches [12]; in addition, the lack of standardized reporting
tools at the farm level and the difficulties related to ongoing land management complicate
the implementation of an effective accountability system [13]. A standard for reporting
greenhouse gas (GHG) emissions in agriculture is to collect, measure and report emissions
from agricultural activities in order to ensure transparency, comparability and efficiency
in managing environmental impacts. Thus methane (CHy), mainly from enteric fermen-
tation [14], contributes 49% of total agricultural GHG emissions [15], followed by nitrous
oxide (N2O) emitted from soils, which accounts for 30% [16], and manure management
is the third major source, with a contribution of 17% [4], while other agricultural sources,
although present, have a low impact, accounting for less than 5% of the total [17].

Industry and agriculture play a key role in ensuring food security, technological de-
velopment, job creation and maintaining economic competitiveness, yet these sectors are
among the largest contributors to GHG emissions, with negative effects on air quality,
biodiversity and human health [18]. While progress has been made in reducing emissions
in some Member States, differences between EU countries remain significant, and mit-
igation strategies need to be tailored to the specific economic and structural context of
each region [19].

Carbon emissions from agriculture have become a major global concern in the context
of intensifying climate change and international efforts to meet emission reduction targets.
Thus, agriculture is recognized as one of the main contributors to greenhouse gas (GHG)
emissions, being responsible in particular for methane (CH,4) and nitrous oxide (N,O)
emissions, which contribute significantly to global warming [20]. Within this framework,
a comprehensive review of research on carbon emissions from agriculture can support
the development of effective policies to protect the environment without compromising
economic progrowth.

Over the last decades, research on agricultural carbon emissions has evolved from
simple estimates of emissions [21] to complex studies on drivers [22,23], abatement meth-
ods [24] and sustainable management strategies [25,26]. In the context of the EU’s com-
mitments under the European Green Pact and the emission reduction targets set for 2030
and 2050, it is essential to analyze the structure and dynamics of agricultural emissions in
order to identify the most effective abatement measures. Agriculture contributes to GHG
emissions through several main sources, including enteric fermentation of ruminants [27],
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manure management [28], fertilizer use on agricultural soils [29], burning of agricultural
residues [30] and application of lime and urea [31]. Despite some progress in reducing
emissions, the decrease to date is below the EU’s targets, which requires further action to
accelerate the transition towards more sustainable agriculture.

The research aims to analyze the sustainability and energy resilience of greenhouse gas
emissions (CO,, CHy, N»O) from agriculture at the European level, with a focusalization on
the regional comparison between Eastern, Northern, Southern and Western Europe. Thus,
the study aims to identify trends in emissions at the farm gate and on agricultural land, to
correlate emission indicators with agricultural intensity (per capita, per economic value
and per hectare) and to highlight the main regional differences in agricultural resource
management to support the transition towards more sustainable agricultural practices.

The main research objectives are:

O1: To analyze regional trends in greenhouse gas emissions (CO,, CHy, N,O) from
agriculture at the European and regional level between 2000 and 2022 according to Euro-
pean regions (East, North, South and West) with a focus on identifying the main trends
and variations.

O2: Assessment of regional disparities in emission contributions, highlighting how
agricultural intensity, resource use and environmental practices influence emission levels
and sustainability outcomes.

03: Assessing sustainability and resilience in agriculture through correlations between
regional emissions (per capita, per economic value and per hectare) and total EU-wide
emissions, using linear regression and other relevant statistical methods to understand the
impact of regional agricultural practices on sustainability.

The research will provide a detailed analysis of trends in greenhouse gas (CO,, CHy,
N;O) emissions from agriculture at both European and regional (Eastern, Northern, South-
ern and Western Europe) levels, highlight disparities in agricultural emissions between
European regions, taking into account factors such as agricultural intensity, resource use
and environmental management practices, and by exploring the relationships between
emissions and key indicators (e.g., emissions per capita, emissions per value of agricultural
output and emissions per hectare of agricultural land), the research aims to identify the
regional drivers of emissions and their impact on the overall sustainability of European
agriculture. The results will establish a framework for ongoing analysis of emissions from
agriculture, providing a basis for future research on innovative solutions for achieving
low-emission and climate-resilient agriculture in Europe.

2. Materials and Methods
2.1. Data Sources and Materials for Analyzing Energy Sustainability and Resilience

For the analysis of the sustainability and energy resilience of emissions from agricul-
ture in Europe, relevant data and resources were used from the FAO database, Emissions
Indicators section [32], available at FAOSTAT, which provided data on greenhouse gas
emissions (CO,, CHy4, N,O) from agriculture for the period 20002022, and the geographical
regions included in the analysis were: Eastern Europe, Northern Europe, Southern Europe
and Western Europe [33].

The indicators analyzed in the study include both total greenhouse gas (GHG) emis-
sions and normalized indicators, which allow a more accurate comparative assessment
between regions. Thus, total GHG emissions are represented by the three main gases:
carbon dioxide (CO;), methane (CHy) and nitrous oxide (N,O), which have a signifi-
cant contribution to climate change and are analyzed for each European region for the
period 2000-2022.
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In addition to total values, normalized indicators were used to compare the efficiency
and sustainability of emissions between different regions:

—  Emissions per capita (t/capita): measures average emissions relative to the population
in each region, reflecting the individual environmental impact [34];

—  Emissions per economic value (kg/Int$): measures emissions relative to the value of
agricultural output, reflecting the economic efficiency of agricultural activities [35];

—  Emissions per hectare of agricultural land (t/ha): indicates the intensity of emis-
sions in relation to the agricultural area used, providing information on pressure on
natural resources [36].

These indicators allow a more detailed understanding of regional sustainability and
help to identify differences in agricultural practices and resource use efficiency.

Emissions per capita in agriculture have decreased significantly in recent years due to
the implementation of effective measures aimed at sustainability and resilience [37,38]. An
important factor in this reduction has been the transition to renewable energy sources in
the agricultural sector [39]: the use of solar panels [40], biogas from organic waste [41] and
wind energy has contributed to reducing dependence on fossil fuels, thereby reducing CO,
emissions per capita. In parallel, the adoption of energy-efficient agricultural technologies
has played a key role: the use of modern equipment, such as electric or hybrid tractors
and machinery, together with smart irrigation systems and digital crop monitoring, has
optimized resource consumption and reduced energy losses [42]. These measures are part
of broader strategies supported by EU policies such as the European Green Pact [43] and
the LULUCF Regulation [44], which aim to reduce emissions and make agriculture more
resilient to climate change.

Innovative and sustainable measures in the agricultural sector have played a key role
in reducing emissions relative to economic value by adopting the principles of the circular
economy, which promotes the efficient reuse and use of resources. By reducing waste
and optimizing production flows, farms have been able to reduce emissions per unit of
economic value produced [45]. The introduction of low-carbon farming practices has also
contributed considerably to this decrease: the use of organic fertilizers instead of chemical
fertilizers [46], the reduction of soil inputs to conserve soil carbon and the implementation
of precision farming technologies for efficient resource management [47].

Emissions per hectare of agricultural land have been significantly reduced through
the adoption of sustainable agricultural practices aimed at optimizing the use of resources
and contributing to soil carbon sequestration. An effective strategy in this regard is crop
rotation, which prevents soil depletion and maintains soil fertility, thus reducing the need
for intensive use of chemical fertilizers with negative environmental impacts [48,49], and
the integration of leguminous crops in crop rotation plays a key role, due to the ability of
these crops to fix atmospheric nitrogen in the soil.

Auxiliary sources used to determine the sustainability and energy resilience of agri-
cultural emissions have been European agricultural policies [50-53], such as the imple-
mentation of sustainability measures (GAEC—Good Agricultural and Environmental
Conditions) [54-59], socio-economic data for analyzing the impact of emissions [60-62],
such as the value of agricultural production and available agricultural land [63-65].

For data analysis and visualization of the results, statistical analysis software
(IBM-SPSS—Statistics, versions 26) was used to perform statistical analyses, including
calculating Pearson correlations and performing linear regressions. This software facili-
tated the identification of the relationships between the studied variables, such as GHG
emissions and norm-measured indicators, and allowed obtaining the relevant coefficients
for the observed trends and data visualization tools (Microsoft Excel) for initial data pro-
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cessing, tabular organization and generation of descriptive graphs, such as the percentage
change in emissions by region.

According to the FAO database (FAOSTAT) [33], Europe is divided into four major
regions: Eastern Europe, Northern Europe, Southern Europe and Western Europe. Each
European region contributes differently to total emissions from agriculture, reflecting their
geographical and economic specificities; thus, while Western Europe and Northern Europe
focus on reducing emissions through advanced technologies and stringent policies [66],
Southern Europe and Eastern Europe [67] face challenges in transitioning to more sustain-
able agricultural practices, and the comparative analysis carried out between these regions
provides a thorough understanding of the energy resilience and sustainability of European
agriculture (Figure 1).

Eastern Europe Northern Europe
- i 43
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Figure 1. Map of analyzed regions: (a) Eastern Europe, (b) Northern Europe, (c) Southern Europe,
(d) Western Europe. Source: authors’ contribution based on FAO data [33].

Eastern Europe (Belarus, Bulgaria, Czech Republic, Hungary, Poland, Republic of
Moldova, Romania, Russian Federation, Slovakia, and Ukraine) is characterized by mixed
agriculture, combining subsistence farms with large-scale industrial farms [68]. Thus, in
this region, agriculture is an important part of the economy, and intensive land use for
cereal production and livestock farming contributes significantly to greenhouse gas (GHG)
emissions, with the majority of emissions coming from fertilizer use, manure management
and enteric fermentation processes [69]. At the same time, the post-socialist economic
transition has influenced resource management strategies, making energy sustainability a
major challenge for countries in this region (Figure 1a).

Northern Europe (Denmark, Estonia, Finland, Iceland, Ireland, Latvia, Lithuania,
Latvia, Norway, Sweden, United Kingdom of Great Britain and Northern Ireland) is charac-
terized by a cold climate and modern agricultural practices [70], oriented towards sustain-
ability; thus agriculture in this region is dominated by technologized farms and resource



Sustainability 2025, 17, 2582

6 of 24

efficiency [71], and most emissions come from livestock and organic waste management
processes (Figure 1b).

Southern Europe (Albania, Bosnia and Herzegovina, Croatia, Greece, Italy, Malta,
Montenegro, Portugal, Serbia, Slovenia, Spain, Serbia, and Northern Macedonia) is marked
by a Mediterranean climate, which favors diversified agriculture [72], with a focus on olive,
citrus and vine cultivation, but faces significant water stress, making water resource man-
agement essential for energy resilience (Figure 1c). Thus, emissions are mainly generated
by intensive irrigation, pesticide use and agrifood processing.

Western Europe (Austria, Belgium, France, Germany, Luxembourg, The Netherlands,
and Switzerland) the region is considered a model of efficient agriculture [73], characterized
by large-scale industrial farms and extensive use of modern agricultural technologies, and
emissions in this region are mainly generated by livestock farms and the use of chemical
fertilizers (Figure 1d).

2.2. Regional Comparative Analysis Methodology

This paper uses a quantitative methodological approach to analyze the evolution of
agricultural emissions in European regions (total Europe, Eastern, Northern, Southern
and Western Europe) over the period 2000-2022, with a focus on energy sustainability
and resilience. The comparative analysis focuses on “Farm gate” and “Agricultural land”
emissions, using indicators such as total CO,, CH4 and N,O emissions alongside nor-
malized indicators (emissions per capita, per economic value and per hectare) from the
FAO database [32].

The percentage evolution of “Farm gate” and “Agricultural land” emissions for differ-
ent European regions (Europe, Eastern, Northern, Southern and Western Europe) between
2000 and 2022 was calculated based on the following formulas:

1. Percentage calculation for each region (normalized values to percentage): allowed
the identification of the relative contribution of each region to total European emissions,
highlighting the differences in sustainability between the regions analyzed; thus, for each
year and each region, the percentage of emission is calculated as follows:

ERr
Egr (%) = — x 100 1
R (%) Teg 1)
where: Eg: emissions from a region (Eastern, Northern, Southern, Western Europe); Teg:
total emissions Europe: the sum of all emissions in Europe.

2. Analysis of percentage variations between two consecutive periods to highlight
changes in emissions over time, providing insight into trends in increasing or decreasing
emissions in each region, being essential for assessing sustainability. Using the formula:

Ei — Ei_
Variation (%) = ———=L x 100 )
Ei 1
where: Ei: Emissions in the current period; E;_;: Emissions in the previous period.

3. Statistical analysis (covariance and variance) to analyze the relationship between
regional emissions and other variables, such as years and total European emissions:

(a) The covariance Cov(x,y) was calculated to measure the relationship between year
(x) and percentage of emissions (y), according to the following formula:

n

i=1 (xi - f) (3/1 - y) (3)

n

Cov(x,y)

where: x;: year for observation i; y;: emission value for observation; X: mean of x values
(years); y: mean of y values (percentage of emissions).
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(b) Variance (Var(x)) was used to assess the dispersion of emission values over time
according to the following formula:

Var(x) = (4)

The results were illustrated through line graphs to represent the percentage evolution
of emissions and the relationships between variables and boxplots that highlight both
regional distributions and long-term trends.

3. Results

3.1. Regional Trends in Agricultural Emissions: Insights on Resilience and Sustainability
3.1.1. Regional Dynamics of CO, Emissions: Practices and Intensity

Trends in carbon dioxide (CO,) emissions from agriculture at the regional level are
influenced by several factors, including land use practices [74], the intensity of agricultural
activities [9], environmental policies and economic and climatic conditions [75,76], thus
these influences differ according to the specificities of each European region, leading
to significant variations in CO, emissions [77]. The evolution of CO, emissions from
agriculture in Europe, with a focus on regional contributions and differences between
“Farm gate” and “Agricultural land”, provides a detailed perspective on temporal trends,
highlighting both increases associated with the intensification of agriculture and recent
progress in reducing emissions due to the implementation of sustainable practices, and
from a regional perspective, the analysis highlights significant variations between Eastern,
Northern, Southern and Western Europe, reflecting the diverse adaptation of agricultural
practices to the requirements of sustainability and energy resilience (Figure 2).

Farm gate Agricultural land
20.00% 9.50% 25.00% 11.00%
o 0 10.50%
15.00% 9.00% 20.00%
10.00%
8.50% 15.00%
10.00% 9.50%
8.00% 10.00%
9.00%
5.00%
7.50% 5.00% 8.50%
0.00% 7.00% 0.00% 8.00%
2000 2005 2010 2015 2020 2022 2000 2005 2010 2015 2020 2022
Eastern Europe Northern Europe Eastern Europe Northern Europe
Southern Europe Western Europe Southern Europe Western Europe
==@— Europe ==@— Europe

(@) (b)

Figure 2. Emissions Share (CO;) (%): (a) Farm gate; (b) Agricultural land. Source: authors’” contribu-
tion based on data from the FAO database [32].

Figure 2 shows “Farm gate” and “Agricultural Land” values of emissions share (CO;)
for the different European regions (left Y-axis) and for Europe as a whole (right Y-axis). The
right axis represents average values at the European level, which vary within a narrower
range, while the left axis illustrates the more pronounced regional variations.

In Europe, the values increased from 7.94% in 2000 to a peak of 9.02% in 2020, in-
dicating an intensification of agriculture and more intensive use of resources; however,
between 2020 and 2022, a decrease to 8.53% was observed, suggesting progress in the more
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efficient management of agricultural inputs and adoption of more sustainable technologies.
Thus, the overall increase by 2020 can be explained by the increase in food demand and the
expansion of intensive agriculture.

Emissions from agricultural land: this indicator reflects CO, emissions directly associ-
ated with the use of agricultural land, including soil tillage, fertilizer application, irrigation
and other agricultural practices. Thus, in Europe, emissions on agricultural land have
steadily increased from 9.5% in 2000 to a peak of 10.84% in 2020, indicating the intensifica-
tion of agriculture to meet increased food demand. After 2020, there was a slight decrease to
10.26% in 2022, suggesting the implementation of measures aimed at reducing agricultural
impacts, and the general trend reflects a balance between increasing agricultural production
and the adoption of more sustainable practices in recent years. The decrease in 2022 can be
attributed to both the impact of the COVID-19 pandemic, which reduced agricultural and
trade activities through logistical restrictions and bottlenecks and the progressive adoption
of sustainability measures in agriculture.

In some regions, the conversion of natural land to agricultural land leads to significant
CO, emissions, e.g., Eastern Europe experienced an intensification of agricultural land
use in the first decades after 2000, and intensive fertilizer use, frequent plowing and other
practices that affect soil carbon stocks contribute to increased CO, emissions, particularly
in agriculturally intensive regions such as Northern Europe [78]. Reliance on fossil fuels
for farm machinery, irrigation and other intensive processes contributes to CO, emissions;
thus, Western Europe, with more intensive agriculture, faces these challenges, but the
use of more energy-efficient farm equipment, such as modern fuel-efficient tractors and
GPS systems for optimizing farm work, together with the transition to renewable energy
sources such as solar panels and bioenergy, have contributed to CO, emission reductions
in regions such as Western Europe and the Nordic countries, where environmental policies
and investments in sustainable agricultural technology have been more intense [79].

Northern and Western Europe have seen a significant intensification of agriculture to
meet domestic and international demand for food, leading to increases in CO, emissions,
and in warmer regions such as Southern Europe [80], the use of intensive irrigation systems
contributes to the CO, emissions associated with the energy needed to power them [81].
In regions with strict environmental policies, such as Western Europe, CO; emissions
have gradually decreased due to the promotion of organic farming and sustainable land
management systems [82], and the implementation of the European Green Pact has en-
couraged investment in low-emission technologies, reducing the environmental impact of
agriculture in several European regions [2]. In Eastern Europe, economic restructuring and
modernization of farms have contributed to lower CO; emissions per unit of production,
although increasing land use intensity remains a risk factor, and in Southern Europe, natu-
ral limitations such as water scarcity influence emissions by reducing input use intensity;,
leading to relatively lower emissions compared to other regions.

The reduction in agricultural emissions in Western Europe has been more pronounced,
reflecting the effectiveness of strict environmental policies and continued investment
in sustainable agricultural technologies. The use of modern equipment, such as fuel-
efficient tractors and GPS systems, to optimize farm work has contributed significantly
to lower emissions. At the same time, the shift towards renewable energy sources such
as solar panels and biogas has reinforced this downward trend. By contrast, in Eastern
Europe, the rise in emissions in the early decades of the 2000s was associated with the
intensification of agriculture; however, economic restructuring and modernization of farms
have subsequently allowed more efficient farming practices to be adopted, leading to a
gradual decline in emissions. In Northern Europe, high demand for food has maintained
high emission levels despite the implementation of modern technologies, while in Southern
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Europe, arid climatic conditions and limited water resources have contributed to relatively
low emissions.

3.1.2. Methane (CH4) Emissions and the Role of Animal Management

The analysis highlights significant fluctuations over time and space, reflecting the eco-
nomic and social dynamics of European agriculture, the intensification of animal husbandry
practices and technological advances [83]. In particular, it highlights both the reduction
in emissions due to the adoption of advanced technologies and the challenges faced in
regions with intensive agriculture, where demand for animal products maintains pressure
on resources and the environment.

The evolution of methane (CHy4) emissions from agriculture in European regions
highlights regional variations and differences between emissions reported to ‘Farm gate’
and those associated with “Agricultural land’. Methane, emitted predominantly from
enteric fermentation processes and manure management, is a critical factor in assessing the
sustainability of the agricultural sector (Figure 3).

Farm gate Agricultural land
38.00% 70.00% 38.00%
60.00%
36.00% 36.00%
50.00%
34.00% 40.00% 34.00%
32.00% 30.00% 32.00%
20.00%
30.00% 30.00%
10.00%
28.00% 0.00% 28.00%
2010 2015 2020 2022 2000 2005 2010 2015 2020 2022
Eastern Europe Eastern Europe Northern Europe
Northern Europe
Southern Europe Southern Europe Western Europe
Western Europe
—@— Europe ==@— Europe

@) (b)

Figure 3. Emissions Share (CHy) (%): (a) Farm gate, (b) Agricultural land. Source: authors’ contribu-
tion based on data from the FAO database [32].

Trends in methane (CH4) emissions from agriculture at the regional level are influenced
by a combination of factors related to agricultural practices, socio-economic changes,
technological advances and environmental policies [84]. These factors vary significantly
between regions, reflecting differences in farming systems, resource availability and policy
priorities; thus, methane (CH,) emitted at the farm gate comes mainly from ruminant
digestion, a natural process in the stomachs of livestock, and manure management [85]. In
Europe, methane emissions at the farm gate decreased from 36.69% in 2000 to 31.23% in
2022; this significant reduction reflects important advances in emissions management in the
livestock sector, such as the adoption of modern technologies for manure management and
feed optimization, and is also a result of reduced livestock numbers in some regions and
the implementation of stricter environmental policies; however, the sector remains a major
source of methane in Europe, indicating the need for continued investment in emission
reduction technologies.

Methane emissions from agricultural land in Europe have decreased from 36.69%
in 2000 to 31.23% in 2022, suggesting important progress in reducing agricultural envi-
ronmental impacts, including optimizing manure management and adopting modern
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farming practices. Regions with intensive livestock farming, such as Northern and Western
Europe, have high CHy4 emissions due to the concentration of dairy and meat produc-
tion systems [86], and enteric fermentation in ruminants is the main source of emissions
compared to those with mixed farming or a focus on crops, and in Eastern Europe, the
significant reduction in livestock numbers after 2000, driven by economic restructuring
and low demand, has led to lower CH4 emissions [87]. Warmer regions (such as Southern
Europe) have lower livestock densities, which limits CH4 emissions; however, these regions
face challenges related to resource availability [88], such as water scarcity, and increasing
environmental awareness has led to a slow transition to plant-based diets in some regions,
contributing to lower livestock numbers and thus CH, emissions [89].

The reduction of methane (CH,) emissions from agriculture in Europe between 2000
and 2022 reflects important progress in the sustainable management of livestock activities
and in the implementation of environmental policies. The decrease from 36.69% to 31.23%
highlights the positive impact of the adoption of modern technologies for manure man-
agement and feed optimization. These measures have made a significant contribution to
reducing emissions, particularly in intensive livestock farming regions such as Northern
and Western Europe, where dairy and meat production systems are dominant. In Eastern
Europe, economic restructuring and reductions in livestock numbers after 2000 have also
led to lower emissions, while Southern Europe, characterized by lower livestock densities,
has seen lower emissions, although facing challenges related to resource availability.

3.1.3. Nitrous Oxide (N,O) Emissions: Fertilizer and Soil Management Challenges

Nitrous oxide (N;O) is one of the most potential global warming agents in the agricul-
tural sector [90], mainly generated from fertilizer use and agricultural soil management [91].
Analysis of N,O emissions at the regional level reveals significant variations driven by the
intensity of agricultural practices, environmental policies and adaptation to sustainable
technologies (Figure 4).

Farm gate Agricultural land
68.00% 80.00% 68.00%
67.50% 70.00% 67.50%
67.00% o 67.00%
66.50% 60.00% 66.50%
66.00% 50.00% 66.00%
65.50% 40.00% 65.50%
65.00% 30.00% 65.00%
64.50% 64.50%
20.00°
64.00% 0.00% 64.00%
63.50% 10.00% 63.50%
63.00% 0.00% 63.00%
2000 2005 2010 2015 2020 2022 2000 2005 2010 2015 2020 2022
Eastern Europe Northern Europe Eastern Europe Northern Europe
Southern Europe Western Europe Southern Europe Western Europe
==@— Europe ==@— Europe
(@) (b)

Figure 4. Emissions Share (N,O) (%): (a) Farm gate, (b) Agricultural land. Source: authors” contribu-
tion based on data from the FAO database [32].

At the European level, N,O emissions have been relatively constant between 2000
and 2022, reflecting the balance between agricultural intensification and advances in agri-
cultural resource management; however, regional differences highlight the area-specific
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challenges, from intensive agriculture in Northern Europe to more restrictive conditions in
Southern Europe.

Nitrous oxide (N,O) is emitted at the farm gate mainly from fertilizer use and manure
management. Thus, N,O emission values at the European level have been relatively
constant, ranging from 64.7% in 2005 to 67.34% in 2020, before decreasing slightly to
66.05% in 2022. This stability indicates balanced management of agricultural inputs but
also continued challenges to reduce emissions, with the increase to 2020 attributed to the
intensification of agriculture to meet increased demand for agricultural products and the
recent decrease suggesting progress in the adoption of sustainable practices.

Emissions from agricultural land are mainly generated by the use of nitrogen fertilizers
on agricultural land; they are a significant component of agricultural greenhouse gas
emissions, having a direct impact on climate change; thus, at the European level, nitrogen
oxide (N2O) emissions from agricultural land have remained relatively constant, ranging
from 64.7% in 2005 to 67.34% in 2020, before decreasing slightly to 66.05% in 2022. This
stability reflects consistent agricultural practices in fertilizer use, and the increase up to
2020 suggests an intensification of agriculture, while the subsequent decline indicates the
gradual adoption of input efficiency measures and stricter emission policies.

Regional trends in nitrous oxide (N,O) emissions from agriculture are determined by
agriculture-specific factors such as the use of chemical fertilizers, soil management practices,
intensity of agricultural activities and the implementation of advanced technologies. N,O,
a highly potent greenhouse gas, is mainly released from microbiological processes in the
soil, and regions with intensive agriculture, such as Northern and Western Europe, have
high N,O emissions due to the heavy use of chemical and organic fertilizers, while regions
that intensify production to meet food demand (e.g., Northern Europe) have higher N,O
emissions because the use of agricultural inputs is directly proportional to the increase
in productivity.

European policies, such as the Common Agricultural Policy, encourage sustainable
agricultural practices that reduce N, O use and optimize soil management; thus, in East-
ern Europe, the modernization of agricultural infrastructure and the transition towards
more efficient agriculture have led to a decrease in NoO emissions per unit of production,
although intensification of land use in some areas remains a risk factor.

The evolution of nitrous oxide (N;O) emissions in Europe between 2000 and 2022
reflects a balance between agricultural intensification and improved agricultural resource
management. The stability of values, with fluctuations between 64.7% in 2005 and 67.34%
in 2020, followed by a slight decrease to 66.05% in 2022, suggests that although emission
reduction measures are starting to have an effect, challenges persist. The increase up
to 2020 is attributed to the intensification of agriculture to meet the growing demand
for agrifood products, while the subsequent decline indicates the gradual adoption of
sustainable agricultural practices and fertilizer efficiency measures.

At the regional level, N,O emissions are influenced by the specificity of agricultural
activities: In Northern and Western Europe, the intensive use of chemical and organic
fertilizers has contributed to high emissions. In contrast, in Eastern Europe, the moderniza-
tion of agricultural infrastructure and the shift towards more efficient practices have led
to a reduction in emissions per unit of output, while in Southern Europe, drier climatic
conditions and lower input use have kept emissions low.

3.2. Regional Economic Perspectives on Agricultural Emissions: Efficiency, Sustainability
and Resilience

3.2.1. Regional Trends and Their Contribution to Agricultural Resilience

The analysis explores the correlates of per capita emissions from agriculture from
two key perspectives: emissions at the farm gate, which include all on-farm processes and
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activities (such as fertilizer use, manure management or energy use) [92] and emissions
on agricultural land, which reflect the direct impact of agricultural practices on soil and
ecosystems (e.g., emissions from the decomposition of plant residues or pesticide use) [93].
The indicators used are defined according to the FAO [55], which integrates greenhouse
gas calculation methods in the context of agricultural activities and land use change, thus
providing a standardized basis for measuring environmental impacts.

Figure 5 plots the relationship between regional and European per capita emissions
(at the farm gate and on agricultural land). The analysis is based on emission indicators
structured into two main categories: farm gate and agricultural land, reflecting the evolu-
tion of per capita emissions in the EU regions (Eastern Europe, Northern Europe, Southern
Europe and Western Europe) over a 22-year period.

Farm gate Agricultural land
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Figure 5. Relationship between regional per capita emissions and European per capita emissions
(t/capita): (a) Farm gate, (b) Agricultural land. Source: authors’ contribution based on data from the
FAO database [32].

Eastern Europe has per capita agricultural emissions of between 1.45 and 1.60 t/cap,
indicating relatively low variability in this region, and at the European level, emissions
fluctuate in a close range between 1.40 and 1.65 t/cap; thus, the closeness of these values
suggests that Eastern Europe closely reflects the general trends in European agricultural
emissions and that this region is characterized by a combination of traditional farming
methods and gradual modernization of the agricultural sector, which contributes to the
stability of emissions over time.

In Northern Europe, agricultural emissions are significantly higher, ranging between
2.00 and 2.50 t/cap at the farm gate, with a regional median of 2.25 t/cap, compared
to 1.50 t/cap at the European level. The considerable difference between these values
suggests that Northern Europe exerts a strong influence on the overall trends, which can be
explained by the specificity of Nordic agriculture, dominated by intensive livestock farming
and the use of technologies with a high impact on greenhouse gas emissions, in addition
to the harsher climatic conditions requiring higher energy consumption in agricultural
production, which contributes to the high emissions.

Southern Europe has the lowest agricultural emissions per capita, ranging between
0.85 and 1.10 t/capita, reflecting a less intensive agricultural sector adapted to the region’s
specific climatic conditions. However, the positive relationship between regional and Euro-
pean emissions remains significant. The averages calculated for this region of 1.00 t/cap
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compared to 1.50 t/cap at the European level confirm that Southern Europe maintains a
direct correlation with the general trends but with a lower contribution to total emissions,
which is determined by an agricultural mix oriented towards extensive cropping and lower
dependence on inputs with high environmental impact.

Western Europe has agricultural emissions per capita in a range between
1.20 and 1.60 t/capita, suggesting a relatively moderate variability, showing a close correla-
tion with overall European trends, with similar averages to those at the continental level.
However, the level of emissions in Western Europe is influenced by local factors such as
agricultural policy, the degree of adoption of sustainable technologies and the diversity of
farming practices, and the transition towards more sustainable agriculture, promoted by
environmental policies and technological innovation, contributes to reducing emissions
and aligning the region with European environmental objectives.

The study of the relationship between regional agricultural emissions per capita and to-
tal Europene emissions shows significant positive correlations. These relationships indicate
that regional trends play a key role in the dynamics of total emissions from the Euro-
pean agricultural sector and that each region contributes differently to this development,
depending on its agricultural specificity, the technologies used, and the environmental
policies implemented.

In Eastern Europe, agricultural emissions per capita vary between 1.50 and 1.80 t/cap,
reflecting a relatively wide range of farming practices and efficiency levels, while total
European emissions range between 1.45 and 1.75 t/cap, indicating a similarity between
this region and the European average. The close averages of 1.60 t/cap for Eastern Europe
and 1.65 t/cap for Europe as a whole suggest that this region contributes to the stability
of emissions at the continental level, which can be explained by a combination of tradi-
tional and modern technologies and a gradual process of agricultural modernization. In
contrast, Northern Europe shows significantly higher values of agricultural emissions,
ranging between 2.40 and 3.00 t/cap, and highlights the specificity of Nordic agriculture,
characterized by a higher intensity of production and a developed livestock sector. The
regional median of 2.70 t/cap contrasts sharply with the European median of 1.65 t/cap,
suggesting that this region makes a major contribution to total agricultural emissions. This
can be attributed both to the predominantly livestock-oriented agricultural structure and
to resource-intensive climatic conditions.

Southern Europe is characterized by the lowest agricultural emissions per capita,
ranging between 0.90 and 1.10 t/cap, reflecting a less intensive agricultural sector better
adapted to arid climatic conditions, where sustainable practices are more common. Even in
this context, the statistical analysis confirms a positive relationship between regional and
European emissions; thus, the respective medians of 1.00 t/cap for Southern Europe and
1.65 t/cap for Europe as a whole suggest that, although the contribution of this region to
total emissions is lower, its dynamics follow the general trends of the continent. In Western
Europe, agricultural emissions per capita range between 1.20 and 1.60 t/cap, indicating
a moderate level compared to the other regions, reflecting the transition towards more
sustainable agricultural practices and increased efficiency in managing emissions. The
median of 1.40 t/cap for this region is slightly below the European average of 1.65 t/cap,
indicating that Western Europe contributes in a balanced way to total European emissions,
a trend that can be correlated with the adoption of strict emission reduction policies and
the implementation of advanced technologies in agriculture.

The analysis of agricultural emissions per capita in Europe shows significant differ-
ences between regions, influenced by the intensity of agricultural activities and the degree
of modernization. Eastern Europe shows stable emissions between 1.45 and 1.60 t/capita,
close to the European average, reflecting a combination of traditional farming methods and



Sustainability 2025, 17, 2582

14 of 24

4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

gradual modernization. In contrast, Northern Europe has the highest emissions, between
2.00 and 2.50 t/cap, due to intensive agriculture and energy-intensive climatic conditions.
Southern Europe has the lowest emissions (between 0.85 and 1.10 t/cap) due to less in-
tensive agriculture and resource efficiency. In Western Europe, moderate values between
1.20 and 1.60 t/cap reflect the application of advanced agricultural technologies and strict
environmental policies. These differences underline the need for tailored regional strategies
to reduce agricultural emissions.

3.2.2. Assessing the Economic and Energy Efficiency of Agricultural Emissions in
European Regions

Comparative analysis of agricultural emissions in kilograms of CO, equivalent
(kg/Int$) at the farm gate in European regions reveals distinct contributions and significant
positive correlations with total European emissions. Thus, this statistical relationship sug-
gests that regional variations directly influence continental emission trends, and differences
between regions are driven by factors such as the economic structure of agriculture, the
degree of technologization and resource management practices (Figure 6).
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Figure 6. Relationship between emissions per regional economic value and emissions per eco-
nomic value at the European level (kg/Int$): (a) Farm gate, (b) Agricultural land. Source: authors’
contribution based on data from the FAO database [32].

In Eastern Europe, agricultural emissions on a production value basis range from
1.80 to 3.00 kg /Int$, indicating significant differences in agricultural practices in the region,
from intensive farming to traditional systems with lower emissions. In comparison, the
European emissions range is narrower (2.00-2.50 kg /Int$), reflecting greater uniformity
in farming methods in other regions. Due to this wide range, Eastern Europe contributes
significantly to the total variation in European emissions, emphasizing the role of the
diversity of farming systems in the region. Although Eastern Europe shows significant
variability in agricultural emissions relative to the value of output, this is not the only
driver of the variation in emissions across Europe. Northern Europe, with a higher me-
dian value (3.7 kg/Int$), and Southern Europe, with lower values (1.15 kg/Int$), also
contribute significantly to the European average (around 2.2-2.5 kg/Int$). The influence
of Eastern Europe, although relevant, needs to be interpreted in the broader context of
the diversity of farming systems across Europe. Northern Europe is characterized by the
highest emissions per value of agricultural output, ranging between 3.40 and 4.00 kg/Int$,
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which significantly exceed the European average and suggest a major contribution of the
region to total emissions, while the median emissions in Northern Europe are 3.70 kg/Int$,
well above the European median of 2.20 kg/Int$. This discrepancy underlines the high
impact of agricultural activities in this area on total European emissions, and factors such as
intensive farming systems, the predominance of livestock and specific climatic conditions,
which require higher resource consumption, explain this high level of emissions relative
to production.

In Southern Europe, emissions are significantly lower, varying between 1.05 and 1.25 kg/Int$,
and thus have a more modest influence on total European emissions, reflecting a less intensive
agricultural sector better adapted to local climatic conditions. The regional median of 1.15 kg/Int$
is considerably lower than the European median of 2.20 kg/Int$, and the moderate variations
in emissions in this region indicate a relatively stable agricultural system characterized by more
efficient use of resources and low environmental impact. Western Europe has emissions per unit
value of output between 1.70 and 2.00 kg/Int$, which contributes significantly to European emis-
sions but with wider variations depending on the specificity of each country (median emissions in
Western Europe is 1.85 kg/Int$), so the adoption of policies to reduce agricultural impacts, together
with the modernization of technologies and the promotion of precision agriculture, contribute to
lower emissions per unit of output in this region. The results emphasize the importance of regions
in the overall trends and the need for regional strategies to reduce agricultural emissions, adapted
to the intensity of agricultural activities and the particularities of each area.

The statistical analysis of emissions by the value of agricultural production in Eu-
ropean regions on agricultural land shows significant variations between areas, as well
as positive correlations with total European emissions. Thus, these differences reflect the
intensity of agricultural activities, farm typology and degree of technologization, directly
influencing the level of emissions per economic unit produced. In Eastern Europe, re-
gional emissions vary between 2.00 and 3.25 kg/Int$, and EU-wide emissions between
2.10 and 2.60 kg/Int$, with similar medians (2.40 kg/Int$ and 2.35 kg/Int$), indicating a
strong influence and moderate variability of emissions in this region. Northern Europe, with
higher values (3.90-5.10 kg/Int$) and a median of 4.40 kg/Int$, contributes significantly
to European emissions, although the dispersion of the data suggests important regional
differences in agricultural intensity. Southern Europe shows lower emissions, between
1.10 and 1.30 kg/Int$, with a median of 1.20 kg/Int$, indicating a more stable and less inten-
sive agriculture compared to the European level, where the median is 2.35 kg /Int$. Western
Europe, with emissions between 1.70 and 2.00 kg/Int$ and a median of 1.85 kg/Int$, re-
flects a moderate and well-balanced use of agricultural resources, contributing to the wider
European variations.

The analysis of agricultural emissions relative to production value shows significant
differences between European regions. Eastern Europe shows emissions ranging from
1.80 to 3.00 kg/Int$, with an average of 2.40 kg/Int$, similar to the European average
of 2.35 kg/Int$, indicating a stable contribution to continental emissions, driven by the
diversity of agricultural practices. In contrast, Northern Europe has the highest emis-
sions, between 3.40 and 4.00 kg/Int$, with a regional average of 3.70 kg/Int$. These
high values reflect the region’s specific intensive agriculture, dominated by livestock
farming and intensive resource use. Southern Europe has the lowest emissions, between
1.05 and 1.25 kg/Int$, reflecting a less intensive agricultural sector adapted to arid climatic
conditions. In Western Europe, moderate values (between 1.70 and 2.00 kg/Int$) indicate a
balance between agricultural productivity and the adoption of strict environmental policies,
helping to reduce the environmental impact of agriculture.

The results of the analysis highlight the need to tailor mitigation strategies to regional
specificities. Thus, Northern Europe requires more sustainable agricultural technologies to
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control high intensity, while Southern Europe could benefit from optimizing traditional
practices, and Western Europe serves as a model for balancing agricultural productivity
with reduced environmental impact.

3.2.3. Regional Resilience in Relation to Agricultural Land Use and Emissions Intensity

This analysis details the evolution of emissions per hectare of agricultural land in
Europe and its regions (East, North, South and West) for the period 2000-2022. The
indicators provide insight into the intensity of emissions relative to land use, highlighting
the efficiency of agricultural land management and environmental impacts (Figure 7).
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Figure 7. Relationship between emissions per regional agricultural area and European emissions per
agricultural area (t/ha): (a) Farm gate, (b) Agricultural land. Source: authors’ contribution based on
data from the FAO database [32].

The analysis of the relationship between emissions per area of agricultural land at the
farm gate and emissions at the European level highlights significant differences between
European regions, marked by the intensity of agricultural activities and resource use.
Thus, Eastern Europe shows relatively low emissions, between 1.35 and 1.55 t/ha, with
a median of 1.45 t/ha, in contrast to the European level, where emissions range between
2.30 and 2.45 t/ha, and the uniform distribution reflects traditional farming practices and
moderate intensification, but the upward trend suggests a possible convergence with higher
European levels.

Northern Europe has the highest emissions, between 5.70 and 6.10 t/ha, with an
average of 5.90 t/ha, significantly higher than the European average (2.35 t/ha). This
reflects intensive agriculture and massive resource use, highlighting the need to adopt more
sustainable technologies to limit environmental impacts. Southern Europe shows constant
emissions, between 2.20 and 2.35 t/ha, with a median of 2.30 t/ha, almost perfectly in
line with the European level (2.35 t/ha). Less intensive but stable, agriculture indicates
a moderate positive trend and low variations reflect the gradual adoption of sustainable
practices. Western Europe has moderate emissions, between 4.60 and 5.40 t/ha, with a
median of 5.00 t/ha, contributing significantly to European emissions. The increasing trend
suggests more intensive agriculture compared to other regions, underlining its role in the
average European emissions and the need to optimize practices to reduce impacts.
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These results highlight the specificity of each region and emphasize the importance
of tailoring emission reduction strategies to local particularities to support European
sustainability objectives.

Analysis of the relationship between emissions per hectare of agricultural land and
emissions at the European level highlights regional differences in agricultural intensity: in
Eastern Europe, emissions per hectare range between 1.40 and 1.65 t/ha, with a median of
1.50 t/ha, reflecting low agricultural intensity. At the European level, emissions are higher
(2.40-2.65 t/ha, median 2.50 t/ha), indicating a moderate contribution of the region. The
upward trend suggests a gradual increasing alignment with higher agricultural intensities
in other regions.

Northern Europe shows the highest emissions, between 6.50 and 7.50 t/ha, with a
median of 7.00 t/ha, significantly above the European level. The extreme agricultural
intensity requires the urgent adoption of sustainable technologies to reduce the impact.
The almost flat relationship with European emissions indicates a steady contribution of the
region. Emissions in Southern Europe range between 2.20 and 2.50 t/ha, with a median
of 2.35 t/ha, very close to the European average (2.50 t/ha); thus, the slight decreasing
trend and the use of sustainable agricultural practices indicate progress in reducing envi-
ronmental impacts. In Western Europe, emissions range between 4.80 and 5.40 t/ha, with
a median of 5.20 t/ha, indicating intensive agriculture. Its significant contribution to the
European total reflects the intensification of agricultural practices, underlining the need for
further implementation of efficient technologies and sustainability measures.

Analysis of agricultural emissions per unit area shows significant regional differences
across Europe. Eastern Europe has the lowest emissions, between 1.35 and 1.65 t/ha,
with a median of 1.50 t/ha, reflecting traditional farming practices and moderate inten-
sification. However, a slight upward trend suggests a possible alignment with higher
values in other regions. In contrast, Northern Europe shows the highest emissions, be-
tween 6.50 and 7.50 t/ha, indicating intensive agriculture and high energy consumption,
highlighting the urgent need for sustainable technologies. Southern Europe has moderate
emissions, between 2.20 and 2.50 t/ha, with a decreasing trend due to the adoption of sus-
tainable methods. In Western Europe, values between 4.80 and 5.40 t/ha reflect a balance
between agricultural productivity and the adoption of efficient technologies. These results
underline the importance of tailored regional strategies to reduce emissions.

4. Discussion

Comparative analysis of greenhouse gas emissions from agriculture at the regional
level in Europe reveals significant differences, driven by the specific economic development
strategies and the degree of adoption of sustainable technologies. While Northern and
Western Europe continue to record the highest emissions, driven by intensive agriculture
and high farm density, the implementation of stringent policies and advanced technologies
is starting to generate positive effects, reflected in recent emission reductions. Thus, Eastern
Europe shows a clear downward trend in emissions due to the modernization of farms,
reduction in livestock numbers and optimization of chemical inputs, indicating significant
progress in the transition towards more efficient and cleaner agriculture; in contrast, South-
ern Europe maintains lower emission levels, but the slow pace of adoption of advanced
technologies suggests that there is still considerable potential for improvement through
strategic investments and sustainability-oriented policies [2,7,9].

Trends in methane (CH,) and nitrous oxide (N,O) emissions confirm the importance
of the transition to modern agricultural practices and the balance between increasing pro-
duction intensification and reducing environmental impacts. The significant reductions in
CH, emissions in Eastern Europe demonstrate the effects of agricultural modernization,
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while the high values in Northern and Southern Europe underline the dependence on
intensive farming systems and the use of chemical inputs, and Western Europe adopts an
equilateral model, combining agricultural intensification with effective emission reduc-
tion measures [10].

Overall, the analysis emphasizes that differentiated regional strategies are key to
reducing emissions and promoting sustainable agriculture and that tailoring measures
to the specificities of each region, investing in advanced technologies and implementing
effective policies will play an important role in achieving the EU-wide emission reduction
targets. Thus, a balanced transition that maintains agricultural productivity and protects
the environment is fundamental to the sustainable future of European agriculture.

The analysis of agricultural emissions in Europe shows a steady reduction in environ-
mental impacts due to the adoption of modern technologies and the transition towards
sustainable practices; both on-farm and on-farm emissions have shown significant de-
creases over the period 2000-2022, reflecting the improved efficiency of the European
agricultural sector. However, there are significant regional differences that underline the
need for specific policies and strategies in specific areas. Northern Europe continues to
have the highest per capita emissions due to agricultural intensification, particularly in
the livestock sector; although values have decreased over the last two decades, they re-
main above the European average, indicating the need for stricter policies and accelerated
modernization. In Eastern Europe, emission trends are more fluctuating, highlighting
difficulties in standardizing the implementation of technologies and modernizing agricul-
tural infrastructure. While significant percentage reductions have been achieved, recent
challenges suggest that maintaining progress requires continued support and additional
investment. Southern and Western Europe have performed better in reducing emissions,
thanks to a less intensive agricultural sector and effective policies, while Southern Europe
maintains the lowest emissions, demonstrating efficient use of resources, albeit influenced
by climate constraints, and Western Europe reflects a successful transition to a sustainable
agricultural model, supported by advanced technologies and well-implemented strategies.

The analysis of emissions relative to the value of agricultural output confirms the
improvement in eco-efficiency across Europe, with an overall decrease in emissions per
economic unit produced, with Eastern Europe showing the largest percentage reduction,
but recent challenges highlight difficulties in maintaining progress, while Northern Europe
continues to have the highest emissions, while Southern and Western Europe maintain a
balance between sustainability and productivity.

These results underline the need for continued investment in advanced technologies
and tailored policies, especially in the northern and eastern regions, to reduce disparities
and accelerate the transition towards sustainability, and a differentiated approach based on
the specificities of each region will be essential to achieve the emission reduction targets [24]
and to ensure sustainable agriculture in Europe [29].

The regional analysis of agricultural emissions in Europe confirms that the imple-
mentation of sustainable technologies [59,64] and the adaptation of policies to local speci-
ficities [23,28] are key factors for the transition to more environmentally friendly agricul-
ture [91]. Thus, the southern and western regions provide positive examples of emission
reductions, while in the north and east, progress is slower, requiring additional invest-
ment [5,7], stricter policies [2] and the adoption of more efficient farming practices [14].
The decrease in emissions per hectare of agricultural land at the EU level from 2.42 t/ha
in 2000 to 2.22 t/ha in 2022 reflects clear progress in the environmental efficiency of the
agricultural sector, while the adjusted emissions reduction from 2.61 t/ha to 2.4 t/ha
indicates an improvement in sustainability, but also the need for tailor-made strategies
for each region. Thus, Western Europe stands out with the most significant reduction in
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emissions (from 5.33 t/ha to 4.68 t/ha), which demonstrates the success of sustainability
policies and the integration of modern technologies. This transition pattern could serve as a
benchmark for other regions; in contrast, Northern Europe, although showing a reduction
in emissions (from 6.08 t/ha to 5.76 t/ha), remains the region with the highest values, due to
the high intensity of agriculture, dominated by livestock and the use of chemical fertilizers.
Southern Europe maintains low emissions (2.23 t/ha in 2000, compared to 2.21 t/ha in
2022), but recent variations (increase to 2.51 t/ha in adjusted emissions) underline the
region’s vulnerability to climate change and the need for further adaptation, this trend
indicates that although southern agriculture is less intensive, climate change may affect the
region’s environmental performance, requiring adaptation and innovation measures, and
Eastern Europe has the lowest emissions per hectare (1.54 t/ha in 2000 to 1.38 t/ha in 2022),
but recent fluctuations suggest an intensification of agricultural activities, which requires
modernization of infrastructure and use of advanced technologies to maintain emission
reductions without compromising agricultural productivity.

The results of the analysis show that European agriculture has the potential to improve
its environmental performance, but intensive farming regions, especially Northern and
Western Europe, require stricter policies and additional investment to balance the need for
production with sustainability objectives, while Southern and Eastern regions need to adapt
to climate change and accelerate the transition to more efficient agricultural technologies.
In the long term, differentiated regional strategies, investments in sustainable technologies
and the implementation of regio-specific policies will be key to achieving Europe’s emission
reduction targets and strengthening resilient and sustainable agriculture.

5. Conclusions

Regional analysis of agricultural emissions in Europe underlines the need for differ-
entiated and customized strategies tailored to the specificities of each region to ensure a
balance between productivity and sustainability. While Western Europe demonstrates a
balanced model based on advanced technologies and efficient policies, the Nordic regions,
with an intensive and highly input-dependent agricultural sector, require stricter measures
and innovative solutions to reduce emissions. At the same time, Eastern and Southern
Europe present distinct opportunities for optimization, either by upgrading infrastruc-
ture and implementing sustainable technologies or by increasing efficiency in the use of
natural resources.

Reductions in emissions per hectare and per value of agricultural output indicate
that transition efforts are underway, but progress is uneven and recent fluctuations high-
light structural vulnerabilities in certain regions. Thus, the development of integrated
policies to support the transition towards circular and energy-efficient agriculture is es-
sential to achieve the EU-wide agricultural emission reduction targets, while investments
in digitalization, precision agriculture and optimizing supply chains can accelerate the
decarbonization process, reducing environmental impacts without compromising the sec-
tor’s competitiveness. Digitization, precision agriculture and the use of renewable energy
sources can significantly reduce emissions from the agricultural sector; in particular, the
use of advanced technologies for manure management, optimized fertilization, and the
use of drones for precise pesticide application can contribute to lower CHs and N,O emis-
sions. Thus, integrating agriculture into Emissions Trading Schemes (ETS) could provide
economic incentives for farmers to reduce emissions, and the creation of regulated carbon
markets for agriculture could help promote sustainable practices and increase investment
in green solutions.

To complement and deepen this analysis, future research should focus on assessing
the costs of implementing green technologies in agriculture, identifying the most effective
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support policies for farmers and comparing different funding schemes in EU countries to
identify the most efficient support models for the transition towards sustainable agriculture.

Aligning intensification with sustainability will be key to a resilient agricultural model
that is able to respond to both economic demands and climate challenges in a fair framework
for all regions of Europe.
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