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loan | Gaf Deac?, Carmen Adriana Gheorghe' and
Anisoara lonela Diaconu?

!National Institute for Economic Research “Costin C. Kiritescu”, Bucharest, Romania, ?Bucharest
University of Economic Studies, Bucharest, Romania, *Department of Economic, Social and Legal
Studies, School of Advanced Studies of the Romanian Academy, Bucharest, Romania

This research addresses the problem of CO,, CH,4, and N,O emissions in the EU
forthe 2008-2018 period, and their contributing factors, through extensive and
complex analysis. The research incubated in the manuscript answers the
question of whether new state members managed to catch up with old
state members regarding technology innovation and mitigation of N,O
emissions from agriculture activities. The methodology used includes Tapio
decoupling index and the metafrontier non-radial Malmquist N,O emission
performance index. The research considers short-term, medium-term, and
long-term decoupling analyses. Results suggest a shift of decoupling status is
worse for the 2013-2018 period compared to the 2008-2013 period which
should concern low-carbon agriculture policy-makers. Also, it was noticed an
increase in total-factor N>O emission performance for the 2008-2018 period.
New state members managed to catch up with old state members regarding
technology innovation and mitigation of N,O emissions from agricultural
activities; however, not all countries managed to do so. For example,
Romania has experienced an efficiency loss due to a technology change and
from this perspective, Romania should address first managing N,O and CO,
emissions. The findings extend the traditional framework of investigating the
effects of CO,, CH,, and N,O in agriculture and highlight the necessity of
addressing environmental aspects from a broader perspective of the
policymakers and in developing innovative decoupling indexes. The research
investigation is reporting from a post-transition country by prioritizing the
measures to be implemented.
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1 Introduction

Greenhouse gas emissions from European Union (EU)
agriculture, although in a declining trend, continue to be
high, which explicitly requires climate change. According to
International Energy Agency, (2016) and EEA (2020), in the
EU, agricultural emissions represent the second-largest
greenhouse gas emissions (GHG) contributors after fossil
fuel combustion, amounting to 4,300 million tons of CO,
equivalent, in 2016. Thus, the increased emphasis on
agro—environmental targets, the promotion of resilient
agriculture, and a sustainable food system with low
greenhouse gas emissions have been added to the analysis
dimensions of the European agricultural model. Reducing
and implicitly mitigating climate change generated by
agriculture and adapting it to the new environmental and
green conditions have become priorities under the Common
Agricultural Policy (CAP), especially after 2014. On the other
hand, as is remarked in INCA (2021), the cultivated land and
the European grasslands provide ecosystem services worth €
76 billion per year for the communities, one in less than a third
of which comes from crop production and the rest from other
ecosystem services. For instance, Lesschen et al. (2011) make an
investigation review on greenhouse gas emission profiles of
European livestock sectors and show that the expanding of the
contemporary livestock sectors is associated with great effects
on agricultural land expansion, deforestation, and an increase
in the emission of greenhouse gases, while Coderoni and
Esposti, (2018) document a farm-level assessment of the
CAP payments and agricultural GHG emissions in Italy.
Poveda et al. (2020) investigate the impact and a possible
correlation  between renewable energy consumption,
agriculture production, urbanization, and economic growth
which are rarely employed and studied together in literature.
Jacobs et al. (2019) analyze the effects of climate change
adaptation in the agriculture sector in Europe and argue that
carbon sequestration measures doubled by an irreversible shift
in consumer patterns and diets will probably be needed in a
greater way than now.

This research fills the gap in the literature which focuses on
decoupling analysis of agriculture output or production in
restricted geographical areas, focusing mostly on emission
studies in China; there are few studies in the European
countries (Han et al., 2018; Hossain and Chen, 2021; Jiang
et al, 2021). Moreover, most studies regarding decoupling
analysis study the relationship between CO, emissions from
energy use and economic growth (Roinioti and Koroneos,
2017; Yan et al., 2017).

Metafrontier analysis is mostly used in assessing emission
performance relative to CO, emissions and fossil-fuel energy
sources comparing different countries or companies within a
region or assessing agriculture technical efficiency without taking
into account undesirable output such as emissions (Yang et al.,
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2018; Wen and Li, 2019); only a few studies, as far as we know,
deal with evaluating agriculture emission performance in this
manner. For example, Vlontzos et al. (2017) constructed an
efficiency index for agriculture environmental production
assessment of the EU countries for the 1997-2012 period
based on a directional distance function considering six
inputs, a desirable output (total crop and animal output), and
an undesirable output (total GHG emissions).

In 2020, Exposito and Velasco constructed a data
envelopment analysis (DEA) model having as undesirable
output the intensity of use of mineral fertilizer consumption
per output unit exploring sustainability efficiency in the
European agricultural sector (Exposito and Velasco, 2020).
Staniszewski and Kryszak (2022) investigated the link between
structures and sustainability by employing a DEA model with
three undesirable outputs (CO, and ammonia emissions,
consumption of inorganic fertilizers). A Malmquist index was
also constructed in order to assess regional differences in
agricultural CO, emissions performance in China (Lin and
Fei, 2015). Nowak and Kubik (2019) addressed the issue of
agriculture technical efficiency in Europe by comparing new
and old state members (who joined the EU before 2004).

The main objective of this research is to examine the
dynamics of GHG agriculture emissions, more specifically
carbon dioxide (CO,), methane (CH,), and nitrous oxide
(N,0), in relation to agriculture output, taking into account
efficiency of production as well as innovation, in EU during
2008-2018. In this context, the investigations are centered on the
decoupling status highlighted between three air pollutants
emissions and intensities (CO,, CH,, and N,O) indicators and
agriculture economic growth (given by agriculture output value),
and examining the sequential order between these six indicators
in the European Union countries. From this perspective, the
research focuses on issues such as decoupling analysis of GHG
emissions and intensities from output, production efficiency and
technology changes. Also, we construct a metafrontier non-radial
Malmquist N,O emission performance index to evaluate each EU
member state’s agricultural efficiency.

The innovation and contribution of this research mainly lie
in three aspects. First, this is the first study providing decoupling
statuses of the European Union countries for agricultural
activities. Second, this research innovatively proposed the
examination of the sequential order of three main important
agricultural air pollutants emissions indicators to provide policy-
makers with the decoupling statuses based on the six indexes,
which may serve as goals for pursuing a low-carbon agricultural
economy in three steps. Third, we investigated the N,O emission
efficiency from agricultualr activities in the EU through a
metafrontier analysis. The research tries to provide answers to
the following three key questions:

(i) Did new state members (who joined the EU after 2004)
manage to catch up with old state members (who joined the
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EU before 2004) regarding technology innovation and
mitigation of N,O emissions from agriculture activities?
(i) Did the EU their
agriculture GHG?
(iii) Did agriculture emissions and intensities decouple from

countries manage to reduce

agriculture output?

Summarizing, the article is structured into seven distinct
sections. A literature review section on the agriculture
emissions-economy based literature and decomposition
analysis is following the introduction. Section 3 is dedicated
on the on the description of the materials and methods
employed in the study. Section 4 presents the main results of
the research and the interpretation of the decoupling results by
describing the decoupling status of agricultural growth from
CO,, CH,, and N,O emissions/intensities and the Metafrontier
non-radial Malmquist N,O emission performance index-
empirical analysis. Section 5 gives a synopsis of the
discussions on the different results regarding the decoupling
analysis of the agricultural growth from CO,, CH,, and N,O
emissions on short-term, middle-term and long-term
perspective. Section 6 summarizes the main conclusions and
policy implications. The research closes with the limitations

and future directions for research section.

2 Literature review

The empirical literature that analyze the development of
agriculture economic indicators in relation to greenhouse gas
emissions indicators has grown significantly in the last decades
(Rai et al, 2011; Sanz-Cobena et al., 2017; Tongwane and
Moeletsi, 2018). While agriculture production releases into the
atmosphere CO, emissions as well as non-CO, emissions, the
dominant focus of this literature remains CO, emissions which is
surprising considering the fact that most farm-related emissions
come in the form of CH, and N,O emissions.

The agriculture emissions-economy literature can be divided
in several broad topics: decoupling studies (Han et al., 2018;
Hossain and Chen, 2021; Jiang et al., 2021), estimations of the
environmental Kuznets curve (Qiao et al., 2019; Ridzuan et al,,
2020), and regression analysis of drivers and effects (Appiah
et al,, 2018; Lin and Xu, 2018; Wang et al,, 2020). Other authors
have also addressed the issue of greenhouse gas emissions
through metafrontier analysis (Zhang and Choi, 2013; Lin and
Fei, 2015; Zhong et al., 2021).

The decoupling method is widely utilized due to its simplicity
of use and interpretation, aiming to empirically quantify the
relative change in GHG emissions in relation to an economic
output indicator such as gross domestic product (GDP).
Countries or industries that have a strong decoupling of GHG
emissions exhibit an ideal pattern in which GHG emissions drop
while the economic output increases. The environmental
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Kuznets curve states that agricultural emissions initially grow
as production increases in value, slows down till they reach a
turning point, and eventually drop, giving the relationship an
inverted U-shape.

Another focus in the literature is the measurement of
agricultural GHG emissions from different perspectives. For
example, Wisniewski and Kistowsk, (2018) measured the GHG
emissions in Poland as indicators of livestock intestinal
fermentation, animal manure, plant residues, and soil
management procedures. Senapati et al. (2016) measured the
nitrous oxide emissions from grain planting by applying a
Gorh and Baruah (2019)
determined GHG emissions levels

biogeochemical model. also

from different rice
varieties and argued that both agricultural productivity and
reducing the GHG are achievable in the context of production
optimization.

Agriculture GHG emission performance is influenced by
many factors, such as capital, land, labor, energy, fertilizer use,
and many others. Wang et al. (2020) showed through a CS-ARDL
model that globalization, financial development, and natural
resources lead to an increase in CO, emissions. Other authors
(Appiah et al, 2018) considered that not only economic
development can increase CO, emissions, but so do energy
consumption (especially from fossil fuel sources) and
population growth in the case of emerging countries. Some
authors have addressed the effects of mitigation strategies on
GHG emissions (van Meijl et al., 2018; Loboguerrero et al., 2019;
McCarl, 2019).

Considering all of the aforementioned, estimating GHG
emission performance takes into account many factors and is
essential for policymakers. There are many methods suitable
for estimating GHG emission performance; however, an
efficient and complex method is through a multi-input and
based

technology set. One of the most typically used methods is

output efficiency frontier on a production

the DEA (Data Envelopment Analysis) which is a multicriteria
method based
production technology set which mimics as close as

relative  efficiency evaluation on a

possible the reality.

3 Materials and methods

This section presents the methodology used in this research,
starting with the Tapio decoupling index. The methodology
employed in this research is developed based on the
discussions and implementation of the DEA models and
constructing their Malmquist index and its decomposition.
The variables employed in this study (CO,, CHy4, and N,O)
are usually taken into consideration in literature, but fewer
studies address the agriculture emissions in the EU member
states. From this perspective, it was considered as a reference to
the data sets available on EEA. (2020).
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3.1 Decoupling analysis

In order to quantify the relative change in GHG emissions in
relation to an agriculture output as well as the degree of
decoupling between those two, the Tapio decoupling index is
applied (Tapio, 2005) which is given by

_ %AAE _ (AEend - AEstart)/AEstart
B %AAG - (AGend - AGstart)/AGstart

where %AAE is the rate of change of agricultural emissions or
agricultural intensity, while %AAG is the rate of change of
agricultural output values; AEg,« and AEgqg represent the
agricultural emissions at the start and end of the period
analyzed; AGgee and AGeyg represent the agricultural output
values at the start and end of the period analyzed. The Tapio
decoupling index between agricultural emissions and agricultural
economic growth (DT) is interpreted as the change (in percent)
that occurs when the agricultural production, proxied by output
value, changes by 1%. A large value of index DT indicates a
stronger negative decoupling status which is the least desired
status. Moreover, a more complex interpretation can be achieved
by partitioning the decoupling index DT, obtaining seven
decoupling types (A, B, and C), according to (Tapio, 2005; Li
etal, 2012; Tang, 2015; Han et al., 2018): strong decoupling (SD)
when the change rate of agricultural emissions is negative and
that of the agricultural economic activities is positive, the state is
optimal (%AAE <0, %AAG >0 and DT <0); weak decoupling
(WD) When the growth rate of agricultural emissions is less than
that of the agricultural economic activities, the state is desirable
(%AAE >0, %9AAG>0 and 0<DT <1); critical (C) when the
growth rate of agricultural emissions is equal to that of the
agricultural economic activities (%AAE >0, %AAG>0 and
DT = 1); negative decoupling (ND) when the growth rate of
agricultural emissions is greater than that of the agricultural
economic activities (%AAE > 0, %AAG > 0and DT > 1) when the
growth rate of agricultural emissions is greater than that of the
agricultural economic activities; recessive decoupling (RD) when
the decline rate of agricultural emissions is greater than that of
the agricultural economic activities (%AAE <0, %AA <0 and
DT >1); weak negative decoupling (WND) when the decline
rate of agricultural emissions is less than that of the agricultural
economic activities (AAE <0, %AAG <0 and 0<DT < 1); and
strong negative decoupling (SND) When the growth rate of
agricultural emissions is positive and that of the agricultural
economic activities is negative, the state is the most unfavorable
(AAE >0, %AAG <0 and DT <0) (Tapio, 2005; Li et al., 2012;
Tang, 2015; Han et al., 2018).

With the aim of proposing the innovative six decoupling
indexes, in this research, DT indicates the change of total carbon
emission (TCO2), total methane emission (TCH4) and total
(TN20), total carbon emission

nitrous oxide emission
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intensity (TCO2I), total methane emission intensity (TCHA4I),
total nitrous oxide emission intensity (TN2OI), respectively.
The most favorable status of a certain country is the strong
decoupling status which indicates the agriculture output value is
increasing (%AAG>0) while agricultural-related air pollutant
emission/intensity is decreasing (%AAE<0). This status is
corresponding to low-air pollutant agriculture. The least
favorable status is the strong negative decoupling status which
is the reverse of the strong decoupling status, meaning
agricultural output value is decreasing (%AAG<0) while
agricultural-related  air  pollutant  emission/intensity  is
increasing (%AAE>0) corresponding to high air-pollutant
agriculture. Moreover, when %AAG<0, meaning agriculture
output value is decreasing, we least desire a small DT value
since it corresponds to a worsening of the dependency of
agricultural development on air pollutant emissions/intensity.
However, when %AAG>0, meaning agriculture output value is
increasing, we desire a small DT value since it corresponds to a
weakening of the dependency of agricultural development on air
pollutants emissions/intensity which is desirable in a low-carbon

economy.

3.2 Metafrontier analysis

Following the decoupling analysis, we employ the use of data
envelopment analysis (DEA) and metafrontier analysis in order
to assess N,O emission efficiency from agriculture activities in
the EU. The reason for analyzing only N,O emissions, using this
methodology, is that this GHG is one of the most powerful gasses.
Only one molecule of N,O released into the air is almost
300 times more damaging to climate change than a single
molecule of CO,. Additionally, N,O emissions mostly come
from agricultural activities and we think that it deserves
special ~attention when analyzing agriculture activities.
Furthermore, the vast majority of studies focus on CO,
emissions and less on N,O emissions. That being said, even
though mitigation of CH, and CO, are equally important for
environmental sustainability, we consider that there is a need for
more N,O emissions studies.

Metafrontier analysis is based on the construction of a suitable
production technology set that mimics reality as close as possible.
Many such sets have been proposed in the literature, however, a
suitable production set takes into account both undesirable and
desirable output since any production will lead to some undesirable
output (Song et al., 2012; Mardani et al., 2017; Coelli and Rao,
2005). Hence, in order to assess the N,O emission efficiency from
agriculture activities, over the period studied and for every country,
we construct a DEA model-based on the following production
technology model, having as desirable output agriculture

production, while the undesirable output is N,O emissions.
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3.2.1 Production technology model

Suppose that there are D decision-making units (DMUs),
represented, in this research, by the agriculture of each EU
country. Every such economic activity uses nitrogen fertilizer,
(N), labor (L) and utilized agricultural area (U) for production,
these variables being the inputs of our production model. Also,
we consider a desirable output in form of agricultural output (O)
and an undesirable output represented by N,O emissions
(denoted by NE). Hence, the two-output production model is
defined as:

P={(N, L,U,O,NE) | (N, L, U) can produce (O,NE)}  (2)

Also, we assume production set P satisfies the axioms of
production theory (Fare and Grosskopf, 2006) such as weak-
disposability and null-jointness on closed set P. Hence, the
reduction of N,O emissions entails an opportunity cost in
agricultural output proportional to the N,O emission
reduction  (weak-disposability =~ assumption). Moreover,
emissions of N,O are inevitable in agriculture production
and the only way to remove all N,O emissions is to
completely stop agricultural production (null-jointness
assumption). These two assumptions are formulated as

follows:

(i)if (N, L, U, O, NE) e Pand 0<«a <1, then (N, L, U, aO,aNE) € P
(i) if (N, L,U,O, NE) € Pand NE =0, thenO =0

Production technology model P can be expressed as a DEA
model as

D D D

Y Ni<N, YwLi<L, Y uU;<U,

i=1 i=1 i=1

pP= {(N,L,U,O,NE)

i=1 i=1

D D

Y1020, Y uNE; = NE, 4,20, i=1,2,...,D }

where Y, is an intensity variable and also is the decision variable
of our DEA model. Evaluating N,O emission efficiency requires
the use of a directional distance function. In this research, we use
the non-radial directional function in order to maximize
desirable output and reduce undesirable output (Wang et al,
2013; Yao et al., 2015; Zhou et al., 2019).

The non-radial directional function is given by

D(N, L, U, O, NE; g) = sup{w"o| ((N, L,U,O,NE)
+g-diag(0)) € P}

where w! = (wy, W, WU, Wo, wne)© is a normalized weight
vector relevant to the numbers of inputs and outputs, g =
(—gn>—8L> — 8u» 80> — 8ng) is an explicit directional vector,
and o = (oy, 01, OU, 00, ONg). =0 is a scaling vector which
represents individual inefficiency measures for inputs and
outputs. The symbol diag(-) denotes a diagonal matrice
operator. The reason we use a non-radial directional

distance function is that radial directional distance functions
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may overestimate efficiency (Fukuyuma and Weber, 2009). In
this
performance within the total-factor productivity framework.

research, we measure N,O agricultural emission
The value of the non-radial directional distance function for a
specific plant is determined by solving the following DEA-type

model

D(N, L,U,O,NE; g) = max (wy0y + w0, + Wyoy + wodo

+ WNEONE)

D
s.t. ZyiNi <Nk -ongn

i=1

D
z/l,-Li SLk —0LgL

i=1

D
Z‘LliUi < Uk — Oougu

i=1

D
Z‘uio,- > Ok + 0090
i=1

D
ZM,-NEi = NE; - ONEYNE

i=1

(©)

$;20,i=1,2,..., D, on, 01, 0y, 00, Ong =0

If D(N, L, U, O,NE; g) = 0, then the country to be evaluated
is situated along the best-practice frontier in the g direction.
Depending on the definition of directional vector g we can obtain
different policy goals for emission reductions. In this research, we
set the weight vector to be w' = (%, %, é, %, %) and we set the
directional vectors to be g = (-N, —L, —U, O, —NE). Hence,
our model seeks to reduce nitrogen fertilizer use, labor, and
agricultural area and increase output while reducing N20O
emissions.

Following the work of Zhou et al. (2012), we define the static

total-factor N20O emission performance index (TCPI) as

N20i )
Tepy = & pected O.mten.szty
actual N20 intensit y
_ (NE-03NE)/(O+030)  1-0yy @
- NE/O S 1+

where oy, and o, are optimal solutions corresponding to N,O
emissions and output, respectively. TCPI takes a value between
0 and 1. The higher the TCPI, the better the N20O emission
performance. If TCPI = 1, then the country k being evaluated
shows the best N,O emission performance and is situated along
the frontier. However, the TCPI index, even though useful, does
not consider group heterogeneity and is a static indicator. In
order to examine the dynamic changes in N,O emission
performance over time considering also group heterogeneity,
we employ the use of metafrontier analysis and construct the
metafrontier non-radial Malmquist N,O emission performance
index (Oh and Lee (2010); Zhang and Choi (2013); Lin and Fei
(2015)).
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3.2.2 Metafrontier non-radial Malmquist N,O
emission performance index
Malmquist N,O

performance index is constructed by resolving three more

Metafrontier non-radial emission
optimization problems based on three new production
technology sets, contemporaneous, intertemporal, and global
production technology. These three production technology
sets are defined based on (Tulkens and FEeckaut, 1995; Oh,
2010; Oh and Lee, 2010; Zhang and Choi, 2013).

First, we consider H groups and defined for group Ry, the

following contemporaneous production technology
Pgh = {(N', L, U", O', NE") | (N', L', U") can produce (O, NE")},
where t = 1,..., T. The intertemporal production technology is

defined for group Ry as P =Py UPp U...UP} being

composed of observations over the whole period for group Ry.

Hence, we assume that observations from one intertemporal

technology cannot access other intertemporal technology. The

global defined as PC=

Ph UPL U...UPlL being from all observations over the
1 2 H

production technology set is

whole period for all groups. Hence, we assume that all
observations can access global technology through innovation.
Based on these three production technology sets we define the

contemporaneous non-radial directional function
D°(N, L, U, O, NEg) =sup{w'¢"| ((N, L,U,0,NE)
+g- diag(c©)) € Pgh},

the intertemporal non-radial directional function

B'(N, L, U, O, NE;g) =sup{w’a!| ((N, L, U,O,NE)
+g- diag(o")) € P{i}.}’

and the global non-radial directional function

D°(N, L, U, O, NE; g) = sup{w"o°| (N, L,U,0,NE)
+g-diag(c9)) € Pgh}

For each non-radial direction function, we construct DEA-

type models as follows:
D° (N, L,U,O,NE; g) = maxwyo, + wyo¥ + wyo’ + wood

C
+ WNEO N

Ry
st. Y wN; <N - Niof

i=1

Ry
z AuiLi <Ly- Uka

i=1

Ry
> wU; <Ux - 05U
i=1
Ry,
> 10,2 Op + 050k

i=1
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Ry,
Y u,NE; = NE; - 0§, NE;
i=1
§;20,i=1,2,..., Ry, 05, 0, 05, 05, 05,20 (5)

ST

LY = I I I I
D (N, L,U,O,NE; g) = maxwy0y, + w0, + Wyoy, + Wooy,

I
+ WNEONE

T Ry

st Y uN; <Ny - Nioy,

t=1 i=1

T Ry

Y Y WL<Li—oiL

t=1 i=1

el
ES

WU, <Uy — oL, Uy

M=

i=1

-
I

—_
I

~
ES

§i0; > Oy + L0y

Z 1M
:
i

{:NE; = NE, - o} ,NE;

i=1

M=

-
I
Il

W=0,i=12,...,Rut=12,...,T, ok, o}, o}, o, o\ 20
(6)
D' (N, L,U,O,NE; g) = maxwyo, + w0l + wyol, + woo,
+ LUNEO'LE
H T Ry
s.t.zz Z HN; < Ni - Nyol,
h=1t=1 i=1
H T Ry
ZZ Z ﬂ:L, SLk - GéLk
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Based on Egs. 5, 6, and 7 we can obtain the corresponding
TCPI defined in Eq. 4 as

R s s s s s 1- 01131);3 ’
TCPI* (N*, L, U*, O°, NE°) = R
1+ 05
where R = (C, 1.G) and s = t, t + 1. The metafrontier non-radial
Malmquist N,O emission performance index (MNMNPI) is
defined based on the global production technology set as

MNMNPI(N®, L¥, U*, O°, NE°)

TCPIG (Nt+l Lt+l Ut+1 OHI NEt+l)
T TCPE(NS, LY, UY, O, NEY)
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FIGURE 1
Theoretical structure of methods.

MNMNPI measures changes in TCPI on PS for the period
between t and t + 1. MNMNPI can be decomposed as follows

TCPIG (t+1
MNMNPI(N', L5, U, OF, NE) = #
TCPI” (4)
TCPT' (1) CPIG (1)
_ TCPIC (_Hl) . TCPI® (,m) TCPIL (‘m)
- [ e TCPL () TCPIC ()
TCPIC (1) TCPT ()

t+1 G\ t+1 1\ tH1
) (1765!5) /(I_UIIIE>
* g
s 1+0 1+og
t N\t NG
) (l_agE) /(l_a‘}’E)
3 g
1+og 1+o3

] = EC+BPC+TGN

(kcﬁ})”l (1—@‘&)”1/(1705{;
T+05" N l+of T+05"
1-0 ' 1-oky t 1-og;
1405 L+l 1+o5
B TEt+1 ) BPRHI . TGRt+1
T | TE BPR' TGR'

EC is an efficiency change index which measures how close a
country’s agricultural activities move toward the contemporaneous
production technology. A value EC > 1 suggests an efficiency gain,
while a value EC < 1 suggests an efficiency loss.

The index BPC which stands for best-practice gap change
measures changes in the best-practice ratio gap for the N,O
emission reduction technology between the contemporaneous
production technology and the intertemporal production
technology during two periods. A value BPC >1 means that the
contemporaneous frontier is drawing closer to the intertemporal
frontier, while a value BPC<1 suggests the opposite. Due to its
definition, BPC can be viewed as an innovation effect. The index
TGN which stands for technology gap ratio for N,O emission
reductions measures the changes in the technology gap ratio
between the intertemporal production technology and global
two periods. A value

production  technology  during
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Metafrontier non-radial
Malmuquist index

N20 emissions performance index
evolution

TGN>1 suggests a decrease in the technology gap between
the intertemporal production technology frontier for a
specific group and the global production technology
while a value TGN<I1
between these two frontiers.

frontier, suggests an increase
Our goals and the reasons we used these methods are

explained in the overall framework represented in Figure 1.

3.3 Preliminary data analysis

Data used in this research are annual agricultural output
(million euro, current price), CO,, CHy4, and N,O emissions from
2008 to 2018 of 28 countries collected from the Eurostat
Database. Since we are interested in not only long-term
analysis, we consider three types of decoupling time periods:
short-term (i.e., every year from 2008 to 2018), middle-term
(i.e., from 2008 to 2013 or from 2013 to 2018), and long-term
(i.e., from 2008 to 2018).

Looking at the data, we notice that some EU countries have
managed to reduce their air pollutants emissions and
of CO,
emissions, only 11 countries registered an increase. However,

intensities, while others have not. In terms
a lot more countries registered an increase in terms of CH, and
N,O emissions. Greece had the most significant decrease in
CO, emissions, while Romania and Croatia managed to reduce
their CH4 emissions. However, we notice an increase in air
pollutants emissions and intensities in the 2013-2018 period
compared to the 2008-2013 period. In the first period

(2008-2103) 12 countries registered an increase in N,O
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TABLE 1 CO; emissions and intensity changes in EU, 2008-2018.

10.3389/fenvs.2022.920458

Country CO, % change % change % change CO, % change % change % change

emission 2008-2018  2008-2013  2013-2018  intensity ~ 2008-2018  2008-2013  2013-2018

2008 level 2008 level

(thousand

tonnes)
Belgium 2.166,023 47.09 -0.31 47.55 0.2554 2220 -16.50 46.36
Bulgaria 763,597 10.24 ~1.42 11.83 0.14426 2328 8.32 13.80
Czechia 1.716,413 -3.01 -3.18 0.17 020778 -23.23 -17.79 -6.61
Denmark 2.357,544 -16.91 ~11.78 -5.81 025755 -31.34 -28.68 -3.72
Germany 8.999,742 -2.53 -5.81 347 0.17766 ~14.54 -2221 9.86
Estonia 322,261 -28.32 272 -30.21 0.25081 -50.11 -15.82 -40.73
Ireland 1,514,468 ~15.36 -16.20 0.99 0.21963 ~40.05 -29.58 -14.87
Greece 2.818,342 ~75.40 ~74.28 -431 0.23093 ~76.95 ~74.36 -10.10
Spain 11.351,581 10.92 11.89 -0.87 023952 ~13.53 1.88 ~15.13
France 14.501,551 -3.88 1.64 -5.43 0.18298 -16.63 -6.28 ~11.04
Croatia 934,461 ~14.11 ~15.50 1.65 0.24281 2.01 -0.07 2.09
Ttaly 9.745,735 ~4.12 -10.73 7.40 0.17601 ~13.09 ~18.98 7.26
Cyprus 88,505 -9.18 ~11.64 2.80 0.11342 -10.36 -6.80 -3.81
Latvia 457,054 29.65 8.26 19.75 0.23753 -15.55 ~15.89 0.40
Lithuania 342,326 87.08 2.82 81.94 0.12081 47.16 -12.11 67.45
Luxembourg 63,5 12.12 7.71 4.09 0.17144 -9.22 -10.72 1.68
Hungary 1.830,203 28.90 9.19 18.04 0.19431 16.03 6.95 8.48
Malta 34,245 ~11.53 -35.91 38.03 0.14323 ~50.49 -41.98 ~14.66
Netherlands 10.020,482 ~3.60 0.43 -4.02 0.35456 ~15.02 -10.76 -4.76
Austria 968,931 ~7.54 -8.02 0.52 0.10912 -18.22 -15.79 -2.89
Poland 20.458,212 23.34 3.89 1871 0.76082 6.70 -8.08 16.09
Portugal 1.569,2 2.19 5.05 -271 02012 -13.73 1.37 -149
Romania 1.043,563 80.03 26.24 42.60 0.05235 94.57 52.55 27.54
Slovenia 304,757 -4.46 -11.27 7.68 0.18643 -24.46 -11.62 -14.53
Slovakia 319,321 -26.00 -14.44 -13.51 0.0863 -35.66 -4.58 -32.57
Finland 2.150,606 ~16.60 -2.92 ~14.07 0.2484 -32.07 ~14.83 -20.24
Sweden 2,513,042 -21.93 -2.51 -19.92 0.14282 ~24.90 -10.97 ~15.65
United Kingdom ~ 7.205,355 523 -4.98 10.75 0.23021 ~11.08 -1291 2.10

Source: authors’ calculation based on EEA. (2020).

emissions while in the second period this number increased
to 22.

Comparing emissions and intensities, the evolution of
intensities is less significant than emissions, meaning the
intensities din not increase as much as emissions
(Tables 1-3). The most significant decrease in CO, intensities
is given by Greece (~76.95%), while the most increase is given by
Romania (+94.57%). In terms of CH4 intensities, we have the
pair Malta (-51.03%) and Bulgaria (+43.63%). Also, Malta has
the most decrease in N2O intensities (—48.57%), while Bulgaria
has the most increase (+145.52%).

Romania has managed to reduce its CH4 emissions and

intensities; however, CO, and N,O emissions and intensities
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have registered a regress. N,O emissions have increased by
15.51%, while intensities by 24.68%. Hence, policymakers in
Romania should first address the issue of N,O and CO,
emissions.

Comparing changes that occurred in the groups of new and
old state members of the EU, as defined in the introduction. We
notice that in the case of CO, and N,O intensities the differences
between those two groups are large. The former group reduced,
on average, by —1.54% their CO, intensities, while the latter
by-20%. The same can be said for N,O intensities, the changes
being —-0.37% and —15.87%, respectively. New state members
increased their CO2 and N,O emissions, while the old state
members decreased theirs.
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TABLE 2 CH,4 emissions and intensity changes in EU, 2008-2018.

10.3389/fenvs.2022.920458

Country CH, % change % change % change CH, % change % change % change

emission 2008-2918  2008-2013  2013-2018 intensity ~ 2008-2018  2008-2013  2013-2018

2008 level 2008 level

(thousand

tonnes)
Belgium 211,42721 248 1.28 118 0.02493 ~14.84 -15.16 037
Bulgaria 56,15931 28.43 15.43 1125 0.01061 43.63 26.86 13.22
Czechia 150,71482 -3.82 -7.21 3.65 0.01825 -23.89 -21.26 -3.34
Denmark 237,16186 1.27 0.24 1.02 0.02591 -1632 -18.95 323
Germany 1.268,30618 ~0.80 1.30 -2.08 0.02504 ~13.01 -16.33 3.96
Estonia 23,97008 12.63 14.96 -2.02 0.01866 -21.65 -5.78 -16.83
Ireland 499,86096 12.70 0.81 11.79 0.07249 -20.16 -1527 -5.77
Greece 196,72781 -8.73 -2.08 -6.78 0.01612 -14.57 241 ~12.46
Spain 942,15741 0.77 -8.23 9.81 0.01988 -21.42 ~16.44 -5.96
France 1.605,64138 -5.10 -4.32 -0.81 0.02026 -17.71 -11.79 -6.71
Croatia 64,48219 -14.25 -6.80 ~7.99 0.01675 1.85 10.26 ~7.63
Ttaly 781,83584 ~2.09 -2.13 0.03 0.01412 -11.26 -11.18 -0.08
Cyprus 12,52455 -0.43 -9.03 9.46 0.01605 -1.74 ~4.04 240
Latvia 34,89298 9.19 6.78 225 0.01813 ~28.84 ~17.04 ~14.22
Lithuania 79,87941 -11.87 -6.78 ~5.46 0.02819 ~30.68 -20.32 ~13.00
Luxembourg 17,31096 7.72 -0.88 8.68 0.04674 -12.79 -17.86 6.17
Hungary 98,79265 10.60 135 9.13 0.01049 -0.47 -0.76 028
Malta 2,06986 ~12.40 ~11.35 ~1.18 0.00866 -51.03 -19.74 ~38.99
Netherlands 503,67645 235 1.95 038 0.01782 -9.76 -9.42 -0.37
Austria 185,86623 1.44 0.67 0.75 0.02093 -10.27 -7.78 -2.69
Poland 565,59611 118 -2.65 3.93 0.02103 ~1245 -13.88 1.65
Portugal 173,5081 1.46 -5.73 7.63 0.02225 ~14.38 -9.03 -5.87
Romania 421,62214 ~20.53 -17.73 ~3.40 0.02115 ~14.08 ~0.61 ~13.55
Slovenia 46,90028 -0.73 -5.01 450 0.02869 -21.50 -5.36 ~17.05
Slovakia 40,74845 -6.50 ~3.90 ~2.69 0.01101 -18.71 7.17 -24.15
Finland 99,66071 1.80 0.93 0.85 0.01151 -17.11 ~11.46 -6.37
Sweden 135,00323 -2.90 -2.86 -0.03 0.00767 -6.51 -1121 5.28
United Kingdom  1.013,2578 032 -1.22 1.57 0.03237 -15.23 -9.45 -6.38

Source: authors’ calculation based on EEA. (2020).

4 Results
4.1 Decoupling results
In this section, we present the results of the decoupling

First,
agricultural growth from CO, emissions/intensities, then from

analysis. we discuss the decoupling statuses of
CH, emissions/intensities, and lastly from N,O emissions/

intensities.

4.1.1 Decoupling statuses of agricultural growth
from CO, emissions/intensities

The decoupling statuses of agricultural-economic growth
from CO, emissions and intensities, in three types of periods
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(short-term, medium-term, and long-term) for the 28 individual
countries are identified and presented in Figures 2, 3.

From 2008 to 2009, we notice a common trend between the
countries, caused by the 2007-2008 economic crisis which
affected all branches of the economy (International Energy
Agency, 2016). During the 2008-2009 period, the short-term
decoupling status for emissions is either SND, WND, or RD,
while for intensities only Malta has an SD status, while 22 out of
28 countries have an SND status. This trend is also observed for
N20O and CH4 emissions (Figures 4, 6). These results are
consistent with those obtained by Shuai et al. (2019). As
shown in Figures 2, 3, the short-term analysis results indicate
the decoupling statutes of the 28 EU countries vary considerably
with agricultural output.
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TABLE 3 N,O emissions and intensity changes in EU, 2008-2018.

10.3389/fenvs.2022.920458

Country N,O emission % change % change % change  N2O intensity % change % change % change

2008 level 2008-2018 2008-2013 2013-2018 2008 level 2008-2018 2008-2013  2013-2008

(thousand

tonnes)
Belgium 13,89306 ~4.61 -2.65 2,01 0.00164 -20.73 -18.29 -2.98
Bulgaria 6,50394 119.89 48.33 48.24 0.00123 145.52 62.60 51.00
Czechia 15,15933 0.70 -5.12 6.13 0.00184 ~20.65 ~19.56 -135
Denmark 16,77151 ~6.40 -6.86 0.48 0.00183 ~22.40 ~24.59 2.89
Germany 97,40942 -1.81 438 -5.93 0.00192 -13.54 ~13.54 0.00
Estonia 2,32236 523 1.48 3.69 0.00181 -27.07 -17.12 ~12.00
Ireland 19,91481 14.18 537 836 0.00289 ~19.03 ~11.41 -8.59
Greece 13,5759 ~17.54 -11.22 711 0.00111 ~22.52 ~11.71 ~1224
Spain 39,84551 17.72 630 10.74 0.00084 -8.33 -3.57 -4.93
France 123,31297 -5.19 -433 -0.89 0.00156 ~17.94 -12.17 -6.56
Croatia 6,16409 ~28.60 -35.52 10.74 0.0016 ~15.00 -23.75 1147
Italy 40,99063 -9.81 -8.54 -1.40 0.0074 -17.56 ~17.56 0.00
Cyprus 0,68077 ~7.56 -12.16 522 0.0087 -8.04 -6.89 -1.23
Latvia 3,34214 16.20 13.14 2,70 0.00174 -24.71 ~12.06 -14.37
Lithuania 7,28763 13.60 11.03 2,10 0.00257 ~10.50 -5.05 -5.73
Luxembourg 0,77015 1.81 -0.65 2,48 0.00208 -17.78 -17.78 0.00
Hungary 11,98888 18.47 2.81 15,23 0.00127 7.08 0.78 6.25
Malta 0,11823 -1047 -7.85 2,83 0.00049 ~48.97 ~1632 ~39.02
Netherlands 20,20299 -3.63 -6.34 2,88 0.00071 -14.08 ~16.90 338
Austria 8,4275 -1.93 ~4.80 3,01 0.00095 -13.68 -12.63 -1.20
Poland 64,4997 2.84 -1.26 4,16 0.0024 -11.25 -125 142
Portugal 7,8204 3.36 3.10 0,24 0.001 -13.00 0.00 -13.00
Romania 31,47859 1551 025 15,22 0.00158 24.68 20.88 3.14
Slovenia 1,76022 2.04 ~2.60 4,76 0.00108 ~19.44 -3.70 ~16.34
Slovakia 3,17994 19.36 8.08 10.44 0.00086 3.48 20.93 ~14.42
Finland 12,77954 -1.28 -2.06 0.80 0.00148 ~19.59 ~14.18 -6.30
Sweden 11,83158 ~0.60 -2.05 1.48 0.00067 —4.47 ~10.44 6.66
United Kingdom 46,7124 2.53 0.83 1.69 0.00149 -13.42 ~7.38 -652

Source: authors’ calculation based on EEA. (2020).

For instance, for France, as a high-agriculture-level country
and high-income country, the short-term decoupling status is
mostly either WD or SD for emissions, and mostly either SD or
SND for intensities. This comes as no surprise, since France, as a
state member of the EU, has promoted organic agriculture as a
way to mitigate greenhouse gas emissions from the agriculture
sector, however, the percentage of fields fully converted or under
conversion to organic agriculture was only 7% in 2018. This may
explain why short-term decoupling of intensities is either one
extreme or the other. Garnier et al. (2019) showed, under
different scenarios that for France to reach its 2050 GHG
emissions target an intensified transition from conventional
agriculture to organic agriculture is necessary.

However, Austria which has the largest percentage of fields
fully converted or under conversion to organic agriculture in
2019 in the EU of 24.08%, has five decoupling statutes in the
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short term for emissions, while for intensities only two, SD or
SND.
predominantly characterized by small-scale farms with more

This may be due to the fact that Austrian agriculture is

than 80% located in disadvantaged mountainous areas (Pinter
and Kirner, 2014), making practicing organic agriculture
difficult.

Moreover, there is no country which has short-term
decoupling status only either SD or WD for either emissions
or intensities, suggesting that there is still room for
improvements in the EU agriculture sector.

On the other hand, in Romania, a low-income country with a
long tradition of agriculture activities (20.92% of the employed
population, in 2018), the short-term decoupling status is mostly
either SND, WND, or RD for emissions, while for intensities is
mostly dominated by an SND status. This situation is also

observed in its neighbor, Bulgaria. It comes as no surprise,
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that there are plenty of reasons for this situation in those

countries. Romania and its neighbor Bulgaria became
members of the EU at the same time in 2007 having to deal
with the intense competition of the liberal market of the EU.
Hence, the pressure on farmers to produce and be competitively
increased. This led to an increase of chemicals in agricultural
practices. Moreover, the Romanian’s government’s lack of
implication in promoting cleaner agricultural practices led to
an increase in air pollutants emissions.

Middle-term analysis results show a less diversified pool of
statutes. The middle-term decoupling status of 11 out of the 28 state
members (~43%) is either SD or WD for emissions. However, we
notice a shift in decoupling status in the second period (2013-2018)
of the middle-term analysis which confirms the observations notice
in a previous section. In the 2008-2013 period, SD or WD
decoupling status occurs in 75% of the countries, while in the
second period the percentage drops to 53% for emissions. Moreover,
regarding intensities, things are not different. This development
should concern low-carbon agriculture policy-makers. The long-
term analysis shows that 82% of countries are at SD or WD status
when it concerns emissions, while 75% of countries have the same
status when it comes to intensities. The Romania status is the most

unfavorable (SND) for both emissions and intensities when the
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growth rate of agricultural emissions is positive and that of the
agricultural economic activities is negative.

4.1.2 Decoupling statuses of agricultural growth
from CH, emissions/intensities

The
CH4 emissions and intensities in three types of periods for

decoupling statuses of economic growth from
the 28 individual countries are identified and presented in
Figures 4, 5. First, we noticed, compared to CO, decoupling
analysis, that the number of SD and WD short-term decoupling
statuses is bigger for CH4 decoupling (180 compared to 134 for
emissions), and EU state members managed to reduce their
dependence on CH4 emissions in relation to the increase in
agricultural activities. Also, in the short term, for intensities, the
number of SD short-term decoupling statuses is 158, while the
number of SND short-term decoupling statuses is 94, meaning
that when it comes to intensities, the decoupling situation is
significantly fluctuating from one extreme to the other.

In the medium term, for the period 2013-2018, again, we
observe a shift of decoupling status for many countries. SD or
WD decoupling status occurs in ~86% of the countries for the
2008-2013 period while for the 2013-2018 period the percentage is
~53% for emissions. In the long term, only Romania, Croatia, and
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COs intensity emissions decoupling. Source: authors’ calculation based on EEA, (2020).
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FIGURE 4
CH,4 emissions decoupling. Source: authors’ calculation based on EEA, (2020).
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CHy intensity decoupling. Source: authors’ calculation based on EEA, (2020).

Bulgaria do not have an SD or WD decoupling status. Romania and
Bulgaria have an RD CH, decoupling status, while Croatia has a
WND CH, decoupling status, all these countries being the last state
members which entered the EU. Concerning intensities, Romania
has an RD decoupling status.

4.1.3 Decoupling statuses of agricultural growth
from N,O emissions/intensities

The decoupling statuses of economic growth from N,O
emissions and intensities in three types of periods for the
28 individual countries are identified and presented in Figures
6, 7. In the long term, Romania along with Bulgaria has an SND
decoupling status for N,O emissions and intensities. Moreover,
Hungary has an ND long-term decoupling status, Croatia has a
RD decoupling status, while the rest of the countries analyzed in
this research, have either SD or WD decoupling status for
emissions. Also, in the short-term, for intensities, the number
of SD short-term decoupling statuses is 141, while the number of
SND short-term decoupling statuses is 85, meaning that when it
comes to intensities, the decoupling situation is significantly
fluctuating from one extreme to the other.

In Spain, the use of nitrogen inorganic fertilizers increased by
39.7%, while phosphorus inorganic fertilizers increased by 56.84%.
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Other countries with a significant increases of inorganic fertilizers used
are Romania (nitrogen +67.43%, phosphorus + 83.96%), Bulgaria
(nitrogen + 95.10%, phosphorus +149.43%), and Hungary
(nitrogen+44.16%, phosphorus + 86.47%). As shown in the
previous section, none of these three countries have, in the long
term, an SD or WD decoupling status for CO, and N,O for emissions
or intensities.

The increase in N,O emissions in Romania can be explained
by an increase in the use of chemical fertilizers (+80.50% from
2008 to 2018). This increase can be explained by increased imports
of fruits and vegetables and the entering into a competitive market.
Pearson coefficient between N,O agriculture emissions and the
value of imports of fruit and vegetables is 0.81, the relationship
being statistically significant (p-value = 0.002 < 0.05).

However, agricultural emissions can also be energy induced.
Yan et al. (2017) analyzed energy-related agricultural emissions in
the EU and showed that for France from 1995-2012 the period
energy intensity increased along with agricultural production.
Moreover, they concluded that energy efficiency improvement
policies are necessary and feasible for reducing emissions. For CHy
emissions reduction, other measured necessary are feeding
efficiency improvement and adaptive measures on livestock
housing (Chathumini et al, 2021). Policymakers should
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FIGURE 6

N,O emissions decoupling. Source: authors’ calculation based on EEA, (2020).

formulate policies so that energy-related emissions, as well as
inorganic fertilizers-related emissions, are reduced. Decoupling
agriculture growth from agricultural emissions is an important
step in a sustainable economy. Achieving a “win-win” situation for
agricultural greenhouse gas emissions and agricultural economic
growth is challenging, but necessary for future generations. As
such, for these countries, there is a need for more studies in order
to highlight the most important factors and systems that led to this
increase. We showed earlier that in both countries inorganic
fertilizers used have increased. The results also indicate that
widespread application of organic agriculture can greatly reduce
agricultural greenhouse emissions as many studies have shown
(Bos et al., 2014; Muller et al., 2017; Saha et al., 2021). Also,
improvement of efficiency in agricultural production is necessary.

4.2 Metafrontier non-radial malmquist
N,O emission performance index-
empirical analysis

We employ the methodology proposed in a previous section

regarding a production technology model to examine the
changes in the total-factor N,O emission performance of

Frontiers in Environmental Science

14

agriculture in the EU during the 2008-2018 period. We
exclude from the analysis data regarding Croatia (due to lack
of complete data) and Malta which has low agriculture activity
intensity.

To calculate the MNMNPI, we first characterize groups and
determine their members. In this section, we answer to the
question of whether new state members managed to catch up
with old state members regarding technology innovation and
mitigation of N,O emissions from agriculture activities. Hence,
the criterion for grouping EU state members is based on the year
of start membership, before or after 2004. Group 1 (EU15) is
characterized by state members which joined the EU before 2004,
while Group 2 (EU11) is composed of countries that joined the
EU after 2004.

To test whether the two groups are operating under the same
technology, we use the non-parametric Mann-Whitney test for
MNMNTPI efficiency results of the pooled data. If we disregard
the heterogeneity of groups, we may obtain biased results. The
results show that the null hypothesis of a common technology is
rejected (p-value = 0.000271). Hence, we can construct separate
efficiency frontiers for each group.

The results indicate an increase in total-factor N,O emission
performance for the period considered. On average, the

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.920458

Andrei et al. 10.3389/fenvs.2022.920458

United Kingdom - SD RD = SD SD
Sweden - SND SND SND SND
Spain- SD SD SND
Slovenia- SND SD

Slovakia - VD SD
Romania - SND SD
Portugal - : | *RDV

Poland - ND SD WD

Netherlands - SD SD
Malta- SD SD
Luxembourg - | SD SD
Lithuania - SD
Latvia- SD SD
Italy - RD SD
Ireland - SD
Hungary- | \)/8) RD ND
Greece - SD
Germany - 1 \[D) SD
France - SD
Finland - SD SD
Estonia- WD SD
Denmark - SD
Czechia- SD SD SD
Cyprus - SD SD WD __SND_|
Croatia - | L WND SND R | WND RD
Bulgaria - SND SND SND
Belgium - SD SD SD

Austria - SD SD SD
2008-2013 2008-2018 2013-2018 2008-2009 2009-2010 2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018

FIGURE 7
N,O intensity decoupling. Source: authors’ calculation based on EEA, (2020).

total-factor N,O emission performance of EU state-member obtained in this research, confirm that there was indeed an
agriculture activities increased by approximately 133% improvement in technology although this change is not
considering differences in the average MNMNPI index, from consistent in every country.
0.38 in the 2008-2009 period to 0.89 in the 2017-2018 period. The average annual technology gap ratio change (TGN)
For group EUI15, the total-factor N,O emission performance index value is 0.87 which implies little change in the gap
increased by 202% (from 0.32 to 0.97), while for group EU11, the between the global frontier and the intertemporal frontier. For
emission performance increased by 94.88% (from 0.43 to 0.84). group 1 the average value of TGN is 0.6819 suggesting a medium
At the country level, based on the TCPI index, 24 countries change in the gap between the global frontier and the
show an increase in N,O emission performance, whereas only intertemporal frontier. However, for group 2 the average value
3 countries, a decrease (Romania, Hungary, and Bulgaria). of TGN is 1 suggesting no change between the two frontiers.
The average efficiency change (EC) index of N20 emission We examine the trends in dynamic total factor N2O emission
performance, for all countries and all years, is 2.51 suggesting performance and its decomposition. Figures 8-11 show the
efficiency gain. For group EU15 the EC has a value of 5.37 over empirical results for the average MNMNPI for the
unity, while group EU11 has a value under unity. This suggests 2008-2018 period and its decomposition for EU  state-
that while state members which joined the EU after 2004 seem to members, groups EU15 and EU15. The dynamic total-factor
have improved their agriculture efficiency, the “new” countries N,O emission performance evolution shows a significant

have diminished their efficiency. This may be due to a larger increase from 0.38, in 2008-2009, to 0.89, in 2017-2018.
market for their products as well as having to comply with EU During the 2008-2019 period, the MNMNPI showed values

regulations. greater than unity for only three countries (Netherlands, Italy,

The average best-practice change (BPC) index is and Slovenia), indicating a decrease in N,O emission
approximately 1.57 indicating an increase in technology performance. However, its value continued to increase
change. This implies that the contemporaneous frontier moves towards unity, meaning towards increasing N,O emission
closer toward the intertemporal frontier. Previous results performance (Figure 8).
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Changes in average MNMNPI index. Source: authors’ calculation based on EEA, (2020).
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Changes in average EC index. Source: authors' calculation based on EEA, (2020).

The dynamic EC evolution shows a significant increase from
0.53 to 0.92. However, the EC index of N,O emissions shows a
value greater than unity for only two periods of time,
2014-2015 and 2016-2017,
performance. However, for the rest of the periods, the EC

indicating good  catch-up
index shows a value less than unity, indicating an overall
decline in efficiency.

The dynamic BPC evolution also shows a significant increase
in value. The BPC index for the 2008-2009, 2011-2012,
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2012-2013,
indicating a period of technological decline, whereas for the

and 2014-2015 periods is less than unity,

rest of the periods the BPC index is greater than unity, suggesting
technological progress.

We compare the MNMNPI and its decomposition at the
group level. Group EU15 has an average MNMNPI index value of
0.52 which is less than the value for group EU11 which is 0.66. In
terms of EC indexes, group EU15 has a value of 5.37 while group
EUI11 has a value of 0.65. Hence, group EU15 has a gain in
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Changes in average TGN index. Source: authors' calculation based on EEA, (2020).

efficiency, while group EU11 has a loss of efficiency. Both groups
have a BPC index value greater than unity suggesting
technological change. The changes in TGP are less than unity
for both groups suggesting the lack of technology leadership.
The two groups show similar MNMNPI trends having an
increasing trend, group EU15 showing a greater value for all
years meaning the relationship between these two groups is not
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competitive. The two groups show similar EC trends with group
EU11 showing a slightly higher average EC. In terms of the BPC
index, the trends of the two groups are also similar. Group
EUI11 has a higher BPC index overall and as such state members
in this group have a greater technology change. Both groups show
TGN index values less than unity, and both show a lack of
technology leadership.
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The results of group differences could provide useful
information for the European Commission in order to
negotiate with individual state members as to the N,O
emission reduction targets based on their performance. For
example, Romania has an average MNMNPI of 0.43873, an
EC index value of 0.6441 (suggesting efficiency loss), and a
BPC value of 1.04708. As such, Romania has experienced an
efficiency loss due to a technology change. This situation is
confirmed by the increased sales of pesticides and chemical
As its N,O
reduction emission targets from agriculture activities by

fertilizers. such, Romania needs to tackle
changing the technology used and keeping in mind the
necessity of increasing efficiency.

5 Discussion

Decoupling analysis of agricultural growth from CO,, CH,,
and N,O emissions based on short-term, middle-term and long
term status revealed different results. There is no country which
has short-term decoupling status only either SD or WD
suggesting that there is still room for improvements in EU
agriculture. Moreover, we notice a shift in decoupling status
in the second period (2013-2018) for all three air pollutants
considered in this research. In the first period (2008-2013) 75%
of countries have only SD or WD status, a percentage which
dropped to 53% in the second period. This development should
concern low-carbon agriculture policy-makers. Moreover,
intensities did not increase as much as emissions suggesting
agriculture practices did not change heavily, but the production
increased causing environmental damage. This can be also
observed by the slow adoption of sustainable agricultural
practices in the form of organic agriculture. Although the
numerous reforms of the Common Agricultural Policy (CAP)
had among their long-term objectives the promotion of
sustainable agriculture in accordance with environmental
the
agriculture is still an insufficiently addressed topic. As Erjavec
and Rac, (2017) and Matthews, (2017) highlight the post-2020
CAP reform and framework determines a major impulse for

principles, achievement of environmentally friendly

greening justification and moves architecture forward to achieve
more environmentally friendly agricultural practices.

The slow development of organic agriculture can be
attributed, among other things, to product demand evolution.
Sustainable foods are more costly and attract selective buyers, the
reasons behind their purchases’ behaviors being subject to many
studies. Lazaroiu et al. (2019) show that consumers’ trust and
perceptions of the nutritional benefits are shaping the consumers’
behavior when it comes to bio-foods. Another factor is price,
such products being significantly more expensive. Even though
humans are aware of the value of clean and sustainable foods,
they may choose to not buy better quality items due to budget
constraints (Pocol et al., 2021). Moreover, another obstacle in the
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adoption of organic agriculture is land yield which may not be
sufficient to satisfy the world’s population needs.

Results obtained through a metafrontier analysis revealed an
increase in total-factor N,O emission performance for the period
considered. Moreover, the decomposition of the MNMNPI index
suggests an efficiency loss and a technology change. At the
country level, based on the TCPI index, 24 countries show an
increase in N,O emission performance, whereas only 3 countries,
a decrease (Romania, Hungary, and Bulgaria). While old state
members (joined EU before 2004) more economically developed
have managed to reduce their agriculture emissions through
technology change (EC is greater than 1 suggesting efficiency
gain), new state members experienced an efficiency loss (EC < 1).
Entry into the free market of the European Union has been both
an opportunity and a challenge for underdeveloped or
developing countries. On the one hand, access to the open
market meant more sales, on the other hand, the pressure to
produce as much and as fast as possible increased. Therefore, in
eastern countries, increasing production has meant using more
chemicals.

The results of group differences could provide useful
information for the European Commission in order to
negotiate with individual state members as to the N,O
emission reduction targets based on their performance. For
example, Romania has experienced an efficiency loss due to a
technology change. This situation is confirmed by the increased
sales of pesticides and chemical fertilizers (Andrei et al., 2021). As
such, Romania needs to tackle its N,O reduction emission targets
from agriculture activities by changing the technology use and
keeping in mind the necessity of increasing efficiency. Slowing
down the intensification and specialization of agricultural
systems but also maintaining the diversification of crops and
permanent pastures are key elements in the process of ensuring a
friendly environment. At the same time, financial measures to
support areas with natural handicaps and income incentives for
farmers support climate and environmental policies.

Moreover, while most studies focus on analyzing GHG from
the use of chemical fertilizers and providing solutions in the form
of organic farming (Djokoto, 2015; Skinner et al., 2019; Saffeullah
et al, 2021), the introduction of renewable energy into
agricultural production can also help reduce the adverse
environmental effects (Yan et al., 2017; Aschilean et al., 2018;
Rahman et al.,, 2022). Hence, reducing agricultural GHG relies
not only on new, safer, and sustainable practices of land use but
also on incorporating green energy into the production process.

Green energy mostly comes in the form of solar, wind, and
hydro energy; moreover recently, a new path for energy
sustainability has emerged in the form of renewable hydrogen
production (Pflugmann and De Blasio, 2020). However,
hydrogen production could indirectly or directly compete with
agriculture due to the amount of water needed in production. As
such, hydrogen production could not be possible in countries
where water is scarce, for example, Saudia Arabia. Furthermore,
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in order to mitigate climate change, hydrogen production should
only use energy from renewable energy sources.

Concerning the first research question of this research, the
answer is yes and no. New state members, on average and based
on pooled data, have an efficiency loss in terms of N,O
performance; old state members experienced the opposite.
However, there is an upward trend when it comes to
efficiency, on average each year, for the former, while for the
latter the increase is less pronounced, suggesting a narrowing of
the gap between these groups over time.

Most EU countries managed to reduce their CO,, CH,, and
N,O emissions, with a few exceptions. Of concern for EU
Commission are the situations in three neighboring countries,
Romania, Bulgaria, and Hungary. CO, and N,O emissions have
increased in Romania, and CO, and CH, emissions increased in
Hungary. All three countries have a less than ideal decoupling
status for either of the air pollutants considered.

Environmental sustainability is facing many problems,
another issue being the plastic pandemic that agriculture can
help remedy through the use of bioplastics (De Blasio and Fallon,
2022). The question that arises is “Would a sustainable
production of bioplastics be possible without jeopardizing
food security?“. The answer is given by van den Oever et al.
(2017) and is affirmative. They show that producing bioplastics
from biomass would only require about 5% of global biomass
production. However, for bioplastics to be truly sustainable they
should also be biodegradable, and as such a composite
infrastructure is needed.

6 Conclusions and policy implications

Agricultural green gas emissions have sharply risen during
the last decade, determining a massive impact on environmental
policies and causing a severe decrease in land use value and
degradation problems in most agricultural economies, especially
(2021) argue,
agriculture is an important source of greenhouse gas (GHG)

the post-transition countries. As He et al

emissions, and it cannot be ignored in contemporary economies.

Our research aimed to provide insights into which countries
could be the most relevant to be targeted by policymakers in
order for the EU to obtain its Paris Agreement Climate Change
targets. We focused on studying, by decoupling and
metafrontier analysis, which EU state-members managed to
improve their agriculture environmental efficiency and which
have not. In our opinion, this is important, as metafrontier
analysis can measure efficiency by constructing a production
model which seeks to reduce nitrogen fertilizer use, labor, and
agricultural area and increase output while reducing N,O
emissions. From a literature perspective, this research
contributes to the advancement of the greenhouse gas
emissions field by highlighting the importance of agriculture

GHG in contemporary society. Agriculture has a major impact
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on the land, on biodiversity, on the balance of nutrients in the
soil, changing rural landscapes, and exerting a major,
significant pressure on the environment in particular and
rural communities in general. Studies on the importance of
sustainable agriculture are increasingly becoming more
important in the last years of its beneficial role for a pro-
environmental society and healthy living (Martin et al., 2020;
Shimoda et al., 2020; Zebardast and Radaei, 2022). Our research
also enriches the literature on decoupling and metafrontier
analysis which involves classifying countries/companies/
individuals according to efficiency. Decoupling analysis is
important since it is commonly appreciated that greenhouse
gas emission has a strong relationship with agricultural income
(Zafeiriou et al., 2018) and as such the research analysis the
decoupling of GHG from agriculture income represented by
output. Countries that have a strong decoupling status can
achieve easily their agriculture climate change targets. Strong
coupling implies that emissions grow at the same rate as
income, making it difficult for that country to obtain
sustainability. For those states, there is an imperative need
for technology change and immediate measures to mitigate
GHG emissions.

7 Limitations and future
recommendations

The complexity of the research has determined a limited
approach to the investigation of the decoupling of CO,, CH,, and
N,O across EU agriculture emissions. In this context, some
limitations of the study occur and include only considering
one undesirable output for the DEA model, in the form of
N,O emissions and three input variables (nitrogen fertilizer,
labor, and utilized agricultural area). Further research should
take into account more input variables such as livestock,
irrigation, energy, capital, and machinery. Furthermore, future
investigations can measure efficiency through new and more
complex production models and DEA optimization problems
which offer further insights into agriculture problems. Moreover,
some undesirable outputs suitable for investigating agriculture
environmental sustainability are the intensity of N,O emissions
or the use of chemical fertilizer. Future directions of the research
include constructing a synthetic index in the same manner and
establishing links between the indicator and some effects and
causes through econometric models, such as a panel linear
regression.
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