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Abstract 

Sustainable agricultural development is one of the most important policy goals in 
the European Union. Agricultural production and its intensification cause a 
negative impact on the environment, including climate change. The main goal of 
sustainable agricultural development is to increase agricultural productivity, 
reducing the negative impact of this production on the environment. As climate 
change is one of the most important environmental challenges for sustainable 
agricultural development, productivity growth should be assessed by introducing 
greenhouse gas (GHG) emission restrictions. Thus, when evaluating agricultural 
productivity, it is imperative to simultaneously assess and restrict undesirable 
production outputs, such as GHG emissions, thus ensuring sustainable agricultural 
productivity growth. 

Extensive scientific research has been done on agricultural productivity and 
sustainable agricultural development; however, scientists lack consensus 
regarding undesirable outputs, such as GHG emissions assessments, when 
studying the efficiency and productivity of agricultural production. Assessing 
agricultural productivity in sustainable agricultural development requires 
identifying and assessing environmental constraints, especially related to 
integrating climate change mitigation into the production function, which is a 
complex task. 

This work aimed to develop methods for evaluating agricultural productivity 
in the context of sustainable agricultural development. The goal of the dissertation 
is to develop a model for assessing productivity with undesirable outputs and to 
apply it for sustainable productivity assessment in agriculture in the EU. The 
dissertation reviews productivity evaluation methods and discusses various 
models, emphasising evaluations of undesirable production outputs in the 
production function.  

A new model for evaluating agricultural production with undesirable results 
was developed based on an expanded production function that includes the main 
factors of agricultural production (energy consumption in agriculture, capital, 
labour and land costs in agriculture) and GHG emissions related to energy 
consumption in agriculture. The new model allows for a new expansion and use 
of DEA capabilities in the production function, supplementing it with the global 
slacks-based method (SBM) for efficiency measurement, the Luenberger 
productivity index, the index of contribution to structural efficiency with the help 
of which all production factors and GHG emissions can be analysed and studied 
in detail and the contribution of GHG emissions to overall changes in efficiency 
and productivity can be evaluated. 
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Reziumė 

Tvarioji žemės ūkio raida yra vienas svarbiausių politikos tikslų Europos 
Sąjungoje. Žemės ūkio gamyba ir jos intensifikavimas turi neigiamą įtaką 
aplinkai, o ypač svarbūs tampa klimato kaitos švelninimo klausimai žemės ūkyje. 
Tvariosios žemės ūkio plėtros pagrindinis tikslas yra siekti žemės ūkio 
produktyvumo augimo, mažinant neigiamą šios gamybos įtaką aplinkai. Kadangi 
klimato kaitos švelninimas yra vienas svarbiausių tvariosios žemės ūkio plėtros 
aplinkosauginių iššūkių, produktyvumo augimas turėtų būti vertinamas įvedant 
apribojimus šiltnamio efektą sukeliančių dujų (ŠESD) emisijoms. Taigi, vertinant 
žemės ūkio produktyvumą, labai svarbu kartu įvertinti nepageidaujamų gamybos 
rezultatų, tokių kaip ŠESD emisijų, įtaką žemės ūkio gamybos produktyvumui, 
taip užtikrinant tvariojo žemės ūkio produktyvumo augimą.  

Yra atlikta nemažai mokslinių tyrimų žemės ūkio produktyvumo bei 
tvariosios žemės ūkio raidos srityje, tačiau tarp mokslininkų stokojama sutarimo 
dėl nepageidaujamų rezultatų, tokių kaip ŠESD emisija, vertinimo tiriant žemės 
ūkio gamybos efektyvumą bei produktyvumą. 

Šiame darbe yra siekiama sukurti metodus, leidžiančius atlikti žemės ūkio 
produktyvumo vertinimus tvariosios žemės ūkio raidos kontekste.  Disertacijos 
tikslas yra parengti gamybos produktyvumo su nepageidaujamais rezultatais 
vertinimo modelį bei pritaikyti jį žemės ūkio tvariajai raidai vertinti ES. 
Disertacijoje apžvelgti produktyvumo vertinimo metodai bei aptarti įvairūs 
modeliai, akcentuojant nepageidaujamų gamybos rezultatų vertinimus. Pasiūlyti 
nauji metodai, leidžiantys visapusiškai ištirti produktyvumą bei jo augimo 
veiksnius žemės ūkyje, įvertinus nepageidaujamus rezultatus. 

Sukurtas naujas žemės ūkio gamybos su nepageidaujamais rezultatais 
vertinimo modelis, kurio pagrindą sudaro išplėsta gamybos funkcija, apimanti 
pagrindinius žemės ūkio gamybos veiksnius (energijos suvartojimas žemės ūkyje, 
kapitalo, darbo bei žemė sąnaudos žemės ūkyje) bei ŠESD emisijas, susijusias su 
energijos vartojimu žemės ūkyje. Naujas modelis leidžia gamybos funkcijoje 
naujai išplėsti bei panaudoti DEA galimybes, ją papildant globaliu perviršio 
metodu (SBM) efektyvumui matuoti, Luenberger produktyvumo rodikliu, indėlio 
į struktūrinį efektyvumą indeksu ir, kuriuos taikant galima detaliai išskaidyti ir 
ištirti visų gamybos veiksnių, taip pat ŠESD emisijų indėlį į bendrus efektyvumo 
bei produktyvumo pokyčius tiriamuoju laikotarpiu. 
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Notations 

Abbreviations 

CAP – Common Agricultural Policy (liet. BŽŪP – Bendroji žemės ūkio politika); 
CRS – Constant Returns-to-Scale (liet.  Nuolatinė masto grąža); 
EC – Efficiency Change (liet, Efektyvumo pokytis); 
EU – European Union (liet. ES – Europos Sąjunga); 
FADN – Farm Accountancy Data Network (liet. Ūkių apskaitos duomenų tinklas); 
GHG – Greenhouse Gas (liet. ŠESD – Šiltnamio efektą sukeliančios dujos); 
DEA – Data Envelopment Analysis (liet. Duomenų gaubties analizė); 
DDF – Directional Distance Function (liet. Kryptinė atstumo funkcija); 
DMU – Decision Making Unit/Country (liet. Sprendimų priėmėjai/Vlastybės); 
LPI – Luenberger Productivity Indicator (liet. Luenberger produktyvumo rodiklis); 
LSA – Life Cycle Assessment (liet. Gyvavimo ciklo įvertinimas); 
PPP – Power Purchasing Parity (liet. Perkamosios galios paritetas); 
SFA – Stochastic Frontier Analysis (liet. Stochastinė ribinė analziė); 
SBM – Slacks-based Method (liet. Perviršio metodas); 
TC – Technical Change (liet. Technologinis pokytis); 
VRS – Variable Returns-to-Scale (liet. Kintamoji masto grąža).





ix 

 
Contents 

AUTHOR’S CONTRIBUTION  TO THE PUBLICATIONS ........................................ XI 

INTRODUCTION ............................................................................................................ 1 
Problem Formulation ................................................................................................... 1 
Relevance of the Dissertation ...................................................................................... 2 
The Object of the Research ......................................................................................... 2 
The Aim of the Dissertation ........................................................................................ 2 
The Objectives of the Dissertation .............................................................................. 2 
Research Methodology ................................................................................................ 3 
Scientific Novelty of the Dissertation ......................................................................... 3 
Practical Value of the Research Findings .................................................................... 4 
The Defended Statements ............................................................................................ 4 
Approval of the Research Findings ............................................................................. 5 
Structure of the Dissertation ........................................................................................ 5 

1.  ANALYTICAL LITERATURE REVIEW ON SUSTAINABLE AGRICULTURE 
PRODUCTIVITY ....................................................................................................... 7 
1.1. Sustainable agriculture ......................................................................................... 7 
1.2. Sustainability assessment of agriculture ............................................................... 9 
1.3. Green or sustainable productivity assessment .................................................... 10 
1.4. Conclusions of the First Chapter ........................................................................ 12 



x 

2.  RESEARCH METHODOLOGY FOR SUSTAINABLE PRODUCTIVITY 
ASSESSMENT ......................................................................................................... 15 
2.1. Research rationale and sustainable productivity assessment model based on 

frontier analysis ................................................................................................ 16 
2.2. Further advancements in the sustainable productivity assessment model .......... 19 
2.3. Monetary evaluations of undesirable outputs in the sustainable productivity 

assessment model ............................................................................................. 22 
2.4. Conclusions of the Second Chapter .................................................................... 25 

3.  SUSTAINABLE AGRICULTURE PRODUCTIVITY ASSESSMENT RESULTS 
AND CONCLUSIONS ............................................................................................. 27 
3.1. Sustainable agricultural productivity assessment with Data Envelopment 

Analysis and Luenberger productivity index in European Union countries ..... 28 
3.2. Sustainable productivity assessment with Data Envelopment Analysis and 

contribution to structural efficiency index in European Union countries ......... 33 
3.3. Assessing shadow prices of reduction of negative outputs in European Union 

countries ........................................................................................................... 39 
3.4. Conclusions of the Third Chapter ....................................................................... 44 

GENERAL CONCLUSIONS ......................................................................................... 49 

REFERENCES ............................................................................................................... 51 

AUTHOR’S PUBLICATIONS COLLECTION ............................................................. 57 
Article 1. Streimikis, J., Baležentis, T. (2020). Agricultural sustainability  

assessment framework integrating sustainable development goals and 
interlinked priorities of environmental, climate and agriculture policies ......... 59 

Article 2. Streimikis, J., Saraji, M. K. (2021). Green productivity and undesirable 
outputs in agriculture: a systematic review of DEA approach and policy 
recommendations .............................................................................................. 70 

Article 3. Streimikis, J., Miao, Z., Balezentis, T. (2020). Creation of climate- 
smart and energy-efficient agriculture in the European Union: Pathways  
based on the frontier analysis ......................................................................... 105 

Article 4. Streimikis, J., Yu,Z., Zhu, N., Baležentis, T. (2022). Achievements  
of the European Union member states toward the development of sustainable 
agriculture: A contribution to the structural efficiency approach ................... 118 

Article 5. Streimikis, J., Shen, Z., Balezentis, T. (2023). Does the energy-related 
greenhouse gas emission abatement cost depend on the optimization  
direction: Shadow pricing exercise based on the weak disposability  
technology in the European Union agriculture ............................................... 125 

SUMMARY IN LITHUANIAN ................................................................................... 151 



 

xi 

 
Author’s contribution 

 to the publications 

Publication1 F
or

m
al

  
co

nt
ri

bu
ti

on
2  

C
on

ce
pt

ua
li

sa
ti

on
 

D
at

a 
cu

ra
ti

on
 

F
or

m
al

  
an

al
ys

is
 

In
ve

st
ig

at
io

n 

M
et

ho
do

lo
gy

 

S
of

tw
ar

e 

V
al

id
at

io
n 

V
is

ua
li

sa
ti

on
 

W
ri

ti
ng

 –
  

or
ig

in
al

 d
ra

ft
 

W
ri

ti
ng

 –
 

re
vi

ew
 &

 

Streimikis, Bale-
zentis, 2020 

0.500 sole main sole joint sole  sole joint main joint 

Streimikis,  
Kamali Saraji, 
2021 

0.500 sole main sole joint sole sole joint main main joint 

Streimikis, Miao, 
Balezentis, 2020 

0.333 sole joint sole main joint joint main joint main joint 

Streimikis, J.  
et al. 2022 

0.250 sole joint sole main joint joint main joint main joint 

Total or max3 2.246 sole joint sole joint sole joint main joint main joint 

1 The published articles have been used here with the permission of the relevant publishers. 
2 The formal contribution is calculated as a fraction – 1/Nauthors. 
3 The total sum of the formal contribution values or the highest contribution achieved (in the 

increasing order: none, joint, main, or sole) in the specified 10 of 14 roles (according to the 
CRediT taxonomy, https://credit.niso.org/). 

All the above-mentioned articles’ co-authors have no motive to use this published data to prepare 
other dissertations. 

All the authors of the above-mentioned articles have agreed on the author’s contribution statement.





 

1 

 
Introduction 

Problem Formulation  

The scientific literature analysis revealed that although there have been studies 
dealing with the problem of evaluating productivity with undesirable outputs, all 
proposed methods of evaluating undesirable outputs of agricultural production 
have important shortcomings and limitations. No methods have been developed, 
and no research has been carried out to evaluate the influence of individual agri-
cultural production factors on the overall efficiency of agricultural production and 
changes in productivity from an environmental (GHG emissions) viewpoint. 
Therefore, it is necessary to create a new model for assessing agricultural produc-
tivity with undesirable outputs, which allows for avoiding the weaknesses and 
limitations of the proposed methods and comprehensively studying the production 
factors and obstacles to the growth of agricultural production efficiency and “sus-
tainable” productivity. In addition, an ordinary non-parametric frontier technique 
like Data Envelopment Analysis (DEA), usually applied to measure productivity 
and efficiency, suffers from the dimensionality curse. This issue becomes espe-
cially cumbersome when undesirable outputs provide additional variables in as-
sessment. 
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Relevance of the Dissertation  

The agricultural sector is one of the most important economic sectors, providing 
raw materials and food. Although EU policy documents, like Europe 2020, the 
European Green Deal, and Common Agricultural Policy, consider the sustainable 
development of agriculture as one of the most important policy goals in the EU, 
agricultural production intensification negatively impacts the environment. Sus-
tainable agricultural development should ensure the highest possible agricultural 
productivity and the lowest negative environmental effects of agricultural produc-
tion, including GHG emissions. Meanwhile, GHG emissions are among the most 
important environmental challenges for sustainable agricultural development 
worldwide, including the EU. When evaluating agricultural productivity, it is es-
sential to simultaneously evaluate undesirable outputs, such as GHG emissions on 
agricultural productivity and efficiency, to ensure sustainable agricultural produc-
tivity growth, reducing its negative impact on the environment, including climate 
change. Low carbon energy transition is a priority area addressed by the Green 
Deal. Therefore, GHG emission reduction from energy consumption in agricul-
ture is a priority for ensuring sustainable agriculture development. 

The Object of the Research  

Assessment of agricultural productivity with undesirable outputs in the agricul-
tural sector of the EU. 

The Aim of the Dissertation  

To prepare a model for evaluating agricultural productivity with undesirable out-
puts and to apply it to evaluating sustainable agriculture productivity in the EU. 

The Objectives of the Dissertation  

1. To perform literature analysis and systematise the methods for evaluating 
efficiency level and productivity changes with undesirable outputs and 
summarise the results and insights of their application in agriculture; 

2. To prepare a model for evaluating productivity with undesirable outputs 
in agriculture based on the integration of various methods, such as DEA, 
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Luenberger productivity index, slacks-based method (SBM) for effi-
ciency measurement, super-efficiency DEA and Contribution to Struc-
tural Efficiency index; 

3. To apply the developed sustainable productivity with undesirable outputs 
model to the assessment of sustainable agriculture productivity in the EU; 

4. To develop policy recommendations for promoting sustainable agricul-
ture development in the EU member states based on the obtained empiri-
cal results. 

Research Methodology 

The main work methods are analysis, synthesis and abstraction of scientific liter-
ature, Data Envelopment Analysis (DEA), various productivity indices, such as 
the global slacks-based method (SBM) for efficiency measurement, the Luen-
berger productivity index, the index of contribution to structural efficiency, supper 
efficiency DEA and weak disposability DEA.  

Applied non-parametric methods of efficient frontier analysis (DEA) provide 
opportunities to determine the efficiency and productivity of agricultural produc-
tion in individual regions with undesirable results based on selected indicators 
showing overall and individual efficiency of production factors for assessing the 
change in productivity and production factors (efficiency and technological pro-
gress) and the results in GHG emissions; however, they suffer from several weak-
nesses. New methods, like the Luenberger productivity index and SBM, were used 
to analyse the impact of individual production factors and undesirable production 
results on efficiency and productivity changes. The super-efficiency DEA and 
Contribution to Structural Efficiency index were developed to supplement ordi-
nary DEA and to provide a complete ranking of the countries based on productiv-
ity and efficiency, including negative outcomes as the simple DEA suffers from 
the dimensionality curse, especially in the presence of undesirable outputs provid-
ing for additional variables. 

Applied weak disposability DEA allows building environmental function of 
production technology, which integrates additional assumptions about the interre-
lationship of desirable and undesirable outputs and provides for monetary evalu-
ation of undesirable outputs (GHGs due to energy consumption in agriculture).  

Scientific Novelty of the Dissertation  

A new model for evaluating agricultural productivity with undesirable outputs has 
been developed based on an expanded production function that includes the main 
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factors of agricultural production (energy consumption in agriculture, capital, la-
bour and land costs in agriculture) and GHG emissions related to energy consump-
tion in agriculture. The new model allows for a new expansion and use of DEA 
capabilities in the production function, supplementing it with the global slacks-
based method (SBM), Luenberger productivity indicator, super-efficiency DEA 
and Contribution to Structural Efficiency index, analysing the contribution of all 
production factors and GHGs to overall changes in efficiency and productivity 
and finally ranking countries based on sustainable productivity during the set re-
search period.  

The developed sustainable productivity assessment model is also supple-
mented with an environmental function of production technology, which inte-
grates additional assumptions about the interrelationship of desirable and undesir-
able outputs and allows for the monetary expression of undesirable outputs (GHGs 
due to energy consumption in agriculture). The undesirable outputs are assessed 
in monetary terms by calculating GHG emission shadow prices (marginal costs of 
reducing GHG emissions). 

Practical Value of the Research Findings 

The prepared model for evaluating productivity with undesirable outcomes was 
empirically applied for the sustainable productivity assessment of the agricultural 
sector in the EU member states. Based on the research results, the policy directions 
for improving agricultural and environmental policy were developed. 

The Defended Statements  

The following statements based on the results of the present investigation may 
serve as the official hypotheses to be defended: 

1. Sustainable agriculture development can be assessed by applying sustain-
able productivity assessment based on extended production function with 
negative outcomes as it includes economic, social and environmental di-
mensions of agricultural sustainability. 

2. The conventional DEA methods suffer from many weaknesses, including 
dimensionality, which becomes especially cumbersome in the presence of 
undesirable outputs. 

3. The expansion of DEA capabilities by supplementing it with the global 
slacks-based method (SBM), Luenberger productivity indicator, super-ef-
ficiency DEA and Contribution to Structural Efficiency index allows to 
overcome the main weakness of conventional DEA and to analyse the 
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contribution of all production factors and GHGs to overall changes in ef-
ficiency and productivity.  

4. The shadow prices of GHG emission reduction obtained by directional 
DEA and DDF (Directional Distance Functions) allow for defining lag-
ging and advanced countries in terms of energy efficiency improvements 
in agriculture. 

Approval of the Research Findings 

The research results were published in 5 scientific publications, out of which 5 
articles were printed in peer-reviewed scientific journals listed in the Clarivate 
Analytics Web of Science database with an impact factor. 

The author has delivered four presentations at three international scientific 
conferences: 

− III International Science Conference SER 2020 “New Trends and Best 
Practices in Socioeconomic Research”. Igalo (Herceg Novi), Montene-
gro; 

− IV International Science Conference SER 2021 “New Trends and Best 
Practices in Socioeconomic Research”. Igalo (Herceg Novi), Montene-
gro; 

− 16th Conference on Sustainable Development of Energy, Water and Envi-
ronment Systems. Dubrovnik, Croatia. 

Structure of the Dissertation  

The dissertation contains an introduction, analytical literature review, discussion 
of research methodology, summary of the results and conclusions, references, ap-
pendices with the five scientific articles, and a summary in Lithuanian. 

The dissertation consists of 178 pages, 20 equations, 16 figures, 9 tables, and 
60 references cited in the dissertation. 

The First Chapter provides a literature review on sustainable agriculture, in-
dicators of sustainable agriculture assessment, and sustainable or green produc-
tivity measurements based on production function with undesirable outputs. The 
Second Chapter presents the research methodology and introduces a sustainable 
productivity assessment model based on extended production functions with un-
desirable outputs. Luenberger productivity index, SBM, super-efficiency DEA 
and Contribution to Structural Efficiency index were developed to supplement 
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ordinary DEA and to provide a complete ranking of the countries based on produc-
tivity and efficiency, including negative outcomes as the simple DEA suffers from 
the dimensionality curse, especially in the presence of undesirable outputs provid-
ing for additional variables. The Third Chapter presents the results of empirical 
studies conducted by practically applying a developed sustainable productivity 
assessment model in the agriculture of the EU member states.  
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1 
Analytical Literature Review on 

Sustainable Agriculture Productivity 

This chapter outlines the results of the analysis performed in the first paper, “Ag-
ricultural sustainability assessment framework integrating sustainable develop-
ment goals and interlinked priorities of environmental, climate and agriculture 
policies”, published in the scientific journal Sustainable Development and the sec-
ond paper, “Green Productivity and undesirable outputs in agriculture: a system-
atic review of DEA approach and policy recommendations”, published in the sci-
entific journal Economic Research. The First Chapter reviews the literature and 
research conducted on the dissertation topic.  

1.1. Sustainable agriculture 

The agricultural sector is crucial for achieving overall sustainable development 
goals for countries (Cox et al., 2004). There are many policies aiming to promote 
sustainable agriculture development by stressing the importance of providing 
enough safe food for the world population and ensuring a sustainable supply of 
fibre, fuel and other biological products for industries while reducing the negative 
impact of agricultural production on the environment (Clements, Shrestha, 2004; 
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Latruffe et al., 2016). The agricultural sector uses a lot of natural resources; there-
fore, the priorities of sustainable agriculture development are linked to the protec-
tion of land and biodiversity, preservation of clean air and water, climate change 
mitigation and adaptation (Pretty, 2005; McNeely, Scherr, 2003). Consequently, 
to address these challenges, this sector needs to be innovative, apply new ad-
vanced methods in land cultivation, farming and production, and sustainably in-
crease productivity or target sustainable productivity (Velten et al., 2015; Ogaji, 
2005). 

The term “sustainable agriculture” is based on the classical paradigm of sus-
tainable development introduced by the Brundtland Report in 1987. Based on the 
literature review, about 70 meanings of sustainable agriculture are available. 
These definitions reveal diverse priorities and goals, including specific stake-
holder preferences at different levels of economic activity (Pretty, 2005). 

Due to the diverse terms used in defining sustainability in agriculture or ag-
ricultural sustainability, the policy-making process to ensure sustainable agricul-
ture development becomes quite complicated. In general, scientific literature pre-
sents sustainable agriculture as an “alternative” agriculture or ecological, low-
input, environmentally sensitive, biodynamic, organic, regenerative, permaculture 
(Dunlap et al., 1993; Clements, Shrestha, 2004; Kesavan, Swaminathan, 2008). 

The main dimensions of sustainable agriculture are social, economic and en-
vironmental; however, according to Tomich et al. (2004), spatial and temporal 
dimensions of agricultural sustainability are also essential. Spatial dimensions 
(national or local level) and temporal dimensions (long-term, mid-term and short-
term periods) are important for developing policies to promote sustainable agri-
culture development.  

By summarising findings from the literature review, the main definitions of 
agricultural sustainability can be characterised as follows: sustainability is an ide-
ology capable of achieving specific goals or defined targets and includes a set of 
strategies (Hayati, 2017).   

Agricultural systems are multifunctional and provide various goods, includ-
ing food, but more importantly, the agriculture sector is also responsible for 
providing public goods like the preservation of nature, land, air and water, flood 
protection, groundwater replenishment, carbon sequestration and the landscape. 
So, sustainability in agriculture can be considered case-specific and shall be ana-
lysed in terms of agricultural productivity and also in terms of public goods, in-
cluding climate change mitigation, which is of huge importance nowadays 
(Dobbs, Pretty, 2004).  

Sustainable agriculture is oriented to using renewable resources, innovative 
technologies and advanced practices to ensure sustainable productivity growth. 
New forms of social capital are also necessary for sustainable or environmental 
productivity to ensure responsible leadership, resourcefulness, and managerial 
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and innovating capabilities, allowing for increased labour and capital productivity 
(Olsson, Folke, 2001). The higher social and human capital is more capable of 
innovating, using new technologies and advanced production practices and 
achieving sustainable development goals (Uphoff, 2002; Pretty, Ward, 2001). 

Another important issue of sustainable productivity growth is using renewa-
ble energy or cleaner energy sources in agricultural production to reduce the neg-
ative impact of agricultural activities on the environment, including air pollution 
and climate change. The sustainable agricultural practices need to be implemented 
to reduce environmental impact.  

Therefore, though agricultural sustainability can be defined differently, it fi-
nally aims to ensure efficient use of natural and other resources and increase 
productivity by restraining negative environmental impacts of agriculture produc-
tion, including GHG emission reduction.  

1.2. Sustainability assessment of agriculture  

Many sustainability assessment indicators and their frameworks, including com-
posite or integrated sustainable agriculture indicators, were developed to evaluate 
the sustainability of the agricultural sector on various levels, including farm or 
country level. All these indicator frameworks provide ample valuable information 
but do not allow for assessing the main directions of agricultural development in 
the countries and comparing these directions based on the main drivers and barri-
ers of sustainable agriculture development. 

Sustainability assessment of the agricultural sector can also be performed by 
integrating environmental components into assessments of the productive effi-
ciency of agriculture or another sector. The parametric and non-parametric pro-
duction frontiers approaches can be used for productivity analysis, including en-
vironmental restraints on agriculture productions. This sustainability assessment 
approach is very helpful as it allows for developing policies and measures to pro-
mote sustainable agriculture based on important comparable and consistent infor-
mation available for a group of countries. 

Several main ways are developed for sustainable productivity assessment: 
application of parametric models requiring a definition of the specific function 
and use of non-parametric mathematical programming methods like DEA. By ap-
plying DEA, it is possible to attain a positive correlation between pollution and 
desirable outputs. Studies by Hailu and Veeman (2001) and Yang and Pollitt 
(2009) defined pollution as a free disposable input. Other studies (Korhonen, 
Luptacik, 2004; Lauwers, 2009) treated undesirable outputs as additional inputs 
to generate a desirable output (Mahlberg, Sahoo, 2011).  
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The most advanced approach is to treat pollution as negative outputs based 
on the weak disposability of environmental technology (Fare, Grosskopf, 2010a, 
b). Weak disposability assumes that the desirable and undesirable outputs are 
weakly disposable, i.e., the production possibility set is defined by allowing the 
scaling down of the undesirable and desirable outputs by the same factor. In ad-
dition, the materials balance approach was used in the production theory to over-
come the limits of weak disposability (Lauwers, 2009). The most recent approach 
uses two sub-technologies in production technology: one technology producing 
the desired outputs and another – undesirable outputs (Forsund, 2009; Murty 
et al., 2012; Sueyoshi et al., 2017). It is necessary to analyse the green or sustain-
able productivity assessment approaches to develop proper tools for analysing ag-
ricultural productivity in the context of sustainable development. 

1.3. Green or sustainable productivity assessment 

Although ample research has been done on agricultural productivity and sustain-
able agricultural development, scientists lack consensus on assessing undesirable 
outcomes, such as greenhouse gas emissions, when studying the efficiency and 
productivity of agricultural production. As shown by the extensive research con-
ducted to evaluate agricultural productivity and environmental pollution, to reflect 
the priorities and problems of agriculture’s sustainable development, integrating 
environmental restrictions, especially related to climate change mitigation, into 
the production function is an especially complex problem.  

Until now, scientists have widely discussed this topic and offered various 
alternative ways to solve the problem. Pittman (1981), in addition to Hailu and 
Veeman (2001), proposed to estimate unwanted output in the production function 
as one of the production factors. Fare et al. (1989) and Kuosmanen (2005) pro-
posed considering unwanted production as weakly disposable with desirable pro-
duction, i.e., when evaluating production productivity, establish a requirement 
that desirable and undesirable production decreases proportionally. Murty et al. 
(2012) proposed a model that identifies the production factors that determine pol-
lution and constructs a separate “pollution function” alongside the production 
function. Kocisova (2015) assessed agricultural production productivity in the EU 
using DEA and decomposition analysis, but this study did not consider undesira-
ble production outcomes such as atmospheric pollution or greenhouse gas emis-
sions. Blažejczyk-Majka (2017) also applied DEA to assess the efficiency of ag-
ricultural production in EU member countries without considering undesirable 
outputs of agricultural production. Barath and Ferto (2017) applied DEA and the 
Fare-Primont index in the study of agricultural production productivity, which al-
lowed for evaluating the substitutability of individual production factors in the 
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production function, but again, unwanted production was not evaluated. Martinho 
(2017; 2020) also used DEA to assess the agricultural productivity of EU member 
countries but did not analyse the impact of undesirable production results on 
productivity changes. Vlontzas et al. (2014) applied a combination of DEA and 
slacks-based method (SBM) to the assessment of agricultural productivity in EU 
countries; although the study evaluated two undesirable production outcomes, 
such as carbon dioxide emissions and nutrient balance, this study did not examine 
the impact of individual production factors on productivity. Bartova et al. (2018) 
applied the principle of weakly disposable production in the production function 
and the DEA and Malmquist-Luenberger productivity index to the analysis of EU 
agricultural production productivity at the level of EU countries. Although in this 
study, greenhouse gas emissions were assessed as undesirable outputs, the influ-
ence of individual production factors and greenhouse gas emission efficiency on 
overall efficiency and productivity was not determined. 

The main studies dealing with green/sustainable productivity assessments 
based on undesirable outputs and applying the DEA approach are summarised in 
Table 1.1. 

Table 1.1. Main studies of green productivity assessment with undesirable outputs in the 
EU agriculture and the application of the DEA approach (Source: Streimikis et al., 2020) 

Main studies Methods 
Measurements of 
changes in productivity 

Undesirable 
outputs 

Kocisova (2015) DEA – – 

Kocisova et al. (2018) SBM-DEA – – 

Błażejczyk-Majka (2017) DEA – – 

Martinho (2017) DEA – – 

Martinho (2020) DEA – – 

Baráth and Fertő (2017) DEA Färe-Primont index – 

Vlontzos et al. (2014) SBM-DEA – 
CO2 and nitro-
gen balances 

Bartová et al. (2018) DEA 
Malmquist-Luenberger 
index 

GHG  
emissions 

 
So, the DEA models are the most suitable for assessing agricultural perfor-

mance with undesirable outputs. In addition, the findings of this review paper in-
dicated that there are different types of DEA models, such as Meta-frontier DEA, 
Malmquist index (Fei and Lin, 2016), VRS-DEA (Zhang, 2008), DDF-DEA (Ma-
kutėnienė, Baležentis, 2015), SBM-DEA (Le et al., 2019), CRS-DEA (Lin and 
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Fei, 2015), SBM-DEA, LCA (Cecchini et al., 2018), Super-SBM DEA 
(Pongpanich and Peng, 2016), Multi-objective DEA model (MORO-D) (Angulo-
Meza et al., 2019), and most of these methods are useful and applicable for solv-
ing the agricultural industries with undesirable outputs though have several weak-
ness and limitations. 

1.4. Conclusions of the First Chapter 

1. The “PRISMA” protocol has been employed for a systematic literature 
review. The papers selected based on the PRISMA statement are classi-
fied based on agricultural pollution, sustainable agriculture, agricultural 
economics, environmental performance and resource efficiency. Further-
more, the remaining papers are categorised based on the name of the jour-
nal, names of the author/s, methods, area of application, the papers, pur-
poses of using DEA, purposes of study, contribution and research gap, 
outcomes and results, year of publication and nationality/ies of the au-
thor/s. 

2. The findings indicated that agricultural pollution is the most attractive ap-
plication area for scholars. In addition, the results of the present holistic 
review demonstrated that the DEA model is a strong and evaluated tool 
for analysing and evaluating the assessment of agricultural efficiency per-
formance with undesirable outputs. 

3. All research and proposed methods for assessing agricultural productivity 
and undesirable outcomes of agricultural production have important 
shortcomings and limitations. One of the most important limitations is the 
fact that all the methods used to assess the efficiency and productivity of 
agricultural production and the research conducted so far were unable to 
provide methods and suitable models for evaluating the impact of all pro-
duction factors and undesirable production results on changes in produc-
tivity. Therefore, it is necessary to create a new model for evaluating 
productivity with undesirable outputs, which allows for avoiding the 
weaknesses and limitations of the DEA and other sustainable productivity 
assessment methods. 

4. Some DEA supplements were found especially useful for dealing with 
sustainable production analysis in agriculture and including undesirable 
outputs, such as GHG emissions. Numerous production efficiency assess-
ment methods and indicators were developed to solve several limits of 
DEA models in assessing sustainable agriculture productivity. They in-
clude SBM, the global Luenberger productivity indicator, the Malmquist-
Luenberger index, the Fare-Primont index, the Malmquist index, supper 
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efficiency DEA, and the contribution to structural efficiency index. A 
more detailed analysis of the applicability and strengths of these DEA 
supplements is necessary to improve DEA capabilities in addressing sus-
tainable productivity in agriculture for assessing the paths towards sus-
tainable agriculture development, including main drivers and obstacles. 
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2 
Research Methodology for 

Sustainable Productivity 
Assessment 

This Chapter presents the research methodology and sustainable productivity as-
sessment model formed based on extended production function with undesirable 
outputs. Luenberger productivity index, SBM, super-efficiency DEA and Contri-
bution to Structural Efficiency index were developed to supplement conventional 
DEA and to provide a complete ranking of the countries based on sustainable 
productivity and efficiency, including negative outcomes. The Second Chapter 
describes methods provided in the third paper, “Creation of climate-smart and en-
ergy-efficient agriculture in the European Union: Pathways based on the frontier 
analysis”, and the fourth paper, “Achievements of the European Union member 
states towards the development of sustainable agriculture: A contribution to the 
structural efficiency”, and the fifth paper, “Does the Cost of Energy-related 
Greenhouse Gas Emission Abatement Depend on the Optimization Direction: 
Shadow pricing exercise based on the weak disposability technology in the Euro-
pean Union agriculture”, published in the journals indexed in the Clarivate Web 
of Science Core Collection and co-authored by the dissertation author with other 
researchers.  
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2.1. Research rationale and sustainable productivity 
assessment model based on frontier analysis  

Pareto–Koopmans defined that production is efficient if it is impossible to pro-
duce more without increasing costs or if it is impossible to use fewer factors of 
production without reducing production volumes (Mirdehghan, Fukuyama, 
2016). At the same time, Farrell (1957) proposed an efficiency ratio to measure 
the degree to which the actual situation differs from the optimal one. The optimal 
situation is evaluated with the help of the production function (production possi-
bilities limit). Efficiency is defined as the ratio of actual to optimal productivity. 
The change in production productivity is measurable as a result of efficiency and 
technological change.  

The main research framework is based on the agricultural production function 
of the selected region (EU member countries), applying marginal (non-parametric 
linear programming methods) to determine the effective limit of the agricultural 
production possibilities of these regions, and after evaluating the undesirable results 
of agricultural production, such as the greenhouse effect emissions. Environmental 
production technology can be described by parametric and non-parametric methods. 
Non-parametric environmental manufacturing technologies have been described by 
Hailu and Veeman (2001), Färe and Grosskopf (2003) and Murty et al. (2012). The 
distance of the selected research region (EU member countries) from the limit of 
efficient agricultural production possibilities would show whether there is potential 
to achieve better economic outputs with the available resources, i.e., human capital 
and investment and environmental constraints. 

This work proposes the application of non-parametric linear programming 
methods, such as DEA, because they complement the capabilities of multivariate 
data analysis and more accurately evaluate the differences in technical agricultural 
efficiency between the studied regions, allow identifying weak areas and make 
proposals for agricultural productivity improvement and implementation of envi-
ronmental policy (Fang et al., 2020; Wang et al., 2020). DEA is better than other 
non-parametric linear programming methods in filtering out differences in effi-
ciency between technologically similar regions. The main difference is that DEA 
compares the entire group of regions according to extreme values of efficiency, 
while the rest of the methods compare the efficiency of different regions only with 
regions with smaller resources, allowing the values of the economic estimates of 
some regions to be above the effective production possibilities limit with certain 
confidence levels. When comparing technologically similar regions, it is more ap-
propriate to look for the leaders of the entire group, based on which it would be 
possible to conclude the overall agricultural efficiency of the group of regions 
(Sueyoshi et al., 2017; Urdiales et al., 2016). 
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So, to assess the efficiency and productivity of agriculture in this work, it is 
proposed to apply complementary research methods, such as DEA, by supple-
menting conventional DEA with new methods. The conventional DEA models 
proposed in the study by Charnes et al. (1978) and Banker and Thrall (1992) are 
based on radial measures as the composition of inputs and outputs are fixed in the 
optimisation, and the inefficiency measures are not variable-specific. The new ap-
proach introduced by Tone (200) is a slacks-based measure (SBM) that analyses 
the contributions of each input/output variable to the inefficiency score. This ap-
proach was further developed by Cooper et al. (2007) and applied to the exami-
nation of environmental performance with undesirable outputs. In addition, the 
global Luenberger productivity indicator was developed by Wang and Wei (2016) 
based on SBM and applied by Wang et al. (2016). This indicator allows decom-
posing the changes in productivity concerning the contributions of each input/out-
put variable. 

Therefore, a new model is proposed for evaluating agricultural production 
with undesirable results, which is based on an extended production function that 
includes the main factors of agricultural production (energy consumption in agri-
culture, capital, labour and land costs in agriculture) and greenhouse gas emissions 
related to energy consumption in agriculture. The model allows estimating the 
production function using DEA and supplementing it with global technology and 
a slacks-based method (SBM) for efficiency measurement. This makes it possible 
to decompose the Luenberger productivity index into the contribution of all pro-
duction factors and results (including GHG emissions). Efficiency and technolog-
ical changes can also be analysed with this new tool. 

The environmental production technology for the period 1,2, , t T  is de-

fined in terms of input quantities ,
d t Ix R , output quantities ,

d t Jy R  and un-

desirable output quantities ,
d t Kz R . The inputs are intentionally transformed 

into outputs (desirable ones), whereas the undesirable outputs are unintended 
(e.g., pollution). The environmental production technology for the period t  (i.e., 
the contemporaneous technology) is defined in terms of the production possibility 
set: 

     , , |  can produce , ,t t t t t t tP x y z x y z  (2.1) 

The SBM measures inefficiency (a distance function D) based on ex-
cesses/shortages of inputs and outputs. Thus, empirical research will measure in-
efficiency. The distance function D can take values from 0 to infinity. Inefficiency 
is the inverse of efficiency, and zero inefficiency means full efficiency. The re-
sulting distance function is denoted as ( )D : 
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where ,xs  ys  and zs  are the slacks associated with inputs, outputs and undesir-

able outputs, respectively; and ,xg  yg , zg  are the directional vectors for inputs, 

outputs and undesirable outputs, respectively. In this case, the authors use the pro-
portional distance and set the directional vector to be equal to the observed quan-
tities of the input/output variables. 

The Luenberger productivity (LP) indicator reflects changes in productivity, 
which can be positive or negative. A positive value indicates that production 
productivity is growing: 

    , 1 , , , , 1 , 1 , 1 1, , ; , , ; ,     t t d t d t d t t d t d t d t t
dLP D x y z g D x y z g  (2.3) 

where ( )D  is the distance function relative to the global frontier. Therefore, pos-
itive (resp. negative) values of LP imply positive (resp. negative) productivity 
growth as an observation approaches the global frontier over time.  

Positive Efficiency Changes (EC) are obtained due to the implementation of 
advanced farming and management practices to better use agricultural production 
factors and resources: 

    , 1 , , , 1 , 1 , 1 , 1 1, , ; , , ; .      t t t d t d t d t t t d t d t d t t
dEC D x y z g D x y z g  (2.4) 

Thus, EC shows whether a certain country improved its performance relative 
to the contemporaneous frontier, and the positive EC can be observed due to the 
improved farming and managerial practices when resources are properly used in 
the production process. 
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The necessary data for assessing sustainable productivity can be collected for 
EU member states from Eurostat Agricultural economic accounts, energy bal-
ances, and data on greenhouse gas emissions due to energy consumption in agri-
culture. The studied production factors: energy consumption in agriculture, TJ; 
costs of fixed capital in agriculture, PGS recalculated at 2005 prices; labour costs 
in agriculture, annual working hours; land consumption, ha. Desired output ex-
pressed as total agricultural output, PGS, recalculated in constant 2005 prices. 
Undesirable production outputs are expressed as GHG emissions, Mt. 

2.2. Further advancements in the sustainable 
productivity assessment model  

Next, the developed sustainable productivity assessment model with undesirable 
outputs for assessing agricultural productivity in the EU was further advanced to 
overcome other important limits of conventional DEA.  

A model with an environmental function of production technology was sup-
plemented by new methods of efficiency assessment: super-efficient DEA and 
index of contribution to structural efficiency. This allows for solving the effi-
ciency assessment problem in agricultural productivity when the DEA cannot as-
sess it due to the reduction of discriminatory power, i.e., the ability to reveal dif-
ferences between various efficiency levels. This problem occurs with numerous 
variables and observations. 

Non-parametric frontier methods, such as DEA, are a good tool to measure 
the eco-efficiency of environmentally friendly production technology; however, 
DEA may be unable to measure efficiency due to decreased discriminative power 
when the ratio of variables to observations is high. This problem becomes partic-
ularly complicated when unwanted output (an additional variable) is included. 

Thus, the productivity assessment model was further developed to rank EU 
member states according to ecological efficiency using the super-efficiency DEA 
and index of contribution to structural efficiency, which is a new method. Super-
efficient DEA and similar methods have been proposed to improve discriminative 
power (reveal differences between various efficiency levels). These methods as-
sume that the production technology of each considered efficient DMU (decision 
maker/state) is further investigated (and yields results in greater than 1), while 
inefficient DMUs are not.  

The super-efficiency DEA was developed by Andersen and Petersen (1993) 
as a tool for dealing with situations where the DMU ranking cannot be performed 
because of the limited sample size. The super-efficiency DEA also suffers from 
infeasibilities in solving tasks. 
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Zhu et al. (2019, 2020) proposed an index of contribution to structural effi-
ciency that applies (the same) environmental technology to all DMUs. Therefore, 
the weak abatement of environmental technology and the contribution to the struc-
tural efficiency index were applied to assess the productivity of EU Member 
States’ agricultural sectors in terms of eco-efficiency and GHG emission re-
strictions. 

Environmentally friendly production functions can be defined as: 

     , , :  can produce , ,T x y b x y b  (2.5) 

where: x – inputs; y – desirable outputs; b – undesirable outputs. 
DEA function of the weak disposability technology for K-number of DMUs 

that consume I factors of production to produce J desirable outputs and L unde-
sirable outcomes (GHG emissions) is described by: 
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where k  are the intensity variables that define the production frontier in terms 
of the observed production plans?  

Considering an arbitrarily chosen DMU 1,2, ,  k k K . The two cases of 
the efficiency measurement can be performed. 

First, the output-oriented directional DEA is applied: 
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where (0,1] k  is the efficiency score for a certain DMU k . The efficiency 
score of unity indicates full efficiency and declines with increasing inefficiency. 
This paper uses the proportional output DDF and set ' '( , ) ( , )j l k j k lg g y b , 

1,2, , j J , 1,2, , l L . 
Generalised Directional Distance Function (DDF) when k≠ k', (super-effi-

cient DEA) can be obtained by the following formula: 
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The marginal coefficient of contribution to structural efficiency is obtained 
as follows:  
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where     is the efficiency score for aggregate DMU, including or excluding 

DMU k . 

1 
C
kI  indicates that DMU k  positively contributes to structural efficiency. 

The values below unity indicate that the production plan observed for DMU k  
does not improve structural efficiency. Therefore, it is possible to define countries 
which use the inputs most productively and ensure less intensive environmental 
pollution due to energy consumption.  

The necessary data for sustainable productivity assessment for EU Member 
States can be obtained from Eurostat energy balance and agricultural statistics. 
Desired output is all agricultural output (PPS based on 2010 comparative prices); 
Undesirable output is energy-related GHG emissions (tons of CO2 equivalent). 
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Production factors include agricultural land area (ha), labour costs (contract work-
ers = 2036 for working hours), long-term capital (CPS), and final energy con-
sumption (metric tonne oil equivalent). 

2.3. Monetary evaluations of undesirable outputs in 
the sustainable productivity assessment model 

The developed sustainable productivity assessment model is supplemented with 
an environmental function of production technology, which integrates additional 
assumptions about the interrelationship of desirable and undesirable outputs and 
allows the monetary expression of undesirable outputs (GHGs due to energy con-
sumption in agriculture). It is found by calculating GHG shadow prices (marginal 
costs of reducing GHG emissions. The shadow price of GHG emissions shows 
the marginal costs of their reduction and is very useful in analysing the possibili-
ties of improving the environmental quality of a specific production technology. 

The model for evaluating production productivity with undesirable results in 
agriculture was extended to evaluate the shadow price of undesirable production 
results (GHG).  

A non-parametric method (DEA) was applied in the productivity assessment 
model. Directional DEA can evaluate the efficiency of decision-making units 
(states) in moving along the production possibilities curve in different directions, 
as defined in the sections above. Directions can be calculated by evaluating the 
data of individual countries or groups of countries. 

The main idea in applying environmental technology in DEA is to assess the 
effect of choosing different directions in moving to the production possibilities 
curve on the shadow prices of GHG emissions. The weak disposability DEA model 
developed by Kuosmanen (2005) was applied. The weak disposability technology 
is among the most often applied in empirical research due to its operationality. It 
assumes that the desirable and undesirable outputs are weakly disposable, i.e., the 
production possibility set is defined by allowing the scaling down of the undesirable 
and desirable outputs by the same factor. This approach was discussed in a detailed 
way by Färe and Grosskopf (2003). Moving in different optimisation directions 
yields shadow prices of energy-related greenhouse gas emissions in EU agriculture. 

The main formulas and notations are described below. 
Environmental production technology: 

     , , :  can produce , ,T x y z x y z  (2.10) 

where x – factors of production; y – desired output; z – undesired output (GHG 
emissions). 
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DEA approximation of environmental production technology is provided be-
low: 
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here, K – decision making units (DMUs) that represent countries; 1,2, , k K  – 

number of DMUs; k , – weights assigned to the DMUs. k  – specific abatement 

factors for DMUs, which are applied to ensure the weak disposability of the de-
sirable and undesirable outputs. 

The directional output distance function is described by: 

     , , ; , max : , , ,      y z y zD x y z g g x y g z g T  (2.12) 

where  , y zg g g  is the directional vector encompassing directions for optimi-

zation of desirable and undesirable outputs. The zero value  ; D  implies full 

efficiency and positive values imply inefficiency.  
Note that the directional output distance function in Eq. 2.12 can be plugged 

into T̂ given by Eq. 2.11.  
This provides that the original DEA model takes the following form: 
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The dual DEA model will take the following form: 
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The dual DEA model includes the assumption that the shadow price of GHG 
is equal to or greater than 0: 

 0, 1,2,..., .  j
z j J  (2.15) 

The shadow values in Eq. 2.14 can be used to calculate the shadow prices of 
undesirable outputs. The following ratio yields the relative shadow price of the  
j -th undesirable output: 

 





j
z
m
y

CSP . (2.16) 

The directions of DEA optimisation (movement towards the limits of pro-
duction possibilities) are determined by the following four methods: 

Proportional (radial) direction vector: 

 ( , ) ( , ).y z k kg g y z  (2.17) 

Unit direction vector: 

 ( , ) (1,1).y zg g  (2.18) 

Aggregate direction vector: 
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Aggregate mean direction vector: 
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Non-negative elements of the directional vectors imply that the desirable out-
puts are expanded, whereas the undesirable ones are contracted while moving 
along the directional vector. 

The necessary data for sustainable productivity assessment and evaluation of 
GHG emission reduction shadow prices are as follows: factors of production: 
work (annual working hours h), land area (hectares), intermediate consumption 
(PGS 2010, excluding energy costs), energy consumption (tons of oil equivalent); 
desired production (PGS 2010); undesirable outputs – GHG emissions related to 
energy consumption (tons of carbon equivalent). Data can be obtained from EU-
ROSTAT agricultural economic accounts, environmental accounts, agricultural 
statistics and energy balances. 

2.4. Conclusions of the Second Chapter 

1. Non-parametric frontier methods, such as Data Envelopment Analysis 
(DEA), can be used to measure eco-efficiency with environmentally 
friendly production technology. Conventional DEA applied for green/sus-
tainable productivity assessment with negative outputs has many limita-
tions; therefore, this dissertation developed a new sustainable productiv-
ity assessment model to overcome these limits. 

2. This new model is based on frontier analysis and includes various supple-
ments of conventional DEA. This model allows estimating the production 
function using DEA and supplementing it with global technology and a 
slacks-based method (SBM) for efficiency measurement. This makes it 
possible to decompose the Luenberger productivity index into the contri-
bution of all production factors and results (including GHG emissions). 
Efficiency and technological changes can also be analysed. 

3. DEA may be unable to measure efficiency due to decreased discrimina-
tive power when the ratio of variables to observations is high. This prob-
lem becomes particularly complicated when undesirable outputs (an ad-
ditional variable) are included. Super-efficient DEA and structural 
efficiency methods have been proposed to improve the discriminative 
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power of conventional DEA (reveal differences between various effi-
ciency levels.  

4. Further, the developed sustainable productivity assessment model was 
supplemented with an environmental function of production technology, 
which integrates additional assumptions about the interrelationship of de-
sirable and undesirable outputs and allows the monetary expression of 
undesirable outputs (GHG emissions due to energy consumption in agri-
culture). Weak disposability technology was chosen, meaning that desired 
and undesirable outputs (GHG emissions) can decrease proportionally.  

5. The directional DEA applied in the model can measure the efficiency of 
decision-making units towards different directions. These directions can 
be observation-specific or common to the whole sample. The developed 
sustainable productivity assessment model ascertains the effects of using 
the different directions on the GHG emission shadow prices. The shadow 
price of GHG emissions is beneficial for policy analysis as it shows the 
marginal costs of GHG emission reduction in agriculture and the possi-
bilities of energy efficiency improvement and GHG emission reduction 
for a specific agriculture production technology. 
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3 
Sustainable Agriculture Productivity 

Assessment Results and 
Conclusions 

This chapter presents the results of empirical studies conducted by practically ap-
plying a developed sustainable productivity assessment model in the agriculture 
of EU member states. The Third Chapter describes the main results and findings 
provided by the third paper, “Creation of climate-smart and energy-efficient agri-
culture in the European Union: Pathways based on the frontier analysis”, the 
fourth paper, “Achievements of the European Union member states towards the 
development of sustainable agriculture: A contribution to the structural efficien-
cy”, and the fifth paper, “Does the Cost of Energy-related Greenhouse Gas Emis-
sion Abatement Depend on the Optimization Direction: Shadow pricing exercise 
based on the weak disposability technology in the European Union agriculture”, 
published in journals indexed in the Clarivate Web of Science Core Collection. 
Also, the Third Chapter provides conclusions and policy recommendations for 
promoting sustainable agriculture development in the EU Member States. 
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3.1. Sustainable agricultural productivity assessment 
with Data Envelopment Analysis and Luenberger 
productivity index in European Union countries 

The inefficiency in agricultural production was measured concerning the global 
frontier. Assuming constant returns to scale (CRS), the changes in the global in-
efficiency are related to changes in the productivity of analysed EU countries. The 
additive nature of the SBM of inefficiency allowed for isolating the contributions 
of individual inputs and outputs towards the overall inefficiency.  

The inputs and undesirable output (energy-related GHG emission) show non-
zero inefficiencies, whereas the inefficiency score for the desirable output (agri-
cultural output) is zero. This implies that the improvements in agricultural produc-
tivity in the EU are mostly related to increasing resource efficiency and improving 
environmental performance. The average values of the variable-specific CRS in-
efficiency scores are further analysed to identify the key trends in inefficiency 
along with the contributions of the individual variables. 

The dynamics in the inefficiency scores of EU countries related to the inputs 
are provided in Fig. 3.1. 

 

 
Fig. 3.1. Inefficiency dynamics in EU countries (Source: Streimikis et al., 2020) 

As demonstrated in Fig. 3.1, energy use and energy-related GHG emission 
showed the highest mean inefficiencies over the investigated period. 

The Fig. 3.1 results show some differences among the input and output vari-
ables in terms of their contributions to the overall inefficiency. Therefore, Table 
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3.1 provides the average values of inefficiencies along with the trend coefficients 
(which correspond to the stochastic rates of change) for different periods. 

Fig. 3.2 shows the mean inefficiency scores across the EU states for further 
analysis. 

Table 3.1. Inefficiency dynamics in EU countries (Source: Streimikis et al., 2020) 

Period Energy Capital Labour Land GHG emissions 

Average, % 

1995–2016 3.84 3.51 2.37 2.18 14.21 

1995–2003 4.52 4 3.55 2.79 16.57 

2004–2016 3.38 3.16 1.55 1.76 12.58 

Trend (speed of change), pp 

1995–2016 –0.1 –0.09 –0.17 –0.09 –0.34 

1995–2003 –0.13 –0.01 –0.1 –0.06 –0.16 

2004–2016 –0.08 –0.15 –0.14 –0.1 –0.33 

 
Fig. 3.2. Average inefficiency of EU countries and its decomposition analysis by factors 

of production (Source: Streimikis et al., 2020) 
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Latvia, Poland, Estonia and Finland appear as the countries with the lowest 
levels of agricultural efficiency, whereas the Netherlands, Bulgaria, Belgium and 
France seem to be the most efficient countries. The decomposition of the ineffi-
ciency scores shows that energy use is responsible for the highest share of the 
overall inefficiency in EU countries. 

The analysis of possible convergence in agricultural efficiency requires 
checking whether the spread in the inefficiency measures declines over time 
across the EU Member States (Fig. 3.3). 

 
Fig. 3.3. Inefficiency convergence between EU countries  

(Source: Streimikis et al., 2020) 

Based on Fig. 3.3, all the inputs and outputs showed increasing divergence 
in terms of the associated efficiency scores. Therefore, the inefficiency of energy 
consumption has seen an increasing polarization in EU agriculture across the EU 
countries. 

The productivity measures can be decomposed concerning the sources of 
productivity growth.  Due to the additive structure of the SBM, the Luenberger 
productivity indicator was decomposed with regard to the inputs and outputs. The 
average values of the Luenberger productivity indicator and its components for 
the group of selected countries are given in Fig. 3.4. 

Fig. 3.4 shows that the cumulative efficiency change effect remained positive 
throughout most of the period analysed. In general, the contribution of the effi-
ciency change was 0.46% p.a., and that of the technical progress was 0.33% p.a. 
Therefore, the resources tended to be allocated more efficiently over time across 
the selected EU countries. 
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Fig. 3.4. Decomposition analysis of the Luenberger cumulative productivity  

change indicator (Source: Streimikis et al., 2020) 

The productivity growth can be decomposed with regard to the input/output 
variables. Such an approach allows one to identify the key contributors towards 
productivity growth along with the major obstacles in EU agriculture. The decom-
position is carried out at the country level and is given in Fig. 3.5. 

 
Fig. 3.5. Decomposition analysis of productivity growth at the level of countries  

1995–2016 average (Source: Streimikis et al., 2020) 

-10%

-5%

0%

5%

10%

15%

20%

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

P
ro

du
ct

iv
ity

 g
ro

w
th

 
(c

um
ul

at
iv

e)
EC TP P



32 3. SUSTAINABLE AGRICULTURE PRODUCTIVITY ASSESSMENT RESULTS… 

 

As the contribution of different inputs and outputs towards the productivity 
growth in the agricultural sectors of the selected EU Member States varies with 
time, the dynamics in the cumulative average contribution associated with each 
variable are given in Figure 3.6. 

 
Fig. 3.6. Cumulative average productivity growth by individual factors  

of production in 1995–2016 (Source: Streimikis et al., 2020) 

One can notice that until 2004, all the variables contributed equally to the 
growth in the agricultural productivity in the EU. However, the capital input re-
mained the least important contributor throughout the period of analysis. The con-
tribution of the energy-related GHG emission kept increasing. The labour input 
was associated with the second-highest contribution to productivity growth. In 
addition, the energy-related GHG emission contributed more to the productivity 
growth than the energy input, showing that energy with lower carbon content was 
the main factor pushing the sustainable productivity growth up in the agriculture 
sector of EU countries.  

The decomposition of the efficiency change (EC) at the country level is given 
in Figure 3.7. 

The negative EC growth is observed for Estonia, France and Slovenia. It is 
mainly determined by the energy-related GHG emission and energy use. It is seen 
from Figure 3.7 that France and Slovenia require not only improvements in the 
energy mix but also in energy efficiency. 
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Fig. 3.7. Decomposition of the efficiency change at the country level (average  

values for 1995–2016) (Source: Streimikis et al., 2020) 

3.2. Sustainable productivity assessment with Data 
Envelopment Analysis and contribution to structural 
efficiency index in European Union countries 

In the first stage of analysis, the performance of the EU agricultural sector in terms 
of efficiency was analysed at the country level within each year by applying con-
ventional DEA. The results are provided in Table 3.2. 

Table 3.2. Efficiency scores of EU member states’ agricultural sectors (CRS),  
1995–2016 (Source: Streimikis et al., 2022) 

State 1995 2000 2005 2010 2016 Average The trend 

Austria 0.89 0.89 0.90 0.95 0.95 0.91 0.005 

Belgium 0.81 1.00  1.00  1.00  1.00  0.97 0.007 
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End of Table 3.2 

State 1995 2000 2005 2010 2016 Average The trend 

Bulgaria 1.00  1.00  1.00  1.00  1.00  1.00  0.000 

Czechia  0.93 0.94 1.00  0.96 0.94 0.97 0.001 

Denmark 1.00  1.00  1.00  1.00  1.00  1.00  0.000 

Estonia 0.85 1.00  0.96 0.87 0.73 0.90 –0.003 

Finland 0.69 0.67 0.70 0.71 0.68 0.69 0.002 

France 1.00  1.00  1.00  1.00  0.93 1.00  –0.001 

Hungary 0.86 0.88 0.96 0.84 0.97 0.89 0.003 

Latvia 0.62 0.64 0.64 0.70 1.00  0.72 0.018 

Lithuania 0.73 1.00  1.00  1.00  1.00  0.96 0.009 

Netherlands 1.00  1.00  1.00  1.00  1.00  1.00  0.000 

Poland 0.68 0.66 1.00  1.00  1.00  0.84 0.022 

Romania 1.00  1.00  1.00  1.00  1.00  1.00  0.000 

Slovakia 1.00  1.00  1.00  1.00  1.00  1.00  0.000 

Slovenia 1.00  1.00  1.00  1.00  1.00  1.00  0.000 

Sweden 0.71 0.72 0.73 0.72 1.00  0.77 0.013 

Average 0.87 0.91 0.93 0.93 0.95 0.92 0.004 

# of efficiency 7 10 11 10 11 5 – 

 
Next, the output-oriented super-efficiency DEA for ranking the EU Member 

States is obtained (Table 3.3). 

Table 3.3. Efficiency of the agricultural sector of EU member states (CRS super-effi-
ciency DEA scores), 1995–2016 (Source: Streimikis et al., 2022) 

State 1995 2000 2005 2010 2016 Average The trend 

Austria 0.89 0.89 0.90 0.95 0.95 0.91 0.005 

Belgium 0.81 – – – – 0.93 – 

Bulgaria – – – – 1.80 1.80 – 
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End of Table 3.3 

State 1995 2000 2005 2010 2016 Average The trend 

Czech Republic 0.93 0.94 1.01 0.96 0.94 0.98 0.001 

Denmark – – – 1.02 1.14 1.05 – 

Estonia 0.85 1.01 0.96 0.87 0.73 0.88 – 

Finland 0.69 0.67 0.70 0.71 0.68 0.69 0.002 

France – – – – 0.93 1.08 – 

Hungary 0.86 0.88 0.96 0.84 0.97 0.89 0.003 

Latvia 0.62 0.64 0.64 0.70 1.01 0.71 – 

Lithuania 0.73 1.13 1.21 1.01 1.03 1.02 0.012 

The Netherlands – – – – – – – 

Poland 0.68 0.66 – – – 0.68 – 

Romania 1.13 – – – – 2.56 – 

Slovakia 1.33 1.05 1.08 – 1.36 1.23 – 

Slovenia – – – – – – – 

Sweden 0.71 0.72 0.73 0.72 – 0.72 – 

Average 0.85 0.86 0.91 0.86 1.05 0.97 0.011 

# of impossible 5 7 8 8 6 2 – 

# of super-effi-
cient 

2 3 3 2 5 6 – 

 
Based on the results of supper efficiency DEA plotted in Table 3.3, the use 

of the super-efficiency DEA allows the ranking of EU countries based on agricul-
tural productivity. There are still several countries for which the super-efficiency 
model does not yield feasible efficiency scores. 

Fig. 3.10 shows the dynamics of average efficiency scores according to con-
ventional and super-efficiency DEA.  
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Fig. 3.10. Average efficiency scores for DEA and super-efficient DEA  

(Source: Streimikis et al., 2022) 

As Fig. 3.10 demonstrates, supper efficiency DEA results spike in the aver-
age efficiency trend as the infeasible solutions occur and make the ranking based 
on supper efficiency DEA impossible. 

Therefore, further, the contribution to the structural efficiency approach is 
applied as the ranking becomes impossible for fully efficient observations. As it 
is possible to consider the two groups of observations, efficient and inefficient, 
the contribution to the structural efficiency index allows for separating countries 
based on those contributing to the increase in structural efficiency (with index 
values exceeding unity) and those not (index values less or equal to unity). 

Table 3.4 shows the average efficiency levels for different groups of obser-
vations.  

Table 3.4. Average efficiency levels by average contribution to structural efficiency 
(Source: Streimikis et al., 2022) 

Contribution 
Inefficiency 

Average 
Inefficient Efficient 

' 1C
kI    0.80 1 0.87 

' 1C
kI   0.94 1 0.99 

Average 0.81 1 0.92 
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Based on Table 3.4, the efficient observations tend to positively contribute to 
the aggregate efficiency more often than the inefficient ones. 

The distribution of observations in terms of efficiency and contribution to 
structural efficiency is given in Table 3.5. 

Table 3.5. Distribution of observables (agricultural sectors of EU member states) according 
to efficiency levels and contribution to overall efficiency (Source: Streimikis et al., 2022) 

Contribution 
Inefficiency 

Total 
Inefficient Efficient 

Absolute frequencies 

' 1C
kI    144 75 219 

' 1C
kI   16 139 155 

Total 160 214 374 

Relative frequencies 

' 1C
kI    90% 35% 59% 

' 1C
kI   10% 65% 41% 

Total 100% 100% 100% 

 
The trends of the average contribution to the structural efficiency are pro-

vided in Fig. 3.11. 

 
Fig. 3.11. Average index of contribution to structural efficiency  

for efficient and inefficient observations (Source: Streimikis et al., 2022) 
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Finally, an EU country-specific analysis of average efficiency and contribu-
tion to the structural efficiency is provided in Table 3.6. 

Table 3.6. Average efficiency and contribution to structural efficiency of EU Member 
States, 1995–2016 (Source: Streimikis et al., 2022) 

State 

Contribu-
tion to 
structural 
efficiency 

DEA  
average 

Number of 
years of 
country  
efficiency 

Number of 
years not possi-
ble to solve 
with the super 
efficiency DEA 

Number 
of years of 
positive 
contribu-
tion 

Final 
rank-
ing 

Romania 1.023149 1 22 12 22 1 

Nether-
lands 

1.02307 1 22 22 18 2 

Bulgaria 1.011594 1 22 21 22 3 

Slovakia 1.001755 1 22 6 18 4 

Slovenia 1.000281 1 22 22 12 5 

Denmark 0.997418 0.99808 20 12 3 6 

France 1.070929 0.99708 21 18 21 7 

Czechia 0.998272 0.97028 7 0 5 8 

Belgium 1.007048 0.96935 18 16 19 9 

Lithuania 0.995932 0.95689 16 0 4 10 

Austria 0.997139 0.91403 0 0 3 11 

Estonia 0.996926 0.89864 5 4 0 12 

Hungary 0.999253 0.88691 0 0 8 13 

Poland 0.914115 0.84153 11 11 0 14 

Sweden 0.981677 0.77143 4 4 0 15 

Latvia 0.99011 0.72257 2 1 0 16 

Finland 0.982399 0.68700 0 12 0 17 

 
The results of the analysis show that even though countries can be ranked in 

terms of the two efficiency measures, some differences between adjacent ranks 
are rather insignificant. For instance, Romania and the Netherlands show close-
to-nil differences in the average contribution to structural efficiency. 
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Most of the efficient countries show high numbers of infeasibilities of the 
super-efficiency DEA. Therefore, these countries show somewhat distinctive pat-
terns of input mix and production scale, which place them outside the production 
plans of the other countries. Therefore, the measures of the contribution to struc-
tural efficiency allow for improved ranking of countries in terms of sustainable 
agriculture productivity under the presence of heterogeneity in the input mix. 

3.3. Assessing shadow prices of reduction of 
negative outputs in European Union countries 

The GHG emission shadow price is determined by the slope of the underlying 
output isoquant and is related to the GHG emission intensity. Energy-related GHG 
emission per unit of agricultural output weighted by the output share is important 
for the construction of the marginal GHG emission abatement cost curve 
(Fig. 3.12). 

 
Fig. 3.12. GHG intensity (GHG/agricultural production) in EU countries 1995–2017 

(Source: Streimikis et al., 2023) 

The three models (Proportional or radial, unit direction and aggregate DDF) 
defined in Section 2 of this work rendered the estimates of the shadow prices for 
energy-related GHG emission in the agriculture of EU countries. The aggregate 
results of GHG emission shadow prices are given in Figure 3.13. 
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Fig. 3.13. The average shadow price of GHGs related to energy consumption in the EU, 

1995–2017 (Source: Streimikis et al., 2023) 

According to Fig. 3.13, GHG emission shadow prices based on the radial 
DDFs are lower than those based on the non-radial DDFs. 

Table 3.7 analyses the country-specific data on the levels and dynamics of 
GHG emission shadow prices. 

Table 3.7. The average shadow price of GHG (PPS 2010/kg CO 2 eq.) and its change  
(% per year), 1995–2017 (Source: Streimikis et al., 2023) 

Country 
Aggregate DDF Radial DDF Unit DDF 

Average Trend Average Trend Average Trend 

Austria 2.4 0.1 2.3 0.0 2.4 0.0 

Belgium 1.9 3.8 2.2 3.8 2.2 3.5 

Bulgaria 3.1 2.2 2.7 1.4 3.5 1.8 

Czechia 2.4 –1.1 2.5 –1.5 2.8 –0.8 

Denmark 2.6 3.6 2.6 4.7 2.7 4.9 

Estonia 4.5 –4.4 3.3 2.0 5.1 –3.0 

Finland 0.7 4.0 1.2 1.0 2.0 0.8 

France 3.6 0.8 3.8 –0.3 3.7 1.0 

Greece 2.2 11.4 2.0 10.3 3.8 14.8 

Hungary 3.5 –1.1 3.4 –0.8 3.7 –0.8 

Ireland 2.8 4.2 2.7 3.5 3.0 4.3 

Italy 3.1 0.2 3.0 –2.9 2.4 –2.2 

Latvia 1.1 13.5 1.2 12.8 2.4 10.6 
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End of Table 3.7 

Country 

Aggregate DDF Radial DDF Unit DDF 

Average Trend Average Trend Average Trend 

Lithuania 4.9 4.0 4.6 5.9 8.8 4.2 

Netherlands 1.5 0.7 1.5 0.7 1.3 1.4 

Poland 0.0 – 0.0 – 1.1 2.8 

Portugal 2.2 –0.2 1.7 –3.7 2.8 3.0 

Romania 15.1 –4.9 5.7 0.5 35.0 0.8 

Slovakia 7.3 –8.1 5.1 2.0 8.2 –6.4 

Slovenia 3.9 –0.1 4.1 4.0 4.9 1.1 

Spain 0.2 –2.5 0.2 –4.1 0.4 –2.0 

Sweden 0.7 –10.4 0.8 –9.5 1.5 –4.1 

UK 2.6 3.3 2.6 3.4 2.6 2.8 

Average 3.1 0.9 2.6 1.5 4.6 1.7 

Weighted av. 2.0 0.5 1.9 –0.2 2.5 1.2 
 

Based on Table 3.7, the lowest shadow price can be observed for Poland and 
Spain, irrespective of the DDF applied. The highest shadow price is available in 
Romania and Slovakia. Countries having lower shadow prices should put more 
effort into reducing GHG emissions as they have a higher potential to do this. 

In Fig. 3.14, the weighted averages of the relative total abatement cost are 
constructed for the group of EU countries. 

 
Fig. 3.14. GHG reduction costs (weighted average), i.e., shadow price multiplied by 

GHG emissions, 1995–2017 (Source: Streimikis et al., 2023) 
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The GHG emission shadow prices obtained by different DDFs show different 
levels of the relative total abatement cost. The unit DDF provides for the highest 
relative total abatement costs. 

The country-specific relative total abatement costs (measured as a share of 
the agricultural output) are given in Table 3.8. 

Table 3.8. GHG reduction costs and their trend (individual countries), 1995–2017 
(Source: Streimikis et al., 2023) 

Country 
Aggregate DDF Radial DDF Unit DDF 

Aver-
age 

Trend Average Trend Average Trend 

Austria 0.45 –0.7 0.45 –0.8 0.45 –0.8 

Belgium 0.67 0.9 0.75 0.5 0.75 0.5 

Bulgaria 0.25 –0.3 0.22 –0.5 0.22 –0.5 

Czechia 0.60 –2.4 0.61 –2.7 0.61 –2.7 

Denmark 0.77 –0.3 0.73 0.7 0.73 0.7 

Estonia 0.86 –1.1 0.72 2.7 0.72 2.7 

Finland 0.33 0.6 0.63 –0.6 0.63 –0.6 

France 0.75 0.1 0.79 –0.8 0.79 –0.8 

Greece 0.26 0.1 0.24 –0.1 0.24 –0.1 

Hungary 0.43 –1.4 0.41 –1.2 0.41 –1.2 

Ireland 0.45 0.6 0.42 0.3 0.42 0.3 

Italy 0.56 –0.6 0.57 –2.3 0.57 –2.3 

Latvia 0.27 3.3 0.29 3.3 0.29 3.3 

Lithuania 0.36 0.0 0.33 0.6 0.33 0.6 

Netherlands 0.71 –0.3 0.71 –0.2 0.71 –0.2 

Poland 0.00 0.0 0.00 0.0 0.00 0.0 

Portugal 0.35 –0.4 0.27 –1.3 0.27 –1.3 

Romania 0.50 –3.8 0.18 –0.4 0.18 –0.4 

Slovakia 0.67 –1.7 0.61 2.8 0.61 2.8 

Slovenia 0.79 –0.8 0.81 2.6 0.81 2.6 

Spain 0.06 –0.2 0.06 –0.3 0.06 –0.3 

Sweden 0.29 –3.1 0.34 –3.4 0.34 –3.4 

UK 0.60 1.1 0.59 1.1 0.59 1.1 

Average 0.48 –0.5 0.47 0.0 0.47 0.0 

Weighted av. 0.43 –0.2 0.44 –0.5 0.44 –0.5 
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As shown, the rankings of countries based on the GHG emission shadow 
price (Table 3.7) and based on the relative total abatement costs (Table 3.8) differ 
because the relative total abatement cost involves not only the shadow price in-
formation but also covers the magnitude of GHG emission. 

Further, the marginal abatement cost (MAC) curves are developed to check 
the GHG emission intensity elasticity of the shadow prices. The log-log models 
for the three types of the DDFs are presented in Fig. 3.16. 

 

 

 
 

                                                                                                            To be continued 
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Fig. 3.16. Marginal GHG abatement cost curves (Source: Streimikis et al., 2023) 

According to Fig. 3.16, marginal cost curves based on the unit and aggregate 
DDFs showed elastic responsiveness of the shadow price to the emission intensity. 
Therefore, a 1% reduction in the GHG emission intensity requires more than 
around a 1.02% increase in the GHG emission shadow price for unit and aggregate 
DDF. For the radial DDF, the elasticity drops to 0.57, demonstrating that abate-
ment becomes less costly.  

3.4. Conclusions of the Third Chapter 

1. Empirical research applying a sustainable productivity assessment model 
with undesirable outputs has revealed that energy use and energy-related 
GHG emissions have proven to be important determinants of overall ag-
ricultural inefficiency in EU member states. 

2. By applying conventional DEA supplements, such as SBM and Luen-
berger productivity indicators, it was possible to isolate the contributions 
of individual inputs and outputs towards the overall inefficiency of agri-
culture production. 

3. Inefficiency due to energy-related GHG emissions in Belgium, Austria, 
Slovakia, Denmark, Sweden, Finland and Lithuania contributed relatively 
little to overall inefficiency (37–49% of total inefficiency), while such 
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countries as France, Romania, Slovenia, Czech Republic, Hungary, Esto-
nia and Poland were relatively inefficient in this regard (GHG emissions 
inefficiency accounted for 60–70% of the total inefficiency in the ana-
lysed period. Therefore, countries that use cleaner energy have lower 
GHG inefficiency (this is the case in Austria, Slovakia and Lithuania). In 
energy-saving countries, however, the opposite is true. Overall, energy-
related inefficiency has decreased in the EU during the investigated pe-
riod. 

4. Productivity growth was disaggregated by factors of production/output 
variables and sources of growth (i.e., efficiency changes and technical 
progress). The average annual productivity growth in EU countries was 
0.79% during the research period. The largest increase in productivity was 
observed in Lithuania, Denmark, Belgium and Romania (1.27–1.94% per 
year). Productivity growth associated with GHG emission reductions 
dominated in Lithuania, Denmark, Belgium, Romania, Poland, Austria, 
France, the Netherlands, Hungary and Estonia. These countries have suc-
ceeded in reducing energy-related GHG emissions without reducing out-
put levels. This can be achieved by increasing the share of renewable en-
ergy sources. Therefore, EU member states have achieved significant 
growth in sustainable productivity of the agricultural sector. 

5. Convergence analysis showed that in 1995–2003, countries were charac-
terised by huge differences and divergence in productivity growth; in 
2003–2016, the trends were unclear. Differences in inefficiency rates 
tended to increase over time between EU countries. However, the varia-
tion in inefficiency due to energy consumption and GHG emissions had 
the smallest variation between countries. 

6. The empirical study results can be useful for policymaking to ensure the 
convergence of EU member states in agricultural efficiency and produc-
tivity. Important findings from using DEA supplemented by additional 
efficiency measures are that sustainable productivity can be increased in 
all EU countries, regardless of the level of economic development. Sup-
port should also be given to lagging countries to promote the use of 
cleaner energy in agriculture. Specific cases (e.g., Sweden and Slovenia 
in this study) can be identified as advanced and other countries might fol-
low their model of sustainable productivity growth. 

7. The analysis of sustainable productivity in EU countries showed an in-
crease in sustainable agriculture performance in Bulgaria, Denmark, 
France, the Netherlands, Romania, Slovakia and Slovenia, as measured 
by conventional DEA; therefore, these countries could not be ranked by 
the conventional DEA model.  
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8. Even with the application of super-efficient DEA, performing a full rank-
ing of efficient countries was impossible. Such countries as the Nether-
lands and Slovenia could not be assigned extremely high-performance 
scores due to infeasibilities. This indicates that such countries have certain 
combinations of inputs and outputs that are not directly comparable to 
inputs in other countries.  

9. Therefore, the ranking of EU countries was made using the contribution 
index to overall efficiency. Romania, the Netherlands, Bulgaria, Slovakia 
and Slovenia were ranked highest in terms of contribution to structural 
efficiency (in the same order). It should be noted that France and Belgium 
showed a positive contribution to structural efficiency, although they 
were not classified as efficient countries. Cooperation with these coun-
tries would, therefore, allow other countries to use their agricultural re-
sources more productively and sustainably. 

10. The results show that the old and new EU member states are among the 
countries that received the best ratings. However, among the seven coun-
tries that proved fully efficient under the conventional DEA model, four 
countries joined the EU only in 2004. Thus, even countries with relatively 
lower levels of economic development (including agricultural productiv-
ity) can be ecologically efficient due to less intensive agricultural produc-
tion and lower energy-related greenhouse gas emissions. 

11. The sustainable productivity model was further extended based on DEA 
for estimating undesirable outputs (GHG emissions) in monetary terms 
based on shadow prices of GHG emission reduction. The aggregate, radial 
(output) and unit Directional Distance Functions are applied. The radial 
DDF varies across the observations and preserves the observed output 
mix (i.e., agricultural output and energy-related GHG emission), whereas 
uniform directions are imposed otherwise. 

12. The empirical results showed that the shadow prices of energy-related 
GHG emissions depended on the chosen DEA optimisation direction. In-
deed, the output distance function of the proportional (radial) direction 
showed the lowest level of shadow prices, as it most closely matches the 
data structure. 

13. The lowest average shadow price observed in Poland and Spain indicates 
that these countries must focus on reducing energy-related GHG emis-
sions in agriculture. Conversely, the highest shadow prices were found in 
Romania and Slovakia, indicating that these countries do not require 
much effort to reduce energy-related GHG emissions in the short term as 
the cheapest potential of GHG emission reduction is already utilised in 
these countries. 
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14. Decision-makers formulating support policies for agriculture in the Euro-
pean Union, such as the Common Agricultural Policy, could consider the 
shadow prices of GHGs when determining support measures (especially 
the second pillar of the CAP). Also, shadow price analysis can be used for 
agricultural support programmes providing rural development measures 
in different regions. Marginal abatement cost curves are also useful for 
justifying the desired level of energy-related GHG emission reductions in 
selected countries 

15. The results of the empirical application of the developed advanced sus-
tainable productivity assessment model showed that the analytical tools 
and methods used for analysis need to be considered when planning en-
ergy and climate change mitigation policies to adequately address coun-
try-specific challenges.
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General Conclusions 

1. The agricultural sector is related to the socioeconomic and environmental sys-
tems. This implies that taking into account multiple dimensions of agricultural 
performance is required for the evidence-based analysis. The systemic analy-
sis of literature on sustainability assessment in agriculture revealed that the 
analysis of sustainability and agricultural productivity growth can be imple-
mented within the environmental production technology framework. Here, 
the undesirable outputs effectively represent the environmental effects of ag-
ricultural activities, and productivity and production factors represent the eco-
nomic and social dimensions of agricultural sustainability. 

2. The PRISMA protocol was used for a systematic literature review on sustain-
able development and agricultural productivity growth. The literature selected 
based on the PRISMA statement dealt with agricultural pollution, sustainable 
agriculture, and environmental performance. The DEA models can be adapted 
in an effective manner to assess agricultural efficiency when the undesirable 
outputs are controlled for. However, the performed analysis revealed that the 
conventional DEA models exhibit such limitations as dimensionality when 
assessing agricultural efficiency and productivity growth. This becomes in-
credibly cumbersome in the presence of undesirable outputs. An empirical 
application to the EU agriculture showed that, e.g., the super efficiency DEA 
was not feasible under the constant returns to scale assumption for some cases. 
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Therefore, new models are needed to evaluate efficiency and productivity 
growth with undesirable outputs.  

3. DEA is a non-parametric frontier method that can be utilized to determine 
eco-efficiency using the environmental production technology. These 
measures can then be used for the analysis of the green productivity growth. 
However, the conventional DEA models may not be operational when unde-
sirable outputs are involved in the efficiency and productivity growth assess-
ments. To overcome these limitations, novel techniques were adapted to for 
assessment of the efficiency and productivity growth in the EU agriculture. 
The proposed new sustainable productivity assessment model involves such 
extensions as the global production technology and slacks-based measures. 
This makes it possible to decompose the Luenberger productivity indicator 
into the contribution of all production factors and outputs, including GHG 
emissions, when explaining the efficiency change and technological change. 

4. The use of the frontier models involving the undesirable outputs allow for the 
shadow pricing of such outputs. However, the results may depend on the ori-
entation of the model with respect to the input and output variables. The DEA 
models based on the environmental production technology were tested with 
different directional vectors when obtaining the monetary values associated 
with the undesirable outputs (GHG emission due to energy consumption in 
the EU agriculture). The results relevant to the different directions implied 
different shadow prices of the GHG emission. This research is useful for pol-
icy analysis as it showed the marginal costs of GHG emission reduction in 
agriculture and the possibilities for abatement of the GHG emission. The 
shadow prices of GHG emission reduction obtained by this model allowed to 
identify the best-performing countries and those which require further im-
provements in the energy mix by fast penetration of renewable energy sources 
and energy efficiency improvements to achieve sustainable development of 
the agricultural sector.  
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Summary in Lithuanian 

Įvadas 

Problemos formulavimas  

Atlikta mokslinės literatūros analizė atskleidė, kad nors pasaulyje publikuota tyrimų 
produktyvumo su nepageidaujamais rezultatais vertinimo problemai spręsti, tačiau visi 
mokslinėje literatūroje siūlomi nepageidaujamų žemės ūkio gamybos rezultatų vertinimo 
metodai turi svarbių trūkumų ir apribojimų. Nėra sukurta metodų bei atlikta tyrimų, kurie 
leistų įvertinti atskirų žemės ūkio gamybos veiksnių įtaką bendram žemės ūkio gamybos 
efektyvumui ir aplinkosauginių (šiltnamio dujų emisijų) požiūriu įvertinto produktyvumo 
pokyčiams. Todėl būtina sukurti naują produktyvumo su nepageidaujamais rezultatais 
vertinimo modelį, leidžiantį išvengti pasiūlytų metodų silpnybių ir apribojimų, bei vis-
apusiškai ištirti žemės ūkio gamybos efektyvumo ir tvariojo produktyvumo augimo veik-
snius bei kliūtis. Be to, įprasta neparametrinė ribinė analizė, tokia kaip duomenų ap-
gaubties analizė (DEA), taikoma produktyvumui ir efektyvumui matuoti, pasižymi 
daugiadimensiškumo problema. Ši problema tampa ypač sudėtinga, kai nepageidaujami 
rezultatai įtraukiami tarp vertinimo kintamųjų. 

Darbo aktualumas  

Žemės ūkio sektorius yra vienas svarbiausių ekonomikos sektorių, teikiantis žaliavas ir 
maistą kitiems sektoriams. Nors tvarioji žemės ūkio raida yra vienas svarbiausių politikos 
tikslų ES (Europa 2020; Europos žaliasis susitarimas, Bendroji žemės ūkio politika), 
žemės ūkio gamybos intensifikavimas daro neigiamą įtaką aplinkai. Tvarioji žemės ūkio 
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raida turėtų užtikrinti didžiausią galimą žemės ūkio produktyvumą bei mažiausius 
negatyvius žemės ūkio gamybos padarinius, tokius kaip aplinkos tarša. Šiltnamio efektą 
sukeliančių dujų emisijos yra vienas svarbiausių tvariojo žemės ūkio vystymosi aplinko-
sauginių iššūkių. Vertinant žemės ūkio produktyvumą, labai svarbu kartu įvertinti nepage-
idaujamų rezultatų, tokių kaip šiltnamio dujų emisijos, įtaką žemės ūkio gamybos produk-
tyvumui, siekiant užtikrinti tvariojo žemės ūkio produktyvumo augimą, mažinant 
neigiamą poveikį aplinkai, taip pat klimato kaitai. Perėjimas prie mažanglės energetikos 
yra prioritetinė sritis įgyvendinant Žaliąjį kursą, todėl šiltnamio efektą sukeliančių dujų 
emisijų mažinimas dėl energijos vartojimo žemės ūkyje yra ypač svarbus tikslas siekiant 
užtikrinti tvarią žemės ūkio plėtrą. 

Tyrimo objektas 

Žemės ūkio produktyvumo su nepageidaujamais rezultatais vertinimas ES žemės ūkio 
sektoriuje. 

Darbo tikslas  

Parengti gamybos produktyvumo su nepageidaujamais rezultatais vertinimo modelį bei 
pritaikyti jį žemės ūkio tvariajam produktyvumui vertinti ES. 

Darbo uždaviniai 

Darbo tikslui pasiekti reikalinga spręsti sekančius uždavinius: 

1. Atlikti mokslinės literatūros analizę ir susisteminti efektyvumo ir produktyvumo 
pokyčių su nepageidaujamais rezultatais vertinimo metodus bei apibendrinti re-
zultatus bei jų taikymo žemės ūkyje įžvalgas; 

2. Parengti produktyvumo su nepageidautina produkcija žemės ūkyje vertinimo 
modelį, pagrįstą įvairių metodų, tokių kaip duomenų apgaubties analizė, Liuen-
bergerio produktyvumo indeksas, perviršio metodas, super efektyvi duomenų 
apgaubties analizė ir struktūrinio efektyvumą indeksas efektyvumo matavimui. 

3. Sukurtą tvaraus produktyvumo su nepageidaujamais produktais modelį pritaikyti 
darnaus žemės ūkio produktyvumo vertinimui ES;  

4. Remiantis gautais empirinio tyrimo rezultatais, parengti rekomendacijas tvario-
sios žemės ūkio raidos politikos formavimui ES šalyse narėse. 

Tyrimų metodika 

Pagrindiniai tyrimų metodai yra mokslinės literatūros analizė, sintezė ir abstrahavimas, 
Duomenų apgaubties analizė (DEA), įvairūs produktyvumo indeksai, tokie kaip perviršio 
metodas (SBM), Luenberger prodyktyvumo rodiklis, indėlio į struktūrinį efektyvumą in-
deksas, superefektyvi DEA, silpno sumažininimo DEA. 

Neparametriniai efektyvios ribos analizės metodai (DEA) suteikia galimybes nus-
tatyti atskirų regionų žemės ūkio gamybos efektyvumo ir produktyvumo su nepageidau-
jamais rezultatais įverčius pagal pasirinktus rodiklius, rodančius bendrą bei atskirų 
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gamybos veiksnių efektyvumą, įvertinti produktyvumo kitimą bei jo veiksnius (efek-
tyvumas bei technologinė pažanga) ir taršos rezultatus. DEA, papildyta SBM bei Luen-
berger produktyvumo indikatoriumi, leidžia išskaidyti atskirų gamybos veiksnių bei nepa-
geidaujamų gamybos rezultatų įtaką efektyvumui ir produktyvumo pokyčiams. Be to, 
DEA rezultati gali būti išderinti dėl didelių duomenų imčių, reikalingų gamybos funkcijai 
įvertinti tam tikru tikslumo lygiu. Kintamųjų skaičius auga eksponentiškai atsižvelgiant į 
funkcijos įvesties kintamųjų skaičių ir ši problema tampa ypač sudėtinga, kai yra nepagei-
daujamos produkcijos (papildomas kintamasis). Todėl reitingavimui pagal ekologinį efek-
tyvumą tvariojo produktyvumo vertinimo atveju įvedamas indėlio į struktūrinį efek-
tyvumą indeksas bei superefektyvios DEA rodiklis. 

Pritaikytas silpno sumažinimo („weak disposability“) DEA modelis, kurį taikant, ju-
dant skirtingomis optimizavimo kryptimis, gaunamos šešėlinės su energija susijusių šilt-
namio efektą sukeliančių dujų emisijų mažinimo kainos žemės ūkyje, leidžiančios įvertinti 
ŠESD mažinimo kaštus žemės ūkyje, esant skirtingoms gamybos technologijoms. 

Panaudoti „Excel“ su „Solver“ ir „Visual Basic“ programiniai paketai. 

Darbo mokslinis naujumas 

Sukurtas naujas žemės ūkio produktyvumo su nepageidautina produkcija vertinimo mo-
delis, pagrįstas išplėsta gamybos funkcija, apimančia pagrindinius žemės ūkio gamybos 
veiksnius (energijos suvartojimą žemės ūkyje, kapitalą, darbo ir žemės sąnaudas žemės 
ūkyje) ir ŠESD emisijas, susijusias su energijos vartojimu žemės ūkyje. Naujasis modelis 
leidžia naujai išplėsti ir panaudoti DEA galimybes gamybos funkcijoje, papildant ją glo-
baliu perviršio („slacks-based“) metodu (SBM), Luenberger produktyvumo rodikliu, itin 
efektyviu DEA ir indėlio į struktūrinį efektyvumą indeksu, leidžiančiu išanalizuoti visų 
gamybos veiksnių, taip pat ir šiltnamio efektą sukeliančių dujų, indėlį į bendrus efek-
tyvumo ir našumo pokyčius ir pagaliau suskirstyti šalis pagal tvarų produktyvumą per 
nustatytą tyrimo laikotarpį. 

Sukurtas tvariojo produktyvumo vertinimo modelis taip pat papildytas gamybos te-
chnologijos aplinkosaugine funkcija, kuri integruoja papildomas prielaidas apie pageidau-
tinos ir nepageidautinos produkcijų tarpusavio ryšį ir leidžia gauti nepageidautinos pro-
dukcijos (šiltnamio efektą sukeliančių dujų, atsirandančių dėl energijos suvartojimo) 
piniginę išraišką. Nepageidautina produkcija, vertinama pinigine išraiška skaičiuojant 
šešėlines ŠESD emisijų kainas (ribines ŠESD emisijų mažinimo išlaidas), leidžia formuoti 
politikos rekomendacijas tvariajai žemės ūkio raidai skatinti. 

Darbo rezultatų praktinė reikšmė 

Parengtas gamybos produktyvumo su nepageidaujamais rezultatais vertinimo modelis em-
piriškai pritaikytas tvariojo žemės ūkio sektoriaus produktyvumo vertinimui ES 
valstybėse. Remiantis tyrimo rezultatais buvo parengtos žemės ūkio ir aplinkosaugos po-
litikos tobulinimo politikos kryptys, kurios padėtų didinti išteklių naudojimo ES žemės 
ūkyje efektyvumą ir kartu spręsti su klimato kaitos švelninimu susijusias aplinkosaugos 
problemas, tvariojo žemės ūkio produktyvumo augimą. 
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Ginamieji teiginiai 

1. Tvariosios žemės ūkio plėtros vertinimas gali būti atliekamas taikant tvariojo 
produktyvumo modelį, pagrįstą išplėstine gamybos funkcija su neigiamais re-
zultatais, nes ji apima ekonomines, socialines ir aplinkosaugines žemės ūkio 
tvarumo dimensijas. 

2. Įprasti DEA metodai turi daug trūkumų dėl diskriminacinės galios sumažėjimo, 
kai egzistuoja didelis kintamųjų skaičiaus, ypač kai yra vertinami nepagei-
daujami rezultatai. 

3. DEA galimybių išplėtimas, papildant gamybos funkciją globaliu perviršio 
(„slacks-based“) metodu (SBM), Liuenbergerio produktyvumo rodikliu, su-
perefektyvia DEA, indėlio į struktūrinį efektyvumą rodikliu leidžia įveikti 
pagrindinę įprastos DEA daugiadimensiškumo silpnybę ir detaliai ištirti visų 
gamybos veiksnių, taip pat ŠESD emijų indėlį į bendrus efektyvumo ir produk-
tyvimo pokyčius. 

4. ŠESD emisijų šešėlinės kainos, gautos taikant silpno sumžinimo duomenų ap-
gaubties analizę ir kryptinius atstumo nuo gamybos galimybių ribos vektorius 
(„Directional Distance Functions“), leidžia apibrėžti atsiliekančias ir pažangias 
šalis žemės ūkio energijos vartojimo efektyvumo didinimo bei ŠESD emisijų 
mažinimo požiūriu. 

Darbo rezultatų aprobavimas 

Tyrimo rezultatai publikuoti 5 moksliniuose leidiniuose, iš kurių 5 straipsniai išspausdinti 
recenzuojamuose mokslo žurnaluose su cituojamumo indeksu, įtrauktuose į Clarivate An-
alytics Web of Science duomenų bazę. 
Disertacijos autorius skaitė keturis pranešimus trijose tarptautinėse mokslinėse konfer-
encijose: 

− 3-ioji Tarpatutinė mokslinė konferencija SER 2020 „New Trends and Best Prac-
tices in Socioeconomic Research “. Igalo (Herceg Novi), Juodkalnija. 

− 4-oji Tarpatutinė mokslinė konferencija SER 2020 „ New Trends and Best Prac-
tices in Socioeconomic Research “. Igalo (Herceg Novi), Juodkalnija.  

− 16-oji tarptautinė mokslinė konferencija „Conference on Sustainable Develop-
ment of Energy, Water and Environment Systems “. Dubrovnikas, Koratija. 

Disertacijos strukūra straipsnių pagrindu 

Disertaciją sudaro įvadas, analitinės literatūros apžvalga, tyrimo metodologijos aptarimas, 
rezultatų ir išvadų santrauka, literatūros sąrašas, priedai su penkiais moksliniais 
straipsniais, santrauka lietuvių kalba. 

Disertaciją sudaro 178 puslapiai, 20 lygtys, 16 paveikslai, 9 lentelės ir disertacijoje 
cituojamos 60 nuorodos. 
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1. Tvariojo žemės ūkio produktyvumo analitinė literatūros 
apžvalga 

Nors yra atlikta nemažai tyrimų žemės ūkio produktyvumo bei tvariosios žemės 
ūkio raidos srityje, tarp mokslininkų stokojama sutarimo dėl nepageidaujamų rezultatų, 
tokių kaip šiltnamio efektą sukeliančių dujų emisijos ir kt., vertinimo tiriant žemės ūkio 
gamybos efektyvumą bei produktyvumą. Kaip rodo atlikta išsami tyrimų, skirtų žemės 
ūkio produktyvumui bei aplinkos taršai vertinti, analizė, yra labai sunku tinkamai aplin-
kosauginiu požiūriu įvertinti žemės ūkio tvariosios raidos prioritetus ir problemas. Iki šiol 
mokslininkai plačiai diskutuoja šia tema bei siūlo įvairius alternatyvius problemos spren-
dimo būdus.  

Pittman (1983) bei Hailu ir Veeman (2001) pasiūlė nepageidautiną produkciją 
gamybos funkcijoje įvertinti kaip vieną iš gamybos veiksnių. Fare et al. (1989), Kuosma-
nen (2005) pateikė pasiūlymą nepageidautiną produkciją laikyti silpnai sumažinama 
(„weakly disposable“) lyginant ją su pageidautina produkcija, t. y., vertinant gamybos pro-
duktyvumą, nustatyti reikalavimą, kad pageidautina ir nepageidautina produkcija mažėja 
proporcingai.  

Murty et al. (2012) pasiūlė modelį, kuriame nustatomi taršą lemiantys gamybos 
veiksniai ir sudaroma atskira „taršos funkcija“ šalia gamybos funkcijos. Kocisova (2015) 
atliko ES žemės ūkio gamybos produktyvumo vertinimą, taikydama DEA ir dekompozi-
cinę analizę, tačiau šiame tyrime nebuvo nagrinėjami nepageidaujami gamybos rezultatai, 
tokie kaip atmosferos tarša ar šiltnamio efektą sukeliančių dujų emisijos. Blažejczyk-
Majka (2017) taip pat pritaikė DEA ES šalių narių žemės ūkio gamybos efektyvumui ver-
tinti, neatsižvelgdama į nepageidaujamus žemės ūkio produkcijos rezultatus. Barath ir 
Ferto (2017) žemės ūkio gamybos produktyvumo tyrime pritaikė DEA ir Fare–Primont 
indeksą, kuris leido įvertinti atskirų gamybos veiksnių pakeičiamumą gamybos funkcijoje, 
tačiau vėlgi nepageidautina produkcija nebuvo įvertinta. Martinho (2017) taip pat panau-
dojo DEA ES šalių narių žemės ūkio produktyvumui vertinti, tačiau neanalizavo nepagei-
daujamų gamybos rezultatų įtakos produktyvumo pokyčiams. Vlontzos at al. (2014) pri-
taikė DEA ir perviršio modelio (SBM) kombinaciją ES šalių žemės ūkio produktyvumui 
vertinti, tačiau nors tyrime buvo įvertinti du nepageidaujami gamybos rezultatai, tokie 
kaip anglies dioksido emisijos ir maistinių medžiagų balansas, šiame tyrime atskirų 
gamybos veiksnių įtaka produktyvumui nebuvo nagrinėta. Bartova et al. (2018) pritaikė 
nepageidautinos produkcijos silpno sumažinimo („weakly disposable“) gamybos funkci-
joje principą bei DEA ir Malmquist–Luenberger produktyvumo indeksą ES žemės ūkio 
gamybos produktyvumo analizei ES šalių lygmenyje. Nors šiame tyrime kaip nepageidau-
tina produkcija buvo įvertintos šiltnamio efektą sukeliančių dujų emisijos, atskirų 
gamybos veiksnių bei šiltnamio dujų emisijų efektyvumo įtaka bendram efektyvumui ir 
produktyvumui nebuvo nustatyta. 

Visi atlikti tyrimai ir siūlomi žemės ūkio produktyvumo bei nepageidaujamų žemės 
ūkio gamybos rezultatų vertinimo metodai turi svarbių trūkumų ir apribojimų. Vienas sva-
rbiausių apribojimų yra tai, kad visi iki šiol taikyti žemės ūkio gamybos efektyvumo ir 
produktyvumo vertinimo metodai bei atlikti tyrimai nesugebėjo pateikti tinkamų modelių 
visų gamybos veiksnių bei nepageidaujamų gamybos rezultatų įtakos produktyvumo 
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pokyčiams įvertinti. Todėl būtina sukurti naują produktyvumo su nepageidautina pro-
dukcija vertinimo modelį, leidžiantį išvengti pasiūlytų metodų trųkumų ir apribojimų bei 
išplėsti DEA galimybes žemės ūkio produktyvumo su nepageidaujamais rezultatais visa-
pusiškai analizei bei vertinimui. Tuo tikslu siekiama panaudoti įvairius papildomus pro-
duktyvumo rodiklius, konstruojant aplinkosaugines gamybos funkcijas taikant DEA. 

2. Tvariojo produktyvumo vertinimo tyrimo metodika 

Pareto–Koopmans pateikė apibrėžimą, kad gamyba yra efektyvi, jeigu neįmanoma paga-
minti daugiau, nepadidinus sąnaudų, arba neįmanoma panaudoti mažiau gamybos veiks-
nių, nesumažinus gamybos apimčių (Mirdehghan, Fukuyama, 2016). Tuo tarpu Farrell 
(1957) pasiūlė efektyvumo koeficientą, leidžiantį įvertinti, kiek faktinė situacija skiriasi 
nuo optimalios. Optimali situacija įvertinama taikant gamybos funkciją (gamybos ga-
limybių ribą). Efektyvumas nustatomas kaip faktinio ir optimalaus produktyvumo 
santykis, o gamybos produktyvumo pokytis yra išmatuojamas kaip efektyvumo bei tech-
nologinio pokyčio rezultatas.  

Taigi, tvarusis žemės ūkio produktyvumas gali būti tiriamas, taikant ribinius (nepa-
rametrinius tiesinio programavimo) metodus ir siekiant nustatyti efektyvią pasirinkto re-
giono žemės ūkio gamybos galimybių ribą, kartu įvertinus nepageidaujamus žemės ūkio 
gamybos rezultatus, tokius kaip šiltnamio efektą sukeliančių dujų emisijos. Pasirinkto ty-
rimo regiono (ES šalių narių) nuotolis nuo efektyvios žemės ūkio gamybos galimybių ri-
bos parodytų, ar yra potencialas pasiekti geresnius ekonominius rezultatus, įvertinus šilt-
namio efektą sukeliančių dujų emisijų apribojimus, su turimais ištekliais, t. y. 
žmogiškuoju kapitalu ir investicijomis bei aplinkosauginiais apribojimais.  

Konstruojant tvariojo produktyvumo vertinimo modelį žemės ūkyje, pasirinkti nepa-
rametriniai tiesinio programavimo metodai (duomenų gaubties analizė), nes jie papildo 
daugiamačių duomenų analizės galimybes ir tiksliau įvertina techninio žemės ūkio efek-
tyvumo skirtumus tarp tiriamų regionų, leidžia identifikuoti silpnąsias sritis ir pateikti pa-
siūlymus žemės ūkio bei aplinkos politikai. Duomenų gaubties analizė (DEA) geriau nei 
kiti neparametriniai tiesinio programavimo metodai padeda išgryninti technologiškai 
panašių regionų efektyvumo skirtumus (Hailu, Veeman 2001; Färe, Grosskopf, 2003; 
Murty et al., 2012). 

DEA lygina visą regionų grupę pagal ekstremalias efektyvumo reikšmes, o likę me-
todai skirtingų regionų efektyvumą lygina tik su mažesnius resursus turinčiais regionais, 
leidžiant dalies regionų ekonominių įverčių reikšmėms būti virš efektyvios gamybos ga-
limybių ribos su tam tikrais pasikliovimo lygmenimis α. Lyginant technologiškai panašius 
regionus tikslingiau ieškoti visos grupės lyderių, kurių pagrindu būtų galimybė daryti išva-
das apie bendrą regionų grupės žemės ūkio efektyvumą (Sueyoshi et al., 2017; Urdiales 
et al., 2016). 

Taigi efektyvumui ir žemės ūkio produktyvumui tirti šiame darbe yra siūloma taikyti 
vienas kitą papildančius tyrimo metodus, tokius kaip DEA ir įvairūs produktyvumo ro-
dikliai bei aplinkosauginės technologijos, siekiant identifikuoti problemines sritis ir gauti 
naudingos informacijos tvariosios žemės ūkio raidos skatinimo ir klimato kaitos švelni-
nimo politikai formuoti.  
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Pasiūlytas naujas žemės ūkio gamybos su nepageidaujamais rezultatais vertinimo 
modelis, kurio pagrindą sudaro išplėsta gamybos funkcija, apimanti pagrindinius žemės 
ūkio gamybos veiksnius (energijos suvartojimas žemės ūkyje, kapitalo, darbo bei žemės 
sąnaudos žemės ūkyje) bei šiltnamio dujų emisijas, susijusias su energijos vartojimu 
žemės ūkyje. Modelis leidžia įvertinti gamybos funkciją taikant DEA ir wepapildant glo-
balia technologija ir perviršio („slacks-based“) metodu (SBM), Luenberger produktyvumo 
rodikliu, superefektyvios DEA bei indėlio į struktūrinį efektyvumą rodikliais, skirtais 
žemės ūkio tvariajam produktyvumui bei efektyvumui matuoti.  

Tarkime, kad X yra gamybos veiksnio sąnaudos, o Y – gamybos apimtis, o (faktinis) 
produktyvumas = Y/X. Tarkime, kad optimalus sąnaudų kiekis yra X* < X; tada optimalus 
produktyvumas = Y/X* > Y/X. Dažniausiai gamybos procese naudojamas daugiau nei vie-
nas gamybos veiksnys, pagaminamas daugiau nei vienas produktas. Tuomet aps-
kaičiuojami agreguoti kiekiai X = f (x1, x2, …, xm) ir Y = g (y1, y2, …, yn). Agregavimui 
naudojami svoriai (t. y. funkcijų f ir g koeficientai), kurie yra gaunami taikant ribinius 
metodus, tokius kaip DEA. 

SBM perviršio vertinimo metodas išmatuoja neefektyvumą (atstumo funkcija) re-
miantis įvesties ir rezultatų perviršiais / trūkumais (Cooper et al., 2007). Taigi empirinio 
tyrimo metu bus matuojamas neefektyvumas. Kryptinė atstumo funkcija gali įgauti 
reikšmes nuo 0 iki begalybės. Neefektyvumas yra atvirkščias dydis efektyvumui, o nulinis 
neefektyvumas reiškia visišką efektyvumą. 

Luenberger produktyvumo (LPI) rodiklis atspindi produktyvumo pokyčius, kurie 
gali būti teigiami ir neigiami. Teigiama reikšmė rodo, kad gamybos produktyvumas auga, 
ir atvirkščiai (Wang, Wei, 2016; Wang et al., 2016). 

Toliau sukurtas gamybos produktyvumo su nepageidaujamais rezultatais vertinimo 
modelis su aplinkosaugine gamybos technologijos funkcija papildomas naujais efek-
tyvumo vertinimo metodais: superefektyvia DEA ir indėlio į struktūrinį efektyvumą in-
deksu. Tai leidžia spręsti ŽŪ efektyvumo vertinimo problemą, kai DEA analizė nepajėgi 
įvertinti efektyvumo dėl diskriminacinės galios sumažėjimo, t. y. gebėjimo atskleisti skir-
tumus tarp įvairių efektyvumo lygių. Ši problema pasireiškia esant dideliam kintamųjų ir 
stebėjimų skaičiui ir tampa labai sudėtinga, kai yra įtraukiama nepageidautina produkcija 
(papildomas kintamasis). 

Superefektyvi DEA analizė ir panašūs metodai buvo pasiūlyti siekiant pagerinti 
diskriminacinę galią (atskleisti skirtumus tarp įvairių efektyvumo lygių). Taikant šiuos 
metodus daroma prielaida, kad kiekvieno nagrinėjamo efektyvaus DMU (sprendimų 
priėmėjo / valstybės) gamybos technologija yra tiriama toliau ir gaunami rezultatai yra 
didesni nei 1, o neefektyvių DMU – ne.   

Taigi, taikant superefektyvią DEA, efektyvūs sprendiniai yra eliminuojami iš pagrin-
dinės aibės kiekvienam DMU. Neefektyvūs sprendiniai neturi įtakos, todėl jų nebūtina 
eliminuoti. Taip efektyvumo matas tampa neapribotas.  

Taip pat įvedamas indėlio į struktūrinį efektyvumą indeksas, kuris taiko (tą pačią) 
aplinkosauginę technologiją visiems DMU. Indėlio į struktūrinį efektyvumą indeksas 
skaičiuojamas kaip visų galimų atvejų agregavimo variantų įtraukus ir neįtraukus atskiras 
DMU vidurkis. Skaičius >1 rodo, kad atskiras DMU pagerina struktūrinį efektyvumą. 
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Toliau produktyvumo vertinimo modelis papildomas aplinkosaugine gamybos tech-
nologijos funkcija, kuri integruoja papildomas prielaidas apie pageidaujamų ir nepagei-
daujamų rezultatų tarpusavio ryšį, ir vertinama nepageidaujamų rezultatų (ŠESD dėl ener-
gijos suvartojimo žemės ūkyje) piniginė išraiška. Ji randama skaičiuojant ŠESD šešėlines 
kainas (ribiniai ŠESD emisijų mažinimo kaštai). 

Kitame etape į gamybos produktyvumo su nepageidaujamais rezultatais vertinimo 
žemės ūkyje modelį įvedama aplinkosauginė gamybos technologijos funkcija, kuri inte-
gruoja papildomas prielaidas apie pageidaujamų ir nepageidaujamų rezultatų tarpusavio 
ryšį. Tyrimui pasirinkta silpno sumažinimo (angl. weakly disposable) technologija, t. y. 
pageidautina produkcija ir nepageidaujami rezultatai (ŠESD) mažėja proporcingai. 
Šešėlinė ŠESD emisijų kaina rodo jų sumažinimo ribinius kaštus. Ši informacija labai 
svarbi norint analizuoti aplinkos kokybės gerinimo galimybes taikant konkrečią gamybos 
technologiją. 

Kryptinė DEA, pritaikyta aplinkosauginei technologijai, gali įvertinti sprendimų 
priėmimo vienetų (valstybės) efektyvumą judant prie gamybos galimybių kreivės įvai-
riomis kryptimis. Kryptys gali būti skaičiuojamos vertinant atskirų šalių duomenis arba 
šalių grupes. 

Šiame tyrime buvo siekiama išsiaiškinti skirtingų krypčių pasirinkimo, judant prie 
gamybos galimybių kreivės, poveikį ŠESD emisijų šešėlinėms kainoms. Buvo pritaikytas 
silpno sumažinimo („weak disposability“) DEA modelis, sukurtas Kuosmanen (2005). Ju-
dant skirtingomis optimizavimo kryptimis gaunamos šešėlinės su energija susijusių šilt-
namio efektą sukeliančių dujų emisijos ES žemės ūkyje kainos. 

Skaičiavimui reikalingi duomenys: ES šalių narių duomenys iš Eurostat Žemės ūkio 
ekonominių sąskaitų, energijos balansų, šiltnamio dujų emisijų dėl energijos suvartojimo 
žemės ūkyje duomenys. Tiriami gamybos veiksniai: energijos suvartojimas žemės ūkyje, 
TJ; pastovaus kapitalo sąnaudos žemės ūkyje, PGS, perskaičiuotos 2005 m. arba 2010 m. 
kainomis; darbo sąnaudos žemės ūkyje, metinės darbo laiko valandos; žemės sąnaudos, 
ha. Pageidautina produkcija išreikšta bendra žemės ūkio produkcija, PGS, perskaičiuota 
pastoviomis 2005 m. kainomis. Nepageidautina produkcija išreikšta šiltnamio efektą su-
keliančių dujų emisijomis, Mt.  

3. Tvariojo žemės ūkio produktyvumo vertinimo rezultatai 

Šiame skyriuje pateikiami empirinių tyrimų, atliktų taikant sukurtą orginalų tvaraus pro-
duktyvumo vertinimo modelį ES valstybių narių žemės ūkyje, rezultatai.  

Žemės ūkio gamybos neefektyvumas buvo matuojamas atsižvelgiant į gamybos ga-
limybių ribas. Įtraukus prielaidą apie nuolatinę masto grąžą, ribiniai neefektyvumo 
pokyčiai yra susiję su analizuojamų ES šalių produktyvumo pokyčiais. Pritaikytas per-
viršio metodas neefektyvumo analizei leido atskirti atskirų sgamybos veiksnių ir rezultatų 
indėlį į bendrąjį  žemės ūkio gamybos neefektyvumą. 

Atlikti skaičiavimai atskleidė, kad ES žemės ūkio produktyvumo padidėjimas yra 
daugiausiai susijęs su gamybos veiksnių naudojimo efektyvumo didinimu ir aplinkosau-
ginio veiksmingumo gerinimu. Vidutinės neefektyvumo balų vertės toliau analizuojamos, 
siekiant nustatyti pagrindines neefektyvumo tendencijas žemės ūkio gamyboje ir atskirų 
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kintamųjų įtaką bendram produktyvumui. S3.1 lentelėje pateikiamos vidutinės neefek-
tyvumo reikšmės kartu su tendencijų koeficientais (atitinkančiais stochastinius kitimo 
tempus) įvairiais laikotarpiais. 

S3.1 lentelė. Neefektyvumo dinamika ES šalyse (Šaltinis: Streimikis et al., 2020) 

Laikotarpis Energija Kapitalas Darbas Žemė ŠESD emisijos 

Average, % 

1995–2016 3,84 3,51 2,37 2,18 14,21 

1995–2003 4,52 4 3,55 2,79 16,57 

2004–2016 3,38 3,16 1,55 1,76 12,58 

Trendas (pokyčių greitis, procentiniai punktais) 

1995–2016 –0,1 –0,09 –0,17 –0,09 –0,34 

1995–2003 –0,13 –0,01 –0,1 –0,06 –0,16 

2004–2016 –0,08 –0,15 –0,14 –0,1 –0,33 

 
Pradžioje ES žemės ūkio sektoriaus veiklos efektyvumas buvo analizuojamas šalies 

lygiu kiekvienais metais taikant įprastinę duomenų apgaubties analizę. Gauti rezultatai 
pateikti S3.2 lentelėje. 

S3.2 lentelė. ES valstybių narių žemės ūkio sektorių efektyvumo balai (pastovaus masto grąža), 
1995–2016 (Šaltinis: Streimikis et al., 2022) 

Valstybė 1995 2000 2005 2010 2016 Vidurkis Trendas 

Austrija 0,89 0,89 0,90 0,95 0,95 0,91 0,005 

Belgija 0,81 1,00  1,00  1,00  1,00  0,97 0,007 

Bulgarija 1,00  1,00  1,00  1,00  1,00  1,00  0,000 

Čekija 0,93 0,94 1,00  0,96 0,94 0,97 0,001 

Danija 1,00  1,00  1,00  1,00  1,00  1,00  0,000 

Estija 0,85 1,00  0,96 0,87 0,73 0,90 –0,003 

Suomija 0,69 0,67 0,70 0,71 0,68 0,69 0,002 

Prancūzija 1,00  1,00  1,00  1,00  0,93 1,00  –0,001 

Vengrija 0,86 0,88 0,96 0,84 0,97 0,89 0,003 

Latvija 0,62 0,64 0,64 0,70 1,00  0,72 0,018 

Lietuva 0,73 1,00  1,00  1,00  1,00  0,96 0,009 

Nyderlandai 1,00  1,00  1,00  1,00  1,00  1,00  0,000 

Lenkija 0,68 0,66 1,00  1,00  1,00  0,84 0,022 

Rumunija 1,00  1,00  1,00  1,00  1,00  1,00  0,000 

Slovakija 1,00  1,00  1,00  1,00  1,00  1,00  0,000 
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S3.2 lenetelės pabaiga 

Valstybė 1995 2000 2005 2010 2016 Vidurkis Trendas 

Slovėnija 1,00  1,00  1,00  1,00  1,00  1,00  0,000 

Švedija 0,71 0,72 0,73 0,72 1,00  0,77 0,013 

VIdurkis 0,87 0,91 0,93 0,93 0,95 0,92 0,004 

# efektyvių re-
zultatų skaičius 

7 10 11 10 11 5 - 

 
Toliau buvo panaudotas superefektyvios duomenų apgaubties analizės ES valstybių 

narių reitingavimui pagal žeemės ūkio gamybos efektyvumą (S3.3 lentelė). 

S3.3 lentelė. ES valstybių narių žemės ūkio sektoriaus efektyvumas taikant superefektyvią 
duomenų apgaubties analizę, 1995–2016 m. (Šaltinis: Streimikis et al., 2022)  

Valstybė 1995 2000 2005 2010 2016 Vidurkis Trendas 

Austrija 0,89 0,89 0,90 0,95 0,95 0,91 0,005 

Belgija 0,81 – – – – 0,93 – 

Bulgarija – – – – 1,80 1,80 – 

Čekija 0,93 0,94 1,01 0,96 0,94 0,98 0,001 

Danija – – – 1,02 1,14 1,05 – 

Estija 0,85 1,01 0,96 0,87 0,73 0,88 – 

Suomija 0,69 0,67 0,70 0,71 0,68 0,69 0,002 

Prancūzija – – – – 0,93 1,08 – 

Vengrija 0,86 0,88 0,96 0,84 0,97 0,89 0,003 

Latvija 0,62 0,64 0,64 0,70 1,01 0,71 – 

Lietuva 0,73 1,13 1,21 1,01 1,03 1,02 0,012 

Nyderlandai – – – – – – – 

Lenkija 0,68 0,66 – – – 0,68 – 

Rumunija 1,13 – – – – 2,56 – 

Slovakija 1,33 1,05 1,08 – 1,36 1,23 – 

Slovėnija – – – – – – – 

Švedija 0,71 0,72 0,73 0,72 – 0,72 – 

Vidurkis 0,85 0,86 0,91 0,86 1,05 0,97 0,011 

# superefektyvių 
rezultatų  
skaičius 

5 7 8 8 6 2 – 
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Remiantis S3.3 lentelėje pavaizduotais superefektyvios duomenų apgaubties anali-
zės rezultatais, galima iš naujo suranguoti ES šalis pagal žemės ūkio produktyvumą. Ta-
čiau yra keletas šalių, kurioms superefektyvi duomenų apgaubties analizė nepateikia įver-
čių dėl duomenų pobūdžio.  

Toliau apskaičiuotas ir S3.4 lentelėje pateiktas ES šalių vidutinis indėlio į struktūrinį 
efektyvumą indeksas. 

S3.4 lentelė. ES valstybių narių vidutinis efektyvumas ir indėlis į struktūrinį efektyvumą indeksas, 
1995–2016 m. (Šaltinis: Streimikis et al., 2022) 

Valstybė 
Indėlis į 
struktūrinį 
efektyvumą 

DEA  
vidurkis 

Efektyvių 
valstybių 
metų skaičius 

Metai, kai 
superefektyvi 
DEA nepateikia 
sprendimo 

Metai, kai 
indėlio į 
struktūrinį 
efektyumą 
rezultatas 
yra tei-
giamas 

Galu-
tinis 
ranga-
vimas 

Rumunija 1,023149 1 22 12 22 1 

Nyder-
landai 

1,02307 1 22 22 18 2 

Bulgarija 1,011594 1 22 21 22 3 

Slovakija 1,001755 1 22 6 18 4 

Slovėnija 1,000281 1 22 22 12 5 

Danija 0,997418 0,99808 20 12 3 6 

Prancūzija 1,070929 0,99708 21 18 21 7 

Čekija 0,998272 0,97028 7 0 5 8 

Belgija 1,007048 0,96935 18 16 19 9 

Lietuva 0,995932 0,95689 16 0 4 10 

Austrija 0,997139 0,91403 0 0 3 11 

Estija 0,996926 0,89864 5 4 0 12 

Vengrija 0,999253 0,88691 0 0 8 13 

Lenkija 0,914115 0,84153 11 11 0 14 

Švedija 0,981677 0,77143 4 4 0 15 

Latvija 0,99011 0,72257 2 1 0 16 

Suomija 0,982399 0,68700 0 12 0 17 

 
Analizės rezultatai rodo, kad nors šalis galima reitinguoti pagal du efektyvumo ma-

tavimo metodus, kai kurie gautų rezultatų skirtumai yra nereikšmingi. Pavyzdžiui, Rumu-
nijoje ir Nyderlanduose vidutinis indėlis į struktūrinį efektyvumą beveik nesiskiria. Todėl 
indėlio į struktūrinį efektyvumą metodas leidžia geriau reitinguoti šalis pagal tvaraus že-
mės ūkio produktyvumą, kai tuo tarpu kiti metodai neduoda rezultatų.  

Toliau tyrime pritaikyti trys kryptiniai atstumo vektoriai (proporcinis arba radialinis, 
vienetinis ir agreguotas ), leido apskaičiuoti šešėlines su energija susijusių šiltnamio efektą 
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sukeliančių dujų emisijų kainas ES šalių žemės ūkyje. Agreguoti ŠESD emisijų šešėlinių 
kainų rezultatai pateikti S3.5 lentelėje. 

S3.5 lentelė. Vidutinės šešėlinės ŠESD kainos (perkamosios galios standartais 2010/kg CO2 

ekvivalento) ir jų pokytis (Šaltinis: Streimikis et al., 2023) 

Country 

Agreguotas krypties 
vektorius 

Radialinis krypties 
vektorius 

Vienetisnis krypties 
vektorius 

Vidurkis Trendas Vidurkis Trendas VIdurkis Trendas 

Austrija 2,4 0,1 2,3 0,0 2,4 0,0 

Belgija 1,9 3,8 2,2 3,8 2,2 3,5 

Bulgarija 3,1 2,2 2,7 1,4 3,5 1,8 

Čekija 2,4 –1,1 2,5 –1,5 2,8 –0,8 

Danija 2,6 3,6 2,6 4,7 2,7 4,9 

Estija 4,5 –4,4 3,3 2,0 5,1 –3,0 

Suomija 0,7 4,0 1,2 1,0 2,0 0,8 

Prancūzija 3,6 0,8 3,8 –0,3 3,7 1,0 

Graikija 2,2 11,4 2,0 10,3 3,8 14,8 

Vengrija 3,5 –1,1 3,4 –0,8 3,7 –0,8 

Airija 2,8 4,2 2,7 3,5 3,0 4,3 

Italija 3,1 0,2 3,0 –2,9 2,4 –2,2 

Latvija 1,1 13,5 1,2 12,8 2,4 10,6 

Lietuva 4,9 4,0 4,6 5,9 8,8 4,2 

Neyderlandai 1,5 0,7 1,5 0,7 1,3 1,4 

Lenkija 0,0 – 0,0 – 1,1 2,8 

Portugalija 2,2 –0,2 1,7 –3,7 2,8 3,0 

Rumunija 15,1 –4,9 5,7 0,5 35,0 0,8 

Slovakija 7,3 –8,1 5,1 2,0 8,2 –6,4 

Slovėnija 3,9 –0,1 4,1 4,0 4,9 1,1 

Ispanija 0,2 –2,5 0,2 –4,1 0,4 –2,0 

Švedija 0,7 –10,4 0,8 –9,5 1,5 –4,1 

Jungtinė 
Karalystė 2,6 3,3 2,6 3,4 2,6 2,8 

VIdurkis 3,1 0,9 2,6 1,5 4,6 1,7 

Svertinis 
vidurkis 2,0 0,5 1,9 –0,2 2,5 1,2 

 
Kaip matyti S3.5 lentelėje, Lenkijoje ir Ispanijoje galima pastebėti žemiausią šešė-

linę ŠESD kainą, nepaisant taikomo krypties vektoriaus. Didžiausia šešėlinė ŠESD kaina 
yra Rumunijoje ir Slovakijoje. Šalys, kurių šešėlinės ŠESD kainos yra mažesnės, turėtų 
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dėti daugiau pastangų mažindamos šiltnamio efektą sukeliančių dujų išmetimą, nes jos 
turi didesnį potencialą tai padaryti. Tuo tarpų šalys, turinčios aukštas šešėlines ŠESD kai-
nas yra pasiekusios didelį energijos efektyvumo lygį ir dar labiau sumažinti ŠESD emisi-
jas dėl energijos vartojimo joms yra brangu. 

Bendrosios išvados 

1. Žemės ūkio sektorius yra susijęs su socio-ekonominėmis ir gamtinės aplinkos 
sistemomis. Dėl to yra svarbu atsižvelgti į įvairias žemės ūkio veiklos dimensijas 
atliekant įrodymais grįstą analizę. Sisteminga literatūros apie tvarumo vertinimą 
žemės ūkyje analizė atskleidė, kad žemės ūkio tvarumo ir produktyvumo augimo 
vertinimas gali būti atliekamas panaudojant aplinkosaugine gamybos technolo-
gija. Ši technologija apima nepageidaujamus gamybos rezultatus, leidžiančius iš-
matuoti žemės ūkio poveikį gamtinei aplinkai, o produktyvumas ir gamybos 
veiksniai atspindi ekonomines ir socialines tvarios žemės ūkio tvarumo dimensi-
jas. 

2. PRISMA protokolas buvo naudojamas sistemingai apžvelgti literatūrą apie že-
mės ūkio tvarumo ir produktyvumo vertinimą. Literatūros šaltiniai buvo atrinkti 
remiantis PRISMA teiginiais ir suskirstyti į šias tematines grupes: žemės ūkio 
tarša, tvarus žemės ūkis ir aplinkosaugos veiksmingumas. DEA modeliai gali 
būti veiksmingai pritaikomi vertinant žemės ūkio efektyvumą įtraukiant nepagei-
daujamus rezultatus. Tačiau atlikta analizė atskleidė, kad įprastiniai žemės ūkio 
efektyvumo ir produktyvumo augimo vertinimo DEA modeliai turi tokių apribo-
jimų kaip dimensiškumas, kuris tampa ypač aktualus, kai įtraukiami nepageidau-
jamą produkciją aprašantys kintamieji. Empirinė ES žemės ūkio sektoriaus efek-
tyvumo analizė parodė, kad, pavyzdžiui, superefektyvumo DEA modelis esant 
pastoviosios masto grąžos prielaidai negali įvertinti kai kurių valstybių efekty-
vumo. Todėl, norint įvertinti efektyvumo ir produktyvumo augimo rodiklius  
esant nepageidaujamiems gamybos rezultatams, reikalingi nauji DEA modeliai. 

3. DEA yra neparametrinis ribinis metodas, kurį galima panaudoti ekologiniam  
efektyvumui nustatyti naudojant aplinkosauginę gamybos technologiją. Efekty-
vumo matai gali būti panaudojami „žaliojo“ produktyvumo augimui apskaičiuoti. 
Visgi, įprastiniai DEA modeliai gali neveikti kai į efektyvumo ir produktyvumo 
augimo analizę yra įtraukiami nepageidaujami gamybos rezultatai. Siekiant  
įveikti šiuos apribojimus, disertaciniame darbe buvo pritaikyti nauji DEA mode-
liai ES žemės ūkio sektoriaus efektyvumo ir produktyvumo augimo vertinimui. 
Pasiūlytas naujas tvariojo produktyvumo vertinimo modelis apima tokius plėti-
nius kaip globalioji gamybos technologija ir perviršio matavimu. Šis metodas 
leidžia išskaidyti Luenberger produktyvumo rodiklį visų gamybos veiksnių ir re-
zultatų (įskaitant šiltnamio efektą sukeliančių dujų emisiją) atžvilgiu ir taip pa-
aiškinti efektyvumo bei  technologinius pokyčius. 

4. Gamybos galimybių ribinių modelių, apimančių nepageidaujamus gamybos re-
zultatus, taikymas leidžia įvertinti šių rezultatų šešėlines kainas. Tokios analizės 
rezultatai gali priklausyti nuo modelio orientacijos gamybos veiksnių ir rezultatų 
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atžvilgiu. DEA modeliai, skirti aplinkosauginei gamybos technologijai, buvo pri-
taikyti pinigine išraiška matuojant nepageidautinos produkcijos (ŠESD emisijos 
dėl energijos vartojimo ES žemės ūkyje) kainą su skirtingais kryptiniais vekto-
riais. Su skirtingais kryptinais vektoriais susiję modeliai parodė skirtingas šešė-
lines ŠESD emisijos kainas ir leido išmatuoti sprendimus priimančių vienetų  
efektyvumą taikant skirtingas judėjimo link gamybos galimybių ribos kryptis. Šis 
tyrimas yra naudingas politikos analizei, nes jis atskleidė ribinius šiltnamio  
efektą sukeliančių dujų emisijų mažinimo žemės ūkyje kaštus ir parodė skirtingas 
ŠESD emisijos mažinimo galimybes ES šalyse narėse. Tyrimo metu įvertintos 
šešėlinės šiltnamio efektą sukeliančių dujų emisijos mažinimo kainos leidžia nus-
tatyti pažangias valstybes ir tas, kurioms reikalingas tolesnis energijos vartojimo 
efektyvumo didinimas bei švaresnės energijos balansas žemės ūkio sektoriuje, 
didinant atsinaujinančių energijos išteklių panaudojimą ir taip užtikrinant tvarią 
žemės ūkio raidą. 
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