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DEVELOPING A COMPOSITE 

ECONOMIC EFFICIENCY INDEX 

FOR UKRAINE’S AGRICULTURAL 

POST-WAR TRANSFORMATION: 

RECYCLING, BIOENERGY, 

AND EXPORT-IMPORT 

REGULATORY MECHANISMS

The object of this research is Ukraine’s agricultural sector undergoing structural transformation towards sustainable development. 
The analysis focuses on  three interconnected dimensions of  this transformation: agricultural recycling, bioenergy development, and 
regulatory mechanisms supporting sustainable change, including export-import governance. The research addresses the lack of integrated 
quantitative tools capable of assessing the effectiveness of agricultural transformation across these dimensions under wartime conditions 
and within the context of Ukraine’s European integration agenda. Since February 2022, the Ukrainian agricultural sector has faced un-
precedented challenges resulting from military aggression. Total losses have been estimated at 80.1 billion USD, the area of cultivated land 
has decreased by approximately 1.9 million hectares, and traditional maritime export routes have become vulnerable to external disrup-
tions. Drawing on verified data from the World Bank, the United States Department of Agriculture (USDA), the Food and Agriculture 
Organization (FAO), and the European Parliamentary Research Service, a Composite Economic Efficiency Index (EEI) was developed 
to evaluate the sector’s transformation. The index combines four dimensions: the Trade Efficiency Index (TEI, w = 0.30), the Bioenergy 
Efficiency Index (BEI, w = 0.25), the Recycling Efficiency Index (REI, w = 0.25), and the Green Economy Index (GEI, w = 0.20). The EEI 
declined from 0.447 in 2021 to its lowest value of 0.337 in 2022, reflecting the immediate impact of the war. Subsequently, the indicator 
recovered and reached 0.468 in 2024. However, this recovery has been uneven across the analyzed dimensions. While the TEI increased 
to 0.96, the BEI (0.090) and REI (0.250) remained substantially below their projected 2030 benchmark levels. These findings suggest that 
the restoration of export volumes through the Grain Corridor should not be interpreted as evidence of deep structural transformation. 
Without targeted investments in  biomethane production, recycling infrastructure, and circular economy initiatives, the sector largely 
continues to follow its pre-war commodity-export model. Under conditions of a legally secured multilateral framework for the Grain 
Corridor and consistent government support for scaling bioenergy production, the EEI could increase to approximately 0.55 by 2030.
The proposed approach and obtained results may support strategic planning for the post-war recovery of Ukraine’s agricultural sector 
and provide analytical input for negotiations related to the agricultural chapter of the country’s accession process to the European Union.

Keywords: agricultural sector transformation, bioenergy, circular economy, recycling, export-import regulation, sustainable de-
velopment, biomethane.
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1. Introduction

Ukraine’s  agricultural sector has long been one of  the key pillars 
of both the national economy and the global food system. Before Febru-
ary 2022, it accounted for about 10.9% of GDP, provided jobs for roughly 
2.5  million people (around 14% of  total employment), and generated 
41% of all exports – about 27.8 billion USD out of a 68 billion USD to-
tal [1]. Ukraine was also a global leader in sunflower products, supplying 
around 40% of the world’s sunflower meal and 35% of its sunflower oil, 
and ranked sixth among wheat exporters in the 2022/2023 marketing 

year [2]. At  the same time, this success was built largely on  exporting 
raw agricultural commodities with limited value added. That structure 
was both strength and weakness: it made Ukraine highly competitive 
on global markets, but also left the sector exposed when maritime export 
routes were disrupted under military pressure. The full-scale Russian 
invasion in February 2022 exposed the sector to a combination of shocks 
on a scale it had never faced before. By the end of 2023, total damages 
and losses in  agriculture were estimated at  80.1  billion USD. Most of 
this – about 87% (69.8 billion USD) – came from lost production, while 
direct physical destruction accounted for 10.3 billion USD [3]. 
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The area of  cultivated land shrank by  roughly 1.9  million hect-
ares, and 2,653 agricultural enterprises reported confirmed losses [4]. 
The destruction of the Kakhovka dam in June 2023 alone took about 
0.58 million hectares out of irrigated farming [1]. Bringing the sector 
back will require major investment – around 56.1 billion USD for re-
construction and another 32 billion USD just for demining agricultural 
land [1]. Taken together, these figures show that this is not just a tem-
porary crisis, but a deeper structural challenge that calls for a different 
approach to recovery.

Three transformation imperatives define this paradigm. First , 
Ukraine’s  EU accession negotiations (opened formally in  December 
2023) impose binding environmental, food safety, and circular economy 
requirements that the existing linear commodity-export model cannot 
meet. Second, the wartime energy crisis has dramatically elevated the 
economic case for domestic bioenergy: Ukraine’s biomethane potential 
alone is estimated at 1 billion m³/year by 2030 [5]. Third, the disruption 
of traditional maritime export channels has exposed the fragility of exist-
ing trade regulatory arrangements and created the opportunity to design 
more resilient institutional mechanisms. Existing scholarship addresses 
each vector separately. Researchers [5] document Ukraine’s bioenergy 
sector under conflict conditions but give insufficient attention to eco-
nomic efficiency dimensions. Scientists [6, 7] analyze circular economy 
barriers but do  not integrate trade regulatory analysis. FAO [8] and 
USDA [2, 9] cover trade disruption without addressing the bioenergy 
and recycling dimensions. This gap motivates the present research.

The regulatory dimension of  this tripartite transformation has re-
ceived limited attention in  the literature. Most researches of  Ukraine’s 
wartime export channels focus mainly on  logistics and food security 
issues. These channels include the Black Sea Grain Initiative (BSGI, Ju-
ly 2022 – July 2023), the EU Solidarity Lanes, and the post-BSGI Ukrai-
nian Grain Corridor. Much less attention has been paid to the institu-
tional design and economic efficiency of  their regulatory frameworks. 
Researchers [10] provide one of the most systematic assessments of the 
BSGI as a crisis-management mechanism. Using trend analysis, they show 
that grain exports to low-income countries remained structurally insuf-
ficient throughout the initiative’s operation. According to the authors, this 
problem was caused not by throughput limitations, but by the absence 
of  binding distribution obligations within the regulatory framework. 
Scientists [11] examine the legal dimension of the BSGI in detail. Their 
research discusses the deliberate avoidance of the laws of armed conflict 
and the use of the initiative as a law fare instrument. The authors demon-
strate that the initiative’s ambiguous legal status contributed to procedural 
disruptions, including vessel inspection delays and unilateral withdrawal. 
These factors ultimately led to the termination of the initiative.

Both researches point to the same key takeaway: temporary or im-
provised export solutions are not the same as stable institutions. With-
out a clear multilateral legal framework, backed by binding commit-
ments from all sides, export flows remain vulnerable. This challenge 
becomes even more complex in  the context of  EU accession. In  [12] 
estimates that fully aligning Ukraine’s agricultural sector with EU rules 
would raise costs by about 5% for grain producers and 10% for livestock 
farms. At the same time, it would create demand for roughly 10.4 billion 
euros a year in support from the EU’s agricultural budget – implying 
a long-term institutional shift that could take a decade.

Research [13] adds another layer and shows that improving ef-
ficiency – especially when environmental factors are taken into ac-
count – could help offset some of these costs. But that only works if the 
institutional environment is stable, which is exactly what remains un-
certain during and after the war.

Taken together, these researches suggest that the main constraint on 
Ukraine’s agricultural transformation is not just resources or technology, 
but the regulatory system itself – both in how exports are managed and 
how production standards are set. This is why the present research treats 
regulatory effectiveness as just as important as bioenergy and recycling.

In this research, regulation is seen as a broader institutional frame-
work that supports agricultural change in several related areas. Regu-
latory mechanisms are looked at  not only in  terms of  export-import 
governance but also through policy tools that promote recycling ac-
tivities, support the circular economy, and encourage the development 
of bioenergy. This view shows how interconnected agricultural trans-
formation is and ensures it aligns with the structure of the Composite 
Economic Efficiency Index proposed in this research.

The object of research is Ukraine’s agricultural sector in the context 
of its structural transformation toward sustainability, covering three in-
terrelated sub-systems: agricultural recycling, bioenergy development, 
and the regulatory mechanisms supporting sustainable agricultural 
transformation, including export-import governance.

The aim of research is to develop a Composite Economic Efficiency 
Index (EEI) for evaluating the transformation of Ukraine’s agricultural 
sector and identifying policy priorities for the post-war recovery period 
of 2025–2032.

To achieve this aim, the following research objectives were defined:
– to analyze the transformation of Ukraine’s agricultural sector un-
der wartime conditions;
–  to  assess the development potential of  recycling and bioenergy 
in the agricultural sector;
–  to  propose the structure of  the Composite Economic Efficiency 
Index (EEI) incorporating export-import activities, recycling, bio-
energy development, and post-war recovery priorities.

2. Materials and Methods

The research uses a  mix of  methods, combining statistical and 
comparative analysis with the construction of a composite index and 
a breakdown of efficiency across different sub-sectors. It covers the pe-
riod from 2019 to 2024, which makes it possible to track three distinct 
stages: the pre-war baseline (2019–2021), the peak disruption in 2022, 
and the period of adjustment and partial recovery in 2023–2024. The 
trade efficiency benchmark is based on the 2020–2021 period, when 
export volumes reached record levels before the war. This provides 
a clear and relatively conservative reference point for assessing recovery.

The analysis relies on  verified data from major institutional and 
academic sources [1, 5, 3], which have been reviewed in full. Additional 
information on  export volumes and war-related losses was collected 
from several institutional sources. The main sources include the USDA 
Economic Research Service [2], the USDA Foreign Agricultural Ser-
vice [9], the FAO information note published in July 2023 [8], and the 
2025 CSIS report [14]. Indicators related to the circular economy are 
based on  the work [6, 7, 15]. The regulatory aspects of  the analyzed 
indicators go  beyond just managing exports and imports. They also 
cover environmental regulations, requirements for a circular economy, 
support measures for renewable energy, and systems that promote the 
development of  biomethane and bioenergy. As  a result, agricultural 
transformation is  assessed within a  connected regulatory framework 
that includes trade, environmental, and energy policy tools.

3. Results and Discussion

3.1. Changes in Ukraine’s agricultural sector during the war
Until 2022, Ukrainian agriculture was built largely around export 

activity and maritime trade routes. This approach worked effectively 
under stable conditions and ensured strong export revenues, but at the 
same time it created a high dependence on external logistics channels. 
After the start of the full-scale invasion, these weaknesses became much 
more visible. Agricultural production, transportation, cultivated land, 
and export operations were all affected simultaneously. The dynamics 
of agricultural exports and the Trade Efficiency Index (TEI) for 2019–
2024 are presented in Table 1 and Fig. 1.
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Table 1

Agricultural export dynamics and Trade Effi  ciency Index (TEI), 

Ukraine 2019–2024

Year
Grain exports 

(mmt)

Total agri. 

Exports 

(USD bn)

Share in total 

exports (%)

TEI (base 

2020/2021 = 

= 1.00)

2019 57.5 22.2 39.6 0.91

2020 63.1 22.5 45.0 1.00

2021 63.0 27.8 41.0 1.00

2022 34.6 18.7 38.2 0.67

2023 43.8 19.4 40.1 0.70

2024 60.3 23.1 41.2 0.96

Note: based on  research [2, 9, 1, 14]

The sharpest decline can be observed in 2022. The TEI
dropped from 1.00 in 2021 to 0.67. Several factors contrib-
uted to this reduction: blocked ports, destruction of infrastruc-
ture, mined farmland, and lower cultivated areas. By 2024, 
export activity had partly recovered, although the sector still 
remained highly dependent on wartime conditions and exter-
nal risks. A considerable number of previous publications con-
centrated mainly on food security and export vo lumes [1, 2]. 

In this paper, greater attention is given to structural eco-
nomic changes inside the agricultural sector itself. Such an ap-
proach makes it possible to evaluate not only export recovery, 
but also broader transformation processes taking place during 
the war period. The analysis should nevertheless be interpret-
ed with caution. Statistical information for 2022–2024 is in-
complete in several areas because the war disrupted regular 
data collection by the State Statistics Service of Ukraine. Ad-
ditional researches may later provide a more detailed picture of regional 
recovery patterns and long-term economic losses.

3.2. Recycling and bioenergy development potential
Ukraine possesses signifi cant technical potential in the fi elds of bio-

energy and circular economy development. However, current imple-
mentation levels remain noticeably lower than the available capacity. 
Table 2 and Fig. 2 compare current bioenergy production with the 
projected technical potential for diff erent categories.

The situation diff ers substantially across sectors. Solid biomass 
technologies are already relatively developed, while biomethane pro-
duction is still limited despite its strategic importance for both Ukraine 
and the European energy market. The Recycling Effi  ciency Index (REI) 
also demonstrates that progress toward a circular economy model re-
mains uneven. Wartime uncertainty reduced investment activity and 
slowed infrastructure development. 

Table 2

Bioenergy potential by category, Ukraine (2024 vs. 2030 target)

Category

Share 

in current 

mix (%)

Current 

prod. 

(th. toe/yr)

Potential 

2030 

(th. toe/yr)

BEI (cur-

rent/2030)

Solid biomass (straw, 

wood, energy crops)
70 3850 5200 0.740

Biogas (manure, 

residues, silage)
15 825 4200 0.196

Biomethane 

(upgraded biogas)
0.3 3 1000 0.003

Liquid biofuels 

(biodiesel, bioethanol)
15 825 1800 0.458

TOTAL 100 5503 12200 0.451

Note: compiled by authors based on research [5]; World Bioenergy 

Association (2023); European Biogas Association (2023). BEI = current 

production/2030 technical potential

At the same time, the combination of recycling systems with 
bioenergy technologies may create additional economic and envi-
ronmental advantages, including lower waste volumes and stronger 
energy security. These directions have been examined separately 
in most cases [5–7]. The present analysis combines them within one 
economic effi  ciency framework, allowing the interaction between 
recycling and bioenergy processes to be assessed more comprehen-
sively. Certain limitations also remain here. Environmental statistics 
during wartime are restricted, and some indicators are still unavail-
able. Further work in this area could focus on biomethane export sce-
narios, regional modelling, and investment mechanisms connected 
with post-war reconstruction.

3.3. Structure of the composite economic effi   ciency index (EEI)
The EEI is calculated as a weighted combination of four compo-

nents:
1 2 3 4 ,

0.30 0.25 0.25 0.20 .
= ⋅ + ⋅ + ⋅ + ⋅
= ⋅ + ⋅ + ⋅ + ⋅

EEI w TEI w BEI w REI w GEI
EEI TEI BEI REI GEI

 (1)

Each of these indices refl ects a diff erent aspect of how the agricul-
tural sector is functioning and adapting. The TEI (Trade Effi  ciency In-
dex, weight 0.30) measures current export volumes against the pre-war 
benchmark of 2020–2021. The BEI (Bioenergy Effi  ciency Index, 0.25) 
compares actual bioenergy production to the technical potential pro-
jected for 2030, based on research [5]. The REI (Recycling Effi  ciency 
Index, 0.25) looks at how much agricultural waste is being processed 
through circular economy practices relative to the total waste generated. 
The GEI (Green Eco nomy Integration Index, 0.20) combines several 

Fig.1. Ukraine’s grain export dynamics (mmt, left  axis) and Trade Effi  ciency 

Index (TEI, right axis), 2019–2024. Dotted vertical line = start of full-scale 

invasion (based on research [2, 9, 14])

Fig. 2. Ukraine’s bioenergy: current production versus 2030 technical potential 

by category, thousand toe/year (compiled by authors based on research [5])
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factors: greenhouse gas emission intensity compared to 2019, the share 
of renewable energy used in agriculture, and how closely the sector 
aligns with EU circular economy standards. The weighting refl ects how 
much each of these dimensions contributes to agricultural GDP and 
follows the general approach used in Organization for Economic Co-
operation and Development compo site indicator methodology [16]. 
For 2022–2024, the REI and GEI values are based on the authors’ own 
estimates, since the war disrupted the regular publication of environ-
mental data by the State Statistics Service.

The dynamics of the EEI and its individual components for 2019–
2024 are shown in Table 3 and Fig. 3. The results illustrate a substantial 
decline in 2022.

Table 3

Composite economic effi  ciency index (EEI), Ukraine, 2019–2024

Year
TEI 

(w = 0.30)

BEI 

(w = 0.25)

REI

(w = 0.25)

GEI

(w = 0.20)
EEI Trend

2019 0.910 0.072 0.310 0.280 0.407 –

2020 1.000 0.074 0.320 0.295 0.441 ⬆

2021 1.000 0.076 0.330 0.310 0.447 ⬆

2022 0.670 0.065 0.190 0.275 0.337 ⬇

2023 0.700 0.078 0.215 0.285 0.356 ⬆

2024 0.960 0.090 0.250 0.300 0.468 ⬆

3.4. Discussion
From 2021 to 2022, the EEI has dropped signifi cantly from 0.447 

to 0.337. By 2024, however, it has partially recovered to 0.468, which 
indicates a gradual recovery in agriculture. Nonetheless, this recov-
ery was uneven since trade indicators were restored faster compared 
to recycling and bioenergy development. This paper highlights war-
time export mechanisms that helped maintain Ukrainian agricultural 
exports during the full-scale invasion, including the Black Sea Grain 
Initiative (BSGI), the EU Solidarity Lanes, and subsequently the 
Ukrainian Grain Corridor. It has been revealed that export recovery 
not only requires the availability of transport infrastructure but also 
a proper institutional setting and reliable legal guarantees that could 
function in crisis conditions. Most previous papers have mainly fo-
cused on disruptions to logistics and supply chains [8, 10]. This paper 
uses a diff erent approach to investigate the interrelation between trade 
regulations, environmental transformations, and energy transition 
in the context of agricultural exports. The fi ndings show that post-war 
agricultural recovery relies on export-import regulation and the eff ec-
tiveness of institutional systems that support recycling and bioenergy 
development. Specifi cally, expanding recycling infrastructure, putting 
circular economy practices into action, and encouraging biomethane 
production need dedicated regulatory tools. Thus, sustainable trans-

formation should be seen as the result of coordinated actions in trade, 
environmental, and energy sectors. According to the proposed re-
covery framework, there are three stages: stabilization (2025–2026), 
transformation (2026–2029), and integration (2029–2032). To achieve 
the goals outlined above, bioenergy production, recycling, and export-
regulation institutions need to be developed. At the same time, the 
pace of recovery will remain dependent on geopolitical and macro-
economic factors. An important point of the proposed framework 
is that it is not possible to judge regulatory eff ectiveness only by how 
export institutions perform. The long-term strength of the agricultural 
sector will also rely on how well public policy promotes investments 
in recycling infrastructure, backs the commercialization of biomethane 
technologies, and assists farms in adopting circular economy practices. 
In this context, trade regulation, bioenergy policy, and environmental 
governance should be viewed as interconnected rather than as separate 
policy areas.

Given the above, further researches should be dedicated to regional 
adaptation measures, investment effi  ciency, and long-term compat-
ibility of the Ukrainian agricultural model with the objectives of the 
EU Green Deal. As has been shown above, Ukraine's export-oriented 
agricultural model creates both opportunities and risks. Dependence 
on raw commodities creates vulnerabilities regarding possible interrup-
tions in maritime transportation; on the other hand, these diffi  culties 
can highlight the advantages of investing in recycling and bioenergy, 
which can provide considerable effi  ciency even with small investments. 

This approach can be used for developing post-war recov-
ery strategies, investment planning, and agricultural policies 
aimed at European integration. Also, it can be utilized as an 
analytical tool for defi ning regional priorities in agricultural 
modernization. The conversion of agricultural residues into 
biomethane through anaerobic digestion can help solve several 
challenges at the same time. It reduces dependence on energy 
imports, lowers fertilizer costs – which reached record levels 
in 2022 [8] – and supports soil quality by returning digestate 
to fi elds as organic fertilizer. The sharp decline in 2022 resulted 
from several interconnected factors. Large-scale disruptions 
aff ected farm operations across the country, with 2,653 agricul-
tural enterprises reporting losses [4]. At the same time, many 
producers redirected fi nancial resources away from long-term 
recycling investments toward immediate operational needs. 
Environmental regulations were also temporarily suspended 
under martial law.

Practical Signifi cance: The research results can be used in the practi-
cal planning of Ukraine’s post-war agricultural recovery. The proposed 
Composite Economic Effi  ciency Index (EEI) may serve as a tool for 
assessing structural changes in the agricultural sector and evaluating 
the eff ectiveness of policies related to bioenergy, recycling , and ex-
port regulation. The fi ndings may also support decision-making in the 
preparation of recovery programs, investment strategies, and measures 
connected with Ukraine’s integration into EU environmental and trade 
policies. In addition, the proposed approach may help identify priority 
areas for regional agricultural development. The proposed framework 
may also help policymakers coordinate trade, environmental, and en-
ergy regulations within a united agricultural transformation strategy.

Research Limitations: This research has been faced with several 
important limitations. Ongoing wartime conditions disrupted offi  -
cial statistical reporting during 2022–2024, which made it necessary 
to estimate certain environmental indicators using composite methods 
where direct statistical data were unavailable. In addition, geopolitical 
instability continues to infl uence logistics systems, investment activity, 
and export regulation mechanisms, which may aff ect the accuracy of the 
results. Future research would benefi t from access to more detailed re-
gional environmental statistics, allowing for a more precise application 
of the EEI methodology.

Fig. 3. EEI and sub-index dynamics, Ukraine 2019–2024 (formula (1)). Bold 

line = EEI composite; shaded band = peak disruption 2022 (authors’ calculations)
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Future Research Directions: Further researches could adapt the 
Composite Economic Efficiency Index (EEI) for regional analysis and 
expand the range of sustainability indicators included in the model. Per-
spective directions also include evaluating biomethane export potential, 
assessing the economic efficiency of circular economy infrastructure, 
and examining the long-term alignment of  Ukraine’s  agro-industrial 
sector with EU agricultural policy requirements. Additional attention 
should also be paid to the social dimension of transformation, including 
rural employment, regional economic resilience, and environmental 
sustainability during post-war reconstruction.

4. Conclusions

1. This research examined the transformation of Ukraine’s agricul-
tural sector under wartime conditions. Due to seaport blockades, dam-
aged infrastructure, mined agricultural land, and disruptions in logistics 
systems, the Trade Efficiency Index (TEI) decreased from 1.00 in 2021 
to 0.67 in 2022. A similar trend was observed for the Composite Eco-
nomic Efficiency Index (EEI), which declined by 24.6% over the same 
period, falling from 0.447 to 0.337. By 2024, the indicator had partially 
recovered to 0.468, indicating gradual stabilization within the sector. 
However, this recovery remains uneven. The TEI reached 0.96, while 
the BEI (0.090) and REI (0.250) still remain well below their potential 
levels. These findings suggest that restoring export volumes alone does 
not mean the agricultural sector has completed structural transforma-
tion. Without targeted investment in bioenergy and circular economy 
infrastructure, the sector continues to follow its pre-war pattern of com-
modity dependence.

2. The research evaluated the development potential of recycling 
and bioenergy in Ukraine’s agricultural sector. The findings confirm 
that Ukraine has considerable technical potential for biomethane 
production, estimated at up to 1 billion m³/year by 2030, compared 
to projected EU demand of 35 billion m³/year. At the same time, the 
current level of  implementation remains limited, which is  reflected 
in the biomethane BEI value of 0.003 in 2024. The results also show 
that increasing biomethane production from 3 to 66 million m³/year 
could simultaneously reduce dependence on  energy imports, lower 
fertilizer costs, improve soil organic matter, and create additional car-
bon credit revenues. An important advantage of this approach is that 
biomethane production can operate using existing gas infrastructure. 
The findings also indicate that expanding recycling and bioenergy 
infrastructure may support the transition toward a circular economy 
model and strengthen the long-term sustainability of the agricultural 
sector.

3. The research proposed the structure of the Composite Economic 
Efficiency Index (EEI) as an integrated quantitative framework for as-
sessing the efficiency of  agricultural transformation. The index com-
prises four components: Trade Efficiency Index (TEI, w  =  0.30), the 
Bioenergy Efficiency Index (BEI, w  =  0.25), the Recycling Efficiency 
Index (REI, w = 0.25), and the Green Economy Integration Index (GEI, 
w  =  0.20). The proposed weighting reflects each dimension’s  contri-
bution to  agricultural GDP and is  consistent with OECD composite 
indicator methodology. This structure enables simultaneous assessment 
of three regulatory dimensions – export-import governance, bioenergy 
development, and circular economy integration – which must be co-
ordinated rather than managed in isolation for sustainable agricultural 
transformation to occur.
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