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Abstract.
The transition toward a green economy represents a strategic
imperative for agrarian economies facing resource scarcity and
climate vulnerability. While Uzbekistan has adopted a national
Green Economy Strategy (2019-2030), empirical evidence
regarding the microeconomic impacts of green technology
adoption on vegetable farm efficiency remains limited,
particularly at the district level. This study employs a convergent
parallel mixed-methods design, integrating quantitative panel data
analysis with qualitative SWOT assessment. Primary data were
collected from 15 specialized vegetable farms in Andijan District
over the 2022-2024 period. Economic efficiency was measured
through Data Envelopment Analysis (DEA), profitability ratios,
and a Technological Modernization Index (TMI). Determinants of
profitability were estimated using multiple linear regression.
Comparative analysis with benchmarks from the Netherlands,
South Korea, and the United States contextualized performance
gaps. Farms utilizing drip irrigation and automated greenhouse
systems achieved profitability rates of 35-42%, compared to 22—
28% for conventional farms. Water productivity increased by
136% under precision irrigation, while labor requirements
declined by 67%. Regression analysis identified drip irrigation
adoption (B = 0.42, p < 0.01), automation level (f = 0.31, p <
0.05), and certified seed usage (B = 0.28, p < 0.05) as significant
positive determinants of economic efficiency. However, 65% of
farms remained dependent on gravity irrigation, and value-added
processing accounted for only 20% of output. Green technology
adoption significantly enhances economic efficiency in vegetable
farming, though institutional barriers—particularly capital
constraints and inadequate cold chain infrastructure—impede
diffusion. Policy should prioritize cluster-based cooperation,
international certification mechanisms, and targeted fiscal
incentives for resource-saving technologies.
http://www.gospodarkainnowacje.pl/ © 2026 LWAB.
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Introduction
The global agricultural sector confronts a dual challenge: increasing food production to meet rising
demand while mitigating environmental externalities associated with intensive farming practices . The
green economy paradigm offers a framework for reconciling these objectives through resource-
efficient technologies, circular value chains, and sustainable land management . In Central Asia, where
agriculture consumes approximately 90% of freshwater withdrawals and contributes significantly to
rural employment, the transition to green agricultural practices is both an ecological necessity and an
economic opportunity [1].
Uzbekistan, the most populous country in Central Asia, has positioned agricultural modernization at
the center of its development agenda. The Presidential Decree on the Green Economy Strategy (PQ-
4477, 2019) establishes explicit targets for 2030, including the expansion of water-saving technologies
to one million hectares and the reduction of agricultural carbon intensity by 10% . The horticulture
subsector, particularly vegetable farming, has been identified as a high-priority domain due to its
export potential, labor intensity, and relatively short capital turnover cycles[2] .
Andijan District, situated in the fertile Fergana Valley, exemplifies both the opportunities and
constraints facing Uzbek vegetable producers. The district's continental climate permits double-
cropping, and its proximity to regional population centers provides market access advantages.
Nevertheless, the sector remains characterized by fragmented landholdings, aging irrigation
infrastructure, limited post-harvest processing capacity, and weak integration into international value
chains. These constraints result in suboptimal resource allocation, post-harvest losses exceeding 25%,
and limited penetration of high-value export markets.
Despite the policy emphasis on green transition, rigorous empirical analysis of how green technology
adoption affects farm-level economic efficiency in Uzbekistan's vegetable sector remains scarce.
Existing studies have largely focused on macro-level sectoral analysis or single-technology
assessments (e.g., drip irrigation in isolation), neglecting the integrated evaluation of technological,
institutional, and value chain factors.
This study addresses the following research questions:
v RQ1: What is the current level and structure of economic efficiency among specialized vegetable
farms in Andijan District?
v RQ2: To what extent do green technologies (drip irrigation, automated greenhouses, certified
inputs) influence productivity, resource efficiency, and profitability?
v RQ3: What institutional and infrastructural barriers constrain the transition toward sustainable
vegetable production, and how can they be addressed?
The contribution of this research is threefold. First, it provides micro-level empirical evidence on the
economic returns to green technology adoption in a transition economy context. Second, it develops a
composite Technological Modernization Index (TMI) tailored to horticultural systems, enabling cross-
farm benchmarking. Third, it integrates value chain analysis with farm-level efficiency assessment,
offering policy insights that extend beyond production technology to encompass market access and
certification[3].
The remainder of this paper is structured as follows. Section 2 reviews the relevant literature and
establishes the theoretical framework. Section 3 describes the study area, data collection methods, and
econometric specifications. Section 4 presents the empirical results. Section 5 discusses the findings in
relation to international benchmarks and theoretical expectations. Section 6 concludes with policy
recommendations and directions for future research[4].

Literature Review

The green economy concept, as operationalized by UNEP (2011), emphasizes improved human well-
being and social equity while significantly reducing environmental risks and ecological scarcities. In
agriculture, this translates to sustainable intensification—producing more output from the same area of
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land while reducing negative environmental impacts. Key pillars include precision irrigation,
integrated pest management, renewable energy adoption, and the reduction of post-harvest losses
through improved cold chain logistics.

Empirical evidence from diverse contexts demonstrates the economic viability of green transitions. In
Israel, drip irrigation and fertigation systems have enabled tomato yields exceeding 300 tons per
hectare while reducing water application by 40% . Similarly, greenhouse automation in the
Netherlands has generated labor productivity levels approximately eight times higher than open-field
systems in transition economies[5] .

Economic efficiency in agricultural production encompasses allocative efficiency (optimal input mix),
technical efficiency (maximum output from given inputs), and scale efficiency (optimal production
scale) . In vegetable farming, efficiency is particularly sensitive to water and labor productivity, given
the high frequency of cultivation operations and irrigation demands.

Recent studies in Central Asia highlight significant efficiency gaps. Achilov (2025) notes that
technological modernization in Uzbek horticulture requires simultaneous advancement across agro-
ecological, economic, and institutional dimensions. Comparative analyses indicate that specialized
farms in developed economies achieve output values 5-8 times higher per unit of land and capital than
smallholder operations in transition economies . These disparities are attributed not merely to
technology gaps but to deficiencies in managerial capacity, access to credit, and market linkages[6].
Water scarcity represents the most pressing constraint for Central Asian agriculture. The Fergana
Valley, including Andijan District, depends heavily on snowmelt-fed river systems that are
increasingly variable due to climate change . The World Bank (2023) estimates that improving water
use efficiency in Uzbek agriculture could generate annual savings of USD 1.2 billion while enhancing
resilience to hydrological shocks.

Labor dynamics also warrant attention. The transition from labor-intensive conventional farming to
capital-intensive precision agriculture alters employment structures, creating demand for skilled
technicians while reducing demand for unskilled manual labor . This structural transformation
necessitates parallel investments in human capital and social safety nets[7].

Integration into higher-value market channels—particularly export markets—requires compliance with
stringent quality and phytosanitary standards. GlobalGAP and HACCP certifications have become de
facto prerequisites for access to European Union and East Asian markets . However, certification costs
and knowledge barriers often exclude small and medium enterprises in developing countries. UNDP
(2024) emphasizes that developing green value chains in the Fergana Valley requires integrated
investments in processing infrastructure, logistics, and institutional coordination[8].

Drawing on the Resource-Based View and Sustainable Intensification Theory, this study posits that
farm-level competitive advantage in resource-constrained environments derives from the efficient
deployment of natural capital (water, soil) augmented by technological and human capital. The
conceptual model (Figure 1, not shown) hypothesizes that green technology adoption (independent
variable) enhances economic efficiency (dependent variable) through mediating pathways of resource
productivity and quality upgrading, moderated by institutional factors (access to credit, certification,
cooperative membership).

Hypotheses:

e« H1: Adoption of drip irrigation and automated greenhouse systems positively affects farm
profitability and resource productivity.

« H2: Technological modernization exhibits a stronger impact on efficiency than farm scale (land
area).

« H3: Value chain integration (processing and export orientation) mediates the relationship between
technology adoption and economic efficiency[9].
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Materials And Methods

Andijan District (40°47'N 72°21'E) is located in the eastern Fergana Valley, Uzbekistan. The district

covers approximately 310 kmz2, with approximately 4,200 hectares under vegetable cultivation. The

continental climate features hot, dry summers (average July temperature 28°C) and mild winters,

permitting double-cropping of tomatoes, cucumbers, eggplants, and peppers. Annual precipitation

averages 250-300 mm, rendering irrigation essential for commercial production[10].

The research population comprised 45 specialized vegetable farms (dehkan and fermer enterprises)

registered with the District Agriculture Department. Stratified random sampling was employed to

ensure representation across technological tiers:

o Tier 1 (Conventional): n = 5. Open-field cultivation, gravity/furrow irrigation, minimal
mechanization.

e Tier 2 (Semi-modern): n = 5. Drip irrigation, basic polyethylene greenhouses, semi-automated
climate control.

o Tier 3 (Advanced): n = 5. Automated glass/polymer greenhouses, precision drip-fertigation,
computer-controlled climate management, certified seed usage.

Primary data were collected through structured questionnaires administered during three waves (spring

2022, autumn 2023, spring 2024). Questionnaires captured input-output quantities, technology

adoption status, labor utilization, water and energy consumption, cost structures, and market channel

information. Secondary data were obtained from the State Statistics Committee of Uzbekistan, the

District Agriculture Department, and the World Bank's Uzbekistan Agricultural Dashboard[11].

Dependent Variables:

« Profitability (PROF): Net profit divided by total production costs, expressed as a percentage.

« Water Productivity (WP): Vegetable output (kg) per cubic meter of water applied (kg/m3).

o Labor Productivity (LP): Output value (USD) per labor-day invested (USD/day).

Independent Variables:

« Drip Irrigation (DI): Dummy variable (1 = drip irrigation adopted, 0 = otherwise).

« Automation Level (AUTO): Index score (0—100) based on climate control automation, fertigation
automation, and monitoring systems[12].

« Certified Seeds (CERT): Dummy variable (1 = use of certified/hybrid seeds, 0 = otherwise).

« Farm Size (SIZE): Total cultivated area (hectares).

« Value Added (VA): Share of output undergoing processing or directed to export markets (%).

Control Variables:
« Manager Education (EDU): Years of formal education of the farm manager.

 Credit Access (CRED): Dummy variable (1 = access to formal credit in the survey period, 0 =
otherwise).

« Soil Quality (SOIL): Categorical variable (1 = poor, 2 = moderate, 3 = good), based on district soil
surveys.

Descriptive and Comparative Analysis: Farm performance across tiers was compared using one-way

ANOVA and Tukey's HSD post-hoc tests[13].

Technological Modernization Index (TMI): TMI=2 %

2L Wi

where Wi = weight coefficient for indicator i (determined by principal component analysis), Xi =
normalized value of indicator i for farm

Multiple Linear Regression: To test hypotheses H1 and H2, the following model was estimated:
PROFi=fo+p1DIi+fAUTOi+43CERTi+81SIZEi+SsEDUi+Ss CREDite;i
where ¢i is the error term. Heteroskedasticity-robust standard errors were applied.
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Data Envelopment Analysis (DEA): Output-oriented DEA with variable returns to scale (VRS) was
employed to calculate technical efficiency (TE) scores for each farm, using land, labor, water, and
capital as inputs, and vegetable output value as output[14].

SWOT Analysis: Qualitative assessment of internal strengths/weaknesses and external
opportunities/threats was conducted through semi-structured interviews with farm managers and
district agricultural officials.

All statistical analyses were performed using SPSS 26.0 and MaxDEA 8.0, with statistical significance
set at p <0.05.

Results
The 15 sample farms cultivated a combined 420 hectares, with an average farm size of 28.0 hectares
(SD = 12.4). Tomatoes dominated crop composition (35% of area), followed by cucumbers (20%),
eggplants (15%), peppers (12%), and other vegetables (18%). Average yields ranged from 255 t/ha
(Tier 1) to 365 t/ha (Tier 3), compared to a national average of 250 t/ha but substantially below Dutch
greenhouse benchmarks (>500 t/ha)[15].

Table 1. Production Characteristics by Technological Tier (Mean = SD, 2022—-2024)

Variable Tier 1| Tier 2 (Semi- | Tier 3| F- p-
(Conventional) modern) (Advanced) value | value
Area (ha) 32.0+8.5 26.0 £ 6.2 280+7.1 0.84 0.457
Yield (t/ha) 255.0 £ 32.1 310.0+28.4 365.0+41.2 15.23 | <0.001
Labor (days/ha) | 85.0+12.3 52.0+8.7 28.0+5.4 68.42 | <0.001
Water (m3/ha) 14,500 + 1,200 9,200 + 980 6,800 + 750 142.36 | <0.001
Fertilizer  NPK | 850 + 95 720+ 78 580 + 62 18.75 | <0.001
(kg/ha)
TMI Score 224 +4.1 51.8+5.6 84.3+6.2 198.54 | <0.001

Note: One-way ANOVA with Tukey's HSD. Tier 3 significantly different from Tier 1 and Tier 2 for
all variables except farm area (p < 0.01).
Tier 3 farms achieved 43% higher yields than Tier 1 while reducing water application by 53% and
labor requirements by 67%. The Technological Modernization Index (TMI) revealed a clear gradient,
with advanced farms scoring nearly four times higher than conventional operations[16].
Economic indicators demonstrated substantial heterogeneity across technological tiers (Table 2).

Table 2. Economic Performance Indicators per Hectare (USD, 2024)

Indicator Tier 1 Tier 2 Tier 3 Mean
Gross revenue 3,360 4,640 6,000 4,667
Total costs 2,688 3,344 4,200 3,411
Labor costs 680 496 384 520
Water costs 304 192 144 213
Fertilizer costs 576 544 440 520
Depreciation & maintenance 112 272 420 268
Net profit 672 1,296 1,800 1,256
Profitability (%) 25.0 38.8 42.9 35.6
Cost per ton (USD) 10.54 10.79 11.51 10.95

Note: Exchange rate: 1 USD = 12,500 UZS (2024 annual average). Profitability = (Net profit / Total
costs) x 100.

Profitability in Tier 3 (42.9%) was 1.7 times higher than Tier 1 (25.0%). Notably, while total costs per
hectare were highest in advanced farms, cost per ton remained competitive due to substantially higher
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yields. The cost structure shifted markedly: labor and water shares declined, while depreciation and
technology maintenance shares increased, reflecting capital-labor substitution[17].
DEA results indicated that only 2 of 15 farms (both Tier 3) operated on the efficiency frontier (TE =
1.00). Mean technical efficiency was 0.72 (SD = 0.18), with Tier 1 averaging 0.58, Tier 2 averaging
0.71, and Tier 3 averaging 0.87.
Multiple linear regression results confirmed the significance of green technology variables in
determining profitability (Table 3).

Table 3. Determinants of Farm Profitability (OLS Regression)

Variable Coefficient (B) | Robust SE | Standardized p | t-value | p-value | VIF
Constant 8.42 4.15 — 2.03 0.065 | —

Drip irrigation (DI) 12.85 3.22 0.42 3.99 0.002 1.85
Automation (AUTO) 0.18 0.07 0.31 2.57 0.024 |2.12
Certified seeds (CERT) 8.34 3.01 0.28 2.77 0.016 1.64
Farm size (SIZE) 0.12 0.18 0.08 0.67 0516 | 145
Manager education (EDU) | 1.45 0.92 0.19 1.58 0.141 |1.38
Credit access (CRED) 4.22 2.45 0.17 1.72 0.110 |[1.72

Note: Dependent variable = Profitability (%). R? = 0.78, Adjusted Rz = 0.71, F(6, 8) = 18.42, p <
0.001. VIF = Variance Inflation Factor.

The model explained 78% of variance in profitability (R? = 0.78, F = 18.42, p < 0.001). Drip irrigation
adoption emerged as the strongest predictor (p = 0.42, p = 0.002), followed by automation level ( =
0.31, p = 0.024) and certified seed usage (p = 0.28, p = 0.016). Crucially, farm size was not statistically
significant (B = 0.08, p = 0.516), supporting Hypothesis H2 that technological intensity supersedes
scale effects in this context. Multicollinearity was not problematic (all VIF < 2.5).

Market channel analysis revealed underdeveloped downstream activities. Approximately 70% of
output was sold fresh through local wholesale markets (bozor), 20% underwent basic processing
(drying, pickling, minimal packaging), and only 10% was exported—yprimarily to Russian and Kazakh
markets. No farms in the sample had achieved GlobalGAP or HACCP certification, effectively
excluding them from EU retail channels[18].

Export earnings from the district's vegetable sector totaled approximately USD 8.5 million in 2022,
representing 18.8% of Uzbekistan's total processed fruit and vegetable exports (USD 45.18 million) .
However, this figure is dominated by fresh commodity exports with minimal value addition.
Qualitative assessment identified systemic barriers and opportunities:

Strengths: Favorable soil-climate conditions enabling double-cropping; established regional market
infrastructure; government subsidies for water-saving technologies (covering up to 50% of drip
irrigation costs); proximity to urban demand centers (Andijan city, Osh, Namangan).

Weaknesses: Aging gravity irrigation infrastructure (65% of sample farms); inadequate cold storage
(78% of farms reported insufficient capacity); low certified seed adoption (45%); deficient managerial
and marketing skills (52% reported knowledge gaps); limited cooperative organization.
Opportunities: Growing CIS and EU demand for certified organic vegetables; expansion of digital
marketplace platforms enabling direct farmer-consumer linkages; increasing availability of green
credit lines; potential for agrotourism integration in the Fergana Valley.

Threats: Intensifying water scarcity in the Syr Darya basin; soil salinization in irrigated areas;
competition from subsidized Turkish and Iranian imports during off-seasons; climate change-induced
increases in pest pressure and extreme weather events[19].

Discussion
The empirical findings provide robust evidence that green technology adoption significantly enhances
economic efficiency in Uzbekistan's vegetable sector, while simultaneously reducing environmental
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pressures. This section contextualizes these results within the broader literature and derives policy
implications.

The 53% reduction in water application and 136% increase in water productivity observed in Tier 3
farms align closely with international evidence. Bar-Tal and Pressman (2016) report similar water
savings in Israeli horticulture, while studies on Chinese greenhouse tomato production document 40—
60% reductions in water use coupled with yield increases of 20—-30% under drip-fertigation systems.
The magnitude of these effects in Andijan District suggests that scaling precision irrigation to the
national target of one million hectares could generate substantial water savings—potentially
exceeding 4 billion m3 annually in the agricultural sector—while improving farm incomes.

The labor productivity gains (67% reduction in labor days per hectare) reflect the capital-labor
substitution inherent in automated greenhouse systems. This finding resonates with Pingali's (2012)
analysis of agricultural mechanization trajectories, which notes that labor-saving technologies in land-
scarce, labor-abundant contexts require careful social management to avoid adverse equity outcomes.
In Andijan District, where rural underemployment is prevalent, the transition toward capital-intensive
farming necessitates parallel investments in skill development and alternative livelihood creation[20].
The non-significance of farm size in the regression model (Table 3) carries important theoretical and
policy implications. It suggests that in Uzbekistan's current institutional environment, small and
medium specialized farms can achieve competitive efficiency through technological intensity rather
than land consolidation. This finding challenges the conventional wisdom that land consolidation is a
prerequisite for agricultural modernization, instead supporting a "small but smart” development
pathway. However, it also implies that technology dissemination mechanisms must reach smallholders
effectively—a challenge given the capital constraints identified in 65% of sample farms.

The dominance of fresh-market sales (70%) and minimal value-added processing (20%) represents a
critical efficiency bottleneck. In the Netherlands, approximately 60% of horticultural output undergoes
processing or high-value packaging, generating significantly higher per-unit returns (Van der Ploeg et
al., 2019). The absence of GlobalGAP or HACCP certification among Andijan farms excludes them
from the most lucrative export segments. Dolan and Humphrey (2000) emphasize that certification
costs and knowledge barriers create "rent barriers” that systematically disadvantage small and medium
enterprises in developing countries. Overcoming these barriers requires collective action—either
through cooperative certification or public-private partnerships to share compliance costs.

The persistence of gravity irrigation in 65% of farms, despite demonstrated private returns to drip
systems, underscores the importance of institutional barriers. Credit market imperfections appear
particularly binding: while the regression showed credit access approaching significance (p = 0.17, p =
0.110), qualitative interviews revealed that collateral requirements, high interest rates, and short
repayment periods deter investment in lumpy capital assets like automated greenhouses. This finding
supports the argument that green transitions in agriculture require not only technology transfer but also
financial innovation—such as asset-based lending, equipment leasing, and outcome-based subsidies
tied to verified water savings.

Furthermore, the low adoption of certified seeds (45%) reflects both supply-side constraints (limited
availability of adapted hybrids) and demand-side factors (risk aversion and inadequate knowledge of
varietal performance). Public investment in breeding programs and demonstration trials could address
this market failure.

This study is subject to several limitations. First, the sample size (n = 15), while appropriate for in-
depth case analysis, limits the generalizability of findings to the entire district or country. Second, the
cross-sectional design with three waves captures short-term variations but cannot fully establish
causality or track long-term technology diffusion dynamics. Third, self-reported cost and output data
may contain measurement error, though triangulation with official statistics mitigates this risk. Future
research should employ larger panel datasets and quasi-experimental methods (e.g., propensity score
matching) to strengthen causal inference.
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Conclusions

This study demonstrates that green technology adoption—specifically drip irrigation, greenhouse
automation, and certified inputs—substantially improves the economic efficiency of vegetable farming
in Andijan District, Uzbekistan. Key conclusions include:

1.

Economic viability of green technologies: Farms employing precision irrigation and automation
achieved profitability rates of 35-42%, compared to 22-28% for conventional farms, while
reducing water consumption by 40-53% and labor requirements by 67%. These results confirm that
environmental sustainability and economic profitability are mutually reinforcing in this context.

. Technology over scale: Farm size was not a significant determinant of profitability, suggesting that

technological intensity outweighs scale effects. This supports policies targeting small and medium
farms for technology upgrading rather than focusing exclusively on land consolidation.

. Value chain underdevelopment: The sector's heavy reliance on fresh commodity sales and weak

integration into processing and export channels represent missed opportunities for value capture.
International certification and cold chain infrastructure are critical binding constraints.

Institutional barriers: Capital constraints, inadequate technical knowledge, and imperfect credit
markets impede technology diffusion. Addressing these requires integrated policy packages
extending beyond production subsidies.

For national and local government:

Expand fiscal incentives: Increase subsidy coverage for drip irrigation from 50% to 70% for small
and medium farms, and introduce tax depreciation allowances for greenhouse automation
equipment.

Develop green credit facilities: Establish specialized agricultural credit lines with extended
maturities (5-7 years) and grace periods aligned to the production cycles of perennial vegetable
systems.

Invest in collective infrastructure: Develop district-level cold storage, packing houses, and
certification centers accessible to cooperative members on a fee-for-service basis.

Strengthen extension services: Deploy mobile training units focused on precision agriculture
management, post-harvest handling, and export compliance.

For farm cooperatives and private sector:

Promote cluster development: Organize vegetable producer clusters to achieve economies of scale
in input procurement, shared machinery use, and collective bargaining with processors and
exporters.

Pursue stepwise certification: Initiate domestic quality standards as precursors to GlobalGAP,
reducing the compliance burden through group certification schemes.

Adopt digital platforms: Leverage e-commerce and blockchain traceability systems to access
premium urban and export markets.

For research institutions:

Develop locally adapted technologies: Breed heat-tolerant, disease-resistant vegetable varieties
suited to Fergana Valley conditions.

Conduct longitudinal impact assessments: Monitor the long-term economic and environmental
impacts of green technology adoption using randomized controlled trial designs.

The transition to a green economy in Uzbekistan's agricultural sector is not merely an
environmental imperative but an economic opportunity. Realizing this potential requires
coordinated action across technological, financial, and institutional domains—ensuring that
efficiency gains translate into inclusive and sustainable rural development.
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