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Abstract. The relevance of the study is due to the need to increase the energy 
and water efficiency of agriculture in the arid conditions of Southern Kazakhstan 
against the background of water scarcity, rising energy costs and increased climate 
risks. The aim of the work is to comprehensively assess the impact of innovative 
energy-saving technologies (drip irrigation, solar pumping systems, IoT monitoring, 
biogas) on the economic efficiency of agricultural enterprises in Turkestan, Zhambyl 
and Kyzylorda regions. The methodological framework includes statistical and 
comparative analysis, calculation of economic and environmental performance 
indicators, as well as econometric modeling based on panel data from 438 farms 
for 2015-2025 using OLS regression (dependent variable - profit per 1 hectare) 
and diagnostic tests of sustainability estimates. The results show a pronounced 
heterogeneity in the energy intensity and technological level of farms, while the 
introduction of solar pumps, drip irrigation and IoT solutions significantly increases 
profitability, while the increase in energy consumption has a negative impact. The 
highest investment returns are recorded for digital monitoring and solar pumping 
systems (fast payback), and the environmental effect is manifested in a significant 
reduction in CO₂ emissions, maximum for solar pumps and biogas plants. It has been 
established that the spread of technology is hindered by high initial investments, a 
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shortage of qualified personnel, a lack of consulting support and the administrative 
difficulty of obtaining government support. The practical significance of the 
research lies in substantiating the priorities of regional technological modernization 
and improving public policy instruments aimed at expanding access to finance, 
developing service infrastructure and accelerating the implementation of energy-
efficient solutions in agriculture.
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Аннотация. Зерттеудің өзектілігі су ресурстарының тапшылығы, энергия 
тасымалдаушылар құнының өсуі және климаттық тәуекелдердің күшеюі 
аясында Оңтүстік Қазақстанның құрғақ жағдайында ауыл шаруашылығының 
энергия және су тиімділігін арттыру қажеттілігіне байланысты. Жұмыстың 
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мақсаты — Түркістан, Жамбыл және Қызылорда облыстарының ауыл шаруа
шылығы кәсіпорындарының экономикалық тиімділігіне инновациялық 
энергия үнемдеу технологияларының (тамшылатып суару, күн сорғы 
жүйелері, IoT-мониторинг, биогаз) әсерін кешенді бағалау. Әдістемелік база 
статистикалық және салыстырмалы талдауды, экономикалық және экологиялық 
тиімділік көрсеткіштерін есептеуді, сондай-ақ OLS - регрессияны (тәуелді 
айнымалы-1 га пайда) және бағалаудың тұрақтылығының диагностикалық 
сынақтарын пайдалана отырып, 2015-2025 жылдардағы 438 шаруашылықтың 
панельдік деректерінде эконометрикалық модельдеуді қамтиды. Нәтижелер 
күн сорғыларын, тамшылатып суаруды және IOT шешімдерін енгізу 
рентабельділікті статистикалық тұрғыдан айтарлықтай арттыра отырып, 
энергия сыйымдылығы мен шаруашылықтардың технологиялық деңгейінің 
айқын гетерогенділігін көрсетеді, ал энергия тұтынудың өсуі теріс әсер етеді. 
Ең жоғары инвестициялық кірістер цифрлық мониторинг пен күн сорғы 
жүйелерінде (жылдам өтелу) тіркеледі, ал экологиялық әсер күн сорғылары 
мен биогаз қондырғылары үшін максималды CO₂ шығарындыларының 
айтарлықтай төмендеуінен көрінеді. Технологиялардың таралуы жоғары 
бастапқы инвестициялармен, білікті кадрлардың тапшылығымен, консуль
тациялық қолдаудың жетіспеушілігімен және мемлекеттік қолдауды алудың 
әкімшілік күрделілігімен шектелетіні анықталды. Зерттеудің практикалық 
маңыздылығы қаржыландыруға қолжетімділікті кеңейтуге, сервистік 
инфрақұрылымды дамытуға және АӨК-де энергия тиімді шешімдерді енгізуді 
жеделдетуге бағытталған өңірлік технологиялық жаңғырту және мемлекеттік 
саясат құралдарын жетілдіру басымдықтарын негіздеу болып табылады.

Түйін сөздер: энергия тиімділігі, ауыл шаруашылығы, тамшылатып суару, 
күн сорғылары, IoT мониторингі, эконометрикалық бағалау
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Аннотация. Актуальность исследования обусловлена необходимостью 
повышения энерго- и водоэффективности сельского хозяйства в аридных 
условиях Южного Казахстана на фоне дефицита водных ресурсов, роста 
стоимости энергоносителей и усиления климатических рисков. Цель работы - 
комплексно оценить влияние инновационных энергосберегающих технологий 
(капельное орошение, солнечные насосные системы, IoT-мониторинг, биогаз) 
на экономическую эффективность сельскохозяйственных предприятий 
Туркестанской, Жамбылской и Кызылординской областей. Методологическая 
база включает статистический и сравнительный анализ, расчёт показателей 
экономической и экологической эффективности, а также эконометрическое 
моделирование на панельных данных 438 хозяйств за 2015–2025 гг. с 
использованием OLS-регрессии (зависимая переменная - прибыль на 1 га) 
и диагностических тестов устойчивости оценок. Результаты показывают 
выраженную неоднородность энергоёмкости и технологического уровня 
хозяйств, при этом внедрение солнечных насосов, капельного орошения 
и IoT-решений статистически значимо повышает прибыльность, тогда 
как рост энергопотребления оказывает отрицательное влияние. Наиболее 
высокая инвестиционная отдача фиксируется у цифрового мониторинга и 
солнечных насосных систем (быстрая окупаемость), а экологический эффект 
проявляется в существенном сокращении выбросов CO₂, максимальном 
для солнечных насосов и биогазовых установок. Установлено, что 
распространение технологий сдерживается высокими первоначальными 
инвестициями, дефицитом квалифицированных кадров, недостатком 
консультационной поддержки и административной сложностью получения 
господдержки. Практическая значимость исследования заключается в 
обосновании приоритетов региональной технологической модернизации и 
совершенствования инструментов государственной политики, направленных 
на расширение доступа к финансированию, развитие сервисной 
инфраструктуры и ускорение внедрения энергоэффективных решений в АПК.

Ключевые слова: энергоэффективность; сельское хозяйство; капельное 
орошение; солнечные насосы; IoT-мониторинг; эконометрическая оценка

Introduction. The increasing pressure on global food systems, combined with 
resource constraints and climate change, has significantly intensified the need for 
improving the efficiency of agricultural production. In this context, the rational 
use of energy and water resources has become a critical determinant of sustainable 
agricultural development, particularly in regions characterized by arid climatic 
conditions and high dependence on irrigation systems. Southern Kazakhstan, 
including Turkestan, Zhambyl, and Kyzylorda regions, represents one of the 
most water- and energy-intensive agricultural zones in Central Asia. Agricultural 
production in this region is largely dependent on artificial irrigation, which requires 
substantial energy inputs for water extraction, transportation, and distribution. At 
the same time, increasing energy prices, water scarcity, and climate variability 
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create additional economic and environmental pressures on agricultural producers.
Under these conditions, the transition toward energy-saving technologies has 

emerged as a key strategic direction for the modernization of the agricultural sector. 
Technologies such as drip irrigation systems, solar-powered pumping stations, IoT-
based monitoring platforms, and biogas installations offer significant potential for 
reducing resource consumption, improving production efficiency, and minimizing 
environmental impacts. Despite the recognized advantages of these technologies, 
their adoption remains uneven and limited, particularly in developing economies. 
Existing studies highlight that the diffusion of energy-saving solutions in agriculture 
is constrained by a combination of financial, institutional, and technological 
barriers, including high initial investment costs, limited access to credit, lack of 
technical expertise, and insufficient development of support infrastructure.

In Kazakhstan, the modernization of the agro-industrial complex has been 
identified as a priority direction of state policy. However, most existing research 
focuses either on macroeconomic indicators of agricultural development or on 
individual technological solutions, while comprehensive empirical assessments 
of the economic and environmental effects of energy-saving technologies at the 
regional level remain insufficient.

Therefore, this study aims to provide a systematic and quantitative assessment 
of the impact of energy-saving technologies on the economic efficiency and 
environmental sustainability of irrigated agriculture in Southern Kazakhstan.

The objectives of the study are:
•	to analyze the dynamics of energy consumption in irrigated agriculture; 
•	to assess the level of adoption of energy-saving technologies; 
•	to evaluate regional differences in agricultural efficiency; 
•	to estimate the economic impact of technological adoption using econometric 

modeling. 
The scientific contribution of the study lies in the integration of economic, 

technological, and environmental analysis based on panel data from agricultural 
enterprises, allowing for a comprehensive assessment of the role of energy-saving 
technologies in transforming agricultural production systems.

The practical significance of the research is related to the development of policy 
recommendations aimed at improving access to finance, strengthening institutional 
support mechanisms, and accelerating the adoption of energy-efficient technologies 
in the agricultural sector of Kazakhstan.

Literary review. The issue of improving energy efficiency in agriculture has 
become increasingly prominent in the context of global climate change, resource 
scarcity, and the transition toward sustainable development models. Agriculture is 
recognized as one of the most resource-intensive sectors, particularly in terms of 
water and energy consumption, with irrigated farming systems playing a central 
role in shaping energy demand and environmental impacts.

Recent studies emphasize that irrigated agriculture accounts for a significant 
share of global energy use due to water extraction, pumping, and distribution 
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processes. According to Qin et al. (2024), irrigation systems contribute substantially 
to both energy consumption and greenhouse gas emissions, especially in arid and 
semi-arid regions where artificial water supply is essential for crop production. 
This underscores the importance of integrating energy efficiency measures into 
agricultural production systems.

One of the most widely studied approaches to improving resource efficiency is the 
adoption of advanced irrigation technologies, particularly drip irrigation systems. 
Empirical evidence suggests that drip irrigation significantly reduces water losses, 
improves soil moisture management, and enhances crop yields. Khalifa (2020) 
demonstrates that the application of drip irrigation technologies leads to both 
economic and environmental benefits by lowering water consumption and reducing 
energy requirements for irrigation processes. These findings are especially relevant 
for regions with limited water resources, such as Southern Kazakhstan.

In parallel, the integration of renewable energy sources into agricultural systems 
has gained considerable attention. Solar-powered irrigation systems are increasingly 
recognized as a viable alternative to traditional diesel-based or grid-dependent 
energy solutions. According to Maity (2024), solar irrigation technologies provide 
a cost-effective and environmentally sustainable solution, particularly in regions 
with high solar radiation. The use of solar pumps allows farmers to reduce fuel 
dependency, stabilize energy costs, and increase resilience to energy price volatility.

Empirical studies conducted in developing countries further confirm the positive 
impact of solar irrigation systems on agricultural productivity and rural livelihoods. 
Negera et al. (2025) find that the adoption of solar-powered irrigation technologies 
leads to higher farm incomes, improved water availability, and enhanced food 
security. These findings highlight the potential of renewable energy technologies to 
contribute not only to economic efficiency but also to broader development goals.

In addition to energy technologies, the development of digital agriculture has 
emerged as a key driver of efficiency improvements in modern farming systems. 
The concept of precision agriculture, based on the use of digital monitoring tools, 
sensors, and data analytics, enables more efficient management of inputs such as 
water, energy, and fertilizers. Daraz (2025) shows that smart irrigation systems 
based on IoT technologies significantly improve water-use efficiency and reduce 
unnecessary energy consumption. Similarly, Kunt (2025) emphasizes the role of 
digital monitoring systems in optimizing agricultural processes and increasing 
productivity.

The integration of digital technologies with renewable energy solutions 
creates additional synergies that enhance overall system efficiency. For example, 
the combination of solar-powered irrigation systems with IoT-based monitoring 
platforms allows for real-time control of water and energy use, reducing operational 
costs and improving resource allocation.

Despite the significant potential of these technologies, their diffusion remains 
uneven and often limited by a range of economic and institutional barriers. A 
growing body of literature highlights that high capital costs represent one of the 
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primary constraints to the adoption of energy-saving technologies in agriculture. 
Ivanov and Petrova (2021) argue that the initial investment required for modern 
irrigation systems and renewable energy installations can be prohibitive for small 
and medium-sized farms, particularly in developing countries.

In addition to financial constraints, institutional factors play a crucial role in 
shaping the adoption of innovative technologies. The availability of government 
support mechanisms, access to extension services, and the development of 
agricultural knowledge systems significantly influence the rate of technological 
diffusion. According to the International Renewable Energy Agency (IRENA, 
2016), the successful implementation of solar irrigation systems depends not 
only on technological feasibility but also on the presence of supportive policy 
frameworks and institutional infrastructure.

The role of digitalization in agriculture has also been highlighted in recent reports 
by international organizations. The OECD (2023) notes that digital technologies 
can transform agricultural production systems by improving efficiency, reducing 
resource use, and enhancing decision-making processes. However, the report 
also emphasizes the existence of a “digital divide” in agriculture, where access to 
advanced technologies remains limited in rural areas.

Furthermore, environmental considerations have become an integral part of the 
analysis of agricultural technologies. The adoption of energy-saving solutions is 
increasingly viewed not only through the lens of economic efficiency but also in 
terms of environmental sustainability. Wang and Liu (2023) demonstrate that biogas 
technologies in agriculture can significantly reduce greenhouse gas emissions while 
providing an alternative source of energy. Similarly, FAO (2022) emphasizes the 
importance of integrating environmental and economic objectives in agricultural 
modernization strategies.

At the national level, studies focusing on Kazakhstan highlight the need for structural 
transformation of the agricultural sector in response to climate change and resource 
constraints. According to the World Bank (2024), the transition toward green and 
energy-efficient agricultural practices is essential for ensuring long-term sustainability 
and competitiveness of the sector. However, empirical evidence on the effectiveness of 
specific technological solutions in the regional context remains limited.

Thus, the existing literature demonstrates that energy-saving technologies, 
renewable energy solutions, and digital innovations have significant potential to 
improve agricultural efficiency and sustainability. At the same time, the adoption of 
these technologies is influenced by a complex interplay of economic, institutional, 
and technological factors.

However, a critical gap remains in the comprehensive empirical assessment of 
the combined economic and environmental effects of energy-saving technologies at 
the regional level, particularly in the context of irrigated agriculture in Kazakhstan. 
This study seeks to address this gap by providing an integrated analysis based on 
panel data and econometric modeling.

Materials and methods. To ensure a comprehensive and methodologically 
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robust assessment of the impact of energy-saving technologies on agricultural 
performance, this study employs an integrated empirical framework combining 
panel econometric modeling, efficiency analysis, and investment evaluation 
techniques. Such an approach allows capturing both direct economic effects and 
indirect efficiency gains associated with technological adoption while accounting 
for structural heterogeneity across farms and regions.

The empirical analysis is based on a balanced panel dataset covering 438 
agricultural enterprises located in the Turkestan, Zhambyl, and Kyzylorda regions 
of Kazakhstan over the period 2015–2025. The dataset was compiled using official 
statistics from the Bureau of National Statistics of the Republic of Kazakhstan, 
regional agricultural departments, and primary survey data collected from farms. 
The panel structure of the data enables controlling for unobserved heterogeneity 
and improving the consistency of econometric estimates.

The dependent variable in the econometric analysis is defined as agricultural 
profit per hectare ( ), which serves as a standardized indicator of economic 
efficiency, allowing comparison across farms of different sizes and production 
structures. This measure is widely used in empirical studies of agricultural 
productivity and efficiency.

The key explanatory variables reflect both technological and structural 
characteristics of agricultural production. These include energy consumption 
per hectare ( ), the adoption of solar pumping systems ( ), drip 
irrigation ( ), and IoT-based monitoring technologies ( ). In addition, 
farm size ( ) and investment in energy-saving technologies ( ) are 
included to account for scale effects and capital intensity. Technology variables are 
specified as binary indicators (dummy variables), capturing the presence or absence 
of specific innovations.

The empirical strategy begins with the estimation of a pooled Ordinary Least 
Squares (OLS) regression model, which provides baseline estimates of the 
relationship between technological adoption and economic performance:

where  denotes the agricultural enterprise and  represents the time period. The 
error term  captures random shocks and measurement errors.

However, the OLS model does not account for unobserved farm-specific 
characteristics such as soil quality, managerial efficiency, or geographical conditions. 
To address this limitation, a fixed effects (FE) model is employed, which controls 
for time-invariant heterogeneity across farms:

where  represents farm-specific fixed effects and  captures time effects 
reflecting macroeconomic and climatic shocks.
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To further strengthen causal interpretation and identify the impact of technology 
adoption over time, a Difference-in-Differences (DID) approach is applied. This 
method compares changes in economic performance between farms that adopted 
energy-saving technologies and those that did not:

where identifies farms that adopted the technology,  
represents the post-adoption period, and the interaction term captures the average 
treatment effect.

To complement econometric analysis, the study evaluates technical efficiency 
using Data Envelopment Analysis (DEA). An input-oriented DEA model with 
variable returns to scale (VRS) is applied to assess the ability of farms to convert 
inputs into outputs efficiently:

subject to:

where  denotes the technical efficiency score,  and  represent input and 
output vectors, respectively,  are intensity variables, and indicates the evaluated 
farm.

In addition to DEA, a stochastic frontier analysis (SFA) model is estimated to 
distinguish between random noise and inefficiency effects:

where  is a symmetric random error term and represents non-negative 
technical inefficiency.

To assess the economic feasibility of technological adoption, investment 
efficiency indicators are calculated, including internal rate of return (IRR), net 
present value (NPV), and payback period. This allows linking econometric results 
with practical decision-making at the farm level.

To ensure the robustness and reliability of the empirical results, several diagnostic 
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tests are conducted. Multicollinearity is assessed using variance inflation factors 
(VIF), heteroskedasticity is tested using the Breusch–Pagan test, and autocorrelation 
is examined using the Wooldridge test for panel data. Model adequacy is evaluated 
using the coefficient of determination (R²), adjusted R², and F-statistics.

Thus, the applied methodological framework integrates complementary 
quantitative approaches, providing a comprehensive and statistically consistent 
assessment of the economic and environmental effects of energy-saving technologies 
in irrigated agriculture.

Results. The empirical analysis provides comprehensive evidence on the 
structural transformation of energy use, technological adoption, and economic 
efficiency in irrigated agriculture in Southern Kazakhstan. The results reveal 
significant heterogeneity across farms and regions, as well as a strong relationship 
between technological modernization and agricultural performance.

To establish a baseline understanding of the dataset, descriptive statistics were 
calculated for the main variables included in the econometric analysis.

Table 1 – Descriptive statistics of the main variables of the study
Indicator Mean Std. dev. Minimum Maximum

Yield, centners/ha 28.6 9.4 12.3 56.7
Energy consumption, kWh/ha 1485 520 640 2760
Diesel fuel, L/ha 61.3 18.5 28.4 104.6
Farm size, ha 214 186 15 1240
Investment in energy-saving technologies, thousand 
KZT/ha

945 620 120 3780

Profit per 1 ha, thousand KZT 72.5 36.8 11.2 184.7
Water consumption, m³/ha 7420 2150 3900 11900
CO₂ emissions, t/ha 1.08 0.44 0.22 2.12
Note: Calculations are based on panel data from 438 agricultural enterprises in the Southern 
region of Kazakhstan for the period 2015–2025.

The descriptive statistics indicate substantial variability in both production 
and energy-related indicators. Yield levels vary more than fourfold across farms, 
reflecting differences in technological adoption and resource efficiency. Energy 
consumption demonstrates high dispersion, suggesting heterogeneity in irrigation 
technologies and energy sources. Similarly, the wide range of profit values indicates 
uneven economic performance, highlighting the importance of technological and 
structural factors.

Building on these initial findings, the dynamics of energy consumption were 
examined to identify long-term structural trends in the agricultural sector.

Table 2 – Dynamics of energy consumption in agriculture in the Southern region of Kazakhstan 
(2015-2025)

Indicator 2015 2018 2021 2024 2025* Δ 2015–2025, %
Total energy consumption, million kWh 1850 2120 2450 2780 2920 +58.1
Energy consumption for irrigation, 
million kWh

1120 1280 1450 1620 1700 +51.8



SCIENTIFIC JOURNAL OF PEDAGOGY AND ECONOMICS 2.2026

744

Diesel fuel consumption, thousand tons 380 410 420 390 360 −5.3
Agricultural CO₂ emissions, thousand 
tons

1250 1320 1280 1180 1100 −12.0

Source: Compiled by the authors based on data from the Ministry of Agriculture of the Republic of 
Kazakhstan and regional akimats.
* Share of total greenhouse area; ** share of irrigated land area; CAGR – compound annual growth
rate.

The results demonstrate a significant increase in total energy consumption 
(+58%), driven primarily by irrigation needs. At the same time, a gradual decline 
in diesel fuel consumption is observed, indicating a structural shift toward 
electrification and renewable energy sources. Notably, despite the growth in energy 
demand, CO₂ emissions decreased by 12%, suggesting improvements in energy 
efficiency and cleaner energy use.

To further explore regional heterogeneity, a comparative analysis of key 
agricultural indicators across the three regions was conducted.

Table 3 – Comparative Analysis of the Regions of Southern Kazakhstan
Indicator Turkestan Zhambyl Kyzylorda

Average farm size, ha 248 192 165
Yield, centners/ha 32.4 28.7 24.1
Energy consumption, kWh/ha 1380 1495 1620
Drip irrigation, % 74.6 61.2 48.3
Solar pumps, % 45.2 37.6 28.4
Profit per 1 ha, thousand KZT 84.3 71.8 59.6
CO₂ emissions, t/ha 0.92 1.08 1.26

The results reveal a clear spatial differentiation. The Turkestan region 
demonstrates the highest level of technological adoption and economic performance, 
characterized by higher yields, lower energy consumption, and reduced emissions. 
In contrast, the Kyzylorda region lags behind, reflecting lower investment capacity 
and limited access to modern technologies.

Having established regional disparities, the analysis proceeds to evaluate the 
economic efficiency of specific energy-saving technologies.

Table 4 – Economic efficiency of energy-saving technologies
Technology Investment, thousand 

KZT/ha
Savings, thousand 

KZT/ha
IRR, % Payback Period 

(years)
Drip irrigation 850 320 28.5 3.2
Solar pumps 1200 480 34.7 2.8
IoT sensors 180 85 42.1 1.9
Biogas 3500 620 22.3 5.6

The findings indicate that IoT-based monitoring systems exhibit the highest 
investment efficiency due to relatively low capital costs and rapid payback. 
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Solar pumping systems also demonstrate strong economic performance, driven 
by substantial savings in fuel costs. Biogas technologies, while environmentally 
beneficial, require higher initial investments and longer payback periods.

In addition to economic outcomes, the environmental effects of technological 
adoption were evaluated.

Table 5 – Reduction of CO₂ emissions as a result of the introduction of energy-saving 
technologies

Technology Emissions before 
implementation, thousand 

tons

Emissions after 
implementation, thousand 

tons

Reduction, 
thousand tons

Change, 
%

Drip irrigation 420 280 −140 −33.3
Solar pumping 
systems 180 45 −135 −75.0

Biogas plants 95 20 −75 −78.9
Energy-efficient 
machinery 210 150 −60 −28.6

The regression results confirm that all technological variables have a statistically 
significant positive impact on profitability. Solar pumping systems exhibit the 
strongest effect (β = 15.62), followed by drip irrigation and IoT technologies. In 
contrast, energy consumption has a negative coefficient, indicating that inefficient 
energy use reduces profitability.

These findings provide robust empirical evidence that technological 
modernization plays a ключевую роль in enhancing agricultural performance.

Beyond quantitative analysis, the study also examines institutional constraints 
affecting technology adoption.

Table 6 – Main barriers to the introduction of energy-saving technologies
Barrier Share of farms, %

High initial investment costs 78.3
Shortage of qualified specialists 65.1
Lack of information and advisory services 57.8
Difficulty in obtaining government support 49.7
Lack of equipment maintenance services 41.5

The results indicate that financial constraints remain the dominant barrier, 
followed by human capital and institutional limitations. This suggests that 
technological progress is constrained not only by economic factors but also by the 
quality of the institutional environment. Overall, the findings demonstrate that the 
adoption of energy-saving technologies leads to a significant improvement in both 
economic and environmental performance. However, the scale of their diffusion 
remains limited due to structural constraints, highlighting the need for integrated 
policy interventions.

Discussion. The results of this study provide strong empirical evidence on the 
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role of energy-saving technologies in improving both the economic efficiency and 
environmental sustainability of irrigated agriculture in Southern Kazakhstan. The 
findings are consistent with the broader body of international literature, while also 
offering new insights specific to arid agricultural systems and transition economies.

First, the econometric results confirm a statistically significant and economically 
meaningful relationship between technological adoption and farm profitability. The 
positive coefficients associated with solar pumping systems, drip irrigation, and 
IoT-based monitoring technologies indicate that technological modernization is 
a key driver of productivity growth. These findings align with previous studies 
emphasizing the role of precision agriculture and renewable energy in enhancing 
resource efficiency and agricultural output (Daraz, 2025; Maity, 2024).

The particularly strong effect of solar-powered irrigation systems (β = 15.62) 
highlights the importance of renewable energy integration in agricultural production 
systems. This result supports the conclusions of Negera et al. (2025), who 
demonstrate that solar irrigation technologies significantly improve farm incomes 
and resilience to energy price fluctuations. In the context of Southern Kazakhstan, 
characterized by high solar radiation and dependence on irrigation, this technology 
appears especially effective.

The negative coefficient of energy consumption confirms that inefficient 
energy use remains a critical constraint on agricultural profitability. This finding 
is consistent with the work of Qin et al. (2024), which identifies irrigation-
related energy consumption as a major contributor to both production costs and 
environmental pressures. Therefore, improving energy efficiency is not only 
an environmental objective but also a key economic priority. The results of the 
efficiency and investment analysis further reinforce the importance of technological 
differentiation. IoT-based monitoring systems demonstrate the highest investment 
efficiency due to their relatively low cost and rapid payback period. This supports 
the growing consensus in the literature that digital technologies play a central role 
in optimizing agricultural processes and reducing resource waste (OECD, 2023). At 
the same time, the relatively longer payback period of biogas technologies suggests 
that their adoption may require targeted policy support.

From a regional perspective, the study reveals significant spatial disparities in 
technological adoption and agricultural performance. The higher efficiency levels 
observed in the Turkestan region reflect a more advanced level of technological 
integration and better access to investment resources. This finding highlights the 
importance of regional factors in shaping the diffusion of innovation, which is also 
emphasized in studies on agricultural modernization in developing economies.

In addition to economic effects, the results demonstrate substantial environmental 
benefits associated with the adoption of energy-saving technologies. The significant 
reduction in CO₂ emissions, particularly in the case of solar pumping systems and 
biogas installations, confirms the potential of these technologies to contribute to 
climate change mitigation. This is consistent with the findings of Wang and Liu 
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(2023), who emphasize the role of renewable energy technologies in reducing 
emissions in agricultural systems.

However, despite the demonstrated economic and environmental advantages, 
the adoption of energy-saving technologies remains constrained by several 
structural barriers. The survey results indicate that high initial investment costs, 
lack of qualified specialists, and insufficient institutional support are the main 
obstacles to technological diffusion. These findings are in line with the conclusions 
of Ivanov and Petrova (2021), who identify financial and institutional constraints as 
key limiting factors in the adoption of agricultural innovations.

The persistence of these barriers suggests that technological progress alone is 
insufficient to ensure large-scale transformation of the agricultural sector. Instead, 
a comprehensive policy approach is required, combining financial incentives, 
institutional reforms, and capacity-building measures. In particular, improving 
access to credit, expanding agricultural extension services, and simplifying 
administrative procedures for obtaining state support could significantly accelerate 
the adoption of innovative technologies.

Overall, the findings of this study contribute to the literature by providing an 
integrated assessment of economic, technological, and environmental dimensions 
of agricultural modernization in an arid regional context. The results highlight 
that the transition toward energy-efficient agriculture is not only technologically 
feasible but also economically justified, provided that appropriate institutional 
conditions are in place.

Conclusion. This study provides a comprehensive empirical analysis of the 
impact of energy-saving technologies on the economic efficiency and environmental 
sustainability of irrigated agriculture in Southern Kazakhstan. The results 
demonstrate that technological modernization plays a crucial role in transforming 
agricultural production systems under conditions of resource scarcity and climate 
change.

The econometric analysis confirms that the adoption of solar pumping systems, 
drip irrigation, and IoT-based monitoring technologies has a statistically significant 
positive effect on farm profitability. Among these technologies, solar energy 
solutions and digital monitoring systems exhibit the highest economic returns, 
while also contributing to improved resource efficiency.

The findings also reveal that inefficient energy use negatively affects agricultural 
performance, highlighting the importance of optimizing energy consumption in 
irrigation systems. At the same time, the study identifies substantial environmental 
benefits associated with technological adoption, including significant reductions in 
CO₂ emissions and more efficient use of water resources.

However, despite the clear economic and environmental advantages, the 
diffusion of energy-saving technologies remains limited. The results indicate that 
high investment costs, lack of technical expertise, and institutional constraints 
represent major barriers to large-scale adoption. This suggests that the effectiveness 
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of technological solutions depends not only on their economic performance but 
also on the broader institutional environment.

From a policy perspective, the results underline the need for a comprehensive 
approach to agricultural modernization. This includes expanding access to financial 
resources, improving support mechanisms for innovation, strengthening human 
capital, and developing service infrastructure in rural areas. Such measures are 
essential for accelerating the transition toward sustainable and energy-efficient 
agricultural systems.

In the long term, the integration of renewable energy technologies, digital 
solutions, and efficient irrigation systems can significantly enhance the resilience and 
competitiveness of Kazakhstan’s agricultural sector. Future research should focus 
on developing region-specific models of technological adoption and assessing the 
long-term impacts of energy-saving technologies under different climate scenarios.
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