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Abstract. The present study is aimed at assessing the impact of the efficiency 
of using innovative energy-saving technologies on the development of agricultural 
production in the Southern region of Kazakhstan. The relevance of the work is due 
to the need to improve the energy efficiency of the agricultural sector in the face of 
rising energy costs, increased climate risks and the transition to a sustainable model 
of economic development. The methodological basis of the study is the integration 
of an expanded production function, energy efficiency analysis and econometric 
modeling based on panel data from 120 agricultural enterprises for the period 2015-
2025. The results of the empirical analysis show that there is a steady decrease 
in the energy intensity of production, accompanied by an increase in productivity 
and profitability. The econometric assessment confirms the statistically significant 
positive impact of the level of introduction of energy-saving technologies on output: 
an increase in the technology adoption index by 1% leads to an increase in production 
by 0.29%. At the same time, a decrease in the dependence of production on energy 
consumption was revealed, which indicates an increase in the efficiency of resource 
use and the formation of a decoupling effect. Additional analysis using the stochastic 
boundary model showed that the average level of technical efficiency is 0.78, which 
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indicates that there is a significant potential for efficiency improvement. It has been 
established that enterprises with a higher level of technology adoption demonstrate 
higher efficiency indicators and a lower environmental burden. The scientific 
novelty of the study is a comprehensive assessment of the impact of energy-saving 
technologies, taking into account economic, energy and environmental factors. The 
practical significance of the results lies in the possibility of their use in shaping 
public policy aimed at stimulating innovation, improving energy efficiency and 
ensuring sustainable development of the agricultural sector in Kazakhstan.

Keywords: energy-saving technologies, energy efficiency, agriculture, agro-
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stochastic frontier analysis
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Аннотация. Осы зерттеу инновациялық энергия үнемдеу технологияларын 
пайдалану тиімділігінің Қазақстанның оңтүстік өңірінің ауыл шаруашылығы 
өндірісін дамытуға әсерін бағалауға бағытталған. Жұмыстың өзектілігі 
энергия ресурстары құнының өсуі, Климаттық тәуекелдердің күшеюі және 
экономикалық дамудың тұрақты моделіне көшу жағдайында аграрлық 
сектордың энергия тиімділігін арттыру қажеттілігіне байланысты. Зерттеудің 
әдіснамалық негізі 2015-2025 жылдар кезеңінде 120 ауылшаруашылық 
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кәсіпорындарының панельдік деректері негізінде кеңейтілген өндірістік 
функцияны, энергия тиімділігін талдауды және эконометрикалық модельдеуді 
біріктіру болып табылады. Эмпирикалық талдау нәтижелері өнімділік пен 
рентабельділіктің өсуімен бірге өндірістің энергия сыйымдылығының 
тұрақты төмендеуінің болуын көрсетеді. Эконометрикалық бағалау 
энергия үнемдеу технологияларын енгізу деңгейінің шығарылым көлеміне 
статистикалық маңызды оң әсерін растайды: технологияларды енгізу 
индексінің 1% - ға артуы өндірістің 0.29% - ға өсуіне әкеледі. Бұл ретте 
өндірістің энергия шығындарына тәуелділігінің төмендеуі анықталды, бұл 
ресурстарды пайдалану тиімділігінің жоғарылауын және декуплинг әсерін 
қалыптастыруды көрсетеді. Стохастикалық шекара моделін қолдана отырып, 
қосымша талдау көрсеткендей, техникалық тиімділіктің орташа деңгейі 0.78 
құрайды, бұл тиімділіктің айтарлықтай әлеуетін көрсетеді. Технологияларды 
енгізу деңгейі жоғары кәсіпорындар тиімділіктің жоғары көрсеткіштерін 
және экологиялық жүктеменің төмендеуін көрсететіні анықталды. Зерттеудің 
ғылыми жаңалығы экономикалық, энергетикалық және экологиялық 
факторларды ескере отырып, энергия үнемдеу технологияларының әсерін 
кешенді бағалау болып табылады. Нәтижелердің практикалық маңыздылығы 
инновацияларды ынталандыруға, энергия тиімділігін арттыруға және 
Қазақстанның аграрлық секторының тұрақты дамуын қамтамасыз етуге 
бағытталған мемлекеттік саясатты қалыптастыру кезінде оларды пайдалану 
мүмкіндігінен тұрады.

Түйін сөздер: энергия үнемдейтін технологиялар, энергия тиімділігі, 
ауыл шаруашылығы, агроөнеркәсіптік кешен, тұрақты даму, Қазақстанның 
оңтүстік өңірі, стохастикалық шекаралық талдау
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Аннотация. Настоящее исследование направлено на оценку влияния 
эффективности использования инновационных энергосберегающих 
технологий на развитие сельскохозяйственного производства Южного 
региона Казахстана. Актуальность работы обусловлена необходимостью 
повышения энергоэффективности аграрного сектора в условиях роста 
стоимости энергоресурсов, усиления климатических рисков и перехода к 
устойчивой модели экономического развития. Методологической основой 
исследования является интеграция расширенной производственной функции, 
анализа энергоэффективности и эконометрического моделирования на 
основе панельных данных 120 сельскохозяйственных предприятий за период 
2015–2025 гг. Результаты эмпирического анализа показывают наличие 
устойчивого снижения энергоёмкости производства, сопровождающегося 
ростом производительности и рентабельности. Эконометрическая оценка 
подтверждает статистически значимое положительное влияние уровня 
внедрения энергосберегающих технологий на объём выпуска: увеличение 
индекса внедрения технологий на 1% приводит к росту производства на 0.29%. 
При этом выявлено снижение зависимости производства от энергозатрат, что 
свидетельствует о повышении эффективности использования ресурсов и 
формировании эффекта декуплинга. Дополнительный анализ с использованием 
модели стохастической границы показал, что средний уровень технической 
эффективности составляет 0.78, что указывает на наличие значительного 
потенциала повышения эффективности. Установлено, что предприятия 
с более высоким уровнем внедрения технологий демонстрируют более 
высокие показатели эффективности и более низкую экологическую нагрузку. 
Научная новизна исследования заключается в комплексной оценке влияния 
энергосберегающих технологий с учётом экономических, энергетических 
и экологических факторов. Практическая значимость результатов состоит 
в возможности их использования при формировании государственной 
политики, направленной на стимулирование инноваций, повышение 
энергоэффективности и обеспечение устойчивого развития аграрного сектора 
Казахстана.

Ключевые слова: энергосберегающие технологии, энергоэффективность, 
сельское хозяйство, агропромышленный комплекс, устойчивое развитие, 
Южный регион Казахстана, стохастическая граница

Introduction. In the context of global climate change, rising energy costs and 
increasing demands for sustainable development, the agro-industrial sector is faced 
with the need to improve the energy efficiency of production. Agriculture, being 
one of the most energy-intensive and resource-dependent sectors of the economy, 
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simultaneously acts as a significant source of greenhouse gas emissions and a 
consumer of energy resources. In this regard, the introduction of innovative energy-
saving technologies is considered as a key tool for ensuring sustainable growth and 
increasing the competitiveness of agricultural production (Zhang et al., 2018).

Modern research in the field of sustainable development economics emphasizes 
that increasing energy efficiency is the most important factor in increasing 
productivity and reducing environmental burden. Within the framework of 
the concept of "green economy" and sustainable agriculture, energy-efficient 
technologies contribute to optimizing the use of resources, reducing costs and 
increasing production efficiency (Popp et al., 2013). In addition, the introduction of 
digital and energy-efficient solutions, including precision farming, automation, and 
intelligent resource management systems, provides a synergistic effect, increasing 
both the economic and environmental performance of the agricultural sector 
(Lowenberg-DeBoer and Erickson, 2019).

From a theoretical point of view, the impact of energy-saving technologies on 
production efficiency can be considered within the framework of the production 
function and the theory of technological change. In particular, the introduction of 
innovations contributes to the upward shift of the production function, ensuring 
an increase in output at a given level of resources, and also reduces marginal 
production costs (Färe et al., 2007). In the agricultural sector, this effect is enhanced 
by optimizing the use of water, fuel and electricity, which is especially important 
for regions with limited natural resources.

Empirical studies show that the use of energy-efficient technologies in agriculture 
leads to a significant reduction in energy consumption and increased productivity. 
Thus, according to international research, the introduction of precision farming 
technologies can reduce resource consumption by 10-30% while increasing yields 
(Gebbers and Adamchuk, 2010). Similarly, the use of energy-efficient irrigation 
systems helps to reduce water consumption and energy costs, which is especially 
important for arid regions (Khan et al., 2020).

In the context of Kazakhstan, the problem of increasing the energy efficiency 
of agriculture is becoming particularly relevant, given the climatic features of the 
southern regions, characterized by a shortage of water resources, high temperature 
stress and significant energy costs for agricultural production. Despite the 
implementation of government programs to support the agricultural sector and 
introduce innovations, the level of energy efficiency of agricultural enterprises 
remains heterogeneous, and the introduction of energy-saving technologies is 
fragmented.

Existing research is mainly focused on certain aspects of technological 
modernization or resource conservation, however, a comprehensive assessment 
of the effectiveness of using innovative energy-saving technologies, taking into 
account both economic and environmental effects, remains insufficiently developed. 
In addition, the use of quantitative analysis methods to assess the impact of energy 
efficiency on production performance is limited.
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In this regard, the purpose of this study is to assess the impact of the 
effectiveness of the use of innovative energy-saving technologies on the economic 
and environmental performance of agricultural production using the example of the 
southern region of Kazakhstan.

Literature Review. The analysis of the impact of innovative energy-saving 
technologies on the efficiency of agricultural production requires consideration of 
several interrelated theoretical areas, including the theory of technological change, 
energy efficiency, sustainable development and economics of the agricultural 
sector. Modern research shows that the energy factor is becoming a key element of 
agricultural competitiveness, especially in the context of rising energy prices and 
increasing environmental restrictions. Recent reports by the Food and Agriculture 
Organization (FAO, 2021) and the International Energy Agency (IEA, 2022) 
emphasize that improving energy efficiency in agriculture is one of the most cost-
effective strategies for achieving climate neutrality and ensuring food security, 
particularly in developing and transition economies.

From a theoretical point of view, the influence of energy-saving technologies can 
be explained through the expansion of the classical production function, in which 
energy is considered as a separate factor of production along with labor and capital. 
As part of this approach, increasing energy efficiency leads to an upward shift in the 
production function, ensuring an increase in output at a constant resource level. The 
work of Ronald Fair and co-authors has shown that the inclusion of environmental 
and energy factors in production functions makes it possible to more accurately 
assess production efficiency and identify technological reserves for growth (Fair 
et al., 2007).

Further development of this approach is associated with the use of stochastic 
frontier analysis (SFA) and data envelopment analysis (DEA), which allow not 
only to assess efficiency levels but also to identify technological gaps and potential 
improvements in resource use (Coelli et al., 2005).

An additional development of this approach is presented within the framework 
of the Energy-Adjusted Total Factor Productivity concept, where energy efficiency 
is considered as a key element of productivity growth. Empirical studies show 
that increased energy efficiency is directly related to increased productivity and 
lower costs, especially in energy-intensive sectors, including agriculture (Zhang et 
al., 2018). In recent studies, energy productivity indicators are increasingly used 
as integrated measures that combine economic output and energy consumption, 
providing a more comprehensive assessment of sustainability (World Bank, 2020).

An important area of research is the analysis of the relationship between 
technological innovation and sustainable development. Within the framework of 
the concept of sustainable agriculture, energy-saving technologies are considered 
as a tool to achieve a balance between economic efficiency and environmental 
sustainability. As Popp et al. (2013) point out, the introduction of innovative 
technologies makes it possible to simultaneously reduce the burden on natural 
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resources and increase production efficiency, which is a key condition for the 
long-term development of the agricultural sector. The concept of climate-smart 
agriculture further extends this approach by integrating productivity, adaptation, 
and mitigation goals into a unified framework (FAO, 2019).

A significant contribution to the development of this field has been made by 
research within the framework of the "green economy", which emphasizes the need 
for a transition to resource-saving technologies. In agriculture, this is manifested 
through the introduction of energy-efficient irrigation systems, optimization 
of fertilizer use, and the use of digital production management technologies. In 
particular, research shows that the use of modern water management systems can 
significantly reduce energy consumption and increase production efficiency (Khan 
et al., 2020). Moreover, renewable energy technologies, including solar-powered 
irrigation systems, are increasingly considered as an important component of 
sustainable agricultural energy systems (IRENA, 2021).

A special place in the scientific literature is occupied by the concept of precision 
agriculture, which is considered as a key tool for improving energy efficiency. 
Gebbers and Adamchuk (2010) have shown that the use of precision farming 
technologies, including GPS navigation, sensors, and monitoring systems, can 
optimize resource use and reduce energy costs. More recent research confirms 
that the introduction of digital technologies in agriculture provides significant 
productivity gains and cost reductions (Lowenberg-DeBoer and Erickson, 2019). 
Recent empirical evidence suggests that digitalization and automation in agriculture 
can increase input efficiency by up to 25–40%, depending on the level of technology 
adoption (Finger et al., 2019).

An important aspect is the analysis of the economic efficiency of the introduction 
of energy-saving technologies. Within the framework of the neoclassical theory 
of investment decisions, the effectiveness of technologies is assessed through 
their impact on costs and incomes of enterprises. However, in conditions of high 
uncertainty and the long-term nature of investments, traditional valuation methods 
may not be accurate enough. In this regard, the scientific literature increasingly 
uses methods for evaluating effectiveness based on risk and uncertainty, including 
stochastic models and methods of performance analysis (stochastic frontier 
analysis). In addition, recent studies apply hybrid econometric models combining 
panel regression and efficiency analysis to better capture the multidimensional 
impact of energy-saving technologies (Lin and Fei, 2015).

An additional area of research is related to the assessment of the environmental 
efficiency of agricultural production. Within the framework of the "double dividend" 
concept, it is assumed that the introduction of energy-saving technologies can 
simultaneously achieve economic and environmental benefits. Empirical studies 
confirm that a reduction in energy consumption is accompanied by a reduction in 
greenhouse gas emissions and an improvement in environmental performance (Färe 
et al., 2007). Environmental efficiency is increasingly assessed using integrated 
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indicators that combine emissions intensity, energy use, and productivity, allowing 
for a more comprehensive evaluation of sustainable performance (OECD, 2021).

Despite the significant development of theoretical and empirical research, a 
number of unresolved issues remain in the scientific literature. First, most studies 
look at energy efficiency from either an economic or environmental perspective, 
without providing a comprehensive analysis. Secondly, the use of integral 
indicators is limited, allowing to take into account several aspects of efficiency 
simultaneously. Thirdly, the regional specifics of the introduction of energy-
saving technologies have not been sufficiently studied, especially in countries with 
economies in transition.

In the context of Kazakhstan, these problems are of particular importance. 
The southern regions of the country are characterized by a high dependence of 
agriculture on water and energy resources, which reinforces the need to introduce 
energy-efficient technologies. However, existing studies are mostly descriptive in 
nature and do not provide a quantitative assessment of the impact of energy-saving 
technologies on production efficiency.

Thus, an analysis of the scientific literature shows that, despite considerable 
attention to energy efficiency and sustainable development, there remains a 
scientific gap associated with the lack of comprehensive models for assessing 
the effectiveness of the introduction of innovative energy-saving technologies in 
agriculture. This determines the need to develop an integrated approach that takes 
into account economic, energy and environmental aspects.

In this regard, the present study aims to fill this gap by developing and testing a 
model for evaluating the effectiveness of energy-saving technologies in agricultural 
production using the example of the southern region of Kazakhstan. 

Materials and Methods. The present study is based on a quantitative approach 
aimed at assessing the impact of innovative energy-saving technologies on the 
efficiency of agricultural production. The methodological logic of the research 
is based on the integration of an extended production function, energy efficiency 
analysis and econometric modeling, which allows a comprehensive assessment of 
the impact of technological factors on production results.

The empirical base of the study includes panel data on 120 agricultural enterprises 
in the Southern region of Kazakhstan for the period 2015-2025. Using the panel 
approach takes into account both time dynamics and inter-company differences, 
which increases the accuracy of estimates and allows you to control unobserved 
heterogeneity. The data sources are official statistics, accounting and management 
reports of enterprises, as well as industry analytical materials.

To formalize the relationships between the factors of production, the extended 
Cobb–Douglas production function is used, which includes the energy factor and 
the indicator of the introduction of energy-saving technologies.:
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where: 
A reflects the level of technological development, 
K is capital, 
L is labor, 
E is energy consumption, 
IET is the index of the introduction of energy-saving technologies. 
For the purposes of econometric estimation, the model is transformed into a 

logarithmic form, which makes it possible to interpret the coefficients as elasticities 
of factors.:

To assess the impact of technology, a panel regression model with fixed effects is 
used, which allows taking into account the individual characteristics of enterprises 
and temporary effects.:

where  denotes the enterprise,  represents the time period,  captures 
individual effects, and  reflects time effects. The choice of the fixed effects 
model is обусловлен необходимостью контроля неизменяемых характеристик 
предприятий, влияющих на производственные результаты.

Energy efficiency is assessed using the energy intensity indicator, which reflects 
the volume of output per unit of energy consumed:

Additionally, the Stochastic Frontier Analysis (SFA) method is applied to 
evaluate technical efficiency, taking into account random shocks and inefficiency:

where  represents the random error component, and  denotes the level of 
technical inefficiency.

To obtain a comprehensive assessment of efficiency, an integrated index is used, 
combining economic, energy, and environmental dimensions:

where  is energy efficiency,  denotes environmental efficiency, and  
represents production efficiency. The weights  are determined using principal 
component analysis, allowing for an objective assessment of the contribution of 
each component.
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The models are evaluated using panel regression with fixed and random effects, 
while the optimal specification is selected based on the Haussmann test. Standard 
diagnostic procedures are used to verify the correctness of the results, including 
multicollinearity analysis (VIF), heteroscedasticity testing (Breusch–Pagan), and 
autocorrelation testing (Durbin–Watson).

To increase the reliability of the results, model stability checks were carried 
out, including alternative specifications and exclusion of emissions. However, a 
number of limitations of the study should be noted. In particular, the availability 
of data on the level of technology adoption is limited, which requires the use of 
integrated indicators. In addition, the possible endogeneity of the variable I is taken 
into account when interpreting the results. The use of aggregated data can also 
smooth out differences between individual enterprises, which determines the need 
for further research at the micro level. 

Results. The results of the empirical analysis show that the introduction of 
innovative energy-saving technologies has a systemic and multi-channel impact 
on the efficiency of agricultural production in the Southern region of Kazakhstan. 
The identified changes are not local, but structural in nature, affecting not only 
the dynamics of energy consumption, but also the transformation of production 
processes, increasing economic efficiency and improving the environmental 
parameters of enterprises. This confirms the key role of technological factors 
in shaping a modern model of agricultural development focused on resource 
conservation and sustainable growth.

An analysis of the dynamics of the energy intensity of agricultural production 
over the period 2010-2025 indicates the presence of a stable and statistically 
significant trend towards a decrease in the specific consumption of energy 
resources. This trend reflects the transition from an extensive energy use model 
based on increasing resource consumption to a more intensive model based on the 
introduction of innovative technologies and optimization of production processes.

Table 1 – Dynamics of specific energy consumption in agriculture in the Southern region
Year Diesel fuel (liters/ha) Electricity (kWh/ha) Energy intensity index (%)
2010 85.0 420 100
2015 78.5 380 92
2020 72.0 310 84
2023 66.5 265 77
2025 62.0 240 71

The data obtained show that during the analyzed period, diesel fuel consumption 
decreased by 27%, and electricity consumption by 43%. The energy intensity index 
decreased to 71% of the 2010 level, which indicates a significant increase in energy 
efficiency. At the same time, the reduction in energy intensity has a pronounced 
step-by-step character. In the period 2010-2015, there was a moderate trend, mainly 
due to the renewal of agricultural machinery and the improvement of organizational 
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aspects of production. However, since 2015, the rate of decline has accelerated 
significantly, which coincides with the active introduction of digital solutions, 
precision farming systems and the modernization of irrigation infrastructure.

Special attention should be paid to a more significant reduction in electricity 
consumption compared to diesel fuel. This indicates structural changes in the 
energy consumption system related to increased efficiency of water supply and the 
introduction of energy-efficient pumping systems. Thus, the reduction in energy 
intensity reflects not only a quantitative reduction in energy consumption, but also 
a qualitative transformation of the energy structure of agricultural production.

Reducing energy intensity is accompanied by an active expansion of the 
introduction of energy-saving technologies, primarily in the field of water supply, 
which is critically important for the southern regions of Kazakhstan. These regions 
are highly dependent on irrigation, which makes water and energy efficiency a key 
factor in productivity.

Table 2 – Dynamics of the introduction of energy-saving irrigation (thousand hectares)
Area 2010 2015 2020 2024 2025
Turkestan 12.4 45.2 72.1 95.8 110.0
Zhambylskaya 3.2 15.6 30.4 58.2 65.0
Kyzylorda 0.5 1.8 5.2 9.5 12.0
Total 16.1 62.6 107.7 163.5 187.0

The analysis shows that the area of implementation of energy-saving technologies 
has increased by more than 11 times, which indicates the transition to a phase of 
large-scale dissemination of innovations. This growth is not linear, but accelerating, 
which indicates the effect of technology accumulation and reduction of barriers to 
their implementation.

Regional analysis reveals significant differentiation. Turkestan region 
demonstrates the highest rates of implementation, due to a combination of factors: 
high intensity of agricultural production, developed infrastructure and active 
government support. Zhambyl region is characterized by steady growth, while 
Kyzylorda region demonstrates a more limited scale of implementation, due to 
natural and climatic constraints and infrastructural factors.

The expansion of the use of energy-saving technologies has a direct and indirect 
impact on the economic performance of agricultural enterprises. Empirical data 
show that the use of solar power plants in animal husbandry has reduced operating 
costs for water supply by 35-40%, which significantly increases the economic 
sustainability of enterprises, especially in remote areas with limited access to 
centralized energy sources.

In crop production, in particular in the greenhouse sector, the introduction of 
LED lighting has reduced energy consumption by 22% while increasing yields 
by 15%. This indicates the presence of a technological complementarity effect, in 
which the introduction of one technology enhances the effectiveness of another. 
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Thus, energy saving is accompanied not only by a reduction in costs, but also by 
an increase in output, which forms a multiplicative effect of increasing efficiency.

Taken together, the results indicate the formation of a new model of agricultural 
production, in which innovative technologies play a key role. Their implementation 
ensures simultaneous reduction of resource burden, increased productivity and 
improved economic performance, which is consistent with the principles of 
sustainable development of the agricultural sector.

A panel regression model presented in the Materials and Methods section was 
used to quantify the impact of energy-saving technologies on agricultural output. 
The application of the fixed-effects model made it possible to take into account the 
individual characteristics of enterprises, as well as temporary changes associated 
with the technological modernization of the agricultural sector in the period 2010-
2025. This ensures a more accurate identification of the influence of production 
factors and minimizes the bias in estimates due to unobserved heterogeneity.

The results of the econometric assessment are presented in table 3.

Table 3 – Results of the econometric evaluation of the model
Variable Ratio Std. error t-stat p-value
ln(K) 0.32 0.07 4.57 0.000
ln(L) 0.21 0.05 4.20 0.000
ln(E) 0.18 0.06 3.00 0.003
ln(IET) 0.29 0.08 3.62 0.001

R² = 0.87
The results obtained indicate the high statistical significance of all included 

variables and confirm the adequacy of the model specification. The value of the 
coefficient of determination (R2 = 0.87) indicates that the model explains 87% of 
the variation in agricultural output, which is a high indicator for panel data and 
indicates a good explanatory ability of the selected model.

The coefficients for traditional factors of production (capital and labor) have 
the expected signs and are statistically significant, which confirms the correctness 
of the basic production function. Capital makes the largest contribution to the 
formation of output (0.32), reflecting the continuing capital intensity of agricultural 
production. The contribution of labor (0.21) also remains significant, but its role is 
inferior to technological factors.

Of particular importance is the coefficient for the IET variable, which reflects 
the level of implementation of energy-saving technologies. Its value (0.29) is 
positive and statistically significant at a high level of significance (p < 0.01), which 
confirms the hypothesis about the key role of technological factors in increasing 
production efficiency. An elasticity of 0.29 means that a 10% increase in the level 
of technology adoption leads to an increase in output of about 2.9%. This indicates 
that technologies are becoming comparable in importance to traditional factors of 
production, forming the basis of a new model of agricultural growth.
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At the same time, the coefficient for energy consumption (0.18) remains 
positive, but its relatively low value compared to other factors indicates a decrease 
in the dependence of production on a direct increase in energy consumption. This 
indicates an increase in energy efficiency and a transition to a more rational model 
of its use. In other words, production growth is achieved not through an extensive 
increase in energy consumption, but through technological optimization.

An additional analysis of energy efficiency, calculated as the ratio of output to energy 
consumption (EE=Y/E), shows a steady increase in this indicator over time. This confirms 
the decoupling effect, in which economic growth is accompanied by a decrease in the 
energy intensity of production. This result is important because it indicates the possibility 
of simultaneously achieving economic and environmental goals.

For a comprehensive assessment of the results, a comparison of enterprises 
using traditional and energy-saving technologies was carried out.

Table 4 – Comparative efficiency assessment
Indicator Traditional technologies Energy-saving technologies
Energy consumption 100% 71%
Profitability 18% 27%
CO₂ emissions 100% 76%

The results of the comparative analysis demonstrate the presence of a complex 
effect of technology implementation. A 29% reduction in energy intensity is 
accompanied by a 9 percentage point increase in profitability, which corresponds 
to an increase of more than 50% relative to the baseline level. At the same time, 
there is a 24% reduction in the environmental burden, which indicates a significant 
reduction in emissions.

Thus, the introduction of energy-saving technologies provides the so-called 
"triple effect", including economic, energy and environmental components. It is 
important to note that these effects are complementary and do not contradict each 
other, which confirms the possibility of achieving sustainable development in the 
agricultural sector.

To verify the sustainability of the results obtained, an alternative model with an 
expanded set of variables, including water consumption and environmental impact, 
was evaluated. This makes it possible to take into account more fully the resource 
and environmental aspects of agricultural production.

Table 5 – Robustness regression results
Variable Ratio Std. error t-stat p-value
ln(K) 0.30 0.06 5.00 0.000
ln(L) 0.19 0.05 3.80 0.000
ln(E) 0.15 0.05 3.00 0.003
ln(IET) 0.27 0.07 3.85 0.000
ln(W) 0.11 0.04 2.75 0.007
ln(CO₂) -0.08 0.03 -2.67 0.009
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R² = 0.89
The results of the alternative specification confirm the stability of the basic model. 

The coefficient with variable I retains a positive value and statistical significance, 
which indicates the stability of the impact of energy-saving technologies on output 
under various model assumptions.

The inclusion of additional variables makes it possible to clarify the nature 
of the influence of factors. The positive coefficient for water consumption (0.11) 
indicates the continued importance of water resources in agricultural production, 
but its relatively low value indicates an increase in the efficiency of their use in the 
context of technology introduction.

Of particular interest is the negative coefficient for the CO_2 variable (-0.08), 
which indicates an inverse relationship between environmental stress and production 
efficiency. This means that enterprises with lower emissions tend to have higher 
productivity. This result confirms the hypothesis of compatibility of economic 
and environmental goals and indicates the possibility of achieving environmental 
sustainability without reducing economic efficiency.

Taken together, the results of the basic and alternative models, as well as the 
analysis of energy efficiency, confirm that the introduction of innovative energy-
saving technologies has a sustainable and multilevel impact on the development of 
agricultural production. Their role is manifested not only in increasing output, but 
also in improving the structure of resource use, reducing the environmental burden 
and forming a new, more effective model of agricultural development.

For a more in-depth analysis of the efficiency of agricultural production, the 
Stochastic Frontier Analysis (SFA) model was used, which makes it possible to 
assess the level of technical efficiency of enterprises, taking into account stochastic 
deviations and inefficiency. The use of this method provides a more accurate 
identification of factors limiting production efficiency, and allows you to separate 
the impact of accidental shocks from structural inefficiency.

Table 6 – SFA results
Indicator Value
Mean technical efficiency (TE) 0.78
Maximum TE 0.94
Minimum TE 0.52
Gamma coefficient (γ, share of inefficiency) 0.64

The results show that the average level of technical efficiency is 0.78, which 
indicates that there is a significant potential to increase production efficiency, 
estimated at about 22%. This means that with existing resources and technologies, 
enterprises could increase output at no additional cost, solely through more efficient 
use of existing factors of production.

The range of technical efficiency values (from 0.52 to 0.94) indicates a 
significant heterogeneity of agricultural enterprises in terms of efficiency. The 
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presence of enterprises approaching the efficiency boundary (TE ≈ 0.94) indicates 
the existence of technologically and organizationally effective practices that can 
be extended to other farms. At the same time, the presence of enterprises with low 
efficiency values reflects structural limitations, including insufficient technological 
equipment and poor adaptation of innovative solutions.

Of particular importance is the parameter γ, equal to 0.64, which reflects 
the proportion of variation due to technical inefficiency. The high value of this 
coefficient indicates that the main part of the deviations from the production 
boundary is due to inefficient use of resources, and not to random factors. This 
indicates a significant potential for efficiency improvement through management 
and technological solutions.

Additional analysis shows that enterprises with a higher level of implementation 
of energy-saving technologies demonstrate higher values of technical efficiency. 
This confirms that innovative technologies perform a double function: on the one 
hand, they contribute to an increase in output, and on the other, they increase the 
efficiency of resource use. Thus, technology acts not only as a growth factor, but 
also as a tool for optimizing the production process.

It is important to note that the impact of energy-saving technologies is manifested 
not only directly, but also through indirect mechanisms, including reducing energy 
losses, optimizing water consumption and improving the accuracy of production 
operations. This leads to a reduction in internal inefficiency and brings enterprises 
closer to the production frontier.

Comparing the results of the basic regression model, alternative specification 
(robustness analysis) and SFA allows us to draw a number of fundamentally 
important conclusions. Firstly, the influence of energy-saving technologies is stable 
and persists under various model assumptions, which confirms the reliability of the 
results obtained. Secondly, technologies have a complex impact, affecting not only 
the level of output, but also the efficiency of resource use, which is reflected in the 
growth of technical efficiency. Thirdly, a stable relationship between economic and 
environmental indicators has been identified, which confirms the existence of a 
sustainable development effect.

Thus, the SFA results complement the conclusions of the regression analysis and 
allow for a deeper understanding of the mechanisms of the impact of innovative 
technologies. If the regression model captures the impact of technology on output, 
the SFA shows its role in increasing resource efficiency and reducing production 
losses.

In general, the results obtained confirm that innovative energy-saving technologies 
are a key factor in increasing the efficiency of agricultural production. Their impact 
is manifested in lower costs, increased productivity, reduced environmental burden 
and reduced technical inefficiency, which indicates a transition to a more sustainable 
and technologically oriented model of agricultural sector development.

Discussion. The results obtained indicate that the introduction of innovative 
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energy-saving technologies in agricultural production in the Southern region 
of Kazakhstan leads to systemic changes in the structure of production factors, 
resource efficiency and environmental characteristics of the industry. In contrast 
to the traditional growth model based on increased resource expenditure, the 
identified effects confirm the transition to an intensive development model in which 
technological and innovative factors play a key role.

From a theoretical point of view, the results obtained are consistent with the 
concept of technologically driven economic growth, according to which the 
introduction of innovations leads to a shift in the production function and an 
increase in aggregate factor productivity. The revealed positive elasticity of 
output according to the variable of the introduction of energy-saving technologies 
confirms that technologies act as an independent growth factor, and not only as 
a tool for optimizing resources. This corresponds to the provisions of the theory 
of endogenous growth developed by Paul Romer, where technological progress is 
considered as a key source of increasing economic efficiency.

At the same time, the results of the study develop approaches to the analysis of 
energy efficiency, in which energy is considered as a limited and strategic resource. 
A decrease in the energy intensity of production while increasing output indicates 
an increase in energy efficiency, which confirms the hypothesis that decoupling of 
economic growth and energy consumption is possible. This conclusion is consistent 
with international studies that show that the introduction of energy-efficient 
technologies makes it possible to achieve economic growth without a proportional 
increase in energy consumption.

The revealed effect of technological complementarity deserves special 
attention. The results show that the greatest efficiency is achieved with the 
integrated implementation of technologies, including precision farming systems, 
energy-efficient irrigation and automation of production processes. This confirms 
the conclusions of international studies that digitalization and energy conservation 
have a synergistic effect, enhancing each other's impact on production performance. 
Thus, innovative technologies should not be considered in isolation, but as elements 
of a single technological system.

A comparison with international studies shows that the results obtained are in 
line with global trends in agricultural development. In particular, the reduction in 
energy consumption and productivity growth recorded in the study are comparable 
to the results of the introduction of precision farming technologies in developed 
countries. However, unlike developed economies, where technological adoption 
is more uniform, Kazakhstan has significant regional differentiation due to 
institutional and infrastructural constraints.

The revealed differences between the regions of Southern Kazakhstan confirm 
the importance of institutional factors in the process of innovation implementation. 
The higher level of technology dissemination in the Turkestan region compared to 
other regions indicates the impact of government support, the level of infrastructure 
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development and the availability of financial resources. This is consistent 
with research highlighting the role of the institutional environment in shaping 
innovation activity in the agricultural sector. The results also make it possible 
to clarify the relationship between economic and environmental efficiency. The 
discovered "triple effect" - reduced energy consumption, increased profitability and 
reduced emissions - confirms the concept of a double dividend, according to which 
environmental measures can be accompanied by economic benefits. In this case, 
the introduction of energy-saving technologies ensures simultaneous improvement 
of economic and environmental indicators, which strengthens the arguments in 
favor of their widespread use.

An important theoretical result is the confirmation of the transformation 
of the role of energy in the production system. If in traditional models’ energy 
is considered as one of the factors of production, then in the conditions of 
technological modernization its value changes: energy becomes the object of 
optimization, and not the main driver of growth. This is reflected in a decrease 
in the elasticity of output in terms of energy consumption and an increase in the 
importance of technological factors. The practical conclusions of the study are of 
significant importance for the agrarian policy of Kazakhstan. The results show that 
stimulating the introduction of energy-saving technologies can become an effective 
tool for increasing the competitiveness of agriculture. At the same time, the key 
areas of government policy should be support for comprehensive technological 
modernization, infrastructure development and reduction of barriers to innovation.

Despite the results, the study has a number of limitations. In particular, 
performance evaluation is based on aggregated data, which may conceal intra-
industry differences. In addition, the measurement of the level of technology 
adoption is indirect, which may affect the accuracy of the assessment. These 
limitations determine the directions of further research, including an in-depth 
analysis of certain types of technologies and an expansion of the empirical base. In 
general, the results of the study confirm that the introduction of innovative energy-
saving technologies is a key factor in improving the efficiency of agricultural 
production. At the same time, their impact is manifested not only in reducing energy 
consumption, but also in the structural transformation of the agricultural sector, the 
transition to a more sustainable development model and the strengthening of the 
role of technology as the main driver of economic growth.

Conclusion. The present study was aimed at assessing the impact of the 
efficiency of using innovative energy-saving technologies on the development of 
agricultural production in the Southern region of Kazakhstan. The results obtained 
confirm that the introduction of such technologies is one of the key factors in 
improving the economic, energy and environmental efficiency of the agricultural 
sector. The analysis showed that in the period 2010-2025, there was a steady 
decrease in the energy intensity of production in the region, accompanied by an 
increase in productivity and profitability of agricultural enterprises. It has been 
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established that the introduction of energy-saving technologies, including precision 
farming systems, energy-efficient irrigation and the use of renewable energy 
sources, allows not only to reduce costs, but also to generate additional sources of 
growth by increasing resource efficiency.

The results of the econometric analysis confirmed the presence of a statistically 
significant positive impact of the level of technology adoption on the volume 
of production. At the same time, it is revealed that the role of the technological 
factor is becoming comparable with traditional factors of production, which 
indicates the structural transformation of the agricultural sector and the transition 
to an innovative development model. The scientific novelty of the study is a 
comprehensive assessment of the impact of energy-saving technologies, taking into 
account economic, energy and environmental parameters. In contrast to existing 
approaches, the proposed analysis makes it possible to identify the synergetic effect 
of technology implementation, manifested in a simultaneous reduction in energy 
intensity, increased profitability and a reduction in environmental burden.

The practical significance of the results lies in the possibility of their use in 
shaping state policy in the field of the agro-industrial complex. In particular, 
the results of the study allow us to formulate a number of key directions for 
Kazakhstan. First, it is necessary to strengthen government support measures for 
the introduction of energy-saving technologies, including subsidies and preferential 
loans. Secondly, the development of infrastructure for digital and energy-efficient 
agriculture is required, especially in regions with limited resources. Thirdly, an 
important direction is to stimulate the integrated implementation of technologies 
that ensure maximum effect due to their mutual reinforcement.

Additionally, it should be noted the need to improve the institutional environment, 
including the development of technology transfer mechanisms, professional 
development and increased access to innovative solutions for small and medium-
sized agricultural enterprises. Of particular importance is the integration of the 
principles of sustainable development into agricultural policy, which will ensure a 
balance between economic growth and environmental safety. Despite the results, the 
study has a number of limitations. In particular, the analysis is based on aggregated 
data, which may limit the accuracy of the assessment of individual technologies. In 
addition, the assessment of the level of innovation is partly indicative. In the future, 
it is advisable to expand the empirical base, as well as conduct a more detailed 
analysis of individual technological solutions.

In the future, further research may be aimed at developing integrated models 
for evaluating the effectiveness of innovations that take into account regional 
specifics, as well as analysing the long-term effects of introducing energy-saving 
technologies in the face of climate change. In general, the results of the study show 
that innovative energy-saving technologies are not only a tool for improving the 
efficiency of agricultural production, but also a key factor in the transition to a 
sustainable model of development of the agricultural sector in Kazakhstan.
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