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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, loT 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 CO:z 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.

Keywords: energy efficiency, agriculture, drip irrigation, solar pumps, loT
monitoring, econometric assessment
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AHHOTANMs. 3epTTEY/IiH 03€KTUIIr Cy peCypCTapbIHbIH TAIIIbLUIBIFBI, SHEPIUs
TackIMaIJIayIbUIAD KYHBIHBIH OCYl JKOHE KJIMMATTBHIK TOyEKEeNJepAiH KYIIeoi
asicerzia OHTYCTIK Ka3akcTaHHBIH KypFak yKaraaiblHAa aybUl IapyanibUTbIFbIHBIH
SHEPTHUs )KOHE CYy THIMIUIITIH apTThIPy KaKeTTiiriHe OainaHbICThl. JKYMBICTBIH
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Makcatel — TypkicTaH, XKamObL1 xoHe KpI3bmopa o0nbIcTapbIHBIH aybLT HIapya-
IIBUTBIFBI  KOCIOPBIHIAAPBIHBIH SKOHOMHUKAIBIK THIMILIITIHE WHHOBAIUSIIBIK
SHEPTUsl YHEMJICY TEXHOJOTHSIIAPBIHBIH (TaMIIBUIATBII Cyapy, KYH CODFBI
xy#enepi, loT-moHuTOpHHT, OMoTa3) dcepiH KeuleH i Oaranay. OaicteMerik 0aza
CTATHUCTUKAJIBIK JKOHE CAJIbICThIPMAJIb TAJJ1ayAbl, )KOHOMHKAJIBIK KOHE SKOIOT USUIBIK
THIMJIUTIK KOPCETKIITepiH ecenteyi, connai-axk OLS - perpeccustHsl (Toyemnmi
aliHpIMaibl-1 ra maiiga) skoHe Oarasiay[blH TYPaKTBUIBIFBIHBIH JHArHOCTHUKAIBIK
ChIHAKTapbIH Nnaiaanana oTeipeir, 2015-2025 sxpuinapaarsl 438 mapyambuIbIKTHIH
MaHEJIB/IIK JIEPEKTEPIiH/Ie SKOHOMETPUKAJIBIK MOJIENbIEYlI KaMTu bl HoTmkenep
KYH COPFBUIAPBIH, TaMINbIIATHIT cyapyasl skoHe [OT memrimuepiH eHri3y
PEHTAOCNBIITIKTI CTAaTUCTUKANBIK TYPFBIIAH aWTapibIKTall apTThIpa OTHIPHII,
SHEPTUsl CHIHBIMABUIBIFBl MEH IIAPYaIIbUIBIKTAPIbIH TEXHOJIOTHSUIBIK J1EeHICHiHIH
aflKbIH TeTEePOTEH/IIITIH KOpPCEeTeIi, a1 SHEPT s TYTHIHYIIBIH 6Cyi Tepic acep eTel.
EH KoFapbl WHBECTHLMSUIBIK KipicTep LUQPIBIK MOHUTOPUHI TEH KYH CODPFBI
KyHenepinae (KpU1IaM O©Tely) TipKeNleai, all SKOJIOTHUSIIBIK dCep KYH COPFbIIaphl
MeH Owmoraz KOHJBIPFbUIApBl VIIH MakcuMmanasl CO: MIbIFapbIHABUIAPBIHBIH
aTapibIKTall TOMEHACYiHEH KopiHedi. TeXHOTOTHUsIapabIH Tapaaybl >KOFapBI
Oacramkbl MHBECTHIHSIAPMEH, OUTIKTI KaapiapAblH TalIIbUIBIFIMEH, KOHCYITb-
TalUSIIBIK KOJJIAY/IBIH YKETICIISYIIUTITIMEH KOHE MEMJICKETTIK KOJIay/Ibl alyIbIH
OKIMIILTIK KYPAENUIIriMEeH MIEKTeJIETiHI aHBIKTaIIbl. 3epTTEYNiH MPaKTUKAIBIK
MaHBI3IBUTBIFB  KapXKbUIAHABIPYFa  KOJDKCTIMAUTIKTI  KEHEHTyre, CEpBHCTIK
WHPPaKYPBUIBIMJIBL TAMBITYFa )koHe AOK-1e sHeprust THIM/II MeTTiMaep/Ii eHri3yIi
KENeNAeTyre OarbITTaIFaH OHIPIIK TEXHOIOTHSUTBIK KAHFBIPTY JKOHE MEMJICKETTIK
casicaT KypaJlIapbIH )KETiIipy OaChIMIBIKTapbIH HETi3/1ey OOJBIT TaObLTaIbI.

Tyiiin ce3nep: sHEprust THIMIUIIT, aybUT IIapyaIlbIIBIFbI, TAMIIBUIATHII Cyapy,
KYH coprbuiapsl, [0T MOHUTOPHHT1, SKOHOMETPHUKAIIBIK, Oaraay
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AHHOTanus. AKTyalbHOCTb HCCIENOBaHHUs 00ycCJOBIE€HAa HEOOXOAUMOCTBIO
MOBBIIIICHUS JHEPTO- M BOA03(D(EKTHBHOCTH CENBCKOTO XO3SICTBa B apHIHBIX
ycnoBusix FOxknoro Kazaxcrana Ha doHe neduuuTta BOAHBIX PECYpCOB, pocTa
CTOMMOCTH SHEPrOHOCHUTENEH U YCUIICHHS KIIMMAaTHUECKUX PUCKOB. Llenb paboTs! -
KOMIIIEKCHO OLICHUTh BITUSIHHE MHHOBALIMOHHBIX YHEPTOCOEpEralonmnx TEXHOIOT I
(karesibHOE OpOILEHHE, COTHEUHbIE HACOCHBIE cucTeMbl, loT-MoHuTOpUHT, 6Hora3)
Ha DJKOHOMHYECKYI0 J(P(EKTUBHOCTh CEIILCKOXO3IUCTBEHHBIX MPEIIPUSTHN
Typkectanckoi, JKamObuickoit 1 Kei3putopanHckoit obnacreit. Metogonornueckas
0a3a BKJIFOUAET CTATHCTHYCCKUN M CPaBHUTEIIBHBIN aHaIN3, Pacu€T MoKa3aTelnen
HKOHOMHYECKOH M IKOJIOTHYECKOH 3(D(HEeKTUBHOCTH, a TaKkkKe SKOHOMETPHUUECKOE
MOJETUPOBAHUE HA MaHENbHBIX AaHHbIX 438 xo3sicTB 3a 2015-2025 rr c
ucnonr3zoBanneM OLS-perpeccun (3aBucruMasi mepeMeHHas - MpuObUs Ha 1 ra)
U JMarHOCTHYECKHX TECTOB YCTOMYMBOCTH OLEHOK. Pe3ynbTaTbl MOKa3bIBAIOT
BBIP2XCHHYI0 HEOJHOPOAHOCTh DHEPrOEMKOCTH M TEXHOJOTMYECKOIO YPOBHS
XO34HCTB, TPU 3TOM BHEAPEHHE COJIHEYHBIX HACOCOB, KaleIbHOIO OpPOIICHUS
n loT-pemeHuii CTaTUCTUYECKH 3HAYMMO IIOBBIMIACT TPUOBUIEHOCTH, TOTHA
KaKk pOCT JHepromorpeOiieHHsI OKa3blBacT OTpHULATENbHOE BiHsHUe. Hamboree
BBICOKasl MHBECTHLIMOHHAS OTHada (UKCUpPYyeTcsl Y HU(PPOBOr0O MOHUTOPHHIA U
COJTHEYHBIX HACOCHBIX CUCTEM (OBICTpast OKYIIaeMOCTh), a IKOJIOTHIECKUN AP PEeKT
NPOSIBIISIETCST B CYIIECTBEHHOM COKpameHnu BbIOpocoB CO2, MaKCHMalbHOM
IUIL  COJIHEYHBIX HACOCOB M OHOra3oBBIX YCTAaHOBOK. YCTaHOBICHO, YTO
pacnpocTpaHEeHHe TEXHOJOTHM CAep)KMBAaeTCAd BBICOKUMH MEpBOHAYaJIbHBIMU
WHBECTULMAMH, JePUUUTOM KBATH(OUIUPOBAHHBIX KaIpoB, HEJOCTATKOM
KOHCYJIBTAITHOHHOM MOJAEPKKH W aIMHHHUCTPATUBHOW CIOKHOCTBIO TONYYEHUS
rocrofaepkku. IlpakThdyeckas 3HaYMMOCTh MCCIENOBaHMSA 3aKIIIOYAETCA B
000CHOBAaHUM NPHOPUTETOB PErMOHAIBHOM TEXHOJIOI'MYECKOM MOIEpHHU3aLUU U
COBEpIIEHCTBOBAHUS HHCTPYMEHTOB TOCY/IapCTBEHHON MOMTHKH, HAIIPaBIEHHBIX
Ha paclgpeHue JocTyna K (UHAHCHPOBAaHMIO, Pa3BUTHE CEPBHCHOU
WHPPACTPYKTYPHI U yCKOPEHUE BHeApeHMs sHeprodddekTuBHbIX pemennii B AITK.

KiroueBble ciioBa: 5Hepro3p(eKTUBHOCTD; CEIBCKOE XO3SKWCTBO; KalleJbHOEe
OpOIIIEHNE; COTHEUHBIE HAacOChl; [0 T-MOHUTOPHHT; SKOHOMETpHYECKas OLleHKa

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, [oT-
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 ofthe 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 variahle in the econometric analysis is defined as agricultural
profit per hectare ( rofi i), 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 (Energy;,), the adoption of solar pumping systems (Salar;,), drip
irrigation (D'rip..), and loT-based monitoring technologies (faT-.). In addition,
farm size (Land,,) and investment in energy-saving technologies (Inves t..) 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:

Profit, = B, + B,Energy, + B,Solar, 4+ B, Drip, + B,loT, 4+ B.Land, + B lmest, + &,

where i 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:

Frl).l.:lf = ¥ i, +|_.|r'|el i + 1 Sl iy +|Fiar' 1P + '\"“'u::u -+|'j';f|.'lllll_: 4-.‘;'6;-“1-'5:'-. + by

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:

FPrafit, =y + 1, Treatment, + y; Post, + yp{Treatment, ¥ Post,] + 48X, + @, + 5,

where Trentment, identifies farms that adopted the technology, FPust,
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:

min &
8.1

Z.—l_, Tysix . i=1.m
i=1

Zﬁ._, Yei2Vur=1..5
J=1

Z’i’-' =14;,=C

i=1

where § denotes the technical efficiency score, x;; and ¥+ represent input and
output vectors, respectively, A, are intensity variables, and gindicates the evaluated
farm. )

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

e = Iﬁ[‘ftt:ﬁ-] *exp(v;, — le-:'

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 (R?), adjusted R?, 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 94 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 | 945 620 120 3780
KZT/ha
Profit per 1 ha, thousand KZT 72.5 36.8 11.2 184.7
Water consumption, m*/ha 7420 2150 3900 11900
CO: 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* | A 2015-2025, %
Total energy consumption, million kWh | 1850 2120 |2450 [2780 |2920 +58.1
Energy consumption for irrigation, 1120 | 1280 | 1450 |1620 |1700 +51.8
million kWh
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Diesel fuel consumption, thousand tons [380 [410 [420 |390 |360 —5.3
Agricultural CO: emissions, thousand | 1250 | 1320 | 1280 |[1180 |1100 -12.0
tons

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, CO: 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 324 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
CO: 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 | Savings, thousand | IRR, % | Payback Period
KZT/ha KZT/ha (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 620 223 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 CO: emissions as a result of the introduction of energy-saving

technologies
Technology Emissions before Emissions after Reduction, | Change,
implementation, thousand | implementation, thousand | thousand tons %
tons tons

Drip irrigation 420 280 —140 -33.3
Solar pumping 180 45 135 ~75.0
systems

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

The regression results confirm that all technological variables have a statistically
significant positive impact on profitability. Solar pumping systems exhibit the
strongest effect (B = 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 kimtoueByto podib 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 (f = 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. loT-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 CO:2 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 loT-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
CO: 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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