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Abstract. Sustainable development of the agro-industrial complex requires
aligning production efficiency, natural resource conservation, and access to
economic opportunities. This study identifies conditions for effective use of
innovations and digital technologies and proposes an assessment model for
Kazakhstan. The methods comprise an analytical literature review, document
analysis, and descriptive processing of official statistics. The quantitative evidence
covers investment in agriculture, forestry, and fishing in 2024-2025 and adoption
of water-saving technologies in 2023-2025. Investment increased from KZT
737.9 billion to KZT 1,153.6 billion, or 56.3% in current prices, with volume
growth of 51.8%. The share of own funds fell from 59.19% to 54.61%, but it
remained the leading financing source. The area covered by water-saving systems
increased from 237.1 to 543.5 thousand hectares, a 129.2% increase. These
indicators describe modernisation conditions and technical coverage but do not
establish a causal effect of digitalisation. An analytical model links observation,
data validation, decision-making, implementation, and outcome measurement. The
proposed indicators cover economic, environmental, social, and organisational
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dimensions. Practical applications involve assessing total ownership costs,
resource intensity, accessibility of adoption, and service reliability. Regional
adaptation, cooperative equipment use, and information system interoperability
are justified. The contribution is the distinction between digital equipment
deployment and sustainable operational outcomes. The absence of farm microdata
and a comparable control group limits the study. Further validation requires
observations across several production seasons and assessment of costs, resources,
and outcomes before and after technology adoption.

Keywords: agro-industrial complex; sustainable development; innovation;
digital technology; resource efficiency; precision agriculture; Kazakhstan
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AHHOTAIUA. ATPOOHEPKAICINTIK KEIIeHHIH TYPaKThl JaMybl OHIIPICTIK
TUIMALTIKTI, TaOUFH pecypcTapiabl CakTayAbl XOHE SKOHOMHUKAIBIK MYMKiH-
JUKTEpJIiH KOJDKETIMIUIITIH YUJISCTIpYAl Tajam eTeli. 3epTTeydiH MakcaThl -
WHHOBAIMIAp MEH HUQPIBIK TEXHOJIOTHSIIAP/IbI HOTHKENI KOJIaHy MapTTapbiH
aHBIKTAY YKOHE OJap/biH yiecin KazakcraH sxarnaibinia Oaragay MOJCIIH YChIHY.
XanbpIKapajblK 9eOeTKe TalJaMallblK Moy, KYXKaTTapbl Talay *oHE pecMu
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CTaTHCTUKAHBI CUTIATTaMAaIIbIK OHJICY KONAaHbUIIbl. CaHIIBIK HETi3Te aybll, OpMaH
XKoHe OanbIK mapyambsuisiFbiHa 20242025 sKputapsl caablHFaH WHBECTUITUSIIAD
MeH 2023-2025 xpuigapiarbl Cy YHEMAEY TEXHOJOTHSIApbIHBIH KOJIIAaHBUTYBI
enrizinmi. MaBecTHIMSITap aFbIMAarsl OarameH 737,9 mupn rerrencH 1153,6 mupa
TeHrere aeiin, sruu 56,3% ocTi, aa HaKThI koeM ociMi 51,8% Oomasl. MeHIIiKTI
KapaxarTelH yieci 59,19%-nan 54,61%-ra neiiiH TOMeHJETeHIMEeH, HErTi3Ti
KapKbUIaHABIpY Ke3i Oombim Kangael. Cy yHemJey jKy#ernepi KOJJaHbLIaThIH
aymak 237,1 mbIH rekrapgan 543,5 MbIH rekrapra aeiin, ssHu 129,2% apTTol.
Byn kepceTkimrep aHFBIPTY MIAPTTaphl MEH TEXHUKAIIBIK KAMTY/IbI CHIIATTalIbI,
Oipak nudpmaHaeipynblH —ceOenTik  ocepiH  monengemeiini.  bakbiiayner,
JEpeKTep/Il TeKcepydi, MenrM KaObUIaayabl, OpBIHIAAYIABl JKOHE HOTIIKEHI
emeyi OalTaHBICTBIPATBIH TaJAMaJIbIK MOAETh YCBIHBUIIBL. WMHIukaropmap
KyHeci SKOHOMHUKAIBIK, IKOJOTHSIIBIK, dJIEYMETTIK KOHE YHBIMIAACTHIPYIIBLIBIK
emmemMaepai KaMTHbl. [IpakTHKaNbIK KYHIBUIBIK WHHOBAIMSIIBIK K0OOamapabl
WEJICHY/IIH TOJIBIK KYHBIHA, PECYpC CHIMBIMIBLIBIFBIHA, UTepy KOJDKETIMAUIITiHEe
JKOHE KBI3MET KOpPCEeTy CeHIMJUTIriHe OarmapiayaaH Typaabl. OHIpIik Oelimaey,
XKaOJBIKTBl  KOOMEPALMSUIBIK ~TaljanaHy »KoHE aKHaparThlK >KyHelepaiH
yinecimainiri Herizaenai. FeimsiMu yiiec mudpIiblk )KapakTaHABIPY MEH TYPaKThI
[IAPYallbUIBIK ~ HOTHIXKECIH —aXKbIparyFa OalylaHBICTBL.  3epTTEYHiH IIEKTeyi
LIapyaIlbUTBIKTAPAbIH MUKPOAEPEKTEPi MEH CallbICThIPMajbl OAKbLIAYy TOOBIHBIH
OonmMmaybrHa Herizmenemi. Momenbai opi Kapail Tekcepy OipHeme OHIIPIiCTIK
MayChIMJIaFbl OAKBUIAY/IbI KOHE TEXHOJOTHSl CHTI3UITeHre JCHIHTI JKOHE KEeHWiHTi
IIBIFBIHAPIBI, PECYPCTAP/IBI, HOTHKENEp I Oaramay/pl KayKeT eTefi.
Tyiiin ce3aep: arpoeHEpKICINTIK KellleH; TYPAKThI JaMy; HHHOBAIIUS;
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AHHOTAIHUsI. YCTONYMBOE Pa3BUTHE arPONPOMBIIILIICHHOIO KOMILJIEKCa TPeOyeT
COIIAaCOBaHUS IPOU3BOACTBCHHONH 3(PPEKTUBHOCTH, COXPAHEHHUS IPHUPOIHBIX
pPeCypcoB M JAOCTYITHOCTH SKOHOMHYECKHX BO3MOXKHOCTeH. Llenmp mccnenoBanns
— ONPEIENUTD yYCIOBUS PE3YIBTATHBHOTO IPUMEHEHWSI MHHOBAIUN U ITU(POBBIX
TEXHOJIOTUM W MPEIIOKUTh MOJAEIb OLEHKM MX BKJIaJa MPUMEHHUTEIBHO K
Kazaxcrany. Mcnonp30BaHbl aHAIMTHYECKUEH 0030p MEXKTYHAPOIHOM JINTEPATYPHI,
JIOKYMEHTaJIbHBIN aHAJIU3 U ONKcarebHas 00padoTka O(pHUIIMATIBLHOM CTATUCTUKH.
KommuectBenHas 6a3a oXBaThlBaeT MHBECTHIIMH B CEIBCKOE, JIECHOE M PHIOHOE
x03s1cTBO 3a 20242025 TOABI M NMPUMEHEHHE BOAOCOEpETraronIuX TEXHOJIOTHH
3a 2023-2025 rogel. UuBectuuuu yBenuuuiuch ¢ 737,9 no 1153,6 mupn Tewre,
i Ha 56,3% B TEeKyLIMX LEHax, NP npupocte puznyeckoro oovéma Ha 51,8%.
Jlons coOCTBeHHBIX cpencTB cHU3miIach ¢ 59,19 no 54,61%, coxpaHuB Bemyiee
nosiokeHue. Ilnomane npuMeHeHUs: BoAOCOEperarlux CHUCTEM BBIpOCIAa C
237,1 mo 543,5 Teic. Ta, wau Ha 129,2%. DTH moKazaTeln XapaKTepU3YIOT
YCIIOBUA M TEXHUUYECKHUA OXBAT MOJEPHU3AINH, HO HE OKA3bIBAIOT MPHYNHHOTO
s dexra nudposuzanuu. llpemiokeHa aHaIUTHYECKAs MOJENb, CBA3BIBAIONIAS
HaOIIO/ICHNe, TPOBEPKY JAAHHBIX, IPUHATHE PEIICHUS, UCTIOTHCHHE U U3MEPEHUE
pesynbrata. CucteMa MHAMKATOPOB BKIIIOYACT SKOHOMHUYECKOE, DKOIOTHYECKOE,
COIIMAIbHOE ¥ OpraHU3aIMOHHOE wu3MepeHus. IlpakThyeckas IEHHOCTH
COCTOWT B OPHUCHTAIINM HWHHOBAITMOHHBIX IPOCKTOB HA TIOJHYIO CTOMMOCTH
BIIQ/ICHUA, PECYPCHYIO MHTEHCHBHOCTB, JTOCTYITHOCTh OCBOGHHUS M HAaJEKHOCTH
oOciyxuBaHus. OOOCHOBaHBI pETHOHAIBbHASA aJanTalysd, KOOIEepPAIMOHHOE
WCIONIb30BaHUE O0OPYJOBaHHUS M COBMECTHMMOCTh WH()OPMAIMOHHBIX CHCTEM.
Hayunplii Bkiajx 3akiodaeTcs B pa3rpaHUYCHHH ITUPPOBOTO OCHAIICHUS
U YCTOMYHMBOTO XO3SMCTBEHHOTO pe3yabTara. OrpaHWueHUE MCCICIOBAHUS
CBSI3aHO C OTCYTCTBHEM MHUKPOJAHHBIX XO3SMCTB U CONMOCTABUMOU KOHTPOJIHHOMU
rpynmbl. JlanpHEHITass mpoBepka Moaenu TpeOyeT HaOIIONeHWA B HECKOIBKHUX
MIPOM3BOJCTBEHHBIX CE30HAX W OIEHKM 3aTpar, pecypcoB W Pe3yibTaToB JIO U
MOCJIe BHEAPEHUS TEXHOIOTUH.

KuioueBble cji0Ba: arponpOMBIIIICHHBIN KOMIUIEKC; YCTOMYHMBOE pa3BUTHE;
HMHHOBAIMsI; IU(POBAsI TEXHOJIOTHUS; peCypco3(pPEeKTUBHOCTD; TOUHOE 3EMIIC/ICIINC;
Kazaxcran

Introduction. Sustainable development of the agro-industrial complex
npeanonaraer increasing value creation while preserving the natural basis
of production, food accessibility, and employment opportunities for the rural
population. This approach requires considering not only output volume but also
resource intensity, supply reliability, farm financial viability, and the distribution
of modernisation results. For Kazakhstan, this approach is especially important
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due to the spatial heterogeneity of production, the dependence of certain territories
on irrigation, and the variability of natural conditions. Innovations and digital
technologies expand the tools for managing these processes, but they deliver
sustainable results only when production, economic, and institutional decisions
are coordinated.

Technological modernisation is changing how soil conditions are monitored,
water is used, procurement is organised, and products are distributed. Sensors,
satellite imagery, positioning systems, electronic traceability, and analytical
platforms enable decisions based on more detailed information. At the same
time, developing breeding, agricultural technology, processing, and production
cooperation creates a material foundation for using digital tools. Their
interconnection is fundamental: obtaining data does not eliminate the irrigation
network's insufficient capacity, and upgrading equipment without qualified
maintenance does not ensure long-term effectiveness. Consequently, digitalisation
should be considered as part of comprehensive innovative development.

In Kazakhstan, conditions are emerging to expand such modernisation. Official
annual tables show an increase in fixed-capital investments in agriculture, forestry,
and fisheries from 737.9 billion tenge in 2024 to 1,153.6 billion tenge in 2025 (BNS,
2025, 2026a). At the same time, the use of water-saving systems is expanding, and
government agencies identify the integration of sectoral information resources as a
direction for further development. However, total investments include various types
of assets and do not directly reflect the costs of digitalisation. For research purposes, it
is necessary to distinguish between the resource prerequisites for modernisation, the
actual application of technologies, and the measured results of their use.

The article aims to identify the conditions under which innovations and digital
technologies contribute to the sustainable development of the agro-industrial
complex and to propose a model for assessing the results of their implementation in
relation to Kazakhstan. The research question is what organisational and financial
mechanisms transform technological equipment into increased productivity,
reduced resource intensity, and expanded access to economic opportunities.
The analysis focuses on the relationship between the production solution, the
information infrastructure, and the system of indicators that makes it possible to
verify the achieved effect.

To achieve this goal, international studies have been systematised, official
investment indicators for 2024-2025 have been examined, and the dynamics of
applying water-saving technologies for 2023-2025 have been analysed. Based on
this, the authors developed an analytical management model and proposed a system
of economic, environmental, social, and organisational indicators. The scientific
contribution lies in distinguishing between digital equipment and sustainable
results, as well as in linking individual technologies to verifiable management tasks.
The work presents a descriptive and methodological study; it does not establish a
causal effect of digitalisation on the national output of agricultural products.

Literature review. International studies of digital agriculture show that the
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technological effect arises from using information to make production decisions.
Wolfert et al. (2017) examine big data in the context of farm management and
participants' interactions in the agri-food chain. This approach makes it possible to
separate the accumulation of digital records from changes in work technology. For
sustainable development, the quality of the original information, the timeliness of
analysis, and the ability to implement the resulting recommendations are important.
The presence of a platform or sensor is an intermediate result of implementation,
not an independent proof of increased productivity.

Klerkx et al. (2019) expand the analysis to include the social and organisational
aspects of digital agriculture. Introducing new solutions changes workers’
competencies, farmers’ interactions with service providers, and the distribution
of control over data. For Kazakhstan, this perspective matters when assessing
differences between large farms and small producers. With the same technical
offering, access to funding, personnel, and service support may determine unequal
ability to use the technology. Therefore, spreading digital tools requires analysing
the conditions for adoption, not just the quantity of equipment supplied.

Rose et al. (2021) link the development of agriculture in the new technological
generation to people's interests, production, and the environment. Their approach
emphasises the need to assess the social impact of innovations alongside production
efficiency. Automation can improve working conditions and operational accuracy,
but it also changes skill requirements and access to jobs. Therefore, the social
component of sustainability must be included in the modernisation project before
scaling up, including training, organising consulting support, and involving
workers in changing production processes.

Benos et al. (2021) systematise the application of machine learning in crop,
water, soil, and livestock management. The potential of algorithms is linked
to processing heterogeneous data and predicting the condition of production
facilities. However, transferring a model to another agro-climatic zone requires
verification of its quality. An erroneous recommendation regarding irrigation or
crop treatment can lead to production and environmental losses. Therefore, assess
analytical accuracy and economic utility separately, and complement algorithm
use with agronomic expertise and testing on new data.

The FAO reports (2021, 2022) examine the sustainability of agri-food systems
and the conditions for inclusive automation. This literature links technological
development to infrastructure, skills, and capital availability. The FAO (2023,
2024) supplements the assessment by considering the broader economic, social
and environmental impacts of production. For the present work, these approaches
mean that the savings of an individual resource should be checked along with
changes in other costs and impacts. A decrease in water supply, for example, is not
necessarily accompanied by a decrease in energy consumption if the new system
requires additional pressure and pumping equipment.

Schroeder et al. (2021) consider the digital transformation of the entire agri-food
system, including markets, finance, and data management. The OECD (2025) and
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the OECD and FAO (2025) reveal the role of agricultural policy and the prospects
for market development. The IPCC (2022) and the World Bank Group (2022)
present the climate context. Together, these studies support the comprehensive
nature of modernisation but do not provide a ready-made efficiency coefficient
for Kazakhstani farms. The research gap is the lack of a link between aggregated
indicators of technological development and the verification of results at the
economy and production-chain levels.

Materials and basic methods. The study combines an analytical review of
the literature, documentary analysis and descriptive processing of official data.
The study includes 20 sources: peer-reviewed research on digital agriculture,
international reports, statistical tables, and documents from government agencies in
Kazakhstan. The selection is targeted and is based on compliance with three issues:
the mechanism of technological impact, the conditions for mastering innovations
and measuring sustainable results. The work does not appear to be a systematic
review following the PRISMA protocol and does not provide exhaustive coverage
of the literature. We used verifiable publications with available bibliographic
information and DOIs for journal articles.

The quantitative base includes annual investment tables for 2024 and 2025,
published in 2025 and 2026, respectively (BNS, 2025, 2026a). The section
"Agriculture, forestry and fisheries" has been selected. It characterises the primary
manufacturing sector and does not cover the entire intersectoral agro-industrial
complex, including processing, logistics and other activities. Monetary values
have been transferred from thousands of tenge to billions of tenge. The categories
of funding sources are checked for compliance with the overall total. Budget
funds combine the republican and local levels; non-resident funds are not added
separately if they are already included in other borrowed funds.

The calculation of the nominal rate of change of investments and the share of
financing sources is applied. The published volume index is used to characterise
changes in comparable prices and is considered separately from nominal growth.
According to the current version of industry statistics, the gross output of
agriculture, forestry and fisheries in 2025 amounted to 9.77 trillion tenge, and
the physical volume index was 105.9% (BNS, 2026b). These indicators are used
as a context. Gross output is not equal to value added, and its increase cannot be
directly attributed to the introduction of digital technologies.

The updated data on wheat harvest in weight after refinement (BNS, 2026¢)
illustrate raw material variability. The indicators do not mix with the operational
estimates in the initial weight. The dynamics of water-saving technologies for
2023-2025 are taken from the message of the Ministry of Water Resources and
Irrigation (2026). This is an administrative description of the area where the
equipment is used; it does not show the proportion of farms with digital irrigation
control. The figures for the incomplete year 2026 are not included in the annual
comparison. Documents and source versions have been verified as of October 12,

2026.
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The methodological model combines four dimensions of sustainability:
economic, environmental, social and organizational. The economic dimension
characterises value created and costs; the environmental dimension characterises
the use of water, energy, and other resources; the social dimension characterises
working conditions and the availability of participation in modernisation; the
organisational dimension characterises data quality, the reliability of procedures,
and the ability to support technology. An object of management, a possible tool, a
result indicator, and an interpretation condition are defined for each direction. The
weights and the integral rating are not calculated because there are no grounds for
empirical calibration.

When preparing the project, ChatGPT (GPT-6) was used to search for
sources, organise the material, and generate preliminary text, calculations, and
visualisations. The statistical values were compared with the source tables during
project preparation. The final substantive review and confirmation of the manuscript
by the authors must precede submission. The main limitations of the study are the
lack of farm-level microdata, the lack of measured digitalisation costs, and the
lack of comparable control-group results. Therefore, the conclusions relate to the
conditions and mechanisms of modernisation, not to a causal assessment of its
effectiveness.

Results. Official statistics show an expansion of the investment base in the
primary sector. Over the period from 2024 to 2025, investments in fixed capital
increased by 56.3% at current prices. The published physical volume index for 2025
is 151.8%, meaning growth at comparable prices is 51.8%. This difference reflects
the need to separate changes in monetary value from real investment volume. At
the same time, the investment upswing does not reveal the composition of the
assets being acquired. To determine the digital component, a separate classification
of costs for sensors, software, communication, automation, and related services is
required.

Table 1 — Investments in agriculture, forestry, and fisheries in Kazakhstan

A source 2024, billion tenge 2024, % | 2025, billion tenge 2025, %
Budget funds 1,547 0,21 11,495 1,00

Own funds 436,723 59,19 629,986 54,61
Bank loans 34,930 4,73 71,048 6,16
Other borrowed funds 264,690 35,87 441,069 38,23
Total 737,891 100,00 1 153,599 100,00
Note: BNS calculations (2025, 2026a). Current prices. The budget funds combine the republican
and local levels. These are investments from the primary sector, not the entire intersectoral agro-
industrial complex; a separate share of digital spending has not been measured.

Own funds retained their leading role in financing. Their volume increased
from 436.7 to 630.0 billion tenge, but their share in the total decreased from 59.19
to 54.61%. At the same time, bank loans increased from 34.9 to 71.0 billion tenge,
and other borrowed funds — from 264.7 to 441.1 billion tenge. This structure
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shows that investment growth is linked to several sources of capital. The category
of other borrowed funds does not automatically identify a specific financial
instrument, and direct budget financing does not reflect all forms of government
support.

For an innovative project, the financial structure has an independent meaning.
Equipment purchases create upfront costs, while the economic effect emerges
in subsequent production cycles. Additional costs include setup, training,
communication, maintenance, and replacement of individual components.
Therefore, the investment assessment should take into account the total cost
of ownership, not just the delivery price. Leveraged financing can accelerate
implementation, but increases the requirements for the timing of the result and
sufficient cash flow. An increase in total investment alone does not establish the
financial viability of an individual digital project. According to updated statistics,
wheat harvest increased from 12.11 million tons in 2023 to 18.58 million tons
in 2024 and 19.33 million tons in 2025. This significant inter-annual shift
underscores the need to account for weather, technology, and crop structure
when assessing modernisation outcomes. Digital monitoring can improve the
timeliness of management responses, but it does not eliminate natural variability.
When analysing the farm, indicators should be compared with the conditions of a
particular season, and yield increases should not be automatically interpreted as an
effect of the information system.

Water-saving technologies represent a direction in which modernisation is
associated with a measurable resource benefit. The area of their use increased
from 237.1 thousand hectares in 2023 to 543.5 thousand hectares in 2025, or
by 129.2%. The absolute increase amounted to 306.4 thousand hectares. The
dynamics demonstrate the expansion of technical coverage and create the basis for
more accurate management of water supply. However, drip or sprinkler irrigation
equipment does not necessarily include digital sensors and automatic controls;
these components must be accounted for separately.

Table 2 — Application of water-saving technologies in Kazakhstan

Year |Area of application, thousand | Growth compared to the previous year, in thousands of
hectares hectares.

2023 |237,1 —

2024 |389,9 152,8

2025 |543,5 153,6

Note: Compiled by the Ministry of Water Resources and Irrigation (2026). Annual figures for
2023-2025; incomplete data for 2026 are excluded. The area of application of irrigation systems is
not equal to the area of digital irrigation control.

The area of application is an indicator of the spread of the technology, but
it is not a complete measure of water efficiency. The farm needs data on water
supply, weather, soil moisture, crop, and produced output. In addition to water
consumption per hectare, it is necessary to assess the consumption per unit of
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output, since changes in yield affect the overall resource intensity. At the water
basin level, it is necessary to account for the distribution of water among users
and the possible expansion of the irrigated area. Improving the efficiency of an
individual plot does not guarantee a reduction in total consumption when the scale
of production increases.

In this regard, combining agrotechnical and digital innovations offers a clearer
mechanism of impact than implementing a platform on its own. A properly
functioning irrigation infrastructure makes it possible to regulate supply; sensors
and forecasts provide information about the need, and the control system switches
to irrigation mode. The result check completes the process: water supply, crop yield,
and costs are measured. If even one link is missing, the technological equipment
may not lead to the expected change in farming practices. This provision defines
the structure of the proposed model.

The model includes interrelated production and organisational components. The
production part begins with monitoring resources and objects: the field, the herd,
inventory, processing, and logistics. The organisational part defines data access,
responsibility distribution, the budget, and the ability to implement the solution.
Analytics compares observations with the farm’s objectives, after which it forms
an action and measures the result. Feedback allows for refining the algorithm and
the production process. Figure 1 presents the proposed management architecture;
its effectiveness still needs to be tested using data from enterprises.

‘ﬁ Production Data ...'.'.0 Organizational Conditions
7  fields, resources, production 'Q‘ budget, access, competencies

) \ /
> - Data Verification and Analysis

| :Q agronomic expertise

\

¥
[ Decision-Making and Implementation ]

planting, processing, logistics

4-// \‘\‘

Economic and Environmental Outcomes } [ o ® g  Social and Organizational Outcomes
OEAR

Results Monitoring

{

Note: the proposed management architecture. Feedback links result measurement with re-
examining data and solutions. Empirical validation of the model was not performed in the present
study.

(..
(=

costs, output, resource efficiency access, employment, reliability

Figure 1 — Analytical model of the transition from data to a sustainable result

The difference between the model and the approach based on the number of
digital solutions lies in the mandatory transition to a specific action. Satellite
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detection of field heterogeneity is valuable if it is used for surveying, differentiated
resource application, or changing agricultural practices. Predicting herd disease
requires a verification procedure and a veterinary decision. Information about
stocks should influence the procurement and logistics schedule. Therefore, the unit
of assessment becomes a production task, for which the initial state, the decision
made, and the observed result can be compared.

The quality of data in this architecture is a production condition. Errors in
identifying the plot, measurement time, or consumption units can lead to incorrect
recommendations. General reference books, recording the origin of the record, and
error correction rules are required. For algorithmic solutions, it is also necessary to
verify data not used during setup and to assess the consequences of an erroneous
action. An agronomist or other responsible specialist should be able to verify the
recommendation and, if necessary, cancel it. This organization reduces the risk of
automatically reproducing incorrect data.

The proposed system of indicators links the technology to four dimensions
of sustainability. Table 3 presents the indicators that can be used in a farm,
cooperative, or support project. They represent a methodological proposal and
do not indicate national values that have already been achieved. For comparison,
you need a consistent definition of the process boundaries, period, and unit of
output. It is especially important to take into account the costs of implementation
and maintenance; otherwise, the observed reduction in production costs may be
accompanied by an increase in the overall cost of operations.

Table 3 — Proposed indicators of sustainable results

Measurement | The tool Indicator Evaluation condition
Economic Precision agriculture; Full cost; product losses; Include maintenance and
inventory management | productivity cost of capital
Environmental | [rrigation management; | Water and energy per Consider the culture,
variable rate application |unit of output; absolute season, and boundaries
consumption of the process
Social Service access; training; | Ease of adoption; practical | Compare producer and
labour automation qualification; working employee groups
conditions
Organizational | Compatible systems; Data completeness; recovery | Verify data origin and
verification and backup | time; export capability responsibility
Note: this methodological proposal is based on the studies reviewed.

Economic assessment should include changes in productivity, product losses,
and total cost. When using precision agriculture, the study examines processing
costs, product yield, and equipment maintenance costs. In processing and storage,
quality losses, downtime, and inventory turnover duration are important. Sales
through a digital platform are assessed based on revenue after commission, delivery,
and returns. This approach allows comparison of new and existing production
methods on the same economic basis, without substituting a sustainable outcome

with an increase in digital transactions.
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Environmental assessment requires several interrelated metrics. It considers
water, energy, nutrients, soil condition, and waste. A reduction in fertiliser
consumption should be accompanied by a check of crop yields and the balance of
plant nutrition, and energy efficiency should account for all significant operations
in the production cycle. If a project changes the output volume, it is necessary
to simultaneously show the absolute use of the resource and the use per unit of
output. This makes it possible to identify situations where specific efficiency
increases, but the overall load on the natural environment grows.

The social outcome is characterised by technology availability, changes in
working conditions, and opportunities for skill development. For a small farm,
service clarity, subscription cost, and access to support in case of failures are
important. Training is evaluated not only by the number of participants but also by
the ability to perform production activities after completing the course. Differences
in access between groups of workers and producers should be taken into account.
Automating hazardous or physically demanding operations can improve working
conditions, but releasing workers requires adaptation measures and preparation
for new tasks.

Organisational indicators reflect the system's ability to sustain itself after the
pilot phase. These include data completeness, the proportion of corrected errors,
recovery time after a failure, and the availability of information export. A data
transfer function matters when changing suppliers and reduces dependence on
a closed platform. These indicators complement the financial assessment: an
inexpensive service may create long-term limitations if the data cannot be used in
other systems. Therefore, the supplier’s compatibility and liability requirements
must be taken into account before signing the contract.

Digital tools must be complemented by innovations in breeding, agricultural
technology, processing, and the organisation of the production chain. A resilient
variety, an appropriate soil cultivation regime, and a reliable storage system
influence outcomes through material technology, while monitoring helps select
the conditions for their application. For the farm, sequential diagnostics are useful:
first, the main limitation is identified, then a production solution and an information
tool to support it are selected. If losses are caused by insufficient storage capacity,
additional analytics does not replace warehouse modernisation. If the infrastructure
is in order but decisions are delayed, the quality of data collection and processing
becomes important. This approach helps to avoid financing a digital component
without verifying its place in the production process.

Consensus on decisions is also necessary when organising processing.
Electronic traceability links information about a batch of raw materials with
storage and production operations, but it does not ensure physical preservation
without monitoring temperature, humidity, and equipment. An information system
can help identify areas of loss and distribute responsibility. Next, it requires
technological actions, quality measurement, and calculation of the economic
result. Therefore, it is advisable to develop an innovative project to change a
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specific process, including equipment, data, competencies, and maintenance.
This allows comparison of alternatives and identification of the combination that
ensures acceptable costs and sustainability under the farm’s conditions.

The Concept for the Development of the Agro-Industrial Complex for 2021—
2030 sets the framework for sectoral modernisation; the study examines its current
version as of the verification date (Government of the Republic of Kazakhstan,
2021). When analysing the results for 2023-2025, this framework does not
replace information about the actual measures implemented. In the Ministry
of Agriculture report (2026), integrating solutions into the “e-Agro-Industrial
Complex” ecosystem is identified as a development direction. Consequently, the
announced architecture must be distinguished from completed integration and
proven economic effects.

The digitalization of public interaction and the digitalization of production have
different immediate results. An electronic application can reduce administrative
costs, and a monitoring system can improve information verification. A production
effect arises only when business practices change. Therefore, the support project
should be assessed at two levels: the quality and accessibility of the service, and the
results of using the resource. This approach prevents conflating faster application
processing with increased crop yields or reduced water consumption.

Cooperation can reduce barriers to accessing innovations through shared use of
equipment, specialists, and information services. To achieve this, it is necessary to
define the payment procedure, priority of access during the season, responsibility
for maintenance, and rules for handling participants’ data. The cooperative model
is especially useful when a farm does not need to own expensive equipment on
an ongoing basis. However, shared use also creates organisational risks: service
overload, schedule conflicts, and unequal distribution of benefits. These should
be taken into account when choosing an implementation model, along with the
expected savings.

Discussion. The results show that sustainable development is linked to aligning
technological equipment with the ability to change production solutions. This
position aligns with the interpretation of digital agriculture as an organisational
transformation presented in international literature. Kazakhstan’s investment and
resource statistics show the expansion of modernisation opportunities but do not
indicate how effectively they are used. Therefore, the next research task is to shift
from total investment volume and technical coverage to comparable data on costs,
resources, and farm outcomes.

Of particular importance is the distinction between the novelty of a solution
and its economic utility. For an enterprise with insufficient tracking of purchases
and inventory, the priority improvement may be reliable transaction recording
and establishing accountability. A more complex analytical system becomes
useful after accumulating high-quality data and defining the task. This does not
mean abandoning advanced technologies; rather, it sets the sequence for their
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implementation. The choice should depend on the limitations of a specific process:
a lack of information, physical infrastructure, competencies, or funding.

Regional adaptation is necessary due to differences in production profiles.
For areas with irrigated agriculture, water accounting, network condition, and
irrigation management are important. In grain-producing regions, the key challenge
becomes the spatial heterogeneity of the field, moisture levels, and the precision
of operations. For livestock farming, animal health, feeding, and traceability are
important; for processing, the quality of raw materials and losses are key. A unified
information infrastructure can support various tasks, but a universal technological
package that does not account for local conditions increases the risk of inefficient
spending.

Innovation financing should be linked to the stages of implementation. At
the initial stage, problem diagnosis and a pilot with measurable parameters are
required. After testing the technology, assess total cost of ownership, cash flow,
and service organisation. Scaling is justified if the effect persists with expansion
and does not require a disproportionate increase in costs. Subsidising the purchase
without checking subsequent operation can result in equipment that is partially
used or left unattended. Therefore, the conditions for maintaining operability and
access to the service infrastructure are essential.

Environmental performance requires consideration of technology interactions.
Irrigation automation and energy efficiency should be evaluated together, and
the accuracy of protective equipment should be evaluated together with the risk
of erroneous treatment and possible changes in biological load. Higher yields
may reduce the need to expand crops, but this effect depends on market demand
and land use. Therefore, sustainability cannot be assessed by a single improved
indicator. It is advisable to use a small set of consistent indicators, with disclosure
of initial values and measurement limitations.

Information security and data rights also affect economic sustainability. The
agreement should define access to information, the purpose of'its use, the possibility
of transfer to third parties and the procedure for recovery. The manufacturer needs
clear conditions for changing suppliers and maintaining their own records. The
system must support redundancy and alternative operating procedures when
communication is unavailable. These organisational requirements relate to the
continuity of production and the ability to benefit economically from data, not just
the technical security of the platform.

Social accessibility of digitalization requires the involvement of consulting
services, educational organizations, and producers’ associations. Training on
specific production tasks and post-implementation support are required. For small
farms, service fees, leasing, and resource sharing are promising options, provided
the terms are transparent and service quality is verifiable. Such an arrangement
expands access without assuming that every producer must own a full set of
equipment. At the same time, the decision to cooperate should consider the scale
of the operation, seasonality, and the ability to align participants' interests.
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To empirically test the proposed model, observations before and after the
implementation are required, along with a comparable group without the
technology. When selecting the group, the crop, region, farm scale, land quality,
and initial qualifications are taken into account. The assessment should control for
weather conditions, prices, and changes in production volume. If more affluent
farms are chosen for implementation, a simple comparison of averages will
overestimate the potential effect. The pilot study should define the main indicators
and measurement rules in advance, and present results with an uncertainty range.
This design will make it possible to test the mechanism that is analytically
substantiated in this work.

At the level of state policy, the study's practical outcome is a proposal to assess
modernisation across the entire chain, from resource availability to sustainable
economic effect. Reporting on implementation may include equipment operability,
actual use of the service, resource indicators, and maintenance costs. International
approaches help formulate criteria, but the national system must account for farm
structures and regional constraints. The proposed model is not an assessment of
the effectiveness of a specific program and requires adaptation when used for
budgetary decisions.

An additional condition for scaling is related to separating technical operability
from economic feasibility. The system can steadily transmit data and generate
accurate forecasts, but it remains unprofitable with high maintenance costs or low
production volume. Therefore, an independent economic assessment is required
after the technical test. It includes initial investments, regular pay, employee time,
maintenance, possible downtime, and the cost of abandoning the previous process.
When comparing, several seasons are considered, since a single favourable year
does not reflect the sustainability of the result. This verification sequence allows
you to justify scaling and identify situations where a more affordable solution
provides similar benefits to the manufacturer.

Conclusion. The sustainable development of the agro-industrial complex
based on innovation and digital technologies requires coordination of production,
financing, competencies, and data management. Technology becomes a factor
of sustainability when information is used for a specific action, and its result is
measured against economic, environmental, and social criteria. Expanding digital
infrastructure without corresponding infrastructure and organisational support
does not guarantee improved economic results.

An analysis of Kazakhstan’s official data revealed a 56.3% increase in
investment in the primary sector at current prices over 2024-2025, with a 51.8%
growth in physical volume. Own funds remain the largest source of financing. The
area of application of water-saving systems increased by 129.2% in 2023-2025.
These changes characterise the conditions and technical scope of modernisation;
they do not establish the share of digital costs or the causal effect of technology.

The proposed analytical model links observation, data verification, decision-
making, execution, and outcome evaluation. The indicator system covers total cost,
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resource intensity, development availability, and organisational reliability. The
priorities are regional adaptation of solutions, service support, data compatibility
and access of small farms to equipment and competencies. Further research should
rely on corporate and business microdata, comparable pilots, and validation of
results across multiple production seasons. This will allow us to move from
analysing prerequisites to an evidence-based assessment of the contribution of
innovation and digitalisation to the sustainable development of Kazakhstan's agro-
industrial complex.
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