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ECONOMIC APPRAISAL OF DIGITAL IRRIGATION UNDER DATA AND INSTITUTIONAL
CONSTRAINTS

Digital irrigation technologies — soil-moisture sensors, smart water meters, remote sensing, geographic
information systems (GIS), decision-support systems, telemetry, automated drip systems, and water-accounting
platforms — are conventionally justified by the volume of water they are projected to save. This criterion is
economically insufficient because higher field-level technical efficiency does not automatically translate into farm
profitability, lower governance costs, or reduced basin-level depletion. The article develops a methodological
framework for the economic appraisal of digital irrigation under the data and institutional constraints characteristic
of transition economies, with Kazakhstan as the contextual case. The study is conceptual-methodological in design,
grounded in a structured synthesis of peer-reviewed economic literature and contextual interpretation of national
irrigation-modernization materials, and does not produce empirical estimates. The framework comprises four
components: a taxonomy distinguishing technical, economic, accounting, and conservation notions of efficiency and
value; a three-level appraisal structure separating farm-level private profitability, irrigation-system accounting and
governance value, and basin-level social conservation value; a data-availability tier system linking each appraisal
method to the data it actually requires; and a method-selection matrix connecting technology class, water-
management function, minimum data tier, recommended method, institutional precondition, and dominant appraisal
risk, with explicit safeguards against the most common evaluation errors. In practical terms, the architecture can
guide farm survey design, subsidy targeting, and investment prioritization before costly data collection begins. The
framework's limitation follows from its design: it organizes future empirical work rather than generating causal or
quantified findings.

Keywords: digital irrigation; economic appraisal; water accounting; irrigation efficiency paradox; value of
information; transaction costs; agricultural water management, Kazakhstan.

Kinm ce30ep: yugprvix cyapy; 3KOHOMUKANLIK O6Aganay; cyovl ecenke any; cyapy muimOiniciHiy napadoKcsl;
aKknapammuly KYHObLIbIEb; MPAH3AKYUAIBIK WbIZBIHOAD ; AYbLI WAPYaublLIbleblHOaesl cyovl backapy, Kazaxcman.

Knrouesvie cnosa: yupposoe opowienue; 3KOHOMUYECKAs OYEHKA, yuem 600bl, NapaooKkc d¢ghgexmuenocmu
opouterust;, YeHHocmbv qubopMaL;uu; mpaH3aKyuoHHble u3depofc1<u; ynpaejieHue B60O0HbIMU pecypcamu 6 CceibCKom
xozauicmee, Kazaxcman.

JEL classification: Q25; Q16; 033

Introduction. In water-scarce economies, irrigated agriculture accounts for a disproportionately large
share of total withdrawals, which makes water a scarce economic resource rather than a purely hydraulic
one. The allocation problem is well defined: a cubic metre delivered to one field cannot be delivered to
another; the marginal value of water differs across crops, seasons, and locations; and farmers and water
administrators routinely lack the information needed to direct water where it yields the most. Digital
irrigation matters economically because it addresses this informational core of the allocation problem.

The instruments involved serve distinct economic functions. Soil-moisture sensors and weather
telemetry convert calendar-based scheduling into a data-driven activity, reducing the cost of determining
when and how much to irrigate [1]. Smart water meters make volumetric abstraction measurable, which is
a precondition for volumetric pricing, abstraction caps, and performance-based subsidies. Remote sensing
and GIS perform the same function at landscape scale, lowering the cost of independent verification and
enabling spatially targeted investment. Decision-support systems and automated drip installations convert
the resulting data into irrigation decisions. Treating these instruments as information infrastructure, rather
than as water-saving hardware, is the starting point for their proper economic valuation [2].
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Appraisal based on field-level efficiency is flawed because the term efficiency covers several distinct
concepts that behave differently at different scales. A drip retrofit may raise application efficiency and
reduce pumping costs while leaving basin depletion unchanged or even increasing it, because the drainage
that previously recharged groundwater or supplied downstream users is reduced. This mechanism, known
as the irrigation efficiency paradox, means that higher on-farm efficiency can increase net water
consumption at the basin scale unless abstraction is governed independently [3, 4]. The economic value of
sensors and satellite products therefore depends not on the devices themselves but on the quality of the
decisions those devices inform. The Kazakhstani context makes this problem concrete. Southern
Kazakhstan combines physical water scarcity, Soviet-era conveyance infrastructure, dependence on
transboundary river flows, and a growing portfolio of monitoring technologies [5]. The data these systems
generate are predominantly administrative and technical in character — equipped area, suitability
classifications, monitoring outputs — and do not include the cost, volume, price, and yield information that
economic appraisal requires. In the terms developed below, the country is relatively well supplied with low-
tier data and poorly supplied with high-tier data.

The article addresses one question: how should digital irrigation technologies be appraised
economically when field-level technical efficiency does not guarantee farm profitability, system-level water
accounting, or basin-level conservation? The answer takes the form of a four-component appraisal
framework comprising an efficiency and value taxonomy, a three-level appraisal structure, a data-
availability tier system, and a method-selection matrix. Each component is developed in the sections that
follow, with reference to Kazakhstan throughout.

Literature review. The literature relevant to this article organises into four strands, each well
developed internally but rarely connected to the others.

The first strand treats digital irrigation instruments as measurement and information infrastructure.
Garcia et al. document a mature 10T sensing architecture combining soil-moisture sensors, wireless
networks, and cloud platforms, and identify hardware cost and connectivity as the binding adoption
constraints for smallholders. Wolfert et al. establish that the economic success of data-driven farming
depends on data ownership, interoperability, and business models rather than on the devices themselves,
which means that the same sensor can create or destroy value depending on the institutional and commercial
environment in which it operates. The persistent challenge across this strand is that most agricultural water
remains unmetered and therefore cannot be priced, capped, or audited. Foster et al. demonstrate that
measurement errors in satellite-based water-use monitoring are large enough to alter welfare conclusions
and weaken abstraction caps when left unreported, so remote sensing addresses the metering gap only
partially and under specific validation conditions [6]. Zipper et al. confirm that accuracy improves with
spatial aggregation but remains insufficient for field-level enforcement without ground-truth calibration
[7]. Zhai et al., surveying decision-support systems for Agriculture 4.0, find that most are task-specific and
operationally oriented, with limited explicit treatment of economic optimisation in their architecture [8].

The second strand appraises irrigation investments economically. Borrego-Marin and Berbel's cost-
benefit analysis of the Guadalquivir basin modernisation programme documents net benefits attributable to
land and labour productivity gains and cropping changes, and provides the most directly applicable CBA
methodology for investment-level appraisal in a water-scarce context [9]. Galioto et al. take a different
angle, treating precision scheduling through the lens of the value of information: their comparative analysis
shows that the payoff of sensor-based scheduling is conditional on pedo-climatic conditions, crop value,
and the farmer's prior information environment, so net-benefit estimates cannot be transferred across
settings without re-estimation [10]. Jaafar et al. operationalise economic water productivity using earth-
observation data to inform allocation decisions in a water-scarce basin, demonstrating how remote-sensing
outputs can be converted into policy-relevant indicators when governance conditions permit [11]. These
methods are individually mature, yet they are applied one tool and one case at a time, with no structure
connecting method choice to the data and institutions actually available.

The third strand severs field-level technical efficiency from basin-level conservation. Grafton et al.
establish that raising on-farm efficiency frequently fails to reduce, and can increase, basin depletion,
because saved water is re-applied to expand irrigated area and because higher efficiency shrinks the return
flows on which downstream users and aquifers depend. Pérez-Blanco et al. confirm in a review of the theory
and evidence that conservation from efficiency improvements is conditional, not automatic, and depends
on binding abstraction caps and credible water accounting. Térnqvist and Jarsjo quantify this conditionality
in a semi-arid basin directly comparable to Central Asia: basin-scale water savings from improved irrigation
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techniques were approximately 60% lower than on-farm application reductions, because return flows and
groundwater recharge fell when less water was applied [12]. Because basin-scale verification itself rests on
remotely sensed estimates, the measurement errors documented by Foster et al. and Zipper et al. re-enter at
this level, so conservation claims require consumptive-use accounting and error-bounded estimates rather
than field-level efficiency ratios.

The fourth strand addresses why economic effects may or may not materialise. Pronti et al., in a
structured review of econometric studies on adoption determinants, find that farm size, education, extension
access, and credit are the most consistent predictors, but their direction and magnitude vary across
technologies and institutional settings, and cross-sectional estimates carry selection bias because larger and
better-resourced farms adopt first [13]. Ruzzante et al., drawing on a meta-analysis covering 63 developing
countries, confirm that adoption of agricultural technology is driven by economic incentives and
institutional support rather than by technology features alone, and that returns to adoption are heterogeneous
across farm types [14]. Barrett et al. document that in southeast Kazakhstan, water-user associations cannot
sustain or modernise deteriorated systems because farm margins are thin, fee collection is weak, and district
agencies override local decisions [15]. Across these settings, administrative and monitoring records are
comparatively abundant while farm-operational and basin-accounting data remain scarce, a data profile that
directly limits which appraisal methods are feasible. Taken together, the four strands document the
technologies, the economic mechanisms, the conservation caveat, and the institutional conditions in detail,
yet they remain disconnected. The methods of economic appraisal are mature but deployed one tool and
one case at a time; the efficiency paradox is well established but seldom built into appraisal design; and
adoption and governance constraints are studied separately from the choice of evaluation method. No
existing study offers a unified method-selection framework that specifies which appraisal method is feasible
and defensible for a given digital-irrigation technology under a given level of data availability and
institutional capacity. This gap is what the present article addresses.

The present framework differs from each of these in three respects: it is specific to digital irrigation
instruments rather than to irrigation investment in general; it conditions method choice on data availability
rather than assuming a uniform data environment; and it incorporates the efficiency paradox as a structural
constraint rather than as a caveat (Table 1).

Table—1
Positioning of the present framework against related appraisal guidance

Framework Coverage What it lacks relative to this article
FAQ water productivity Crop and system water Method selection by instrument type and
guidelines productivity measurement data tier
OECD irrigation investment | CBA, pricing reform, Digital-specific methods; data-tier
appraisal infrastructure conditioning; efficiency paradox
World Bank project ERR, shadow pricing, social CBA | Assumes Tier 2-3 data; no remote-sensing
appraisal procedures error treatment
This article All of the above, integrated Limitation: conceptual only; no empirical

estimates

*Compiled by the authors

The architecture developed in this article responds to all three gaps identified in the comparison. The
sections that follow present each component in turn: the taxonomy of efficiency and value concepts, the
three-level appraisal framework, the data-tier system, and the method-selection matrix with its safeguards.
Kazakhstan serves throughout as the contextual reference against which the framework's diagnostic logic
is demonstrated.

Materials and Methods. This study is conceptual-methodological in design, grounded in structured
literature synthesis and contextual interpretation of national irrigation materials. Its purpose is to construct
an appraisal framework that can guide future empirical work rather than to estimate the effect of digital
irrigation on water use or farm income. The study is not a systematic or PRISMA review, not an
econometric analysis, and not a regional diagnostic assessment; no causal claim is made and no benefit is
guantified. Source selection followed relevance to the economic analysis of digital and water-saving
irrigation systems. Peer-reviewed papers published between 2017 and 2025 and indexed in Scopus or Web
of Science were prioritised; foundational works published before this window were cited only where
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methodologically necessary. Sources were organised by economic concept rather than by irrigation
technology, covering six thematic clusters: economic analysis, cost-benefit analysis, and water
productivity; measurement, remote sensing, and the value of information; the irrigation efficiency paradox
and rebound effects; adoption determinants and behavioural and institutional barriers; governance, water
pricing, and transaction costs; and the Kazakhstan and Central Asia context. Engineering literature was
used solely to establish the technical foundation for each instrument. Sources without verifiable
bibliographic data were excluded.

The framework was constructed in five sequential stages, each anchored to digital irrigation rather
than to investment appraisal in general.

Stage 1 — Problem identification. Four notions that are frequently conflated in practice were
separated: technical field efficiency, defined as the share of applied water reaching the root zone; farm-
level economic value, expressed as profit per unit of cost and water; system-level water-accounting value,
understood as the cost of governing water; and basin-level conservation, meaning the actual change in
consumptive use. A single water-saved metric performs differently across these four dimensions and is
therefore an unreliable appraisal criterion on its own.

Stage 2 — Mechanism extraction. The economic mechanisms through which digital irrigation
generates or destroys value were identified from the literature: cost-benefit and net-present-value logic,
payback period, economic water productivity, the value of information, transaction-cost reduction,
information-asymmetry reduction, adoption constraints, water pricing and governance, the shadow value
of water, rebound effects, and return-flow and depletion effects.

Stage 3 — Mechanism-to-technology mapping. Each mechanism was mapped to the specific
instruments that activate it: soil-moisture sensors, smart water meters, remote sensing, GIS, telemetry,
decision-support systems, automated drip irrigation, and water-accounting platforms. This step ensures that
no appraisal method is discussed in abstraction from the technology and problem it is meant to address.

Stage 4 — Data-tier classification. The data required to operationalise each method were sorted into
four tiers. Tier O covers administrative aggregates and records of technology presence. Tier 1 covers
monitoring and spatial data, including GIS layers, remote-sensing indices, and suitability classifications.
Tier 2 covers farm operational data: sensor and meter logs, energy use, input costs, and yields. Tier 3 covers
farm panels joined to basin-level accounting, encompassing evapotranspiration estimates, withdrawals,
return flows, and allocation records.

Stage 5 — Matrix and safeguards. The mechanisms, technologies, and data tiers were assembled
into a method-selection matrix linking each technology class to its water-management problem, economic
function, minimum data tier, recommended appraisal method, necessary institutional condition, and
dominant appraisal risk. Explicit safeguards against recurrent appraisal errors were incorporated into the
matrix structure.

Kazakhstan's national irrigation-modernisation and monitoring materials were used solely to
characterise the data and institutional environment the framework must navigate: ageing conveyance
systems, water-saving technologies, space-ground monitoring infrastructure, GIS mapping, and limited
farm-operational data. These materials were not used as a dataset from which regional adoption statistics
or comparative figures are drawn.

The main part. Each digital instrument is more accurately characterised as an economic device that
removes a specific friction in the allocation and governance of water than as a water-saving appliance. Soil-
moisture sensors and weather telemetry address the scheduling problem: they convert calendar-based
decisions into data-driven ones, generating a payoff defined by reductions in water and energy waste and
by lower yield risk. That payoff materialises only when the farmer can act on the data and when crop value
justifies the cost of subscription, calibration, and maintenance. Smart water meters address the measurement
problem: without metered volumes there is no basis for volumetric pricing, abstraction caps, or compliance
auditing, so the meter functions as accounting infrastructure rather than as farm equipment. Remote sensing
and GIS reduce the cost of two otherwise expensive operations: independent verification of land and water
use, and spatially targeted placement of investments. Both, however, introduce measurement error that must
be reported and bounded rather than treated as precise observation.

This characterisation has a direct implication for appraisal. The value of a sensor or a satellite output
is not a property of the device; it is a function of the decisions the device enables. The same instrument is
economically significant when its outputs feed into a binding abstraction restriction and carries little value
when its outputs affect no decision at all.
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At least seven distinct concepts circulate under the single word efficiency, each answering a different
guestion and requiring different data (Table 2). Application efficiency measures the share of applied water
that reaches the root zone. Physical water productivity measures output per unit of water applied. Economic
water productivity measures the value of output per unit of water. Private profitability asks whether
adoption pays the individual farmer. System-level accounting value asks whether measurement lowers the
cost of governing water. Basin-level conservation asks whether consumptive use actually falls across the
watershed. Social welfare asks whether net benefits, including externalities and distributional effects, are
positive.

The taxonomy is not a terminological exercise. A drip retrofit that improves application efficiency and
private profitability can leave basin-level conservation unchanged or worsen it through reduced return
flows, because the drainage that previously recharged groundwater or reached downstream users is
eliminated. Labelling a field-level efficiency gain as water saved is therefore a category error, and one with
direct fiscal consequences when public subsidies are attached to it.

Table — 2

Efficiency and value concepts in digital irrigation

Concept Question it answers Ililnugitcr:tt(;\;e Main data need Risk if confused
Application How much applied Application ysolggi(\a/s;ghed Read as proof of water
(technical) water reaches the root | efficiency ratio (sénsor | meter "saved," ignoring
efficiency zone? (%) withdrawals and return flows

logs)

Crop or price change

Physical water Output per unit of kg or t per m? Yields plus -
L . . . mistaken for a technology
productivity water applied applied applied volumes offect
3 — -
Economic water | Value of output per USD perm Yields, prices, High V?"“e crops credited to
L . (applied or the device, not agronomy or
productivity unit of water costs, volumes
consumed) markets
NPV, IRR, N .
Private Does adoption pay payback of the CAPEX, OPEX, | Engineering water_savmgs
oo - energy, labour, assumed to equal financial
profitability the farmer? sensor / drip / ield orices returns
DSS package yield. p
Value of Metering
Does measurement . L .
System / information; coverage, Information assumed useful
. lower the cost of ) I e .
accounting value - transaction-cost | monitoring / even when no decision uses it
governing water? ; . .
reduction inspection costs
Basin-level Does depletion . Change In ET’ retun flows, Field efficiency credited as
. actually fall basin- consumptive use | withdrawals, . .
conservation . - basin saving (the paradox)
wide? and return flows | allocations
Do net social benefits | Shadow price of | Above plus . . .
. . i . " Private gains mistaken for
Social welfare exceed costs, with water; net social | externalities and - :
. : AT social gains
externalities? benefit distribution

*Compiled by the author

The taxonomy resolves into three appraisal levels, each with its own object, mechanism, methods, and
policy use (Table 3). The levels are nested but not substitutable: a favourable result at one carries no
guarantee at another, which is why they must be appraised separately.

At Level 1, the object is the farmer's adoption decision for on-farm tools: sensors, controllers, drip
automation, and farm decision-support systems. Cheaper information and more precise application alter the
farm production function, generating water and energy cost savings, possible yield or quality gains, and
lower production risk. Standard cost-benefit methods apply, but only when anchored to the specific device.
A net-present-value calculation for an automated drip system is defensible only if its capital expenditure,
operating costs including subscriptions, calibration, maintenance, and digital labour, energy use, yield
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response, and water cost can be observed directly. Cost-effectiveness is best expressed as cost per cubic
metre saved or per hectare equipped. Net-benefit estimates derived in other countries depend on local pedo-
climatic and informational conditions and must be re-derived rather than transferred.

At Level 2, the object is the measurement-and-information stack: smart meters, telemetry, remote
sensing, GIS, and water-accounting platforms, read as governance infrastructure. Its economic value lies in
reduced information asymmetry and lower transaction costs. Verifiable, plot-level measurement substitutes
for costly field inspection and makes allocation, volumetric pricing, and compliance auditing administrable
at the system level. The appropriate methods at this level are value-of-information analysis and a
transaction-cost comparison of monitoring and enforcement with and without the digital stack, not a farm-
level net present value. This value materialises only where an authority or water-user association is
empowered to act on the data.

At Level 3, the same data stack is read at basin scale, drawing on remote-sensing evapotranspiration
estimates, return-flow accounting, and GIS, to ask whether efficiency gains translate into real conservation
and positive net social benefit. The relevant quantities here are the shadow value of water, consumptive-
use and return-flow effects, rebound, externalities, and distributional incidence. The applicable methods
are social cost-benefit analysis with shadow pricing, consumptive-use water accounting, and explicit
rebound assessment. Level 3 is where the efficiency paradox is most consequential and the level most
frequently omitted from practical appraisal.

A method is only as defensible as the data behind it, and in transition economies the binding constraint
is data availability rather than method choice in principle. Table 4 pairs each appraisal ambition with the
tier of data it requires. With Tier 0 administrative aggregates, such as equipped area by technology of the
kind found in modernisation reporting, only diagnostic interpretation is honest. Neither a net present value
nor a water-productivity figure can be defended at this tier because no costs or volumes are observed; the
data support contextual framing and nothing more.

Table — 3
Three-level economic appraisal framework for digital irrigation
Appraisal Object and main Core economic Applicable methods Key |nd_|cators and
level technologies mechanism policy use
Soil-moisture Chegper |nfc_>rm_a1t|on and CBA. NPV, IRR, CAPEX / OPEX,
Level 1 — precise application ) energy and labour
SEnsors, . payback; cost- . -
Farm-level . change the production . savings, yield, water
. controllers, drip 2 effectiveness (cost !
private ; function; water, energy, N cost, payback; whether
. automation, on- R per m? saved or per .
profitability labour savings; risk and where adoption
farm DSS . ha) .
reduction needs subsidy
Reduced information Value-of-information Mete_rlng coverage,
Level 2 — Smart meters, = . monitoring and
asymmetry and analysis; transaction- | . -
System / telemetry, remote : . . inspection cost,
A . transaction costs; cost comparison -
institutional sensing, GIS, - o allocation /
. . verifiable measurement | (monitoring / : )
accounting water-accounting ; . . compliance accuracy;
enabling allocation, enforcement with vs. . .
value platforms - . . - basis for volumetric
pricing, compliance without digital tools) -
pricing
Change in
Level 3 Same data stack at Shadow value of water; | Social CBA with consumptive use,
. . consumptive-use and shadow pricing; return flows,
Basin / basin scale (RS- ) . L .
. . return-flow effects; consumptive-use depletion; net social
regional social | ET, return-flow ) o s T
. rebound; externalities water accounting; benefit; distribution;
value accounting, GIS) L .
and distribution rebound assessment | design of caps and
enforcement

*Compiled by the author.

Tier 1 monitoring and spatial data, covering remote-sensing indices, GIS layers, suitability
classifications, and plot attributes, support Level-2 reasoning about the value of information and spatial
investment targeting and allow measurement-error bounds to be stated. They cannot, however, yield farm-
level financial returns because operational costs and volumes remain unobserved.
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Tier 2 farm operational data, comprising sensor and meter logs of applied and withdrawn volumes,
energy use, and on-farm costs, unlock Level-1 cost-benefit analysis and partial economic water
productivity. At this tier the analyst can construct a defensible net present value or payback estimate for a
specific on-farm technology, provided yields and prices are also available.

Only Tier 3, which joins multi-year farm panels with prices and costs to basin-level withdrawals,
evapotranspiration estimates, return flows, and allocation records, supports causal adoption effects, full
economic water productivity, basin-level conservation assessment, and welfare analysis. This is the data
environment that the efficiency paradox makes non-negotiable for any conservation claim, and it is the tier
least available in Kazakhstan and comparable transition economies.

Table — 4

Data-availability tiers and feasible appraisal methods

Typical data available What can be

Methods not yet

Data tier (digital-irrigation credibly appraised Feasible methods justified
context)

Tier 0 — Equipped area by Direction and Q_ualltatl_ve / CBA, N_P_V' water

- . 7 ) diagnostic productivity
Administrative technology / region; context only; the ; L A

97 . interpretation; estimation (no costs
aggregates modernization reports need for appraisal .
conceptual framing | or volumes)
. Remote sensing (NDVI, _System I_evel ) _Value Of. Farm financial

Tier 1 — information value; information

Monitoring and
spatial

Tier 2— Farm
operational

Tier 3 — Panel
plus basin
accounting

ET), GIS layers,

suitability classes, plot

attributes

Sensor / meter logs of
applied and withdrawn
volumes; energy use; on-

farm costs

Multi-year farm panels

with prices and costs;

basin withdrawals, ET,
return flows, allocations

spatial targeting;
measurement-error
bounds

Farm-level
profitability;
physical and partial
economic water
productivity

Causal adoption
effects; economic
water productivity;
basin conservation;
welfare

analysis; G1S-based
prioritization; error
assessment

CBA, NPV, IRR,
payback; cost-
effectiveness

Econometric
estimation; social
CBA with shadow
pricing; full water
accounting

returns; basin
consumptive-use
balances

Basin conservation
(return flows still
unobserved)

— (enables the full
framework)

*Compiled by the author.

Table 5 constitutes the operational core of the framework. It reads each technology class against the
water-management problem it addresses, its economic function, the minimum data tier needed to appraise
it credibly, the recommended method, the institutional condition without which the economic effect cannot
materialise, and the dominant appraisal risk.

The matrix is specific to digital irrigation by design. The same appraisal method takes a different form
depending on the instrument to which it is applied. Cost-effectiveness for a soil-moisture sensor is
expressed as cost per cubic metre saved at the farm level; for a metering network, the same concept becomes
cost per unit of monitoring or compliance achieved at the system level. The data requirements and
institutional preconditions differ accordingly, which is why a single generic cost-benefit template applied
across all digital-irrigation instruments produces results that are neither comparable nor defensible.

The matrix therefore does not recommend methods in the abstract. Each row specifies what the
technology actually does in economic terms, what data are needed to observe that effect, what institution
must be in place for the effect to materialise, and what the analyst risks if the method is applied without
meeting those preconditions. A decision-support system appraised as if it were continuously and effectively
used when adoption rates are low and training is absent will overstate returns. A remote-sensing platform
appraised without error bounds will produce conservation estimates that cannot withstand scrutiny. The
matrix makes these risks explicit and pairs each with a corresponding safeguard, developed in the following
subsection.
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Table -5
Method-selection matrix for the economic appraisal of digital irrigation technologies
Main water- . Min. | Recommended Necessary .
Technology Economic . LN Main
management ; data | appraisal institutional . .
class function . o appraisal risk
problem tier | method condition
SOI_I- - Lower information Farm CBA/ NPV F_arme_r Yield or price
moisture Scheduling; ) . / payback; cost- liquidity and | changes
. cost; cut water / Tier . A e .
sensors & input effectiveness digital skills; | attributed to
o energy use and 2 X . .
weather optimization . . (cost per m advisory sensors without
yield risk
telemetry saved) support controls
. Reduce . Value-of- An authority Data collec.ted
Volumetric information . . . but unused;
Smart water . . Tier | information; empowered to .
meters measurement; | asymmetry; enable 1-2 | transaction-cost | read and act metering
compliance pricing and . without
- comparison on the data
accountability enforcement
GI1S-based
L Cut verification prioritization; Measurement
Remote Monitoring; . . I Agency to act .
. . and targeting Tier | monitoring-cost ) error mistaken
sensing & | investment . - . on maps; data :
. costs; spatial 1 comparison; for precise
GIS targeting . governance .
allocation error-bounded observation
Vol
.. Convert Sustained use | Low real use
Decision- . . L . CBA plus L " ”
Scheduling information into Tier . and training ("shelfware™)
support - . adoption / actual-
decisions better input 2 . after after
systems . use analysis - . - .
decisions installation installation
Automated Raise field CBA + economic | Allocation Field savings
dri Application efficiency and Tier | water caps that not realized as
anp precision economic water 2-3 | productivity + prevent area basin savings
irrigation L .
productivity rebound check expansion (paradox)
. . Weak
Integrated Lower transaction Transaction-cost | Enforcement .
System i . . . ) . enforcement;
water- . costs; basis for Tier |and social CBA; | capacity and - .
. governance; - . . private gains
accounting - allocation and 1-3 | consumptive-use | inter-agency
allocation : . ' not equal to
platforms social appraisal accounting mandate . .
social gains

*Compiled by the author. Voi = value of information.

The matrix is sequenced by the protocol shown in Figure 1. Appraisal begins with the identification
of the technology class and moves through an explicit measurement-and-information layer, at which water
applied, withdrawn, and consumed are distinguished, to the selection of the appropriate appraisal level.

A first gate checks whether the available data tier can support the chosen level and method. If it cannot,
the analyst restricts the claim to what the data permit and initiates higher-tier data collection rather than
forcing an unsupported net present value or conservation estimate. Stating that a method is premature is a
legitimate and necessary analytical output; proceeding without the required data produces figures that are
indefensible under scrutiny and may misdirect investment or subsidy design.

A second, institutional gate determines whether basin-level conservation may be credited at all. The
gate opens only where measurement is coupled to enforceable allocation rules: only under that condition
does the protocol advance to the integrated decision, which may be to adopt, subsidise, pilot, scale, regulate,
or redesign the instrument or the incentive structure around it. Where the institutional condition is not met,
field-level efficiency gains must not be recorded as basin water savings. The appropriate response in that
case is to pilot or redesign the governance and incentive arrangements rather than to scale the hardware,

303



Ka3zak 5K0HOMHKA, Kap:KbI jKIHE XaJIbIKapaJibiK cayna yHusepceuterinin JKAPLIBICHI, 2026 — Ne2 (63)

because scaling technology without the institutional preconditions in place does not produce the
conservation effect and may accelerate depletion through rebound. Because the costly mistakes in this field
are systematic rather than random, the matrix is paired with six explicit safeguards. The first guards against
the efficiency-conservation conflation. A gain in field efficiency from drip automation or precision
scheduling is credited as conservation only after consumptive-use accounting confirms that basin depletion
has fallen, and only where abstraction is capped and enforced. The second addresses measurement error.
Remote-sensing estimates of irrigation water use carry errors large enough to overturn welfare conclusions,
so appraisals are required to report error bounds, ground-truth estimates against test sites, and work with
ranges rather than point estimates. The third forbids treating equipped area as a proxy for water use. Tier-0
figures are confined to contextual framing; Tier-2 or Tier-3 volumes are required before any economic

claim is advanced.

Digital irrigation technology class
(soil-moisture sensors ® smart meters ® remote sensing & GIS  DSS e
drip automation ® water-accounting platforms)

Y

Measurement & information layer
(distinguish water applied ¢ withdrawn e consumed)

Y

Identify appraisal level

L1 farm profitability e L2 system / accounting value ¢ L3 basin / social

conservation
L

NO
Restrict to feasible
claims; collect Tier 2—-3
data; do not scale yet

Is the data tier (0-3)
sufficient for the chosen
level and method?

transaction-cost analysis e social CBA e water-accounting & rebound assessment

Select appraisal method (matched to level + tier)
CBA / NPV / payback e cost-effectiveness o value of information e

NO
Do not credit basin
water saving; pilot /
redesign incentives

!

Are allocation rules, water
accounting, and enforcement
in place?

|

Decision
ADOPT e SUBSIDIZE e PILOT e SCALE ¢ REGULATE ¢ REDESIGN

Figure — 1. Step-by-step protocol for the economic appraisal of digital irrigation

*Compiled by the author. Basin-level water saving is credited only when measurement is linked to enforceable allocation rules
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The fourth separates adoption from benefit. Larger and better-resourced farms adopt sensors and
decision-support systems first, so cross-sectional comparisons of adopters and non-adopters carry selection
bias. Panel or quasi-experimental designs are required to discipline causal inference.

The fifth refuses to value information that no institution is empowered to use. Level-2 value is
conditional on water-user-association or authority capacity and on data governance arrangements that
connect measurement to decision-making.

The sixth keeps private and social value distinct. The shadow price of water and distributional
incidence are added at Level 3 wherever adoption may shift water costs onto downstream users or third
parties.

Kazakhstan illustrates why an appraisal framework, rather than another technology census, is the more
pressing need. National materials document a genuine and expanding digital capacity: water-saving
irrigation technologies, a space-ground monitoring structure, GIS mapping of irrigated and prospective
lands, and remote-sensing processing of vegetation and moisture indices verified on test sites. In the terms
of Table 4, what these materials supply is predominantly Tier-0 and Tier-1 information: administrative
aggregates, records of technology presence, modernisation reporting, suitability classifications, and
monitoring outputs. What they do not supply is the Tier-2 and Tier-3 information that economic appraisal
requires: farm-level applied and withdrawn volumes, consumptive use, return flows, crop yields, output
prices, energy and labour costs, maintenance and calibration expenditures, subsidy and adoption-timing
records, water-user-association capacity indicators, longitudinal observation, and basin accounting. Placed
against the framework, this profile yields a precise diagnostic. The existing evidence supports Level-2
reasoning about the value of monitoring and about where to target investment, and it justifies the conceptual
case for constructing an appraisal architecture; it cannot yet support robust farm net present values, causal
adoption effects, or basin-level conservation estimates. The binding constraint is not the absence of
measurement technology but its limited linkage to economic decision-making and to enforceable allocation,
which is precisely the institutional condition that the efficiency paradox makes non-negotiable. Importing
net-benefit figures from mature water economies would compound rather than solve the problem, because
Kazakhstan has neither the pricing and enforcement arrangements those figures presuppose nor the panel
data that econometric transfer requires, and its institutional setting differs substantially from the regional
cases documented in the literature. The framework converts a general call for digitalisation into a tier-by-
tier, level-by-level appraisal and data-collection agenda.

Against engineering appraisal, the architecture refuses to equate physical water savings with economic
value and forces attention to cost, profitability, and institutional fit. Against descriptive adoption studies, it
separates adoption from benefit and incorporates a selection safeguard. Against generic cost-benefit
analysis, it anchors every method to a named digital-irrigation technology and to the specific water-
management problem that technology addresses: measurement, scheduling, allocation, monitoring,
compliance, productivity, or basin conservation. Irrigation is not treated as an interchangeable capital
project. Against technology inventories, it supplies the analytical structure that converts a list of installed
equipment into an evaluable object.

Conclusion. This article addresses the question of how digital irrigation technologies should be
appraised economically when field-level technical efficiency does not guarantee farm profitability, system-
level water accounting, or basin-level conservation. The response takes the form of a four-component
appraisal architecture: a taxonomy of efficiency and value concepts, a three-level appraisal framework, a
data-availability tier system, and a method-selection matrix with explicit safeguards. The architecture is
operationalised through a two-gate protocol that defers conservation credits until both data sufficiency and
institutional preconditions are confirmed.

The contribution of the article lies in the construction of the architecture itself. Rather than surveying
the literature or cataloguing technologies, the study integrates a fragmented evidence base into a single,
internally consistent methodology for the economic appraisal of digital irrigation. Each appraisal method
is anchored to a named technology, a specific water-management problem, a minimum data tier, and a
necessary institutional condition, so that the framework produces structured analytical guidance rather than
generic recommendations.

For Kazakhstan, the contribution is diagnostic and programmatic. The framework locates the country
within the data-tier system: it is relatively well supplied with monitoring and spatial data at Tiers 0 and 1,
and poorly supplied with the farm-financial and basin-accounting data at Tiers 2 and 3 that economic
appraisal requires. This diagnosis identifies what can and cannot be credibly appraised at present and
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redirects attention from hardware procurement toward strengthening the measurement-institution links
without which no economic value from digital irrigation can be demonstrated or sustained. The limitations
of the study follow from its design. The article is conceptual-methodological: it does not estimate the causal
effect of any digital-irrigation technology, does not quantify benefits, and uses Kazakhstan as contextual
background rather than as an empirical subject. The architecture is scaffolding for measurement and
estimation, not a substitute for it.

The research agenda implied by the framework is specific. It includes farm panel studies linking digital
irrigation to water use, yields, costs, and profit at field level; cost-benefit analyses and economic water
productivity estimates disaggregated by crop; adoption modelling with selection correction; evaluation of
subsidy and pricing instruments; GIS-based investment prioritisation; and integration of remote-sensing
measurement with farm-level economic data. Each of these tasks corresponds to a tier and level within the
framework and can be initiated as the requisite data become available.

The article was prepared within the framework of the research project entitled "Systemic Effects of
Reforming the Quasi-Public Sector: Towards a New Model of Public Governance in Kazakhstan"
(supported by a grant from the Science Committee of the Ministry of Education and Science of the Republic
of Kazakhstan; IRN AP26104777).
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Kaup B.A., Beiicenraaues B.T., Ockentaes E.C., Umames A.B.

JEPEKTEPAIH INEKTEYJILIITT )KOHE HHCTUTYUOHAJJIBIK INEKTEYJIEP )KAFTAUBIHIA
LU®PJILIK CYAPY Il DKOHOMMKAJIBIK BAFAJIAY

AnjgaTna

Hubpaslk cyapy TEXHONOTHSUIAPHl — TOMBIPAK BUIFAJABUIBIFEl JATIUKTEPl, aKBUIIBI CY €CeNTeriluTepi,
KAIIBIKTBIKTAH 30HATAY, reorpadusuiblk akmaparTsik skyienep ([AX), memim KaObuimayasl Kosuay sKyhenepi,
TEJIEeMEeTPHs, aBTOMATTAHABIPBUIFAH TAMIIBUIATHIII Cyapy JXYHellepi JKoHe CyAbl ecelke amy ImatdopMaiapsl —
JOCTYPIIi TYpAe OJapiblH YHEMCYl KYTUICTIH Cy KeJeMiMeH Heri3nmene/i. by emieM 3KOHOMHUKANBIK TYPFbIIAH
JKETKLITIKCI3: eTiCTIK JeHreHiHIer] )KOFapbl TEXHUKAIBIK THIMIUTIK pepMepJIiK MIapyalbUIbIKThIH TaObICTUIBIFBIHBIH
ecyiHe, Cy pecypcTapblH OacKapy LIBIFBIHIAPBIHBIH TOMEHIEYiHEe HeMece OacceiH JeHreline Cy KOPbIHBIH a3aloblHa
aBTOMATTHl TypAae okenmeinni. Makanana KasakcTaHIpl KOHTEKCTIK MbICall peTiHJIE MaiiialaHa OTBIPBIN, OTHENl
SKOHOMUKAJIApFa TOH JIEPEKTEePAiH LIEKTEYNTri MEH HHCTHTYUHOHAJJBIK IIEKTEYyJep >arnaiblHAa IHPPIBIK
cyapyabl 3KOHOMUKAJIBIK OaranayJblH oiCHAMAJBIK HETi31 a3ipieHemi. 3epTTey TYKBIPhIMIaMalbIK-9 IiCHAMAITBIK
cumnarra OOJBIN, pelCH3IsUIaHFAaH YKOHOMHKAIBIK ONeOUeTTI KYPBUIBIMAAIFAH CHHTE3IEYTe KOHE HPPHUTAIHSTHEI
JKaHFBIPTY KOHIHICTI WITTBHIK MaTepHalIapabl KOHTEKCTIK TYCIHIIpyre HETi3IeNTeH; 3MIMPHUKAJIBIK Oaranayiap
JKYPri3iMeiIi. O3ipJeHreH HeTi3 TOpT KOMIIOHCHTTCH TYpPajbl: THIMIIIIK TEeH KYHIBUIBIKTBHIH TEXHHKAIBIK,
SKOHOMHUKAIIBIK, ECETTIK KOHE TAOUFATTHI KOPFay YFBIMIAPBIH aXKbIPATATHIH TAKCOHOMHS; (DePMEPITIiK [IapyarIbLIbIK
JCHTeHiHEeT] J)KeKe TaOBICTBUTBIKTEI, HPPUTAIUSUIIBIK XYW TeHTeHiHIeTi Cyabl eCelKe ary MeH 0acKapy KYHIBUTBIFBIH
XKoHe OacceiH AeHreiiHAeri cy pecypcTapblH CaKTayAblH QJIEYMETTIK KYHABUIBIFBIH O€JIill KapacThIpaThIH YII
JeHrei1i Oaranay KypbUIBIMBI, opOip Oaranay O[iCiH HAKThl KaXKET JCPEKTEPMEH OalIaHBICTHIPATHIH JCPEKTEP
KOJDKETIMIUIITIHIH JAeHreiyiep »yieci, »oHE TEXHOJIOTHS KIIAChIH, Cy PeCcypcTapblH Oackapy (yHKUMSICHIH,
JIEPEKTEP/IiH €H TOMEHT] IeHIeiiH, YCHIHBUIATHIH 9IICTi, HHCTUTYLMOHAJI/IBIK aJIJIbIH aJla [IapTThl )KoHe Oaranay /by
0achIM TOyEKelliH eH KUl Ke3/1eCeTiH KaTenepre Kapchl HAaKThl KOPFAaHbIC MEXaHNU3MIEPIMEH OalIaHbICTBIPAThIH 9JIiC
TaHaay Matpunacel. [IpakTHKaIbIK TYPFBIIaH ajfaH/a, YChIHBUIFAH apXUTEKTypa KbIMOAT JACPEKTep KHUHAYFa JACHiH
(depMepITik MapyambUTBIKTapIbl 3ePTTEYi, CyOCHAMSIIApAbl HBICAHAIBI OAaFBITTayAbl JKOHE WHBECTHIUSIIAP.IBI
0achIMIBIKKAa KOIOIBI KYpBUIBIMIayFa MYMKIiHAIK Oeperi. Heri3miH mekTeyi OHBIH OU3aiHBIHAH TYBIHIAHIBL: O
OoJamrak SMIMPHUKAIBIK >KYMBICTH YHBIMAACTBIPAIbI, ceOel-calapiiblK HeMece CaHIBIK OJIICHICH HOTIKEIep
Oepmeiini.

Kaup B.A., Beiicenraaues B.T., Ockenbaes E.C., Umames A.B.

3KOHOMHYECKAS OHEHKA IU®POBOI'O OPOLIEHMSA B YCJIOBUAX OT'PAHUYEHHOCTH
JAHHBIX U UHCTUTYILMOHAJIbHBIX OTPAHUYEHUI

AHHOTAIUSA

HudpoBeie TEXHOJIOTHH OPOIICHUS — JATYUKU BIIAXHOCTH TMOYBBI, MHTCIUICKTYaJIbHBIC CUETYUKU BOIBI,
JMICTAHIIMOHHOE 30HAHMpOBaHUe, reorpaduyeckne wHPopmanuonHsie cucteMbl (['MC), cucteMbl HOIAEPKKA
MIPUHATHS PEIICHUH, TEIEMETPHSI, aBTOMAaTU3UPOBAHHBIC CHCTEMBI KalleJIbHOTO OPOIICHHS U INTATHOPMBI YIETa BOIBI
— TPaAJUIMOHHO OOOCHOBHIBAIOTCS OOBEMOM BOJBI, KOTOPHI OHU CIIOCOOHBI CIKOHOMHUTH. J|aHHBINH KpUTEpHid
SKOHOMHYECKU HEJOCTAaTOYEH: Ooiiee BBICOKAs TEXHUYECKas S(PQPEKTHBHOCTh Ha YpPOBHE IONII HE O3HAYaeT
ABTOMATHYECKOTO POCTa MPHOBLILHOCTH (EPMEPCKOTO XO3SMCTBA, CHIDKEHHWS 3aTpaT Ha YIpPaBIEHUE BOTHBIMH
pecypcaMu WIIM COKpAaIlleHHs HCTOLICHHWS BOIHBIX 3allacoB Ha ypoBHE OacceliHa. B cratee paspabaTwiBaeTcs
METOJIOJIOTHYECKasl paMKa SKOHOMHUYECKOW OIIEHKH ITU(GPOBOTO OPOIIEHUS B YCIOBUSAX OTPAHUYEHHOCTH JAHHBIX U
WHCTUTYLUOHAIBHBIX OTpaHUYEHHUH, XapakTEepHBIX JIJIS MMEPEXOJHbIX SIKOHOMHK, C HCIOb30BaHueM Ka3zaxcrtaHa B
KadyecTBE KOHTEKCTHOTO npumepa. Jlu3ailH uccie10BaHusl HOCUT KOHIIENTYaJIbHO-METOI0JIOTMUECKUN XapaKTep: OH
OCHOBaH Ha CTPYKTYPUPOBAaHHOM CHHTE3€ pPELEH3UPYEMOM SKOHOMUYECKOW JIMTEPAaTypbl M KOHTEKCTHOM

308



BECTHMUK Ka3axckoro yHMBepcHTEeTa 3IKOHOMHKH, (PUHAHCOB M MEKIyHAPOAHO# TOpro..m, 2026 — Ne2 (63)

UHTEpIPEeTallud HAallMOHAJBHBIX MAaTepHalioB IO MOJEpPHHU3AlMM UpPPUrald M HE MpearnonaraeT MOJy4YeHUs
SMIIMPUYECKUX OLECHOK. Pa3paboTaHHas paMKa BKJIIOYAET YEThIPE KOMIOHEHTA: TAKCOHOMHIO, Pa3TPaHUIHBAIOIITYTO
TEXHHYECKNE, HKOHOMHYECKHE, YUYETHBIE W IIPUPOJOOXPAaHHBIE MOHATUS J3(GQPEKTUBHOCTH M IIEHHOCTH;
TPEXYPOBHEBYIO CTPYKTYpY OLEHKH, PA3IHYAIONIYI0 YaCTHYIO IIPUOBUIBHOCTH Ha yPOBHE (DEPMEPCKOTO XO3SHCTBa,
[IEHHOCTh y4€Ta BOABI M YIIPABICHHWA HAa YPOBHE HWPPHTAllMOHHOM CHCTEMBI, a TAaKXKE COIHAIBHYIO IIEHHOCTBH
COXpaHEHHs BOJHBIX PECYpCOB Ha ypOBHE OaccelfHa; CHCTEMY YPOBHEH JOCTYITHOCTH NAaHHBIX, CBS3BIBAIOIIYIO
Ka)KIbII METOJ] OLIEHKH C (haKTHIEeCKH HEOOXOANMBIMHI JTaHHBIMH; U MaTPHILy BEIOOpA METOOB, COOTHOCSIIYIO KJIacC
TEXHOJIOTHH, (YHKIHIO YIIPaBICHUS BOAHBIMHU pECypcaMy, MUHIMAIIbHBIH YPOBEHb ITaHHBIX, PEKOMEH Iy eMBIi METOI,
MHCTUTYLMOHANBHOE MpEeIBapUTEbHOE YCIOBUE U JOMHUHUPYIOIIMNA PUCK OLEHKH, C SBHBIMH 3al[UTHBIMU
MEXaHW3MaM{ IPOTHB HauOoJiee pacipocTpaHEHHBIX OmMOOK. C NpaKTHYECKOW TOYKM 3pEHHUS IMpPEAIOKEHHas
apXHUTEKTypa IO3BOJSIET CTPYKTYpHpOBaTh 00cCienoBaHUsl (PEPMEPCKUX XO3SHCTB, TapreTHpOBaHUE CYOCHUIWI U
NPUOPUTH3ALUIO MHBECTHLIMH /10 Hayaja JOpOrocrosiuiero coopa naHHbIX. OrpaHUueHHE paMKU BBITEKaeT U3 e

Ju3aifHa: OHAa OpraHu3yeT OyIyIlylo SMIHMPHYECKYI0 pabdoTy, HE MNPOM3BOAS NPUIMHHO-CICICTBEHHBIX HIIN
KOJIMYECTBEHHO U3MEPEHHBIX PE3YJIbTATOB.
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