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Abstract

Heavy metal contamination in aquatic environments remains a considerable ecological
threat, necessitating the development of cost-effective remediation technologies. Natural
mineral sorbents, such as diatomaceous earth (DE), are valued for environmental remediation
due to their affordability and inherent selectivity. This study investigates the synthesis and
effectiveness of a sodium silicate-modified DE, specifically designed for the targeted
adsorption of copper ions (Cu?*) from wastewater. The modification process utilized a cost-
effective sodium silicate solution to enhance the structural and surface properties of raw
diatomaceous earth. To modify the substrate, raw DE was added to a diluted 0.5 M sodium
silicate solution at a ratio of 5% sodium silicate by weight relative to the DE. The sodium-
silicate-modified diatomaceous earth reduced the residual UV—Vis absorbance of the copper
solution by approximately 50% compared with the unmodified material, indicating a
substantially improved removal of dissolved copper species. The results demonstrate that
sodium silicate modification significantly improves the material's structural stability and
affinity for heavy metals, offering an efficient solution for industrial wastewater treatment.

Keywords: adsorption; diatomaceous earth; copper; sodium silicate, heat treatment.

Introduction

Heavy metal contamination in aquatic environments continues to pose a significant
environmental challenge. Conventional treatment methods, such as precipitation, ion
exchange, membrane filtration, and activated carbon adsorption, are commonly utilized.
However, these methods frequently incur high operational costs and exhibit limited selectivity
for specific pollutants [1, 2].
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Consequently, there is significant interest in developing affordable, highly efficient,
and selective alternatives that facilitate the effective transfer of pollutants from liquid to solid
phases [3, 4, 5]. Bio-sorbents, including bacteria, algae, and fungi, provide a variety of
functional groups [7, 8]. In contrast, mineral sorbents such as zeolites, perlite, and clay rocks
are particularly esteemed for their abundance and mechanical stability. These properties are
especially advantageous when these sorbents are in granular forms, making them suitable for
use in demanding aquatic environments [6,7,8].

Among these mineral matrices, diatomaceous earth (DE) stands out as an
environmentally friendly, siliceous sedimentary rock [9].

Characterized by a highly porous structure, large specific surface area, lightweight
nature, and high thermal reactivity, DE consists primarily of amorphous silica (SiO,)
alongside minor metal oxides (Al,O3, Fe,03, and MgO) [10, 11, 12].

Although raw diatomaceous earth (DE) serves as an effective sorbent for a range of
organic and inorganic compounds [13, 14], attaining high selectivity for particular heavy
metal cations, without interference from co-existing ions, continues to represent a significant
research challenge [15]. Surface modification presents an effective approach to addressing
selectivity limitations. The integration of sodium silicate into the diatomite matrix confers
both structural and chemical advantages: it serves as a binder to enhance structural stability
and provides a plentiful source of active silanol (Si-OH) groups upon activation [16,17,18].
This modification transforms the morphology and textural properties of the diatomite, thereby
substantially enhancing its surface reactivity and compatibility for the adsorption of target
heavy metals.

The impurities present in natural diatomite can unfavorably impact the uptake of heavy metal
ions from aqueous solutions [19].

Therefore, modification of the diatomite surface was necessary to optimize heavy-metal
removal. A variety of methodologies can be used to modify the diatomite surface. Ediz et al.
showed that the characteristics of diatomite are improved for use in filtration [20] when
calcinated at 1000 -C. It was demonstrated that, through this process, the density and
permeability of the diatomite were enhanced from 2.29 to 2.34 g/cm3 and from 2.15x10—-14
to 4.74x10-13 m2, respectively. In this way, calcinated diatomite could be used successfully
for filtration purposes. Most of the modifications cited here concern the inorganic
functionalization of diatomite. In the past, this has been in the past the most common way to
improve the selectivity and extraction performance of the material. However, the fact that
diatomite may be considered as amorphous silica opens the way for functionalization
purposes [21,22].

The study aimed to synthesize a sodium-silicate-modified diatomite, thoroughly
characterize its modified physicochemical properties, and systematically assess its efficacy in
selectively removing heavy metal ions from aqueous solutions. The use of sodium silicate
offers several advantages, including low cost, non-toxic processing, a straightforward one-
step modification route, thermal stabilization at a relatively low calcination temperature (400
°C), and the production of mechanically robust adsorbents suitable for continuous filtration
systems.
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Materials and Methods

The diatomaceous earth (DE) used in this study consisted of granulates with a grain
size of 0.5-1 mm and was purchased from the "DIATOMITE" Research and Production
Closed Joint-Stock Company (CJSC). Copper sulfate pentahydrate CuSO4 ¢ 5H20 was
utilized to prepare the experimental solutions at a fixed concentration of 0.5 g/L. Sodium
silicate solution (liquid glass), characterized by the generalized formula Na20(SiO02)x - xH20
was used as an inorganic binder and surface modifier.

Modification and Calcination of Diatomaceous Earth

To modify the substrate, raw DE was added to a diluted 0.5 M sodium silicate solution
at a ratio of 5% sodium silicate by weight relative to the DE. The resulting slurry was
thoroughly mixed for 60 minutes to ensure complete penetration of the sodium silicate into
the microscopic pores of the DE. To synthesize a rigid, water-insoluble structure suitable for
long-term filtration, the modified DE was calcined in a muffle furnace at 400°C for 2 hours.

Results and discussion

By using sodium silicate, the DE becomes a highly active silica surface that has
superior mechanical stability in water filtration columns and an enhanced capacity to adsorb
dissolved heavy metal contaminants compared to raw DE.

It increases the density of silanol groups (-Si-OH) on the surface. These groups act as
chemical anchors that can either directly bind to certain heavy metal cations (Cu*?) or serve as
a bridge to attach other organic molecules. Sodium silicate acts as an excellent, chemically
compatible inorganic binder. This enables the fabrication of stable pellets, beads, or granules
that won't disintegrate when submerged in water.

Water glass deposits additional silica species on the diatomite surface:

Si-O” + Cu** — Si-O—Cu" (1)
Fig.1 UV-Vis
10 analysis of
unmodified and
modified DE

Abs
o

This increases the

number of active

silanol groups (Si—

0 — e — OH), which become

200 300 400 500 600 700 800 negatively charged

Wavelength (nm) at neutral pH and

attract Cu?" ions.

The calcination at 400 °C removes physically adsorbed water, improves pore accessibility,

and strengthens the silica network. At 400 °C, the silica surface still retains hydroxyl groups
necessary for metal binding.

The UV-Vis spectra revealed a pronounced absorption in the ultraviolet region below

230 nm, while negligible absorbance was observed at wavelengths above 300 nm. After
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treatment with the adsorbent, the absorbance intensity decreased markedly, indicating a
reduction in the concentration of dissolved copper-containing species. The absence of
significant absorption bands in the visible region suggests either a low residual Cu?
concentration or efficient removal of copper ions from the aqueous phase.

UV-Vis spectra of the CuSOa solutions before and after adsorption revealed a
pronounced decrease in absorbance intensity in the 200-250 nm region after treatment. Before
modification, the residual absorbance was approximately 3.6. After modification, the residual
absorbance changed to 1.8. The sodium-silicate-modified diatomaceous earth reduced the
residual copper concentration by approximately 50% compared with the unmodified
diatomaceous earth, demonstrating a significant enhancement in adsorption performance.

o = : Fig. 2 FTIR
01754 = Unmaodified diatomite . .
Modified diatomite analysis of
0,150 1 unmodified and
I | modified DE
0.125 1 r
_ The FTIR
g S0 (Shimadzu
=
S 0075 IRTracer-100),
2 spectra of both
< 00501 unmodified and
modified
s diatomite display
. ‘ the characteristic
0.000 Vow-'—'_’\_‘ )
B - . absorption bands
~0.025 1 = associated with

4000 3500 3000 2500 2000 1500 1000 500 silica-rich
Wavenumber {cm~?! . .
: ‘ diatomite.

The predominant absorption band in the 1000-1100 cm™ range is linked to the
asymmetric stretching vibration of Si—O-Si bonds. Additionally, the bands near 790-800 cm™!
and approximately 460 cm™ are attributed to the symmetric stretching and bending vibrations
of the siloxane network, respectively. Post-modification, these characteristic silica bands
persist, indicating that the treatment does not compromise the fundamental structure of
diatomite. Nonetheless, slight variations in band intensity and broadening of the Si-O-Si
absorption, along with a modest increase in the hydroxyl absorption region, imply alterations
in the surface silanol groups and an increase in surface-bound hydroxyl species. These
spectral modifications confirm successful surface modification while maintaining the original
porous silica framework of the diatomite.

Conclusions
In this study, a high-performance functional material was successfully developed
through the chemical modification of natural diatomite using sodium silicate. The systematic
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characterization and subsequent performance evaluations yielded the following key
conclusions:

The sodium silicate modification successfully altered the surface characteristics of the raw
diatomite. Analytical results from FTIR confirmed that the sodium silicate was uniformly
distributed across the diatom frustules, introducing a high density of reactive silanol (Si-
OH) groups and establishing strong Si-O-Si chemical bonds without destroying the
underlying porous framework of the diatomite.

The sodium-silicate modified diatomite exhibited outstanding efficiency when applied to
adsorb heavy metals from wastewater. Specifically, before modification, the residual
absorbance was approximately 3.6. After modification, the residual absorbance changed to
1.8. The modified material left 50% less copper in the solution compared to the
unmodified material (a 50% reduction in residual copper).

The research demonstrates a facile, cost-effective, and environmentally friendly strategy
to upgrade low-cost natural diatomite into a high-value functional material. The excellent
performance and straightforward synthesis route suggest that sodium-silicate modified
diatomite holds immense potential for large-scale industrial applications in wastewater
treatment.
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Abstract

Public investment projects require realistic preliminary cost estimates to ensure

effective planning, financing, and implementation. However, early-stage investment budgets
are often prepared without a comprehensive engineering assessment, resulting in significant
discrepancies between the proposed budget and the actual project cost.
The aim of this study is to develop an engineering approach for assessing the realism of
preliminary investment cost estimates and to demonstrate its application through a case study
of the proposed multifunctional community center in Ferik Community, Armavir Province,
Republic of Armenia.

The research involved a comprehensive engineering assessment of all major project
components, including design works, geotechnical investigations, structural systems,
underground protective facilities, architectural works, building engineering systems, fire
protection measures, external utilities, and site development. The evaluation was performed
under theoretically most favorable engineering and construction conditions in order to
determine the minimum realistic investment cost.

The results indicate that the proposed preliminary investment budget of AMD 80.0
million is insufficient to ensure complete project implementation. The engineering assessment
estimated the theoretical minimum project cost at AMD 207.8 million (including VAT), while
the practical investment cost, considering typical engineering and construction uncertainties,
Is expected to reach approximately AMD 270 million.

The study demonstrates that comprehensive engineering assessment should become an
integral part of preliminary investment planning in order to improve financial realism, reduce
implementation risks, and enhance the efficiency of public infrastructure investments.

Keywords: public investment project; preliminary cost estimate; engineering
assessment; financial realism; community infrastructure; multifunctional community center.
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Introduction

Public infrastructure investment projects are among the most important instruments for
regional development, the improvement of community services, and the enhancement of the
population’s quality of life. The effectiveness of such projects depends not only on the quality
of their technical solutions but also on the accuracy of preliminary investment cost estimation.
Preliminary cost estimates constitute one of the fundamental starting points for project
planning, financing, procurement procedures, and subsequent implementation. Therefore,
their reliability has a direct influence on the overall feasibility and successful realization of
investment projects.

In practice, preliminary investment costs are frequently established on the basis of
limited initial information without a comprehensive engineering assessment. In many cases,
only an overall financial framework is presented, without detailed justification based on
architectural and structural solutions, engineering systems, fire protection measures, or
external infrastructure components. As a result, the preliminary investment estimate may
differ substantially from the actual financial resources required for project implementation,
leading to project redesign, additional financing requirements, phased construction, or even
project cancellation.

International experience demonstrates that the underestimation of preliminary costs
represents a systemic challenge in infrastructure investment projects. The scientific literature
has extensively documented the phenomena of optimism bias and strategic misrepresentation,
both of which contribute to preliminary budgets that frequently fail to reflect actual project
costs. At the same time, most existing studies focus primarily on cost overruns observed
during project implementation or after project completion, whereas the methodology for
comprehensive engineering assessment at the preliminary investment planning stage remains
comparatively underexplored.

This issue is particularly significant for public community buildings, where
preliminary investment cost estimation requires a comprehensive engineering approach. Such
projects include not only the principal building structure but also numerous interrelated
engineering systems, fire protection installations, external utility networks, site development
works, and, where applicable, civil protection facilities designed in accordance with
applicable safety requirements. The omission of any of these essential components may
significantly compromise the financial realism of the proposed investment project.

The objective of this study is to perform an engineering assessment of the realism of
preliminary investment cost estimates for public infrastructure projects and to propose a
systematic evaluation approach based on the sequential assessment of all mandatory structural
and engineering components included in the project scope. As a case study, the research
examines the investment project for the construction of a multifunctional community center in
Ferik Community, Armavir Province, Republic of Armenia. The study includes a
comprehensive techno-economic assessment of the project's principal design, construction,
and engineering components in order to determine its theoretical minimum realistic
investment cost and to compare this value with the preliminary financial framework proposed
for the project.
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The findings of this research may contribute not only to the evaluation of the selected
case study but also to the improvement of methodologies for preliminary investment cost
estimation in public infrastructure projects, thereby enhancing the reliability of investment
planning, strengthening the justification of financing decisions, and promoting the more
efficient use of public financial resources.

Literature Review

The assessment of preliminary investment costs has become one of the major research
areas in infrastructure project management and public investment planning over the past
decades. The accuracy of preliminary cost estimates is widely recognized as a fundamental
prerequisite for technical feasibility, sound financing decisions, and the successful
implementation of public investment projects [1-6]. Both academic literature and professional
practice emphasize that decisions made during the early stages of project development largely
determine the overall investment framework, the quality of engineering solutions, and the
efficiency of subsequent project execution [1,2,4].

A variety of methodologies have been developed for preliminary cost estimation,
differing in terms of the amount of available information and the expected level of estimation
accuracy. The most widely adopted approaches include conceptual, analogous, parametric,
elemental, and detailed engineering estimating methods [1,2]. The AACE International Cost
Estimate Classification System categorizes estimates according to the maturity of project
definition and the completeness of available information, emphasizing that estimates prepared
during the early project stages inherently involve significant uncertainty and therefore require
appropriate contingency allowances [3]. Similar principles are incorporated into the
PMBOK® Guide and ISO 21502, where cost estimation is considered an integral component
of project planning and is closely linked to risk management, decision-making, and project
governance [4-6].

Preliminary cost estimation is also closely associated with the economic appraisal of
public investment projects. International guidelines, including HM Treasury's Green Book,
the European Commission's Guide to Cost—Benefit Analysis of Investment Projects, and
OECD recommendations, emphasize the importance of reliable financial estimates, cost—
benefit analysis, and the efficient allocation of public resources during investment planning
[9-12]. Nevertheless, these methodologies primarily focus on economic appraisal and
financial evaluation while paying comparatively limited attention to the engineering
completeness of the proposed project as a prerequisite for realistic cost estimation.

A substantial body of research has investigated the causes of cost overruns in
infrastructure projects. The pioneering studies of Flyvbjerg and co-authors demonstrated that
the underestimation of project costs is not merely the consequence of technical uncertainty but
also results from systematic phenomena such as optimism bias and strategic
misrepresentation [13-15]. Their findings indicate that preliminary budgets are frequently
based on overly optimistic assumptions, resulting in significant cost overruns, additional
financing requirements, and schedule delays during project implementation [13-15].

More recently, increasing attention has been devoted to the Reference Class
Forecasting methodology, which seeks to improve forecasting accuracy by comparing
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proposed projects with statistically relevant historical project data [16]. This approach
substantially reduces subjective bias and enhances the reliability of investment forecasts.
However, it remains primarily based on historical comparisons and does not evaluate whether
the engineering scope of the proposed project itself is complete and sufficiently defined
before estimating its cost.

The reviewed literature indicates that existing methodologies mainly address three
major issues: preliminary cost estimation, financial risk assessment, and the prediction of cost
overruns [1-16]. However, very limited attention has been given to systematic approaches
that evaluate the engineering completeness of an investment project before determining its
preliminary cost. In particular, current methodologies rarely examine whether all mandatory
architectural, structural, engineering, fire protection, external infrastructure, and supporting
components required for project implementation have been properly identified and
incorporated into the proposed investment budget. In practice, omissions at this stage
frequently become one of the principal causes of unrealistic preliminary investment estimates.

The present study addresses this research gap by proposing a new methodological
framework entitled Engineering Completeness-Based Investment Assessment (ECIA). The
proposed framework is founded on the principle that the realism of a preliminary investment
cost estimate can only be ensured after systematically verifying the engineering completeness
of the project. ECIA introduces a structured procedure for identifying and evaluating all
mandatory structural, architectural, engineering, and supporting project components prior to
cost estimation. This approach enables the determination of the theoretical minimum realistic
investment cost, facilitates the identification of deficiencies in preliminary investment
estimates, and contributes to more reliable public investment planning and decision-making.

Materials and Methods

Research Design

This research employs an engineering-based case study methodology to evaluate the
realism of preliminary investment cost estimates for public infrastructure projects. The study
combines qualitative engineering analysis with quantitative cost assessment in order to
examine whether the proposed investment budget adequately reflects the complete
engineering scope of the project.

Unlike conventional studies that investigate cost overruns after project
implementation, the present research focuses on the earliest stage of the investment cycle,
where the preliminary project budget is initially established and investment decisions are
made. The proposed methodology therefore evaluates not only the monetary value of the
investment estimate but also the engineering completeness of the project before construction
begins.

The research is based on a single case study involving the proposed Multifunctional
Community Center of Ferik Community, Armavir Province, Republic of Armenia. The
project was selected because it represents a typical public investment project incorporating
architectural, structural, mechanical, electrical, plumbing, fire protection, external
infrastructure, landscaping, and civil protection components within a single integrated facility.
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Such complexity provides an appropriate basis for evaluating the completeness and realism of
preliminary investment estimates.

Engineering Completeness-Based Investment Assessment (ECIA)

The principal methodological contribution of this research is the development of the
Engineering Completeness-Based Investment Assessment (ECIA) framework.
The ECIA methodology is based on the assumption that a preliminary investment estimate
cannot be considered realistic unless every mandatory engineering component required for
complete project implementation has first been identified and evaluated. Consequently,
engineering completeness is regarded as a prerequisite for financial realism.

The proposed framework consists of four consecutive stages.

Stage 1. Project decomposition

The investment project is systematically decomposed into all mandatory engineering,
construction, and supporting components required for implementation. Each component is
considered an independent assessment unit.

Stage 2. Engineering completeness assessment

Each project component is examined to determine whether it has been included in the
investment programme. The assessment covers, as applicable:
= engineering investigations;
= architectural design;
= structural design;
= electrical systems;
= heating, ventilation and air-conditioning systems;
= water supply and sewerage systems;
= fire protection systems;
= external utility networks;
= civil protection facilities;
= construction works;
= site development and landscaping;
= technical equipment and commissioning activities.

If one or more mandatory components are absent, the investment programme is
considered engineeringly incomplete.
Stage 3. Component-based cost assessment

Every identified component is independently evaluated using engineering judgement, current
construction practice, applicable technical standards, and realistic market-based construction
costs. The objective is to determine the minimum technically feasible investment required for
complete implementation of each project component.

Stage 4. Investment realism assessment

The theoretical minimum realistic investment cost is calculated as:

CTR = Z Ci(i=1..n
where: CTR — theoretical minimum realistic investment cost; C; — estimated cost of the i-th
mandatory project component; n — total number of mandatory project components included in
the assessment.
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Data Sources
The assessment was based on:
= the publicly available investment concept and project documentation;
= applicable Armenian construction regulations and technical standards;
= engineering design requirements for public buildings;
= current construction practice;
= engineering expert judgement regarding mandatory project components;
= realistic construction cost estimates under favourable implementation conditions.

No statistical forecasting or historical regression models were applied, since the objective
of the study is to evaluate engineering completeness rather than predict future construction
costs.

Assessment Procedure

The ECIA methodology was implemented according to the following sequence:

Review of the investment concept and identification of the proposed project scope.

Decomposition of the project into mandatory engineering and construction components.

Verification of the engineering completeness of the investment programme.

Independent engineering assessment of each mandatory project component.

Determination of the theoretical minimum realistic investment cost.

Comparison between the calculated investment value and the proposed preliminary

investment budget.

7. Interpretation of the identified differences and evaluation of their implications for public
investment planning.

Research Assumptions

To ensure consistency of assessment, the following assumptions were adopted:
= favourable geotechnical conditions;
= readily available utility connections;
= favourable construction logistics;
= technically compliant but economically efficient engineering solutions;
= market-based construction prices representative of normal implementation conditions.

These assumptions represent the most favourable realistic implementation scenario and
therefore establish the minimum investment level required for complete project
implementation.

Research Limitations

The ECIA methodology evaluates the realism of preliminary investment estimates from an
engineering perspective. It does not assess procurement procedures, contractor performance,
inflation, market volatility, contractual disputes, or construction-phase risks.

Accordingly, the calculated value should not be interpreted as the expected contract price.
Instead, it represents the theoretical minimum realistic investment cost required to
implement a technically complete project. This value serves as an engineering benchmark
against which the adequacy of preliminary investment estimates can be objectively evaluated.

Conflict Setting

The preliminary estimation of public investment costs represents one of the most critical
stages of investment planning, as it forms the basis for fundamental decisions regarding

ok wdpE
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project financing, design, procurement, and implementation. In practice, however, preliminary
investment estimates are frequently developed using limited technical information and are
often presented as aggregate financial values without a systematic assessment of the
engineering completeness of the proposed project.

The existing scientific literature primarily focuses on cost overruns, forecasting
inaccuracies, and the factors contributing to budget deviations observed during or after project
implementation. Although these studies have substantially improved the understanding of
project risk and cost management, they mainly address problems identified during project
execution rather than the fundamental issue that exists at the earliest stage of investment
decision-making.

The central conflict addressed in this research arises from the fact that the financial
realism of preliminary investment estimates is commonly evaluated without first determining
whether all mandatory architectural, structural, engineering, fire protection, external
infrastructure, and supporting components required for complete project implementation have
been identified and incorporated into the investment programme. Consequently, even a
financially well-justified estimate may fail to represent the actual investment requirements if
the engineering scope of the project is incomplete.

This contradiction is particularly evident in multifunctional public buildings, where
numerous interrelated engineering systems must operate as a single integrated facility. The
omission or inadequate consideration of any mandatory project component may lead to
substantial underestimation of the preliminary investment cost and subsequently generate
additional design revisions, financing requirements, and implementation challenges.

The present study addresses this research conflict by proposing the Engineering
Completeness-Based Investment Assessment (ECIA) framework. The proposed
methodology is founded on the principle that the engineering completeness of an investment
project should be systematically verified before evaluating the realism of its preliminary
investment cost. This approach makes it possible to distinguish genuine financial
insufficiency from deficiencies in the engineering scope of the project and provides a more
objective and technically justified basis for assessing the realism of preliminary investment
estimates in public infrastructure projects.

Research Results

Characteristics of the Case Study Project

The case study selected for this research is the investment project for the construction
of the Multifunctional Community Center in Ferik Community, Armavir Province, Republic
of Armenia. The project involves the construction of a single-storey public building intended
to provide administrative, cultural, educational, social, and civil protection services for the
local community.

The proposed facility includes administrative offices, a multifunctional hall with a
stage, a library, youth and educational spaces, a medical room, technical service rooms,
sanitary facilities, and an underground multifunctional civil protection shelter designed in
accordance with the applicable civil protection requirements. In addition to the building itself,
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the investment project includes external engineering utility networks, site development works,
and all supporting systems necessary for the complete operation of the facility.

According to the published investment proposal, the preliminary investment cost of
the project is AMD 80.0 million. However, the available documentation does not provide a
detailed engineering justification for the proposed investment estimate or a breakdown of the
costs associated with individual project components. Consequently, it is not possible to
determine whether the proposed financial framework is sufficient to ensure the complete
implementation of the project.

These characteristics make the Ferik Multifunctional Community Center an
appropriate case study for applying the proposed Engineering Completeness-Based
Investment Assessment (ECIA) framework. The project's multidisciplinary engineering
structure provides an opportunity to evaluate how engineering completeness influences the
realism of preliminary investment estimates and to demonstrate the extent to which a
systematic engineering assessment can improve the reliability of public investment planning
and decision-making.

Engineering Completeness Assessment
The first stage of the ECIA methodology consisted of evaluating the engineering

completeness of the investment project. The objective of this assessment was to determine
whether the investment programme included all mandatory components required for the
complete design, construction, and operation of the proposed facility.

For this purpose, the investment project was systematically decomposed into
individual structural, engineering, and supporting components. The presence of each
component was evaluated in accordance with applicable construction regulations, engineering
design requirements, and generally accepted professional practice for the design and
construction of public buildings.

The assessment identified the following principal project components:

= engineering geological and geodetic investigations;

= architectural design;

= structural design;

= external and internal electrical systems;

= heating, ventilation, and air-conditioning (HVAC) systems;
= internal and external water supply and sewerage systems;
= fire protection systems;

= underground multifunctional civil protection shelter;

= construction works;

= site development and landscaping;

= technical equipment and supporting systems;

= preparation of cost estimates and technical specifications;
= printing and submission of project documentation.

The assessment demonstrated that the complete implementation of the project requires
a considerable number of interrelated design, construction, and engineering activities, each
representing an independent technical and financial component of the overall investment
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programme. Consequently, the realism of the preliminary investment estimate can only be
evaluated when all mandatory project components are considered simultaneously.
Within the ECIA framework, each identified component was treated as an independent
contributor to the total investment cost. This approach makes it possible not only to evaluate
the overall financial requirements of the project but also to identify those components whose
omission or underestimation may substantially affect the realism of the preliminary
investment estimate.

The results of the engineering completeness assessment are summarized in Tab. 1,
which presents all mandatory design, construction, engineering, and supporting components
included in the ECIA evaluation.

Table 1
Mandatory Design, Construction, and Engineering Components Identified
within the ECIA Framework
No. Component No. Component No. Component
Engineering geological Printing and submission of Sanitary fixtures and plumbing
investigations project documentation equipment
2 Geodetic investigations 16 Site preparation works 30 Installation of the heating
system
3 Architectural design 17 Earthworks 31 Installation of the ventilation
system

Construction of the
18 underground civil protection 32
shelter

Foundations and foundation

Internal electrical installation

4 Structural design
works

Installation of internal water

5 External electrical system design 19 33

6 Internal electrical system design
7 Heating system design

8 Ventilation system design

Water supply and sewerage
system design

10 Fire protection system design
11 Civil protection shelter design

Site development and
landscaping design
Preparation of cost estimates
and technical specifications

Preparation of project
documentation

13

14

structure

20 Structural framework
21 External walls
22 Roof construction

23 External doors and windows
24 Internal partition walls

25 Internal doors

26 Floor construction and finishing 40

27 Ceiling finishing works

28 Internal finishing works

supply and sewerage systems

Installation of the automatic
34 . . .
sprinkler fire protection system

35 Automatic fire detection and
alarm system

Smoke extraction system (civil

36 protection shelter)

37 External site lighting

38 Septic tank construction

Site development and
landscaping

Perimeter fencing and entrance
gate

39

Component-Based Investment Cost Assessment

Following the engineering completeness assessment, the second stage of the ECIA
methodology involved the cost assessment of all mandatory project components. Each
component was evaluated independently, taking into account its technical complexity, scope
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of work, applicable regulatory requirements, current construction practices, and realistic
market-based construction costs in the Republic of Armenia.

To ensure the consistency and comparability of the assessment, all calculations were

performed under the same fundamental assumptions. The analysis assumed the most
favorable realistic implementation conditions, including favorable geotechnical conditions,
readily available utility connections, the absence of major technical constraints, and the
application of technically compliant and economically efficient engineering solutions.
Under these assumptions, the objective was not to estimate the probable market value of the
project, but rather to determine its theoretical minimum realistic investment cost,
representing the minimum financial resources required to implement a technically complete
project.

Particular attention was devoted to project components that are frequently omitted or
insufficiently considered during the preliminary estimation stage of public investment
projects. These include the underground civil protection shelter, ventilation and smoke
extraction systems, fire protection systems, external engineering infrastructure, site
development and landscaping works, as well as the complete preparation of design
documentation, cost estimates, and technical specifications.

The estimated costs of all mandatory project components are presented in Tab. 2. The
sum of these component costs was used to determine the theoretical minimum realistic
investment cost of the project, which subsequently served as the basis for the comparative
analysis presented in the following section.

Table 2
Estimated Costs of Mandatory Project Components
No. Project Cost | No. Project Cost | No. Project Cost
Component (AMD Component (AMD Component (AMD
million) million) million)
1 | Engineering 6 | External walls, 11 | Electrical
investigations roof, doors and systems
windows
2 | Design services 3.2 7 | Internal 12 | Fire protection
(all disciplines) partitions and systems
finishing works
3 | Site preparation 8 | Heating system 13 | External
and earthworks engineering
infrastructure
4 | Underground 9 | Ventilation and 14 | Site
civil protection smoke development
shelter extraction and
systems landscaping
5 | Foundations and 10 | Water supply 15 | Perimeter
structural and sewerage fencing and
framework systems entrance gate
Total | Theoretical 207.8
minimum
realistic
investment cost
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Comparative Analysis of the Preliminary Investment Estimate and the ECIA
Assessment

The application of the ECIA methodology determined that the theoretical minimum
realistic investment cost for the construction of the Multifunctional Community Center in
Ferik Community is AMD 207.8 million. This value represents the minimum financial
requirement necessary to implement a technically complete project incorporating all
mandatory design, construction, engineering, and supporting components.

For comparison, the published preliminary investment estimate for the project
amounts to AMD 80.0 million, which is substantially lower than the value obtained through
the ECIA assessment. The difference between the two estimates is AMD 127.8 million,
indicating that the ECIA-based estimate is approximately 2.6 times higher than the proposed
preliminary investment budget.

It should be emphasized that the AMD 207.8 million obtained through the ECIA
methodology does not represent the expected contract value or the final construction cost of
the project. Instead, it represents the theoretical minimum realistic investment cost under
the most favorable implementation conditions, assuming a technically complete project and
economically efficient engineering solutions that fully comply with applicable technical
requirements. Under actual construction conditions, factors such as site-specific
characteristics, market fluctuations, inflation, logistical constraints, and other project-specific
uncertainties may result in higher implementation costs.

These findings demonstrate that, even under the most favorable engineering and
economic assumptions, the published preliminary investment estimate is insufficient to ensure
the complete implementation of the project. Therefore, the observed discrepancy cannot be
attributed solely to market price variations or normal estimation uncertainty but rather reflects
a substantial inconsistency between the preliminary investment estimate and the actual
engineering requirements of the proposed project.

The comparative results of the published preliminary investment estimate and the
ECIA assessment are presented in Tab. 3.

Table 3.
Comparison of the Preliminary Investment Estimate and the ECIA Assessment

Indicator Value
Published preliminary investment estimate AMD 80.0 million
ECI1A-based theoretical minimum realistic investment cost | AMD 207.8 million
Absolute difference AMD 127.8 million
Ratio (ECIA / preliminary estimate) 2.60
Difference (%) 159.8%

Engineering Interpretation of the Results

The results of the ECIA assessment demonstrate that the realism of a preliminary
investment estimate depends not only on the accuracy of cost calculations but, more
fundamentally, on the completeness of the engineering scope considered during project
planning. The comparative analysis indicates that the published preliminary investment
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estimate does not adequately reflect the full range of mandatory design, construction,
engineering, and supporting components required for the implementation of the proposed
facility.

The identified discrepancy should not be interpreted merely as a numerical difference
between two investment values. Rather, it reflects a structural inconsistency between the
engineering requirements of the project and the financial framework established during the
preliminary planning stage. Consequently, the principal source of the discrepancy is
associated with the omission or insufficient consideration of mandatory project components
rather than with ordinary uncertainty in construction pricing.

The application of the ECIA methodology demonstrates that evaluating engineering
completeness before estimating investment costs provides a more objective basis for assessing
the realism of preliminary investment programmes. By systematically identifying all
mandatory project components, the methodology enables the recognition of potential
deficiencies at the earliest stage of project development, thereby reducing the likelihood of
substantial budget revisions during subsequent design and construction phases.

The findings further indicate that preliminary investment estimates should not be
regarded solely as financial indicators. Instead, they should be considered engineering-based
planning instruments whose reliability depends on the completeness of the underlying project
definition. From this perspective, engineering completeness constitutes a prerequisite for
financial realism rather than a consequence of cost estimation.

The Ferik Community case study demonstrates the practical applicability of the ECIA
framework for evaluating public investment projects at the planning stage. Although the
numerical results presented in this study are specific to the selected case, the proposed
methodology is transferable to other public infrastructure projects where the completeness of
the engineering scope directly influences the realism of preliminary investment estimates.
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The ECIA assessment indicates that the theoretical minimum realistic investment cost
is approximately 2.6 times higher than the published preliminary investment estimate.

Fig. 1 Comparison of the Preliminary Investment Estimate
and the ECIA-Based Investment Assessment
Published Preliminary Investment Estimate — 80.0 min ADM
ECIA-Based Theoretical Minimum Realistic Investment Cost — 207.8 min ADM
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Discussion

The findings of the present study demonstrate that the realism of preliminary
investment estimates for public infrastructure projects cannot be evaluated solely through
financial calculations. The results indicate that the reliability of a preliminary investment
estimate primarily depends on the engineering completeness of the proposed project, since the
omission of even a single mandatory component may substantially compromise the credibility
of the overall investment assessment.

The obtained results are consistent with previous studies reporting that cost overruns
and budget deviations in infrastructure projects are frequently associated not only with
changes in construction costs but also with inadequate project definition and incomplete
planning during the early stages of project development [13-16]. However, the present
research further demonstrates that one of the principal sources of unrealistic preliminary
investment estimates may arise even before financial calculations are performed, namely
when the mandatory engineering components required for complete project implementation
have not been systematically identified.

Existing international methodologies, including the AACE International Cost Estimate
Classification System, the PMBOK® Guide, and ISO 21502, place considerable emphasis on
project definition maturity, risk management, and the accuracy of cost estimation [3-7].
Nevertheless, these approaches do not provide a systematic procedure for verifying the
engineering completeness of an investment project prior to financial evaluation. In this
respect, the proposed ECIA methodology complements existing practices by introducing a
structured framework for assessing engineering completeness before preliminary investment
costs are determined.

The case study of the Ferik Multifunctional Community Center demonstrates that,
even under the most favorable implementation conditions, the theoretical minimum realistic
investment cost substantially exceeds the published preliminary investment estimate. This
finding indicates that the assessment of preliminary investment estimates should place
primary emphasis not only on financial calculations but also on the structural and engineering
completeness of the proposed project.

The proposed ECIA methodology is not limited to multifunctional community centers
and may be applied to a broad range of public infrastructure projects, including educational,
healthcare, administrative, cultural, and other public facilities. Its application can facilitate the
early identification of structural deficiencies in investment programmes, improve the
reliability of preliminary investment estimates, and reduce the need for subsequent design
revisions and additional project financing.

Conclusions
1. The study demonstrates that the realism of preliminary investment estimates for public
infrastructure projects depends not only on the accuracy of financial calculations but,
more fundamentally, on the engineering completeness of the proposed project.
2. The case study of the Ferik Multifunctional Community Center shows that the published
preliminary investment estimate does not adequately reflect the complete engineering
scope required for project implementation. Under the assumptions adopted in this study,
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the ECIA assessment determined a theoretical minimum realistic investment cost of AMD
207.8 million, substantially exceeding the published preliminary investment estimate of
AMD 80.0 million.

. The identified discrepancy indicates that unrealistic preliminary investment estimates may
result not only from market uncertainty or construction cost fluctuations but also from the
omission or insufficient consideration of mandatory project components during the
investment planning stage.

. The proposed Engineering Completeness-Based Investment Assessment (ECIA)
framework introduces a systematic engineering approach that evaluates project
completeness before financial assessment. This methodology complements existing cost
estimation practices by incorporating engineering completeness as a prerequisite for
realistic investment planning.

. The ECIA methodology provides a practical decision-support tool for public investment
planning by enabling the early identification of missing project components, improving
the reliability of preliminary investment estimates, and reducing the likelihood of
substantial cost revisions during subsequent project development.

. Although the numerical results presented in this study are specific to the selected case
study, the proposed methodology is applicable to a broad range of public infrastructure
projects and may contribute to improving the technical and financial quality of
preliminary investment planning.
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MHOI'O®YHKIHNOHAJIBHOT'O OBIIECTBEHHOI'O HIEHTPA
OBILINHBI PEPUK

9.10. TI'ajgcran

Unemumym 600HbIX npobem u eudpomexnuku um. axkao. U.B.Eeuazaposa

[TpenBapuTenpHas OLlEHKa CTOMMOCTH I'OCYy1apCTBEHHBIX NHBECTULIMOHHBIX IIPOEKTOB
SBIISICTCS OJHUM M3 KIIIOUEBBIX 3TAlOB UX IJAHUPOBAHUS M (PUHAHCUPOBAHUS, MOCKOJBKY
HETMOCPEJCTBEHHO BJMSIET Ha pPEaIM3yeMOCTh IPOEKTa, OIO/PKETHOE IIJIAHUPOBAHUE U
3¢ deKTUBHOCTh Mocheaymomei peannzauuu. OJHAKO Ha MpPaKTHKE MpeIBapUTEIIbHBIC
OroKeThl HepenKo (GopMHUpPYIOTCS 0€3 KOMIUIEKCHONW MH)KEHEPHOW OLIEHKH, YTO MPUBOJIUT K
CYUIECTBEHHBIM PAaCXOXACHHUSIM MEXAY 3asiBJICHHOW CTOMMOCTBIO IPOEKTa U  €ro
(haKkTUYECKOM CTOMMOCTBIO.

[lenpr0 HACTOAIIETO MCCIIENOBAHUS SBISIETCS Pa3pabOTKa MH)KEHEPHOro IMOAXoJa K
OLIEHKE PEaJTMCTHUYHOCTU IPEABAPUTENBHON CTOMMOCTH MHBECTHIIMOHHBIX IPOEKTOB U €TO
arnpoOaryst Ha MpUMepe HHBECTUIIMOHHOTO MPOEKTa CTPOUTEIBCTBA MHOTO() YHKIIMOHAIEHOTO
OO0IIECTBEHHOTO LIeHTpa o0ImnHb Pepuk ApMaBupckoit oonactu Peciybnuku ApmeHust.
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B xope uccnenoBanus BBINOIHEHA KOMIUICKCHAS MHKEHEPHAs! OIICHKA BCEX OCHOBHBIX
COCTAaBIIIIONINX TPOEKTA, BKIIOYAs MPOCKTHBIE padOThl, HHKEHEPHO-TEOJIOIMYECKHE
U3bICKaHUsA, HECYIIME KOHCTPYKIHUH, IMOJ3EMHOE 3alIUTHOE COOPYXECHHE, apXHTEKTypHBIC
pelIeHNs, WH)XCHEPHbIE CHUCTEMbI 3JaHHs, NPOTUBOIOXAPHBIE MEPONPHUATHS, HApPY>KHBIC
WH)KECHEPHBIC CEeTH M OnaroyctpoicTBo Tepputopun. OIEHKa MPOBOAMIACH NMPH HauOoiee
OJIarOTIPUATHBIX MIPOSKTHBIX U CTPOUTEIILHBIX YCIOBHSIX C LIEIBIO OMPEACICHUS TEOPETUICCKH
MUHHMAJIbHOH PEATUCTUYHON CTOMMOCTH IIPOCKTA.

PesynbTaThl nccnemoBaHus MOKa3alld, YTO 3asBJICHHAS MPEIBAPUTEIIbHAS CTOUMOCTh
npoekta B pasmepe 80,0 MIH JpaMOB HE COOTBETCTBYET (hakTHYecKOMYy 00BeMy
IpeayCMOTPEHHBIX paboT. CoriiacHO BBINOJHEHHOW HWH)KEHEPHOW OICHKE, TEOPETHUECKU
MUHHUMAaJIbHAsi CTOMMOCTb peaju3aiuu mpoekTta coctasiser 207,8 MIIH aApaMoB (C y4eTOM
HJAC), Ttorma kak mpakTHYeCKass CTOMMOCTh CTPOUTEIbCTBA C YYETOM THITMYHBIX
WH)KEHEPHBIX M CTPOUTEIBHBIX PUCKOB MOXKET JOCTHTaTh 0K0JI0 270 MIIH JpamoB.

[TonmydyeHHble  pe3yabTaThl  CBUICTEIBCTBYIOT O HEOOXOIMMOCTH  BHEIPCHUS
KOMIUICKCHOW WH)XEHEPHOW OIICHKM Ha CTaJud TPEABAPUTEIBHOTO (OPMHPOBAHUS
WHBECTUIMOHHBIX TPOTPaMM, 4YTO IIO3BOJUT TIOBBICHTh PEATUCTUYHOCTh (HUHAHCOBOTO
IUIAHUPOBAHMSI, CHU3UTh PHCKH peaM3allii TPOCKTOB W MOBBICUTH 3(deKTUBHOCTH
rOCyJapCTBEHHBIX HHPPACTPYKTYPHBIX HHBECTHUIIHIA.

Kniowueevle cnosea. VHBECTUIIMOHHBIM TPOEKT; TMpPEABAPUTEIbHAS CTOMMOCTD;
WH)KEHEpHasi OIlIeHKa; (UHAHCOBAas PEAIMCTUYHOCTh; OOIIECTBEHHAs] WH(PPACTPYKTYPA;
MHOTO(YHKIIHOHATHHBIN OOIIECTBEHHBIN LIEHTD.
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Abstract
This article evaluates the scale, geographic structure, unit values and Armenian export
potential of international trade in unsweetened waters classified under HS 2201. A country-
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year panel and an Armenia partner-year panel are constructed from UN Comtrade data for
2010-2025. In 2023, the latest broadly comparable global year, reported exports amounted to
USD 5.77 billion. Reporting-coverage adjustments are applied to 2024-2025 because the
number of reporting exporters falls to 130 and 88, respectively. The export market is
concentrated: in 2023 the five-country concentration ratio was 68.9%, while the Herfindahl-
Hirschman index was 0.164. France, Italy and China formed the leading export group,
whereas the United States, Hong Kong SAR, France, Germany and the United Kingdom were
major import centres. Armenian exports increased from USD 5.32 million in 2010 to USD
19.42 million in 2024 and USD 23.40 million in 2025, while remaining strongly concentrated
in the Russian market. A Poisson pseudo-maximum-likelihood model with partner and year
fixed effects and rolling-origin forecast validation are employed. The preferred Holt linear
model projects Armenian exports at USD 34.48 million in 2031, with a 95% prediction
interval of USD 16.35-72.71 million. The findings suggest that Armenia’s defensible
opportunity lies in certified, branded and higher-value natural and mineral water rather than
bulk low-value exports.

Keywords: freshwater trade, mineral water, HS 2201, PPML, unit value, Armenia,
forecasting.

Introduction

Freshwater is simultaneously a vital resource, a public good, a factor of production, and
a tradable commodity with important physical constraints. International merchandise statistics
capture only a specific segment of it: packaged water that crosses a customs frontier [1].

HS heading 2201 covers unsweetened waters, including natural or artificial mineral and
aerated waters, as well as other water, ice, and snow. The term “freshwater market” is
therefore used operationally in this article and does not include cross-border transfers through
pipelines or the full flow of water-supply infrastructure [2].

The scientific difficulty of the subject arises from the interaction of three distinct
mechanisms. First is the geography of the natural resource: water abundance or scarcity may
affect both supply and demand. Second is the high cost of transport: water is bulky and
relatively low in value, so packaging and logistics often cost more than the raw resource itself.
Third is product differentiation: provenance, mineral composition, brand, packaging, and
safety certification generate very different values for the same physical weight.

Comparable product-level international trade databases make these differences
measurable, but their use requires careful treatment of mirror flows, classification revisions,
and the quality of quantity data [3].

The objective of this article is to assess the development and country structure of the HS
2201 market, identify the principal destinations of Armenian exports, and forecast exports
through 2031. Five tasks follow from this objective: measuring market size and concentration;
identifying leading countries; analysing unit values; estimating structural shifts in Armenia’s
partner composition; and developing explicitly uncertain forecast scenarios.

The contribution is threefold. First, it integrates global market concentration, exporter
and importer rankings, unit values, and Armenia’s bilateral export structure within a single
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HS 2201 framework. Second, it explicitly corrects the decline in reporting coverage in 2024—
2025 and evaluates that correction through historical coverage-profile backtesting. Third, it
combines a zero-preserving PPML specification with rolling-origin forecast comparison and
reports prediction intervals rather than point forecasts alone.

Conflict Setting

The gravity approach and trade costs

In modern applications of the trade gravity model, the PPML estimator is preferred to
log-linear OLS because it retains zero trade flows and is more robust under heteroskedasticity
[4]. Practical structural-gravity guidance recommends controlling for multilateral resistance
with exporter-year and importer-year fixed effects, and for time-invariant bilateral costs with
pair fixed effects [5]. The broader gravity literature shows that distance remains one of the
most stable determinants of merchandise flows, even under technological progress and trade
liberalisation [6]. Relative market access and multilateral resistance matter because bilateral
trade depends not only on the cost between two countries but also on their positions relative to
alternative markets [7].

The role of distance should be especially strong for water. The product has a low value-
to-weight ratio, packaging adds considerable weight, and returnable-container options are
limited. A landlocked exporter also faces trans-shipment costs. Armenia therefore cannot
compete with the same strategy in nearby EAEU markets and in distant high-income
destinations.

Physical and virtual water trade

The water-footprint literature treats a large share of international trade as the transfer of
virtual water embodied in products, predominantly agricultural goods [8].

The concept of virtual water implies that a water-scarce country can ease its resource
constraint by importing water-intensive products without transporting large physical volumes
of water [9].

The global virtual-water network has become denser over time, although dependence on
central countries has persisted [10].

Regional studies also warn that physical and virtual transfers may alleviate scarcity in
the importing region while increasing water pressure in the exporting region [11].

This article does not equate trade in HS 2201 with virtual-water trade. Under HS 2201,
water itself crosses the border in a container or another customs form; in virtual-water trade,
water is embodied in food, textiles, or manufactured products. The distinction is essential for
both measurement and policy interpretation.

The value and environmental cost of packaged water

Energy assessments of bottled water show that plastic production, bottling, cooling, and
transport may greatly exceed the direct energy required to abstract water at the source [12].

Consumers’ willingness to pay reflects perceived safety, taste, provenance, mineral
composition, brand, and packaging. Consequently, international value differences for an
identical physical quantity cannot be explained by water quality alone [13].
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The value-to-quantity ratio observed in customs data is a unit value rather than a pure
price. It may change because of product mix, contract terms, packaging, and reporting error
[14].

Materials and Methods

Data structure and definitions

The main source is UN Comtrade. Annual export and import flows for HS 2201, HS
220110, and HS 220190 were retrieved for 2010-2025. The country-year database contains
observations for 195 reporting economies over the study period. For Armenia, an initial
balanced grid was constructed for 251 potential partners and 16 years (4,016 partner-year
cells). The PPML estimation sample then retained the 59 partners with at least one positive
export flow during 2010-2025, producing 944 observations; within this sample, 402 flows are
positive and 542 are zero. This restriction avoids all-zero partner fixed effects while
preserving intermittent zero trade for active destinations.

The aggregate HS 2201 heading already includes both subheadings and they are
therefore not added when calculating total market value. The subheadings are used only for
structural decomposition. The principal monetary variable is primaryValue, generally
recorded on an FOB basis for exports and a CIF basis for imports. This valuation difference
also explains part of the discrepancy between global export and import totals.

The external water-scarcity context is defined by the WDI/FAO SDG 6.4.2 indicator:
total freshwater withdrawals as a share of available renewable freshwater resources after
environmental flow requirements [15].

FAO AQUASTAT’s country profile is used for the institutional interpretation of
Armenia’s water resources and abstraction structure [16].

Progress in water governance and drinking-water quality reform is cross-checked
against UNECE National Policy Dialogue materials [17].

Armenia’s customs outcomes are also compared with the logic of Armstat’s four-digit
external-trade database [18].

Market measurement indicators

Country 1’s market share in year t is calculated as its export value divided by world
exports:

Xit
Sit ¥ X5t

Market concentration is measured by the Herfindahl-Hirschman Index and by the

shares of the five and ten largest exporters:

— N 2 _ vk
HHI, = Ziil Sit”  CRye = Xizq N0

The export unit value is calculated as value divided by net weight. Zero or missing
weights are not imputed, and physically implausible observations are excluded from
aggregate price interpretation:

UVije = .
Wije
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Water density of approximately one kilogram per litre permits only an approximate
reading of USD/kg as USD/litre. Packaging weight, supplementary-quantity reporting, and
product mix prevent an exact conversion.

Adjustment for incomplete reporting in 2024-2025

Recent global totals decline mechanically when some reporters have not yet published
their data. Missing country values for 2024 and 2025 are therefore imputed from the previous-
year value multiplied by the median growth factor among countries reporting in both
consecutive years. Growth observations below the 5th or above the 95th percentile are
trimmed.

* . th
Xit = Xir—1 X medianjep, (m

The adjusted series is a nowcast and is not presented as a final official total. Observed,
preliminary, and forecast values are distinguished in the figures and accompanying text. A
coverage-profile backtest was conducted for 2018-2023 by reproducing the sets of countries
reporting in 2024 (130 reporters) and 2025 (88 reporters), applying the same imputation rule,
and comparing the estimates with the complete historical totals. The resulting mean absolute
percentage errors were 0.27% and 1.96%, respectively, with mean biases of 0.13% and
0.67%. These results support the mechanical adjustment as a short-run coverage correction,
while the larger error under the 88-country profile justifies treating the 2025 estimate as
exploratory and preliminary.

PPML partner model for Armenia

PPML is employed to retain zero flows and avoid the bias associated with log-linear
transformation under heteroskedasticity [19].

E[th|th] = exp(aj + A+ .BlDﬁAEU + .BZDﬁUS + ﬁsDjliSA

The dependent variable is the value of Armenia’s HS 2201 exports. The indicators
DEAEU, - DRUs; - and DUYs4; denote, respectively, EAEU-partner x Post-2015, Russia x Post-
2022, and USA x Post-2020 interactions. Partner fixed effects a; absorb distance, common
borders, language, and other time-invariant factors; year fixed effects A absorb common
annual shocks. Standard errors are clustered by partner. Because the interactions are not
generated by a policy experiment, coefficients are interpreted as conditional structural shifts
rather than unambiguous causal effects.

The theoretical basis for measuring bilateral distance is provided by the CEPII Gravity
and GeoDist databases. In a single-exporter model with partner fixed effects, however, time-
invariant distance cannot be identified separately [20].

Population-weighted geographic distance generally represents trade costs between
economic centres more accurately than simple capital-to-capital distance [21].

Forecasting strategy
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Forecast models are estimated on logarithmic series to preserve positivity and stabilise
the variance of relative changes. Candidate models are compared through rolling-origin one-
step-ahead validation, using RMSE as the primary selection criterion and MAE and MAPE as
supplementary measures [22]. Holt linear, damped Holt, and log-linear trend specifications
are evaluated for both the global and Armenian series.

1 _
RMSE = \/;ZZ’ﬂ()’Hh — Yern)?

100

Yt+h—Ve+h
H

Yt+h

MAPE = —Y¥_,

Holt’s level-trend model separates the current level of the series from its local growth
trend [23].

Exponential-smoothing models are advantageous in small samples because they respond
to recent observations with a limited number of parameters [24].

The global forecast is estimated on the final 2010-2023 series; the 2024—2025 nowcasts
serve only as external comparative benchmarks. Armenia’s forecast uses the reported national
series for 2010-2025. The 95% intervals expand the log-model residual standard deviation by
the square root of the forecast horizon. They capture residual innovation uncertainty but not
the full uncertainty associated with model selection, parameter estimation, future reporting
revisions, inflation, exchange rates, or structural breaks; they should therefore be interpreted
as conditional model-based prediction intervals.

Research Results

Dynamics of the global market

The global HS 2201 export series reveals a clear long-term expansion accompanied by
increasing uncertainty in the most recent reporting years. To distinguish genuine market
dynamics from changes caused by incomplete country reporting,

Table 1
Global HS 2201 Export Values and Reporter Coverage, Selected Years, 2010-2025

Year Reported, USD bn Adjusted, USD bn 5095:329 Status

2010 2.77 2.77 159 observed

2015 3.35 3.35 154 observed

2020 4.47 4.47 154 observed

2021 4.97 4.97 157 observed

2022 5.04 5.04 157 observed

2023 5.77 5.77 152 observed

2024 5.80 5.87 130 nowcast/preliminary
2025 5.07 6.33 88 nowcast/preliminary

Source: Authors’ calculations based on UN Comtrade.
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Table 1 presents both reported and coverage-adjusted export values. This distinction is
particularly important for 2024-2025, when the number of reporting countries declined
substantially and the raw totals ceased to be directly comparable with the more complete
observations for 2010-2023.

Between 2010 and 2023, global exports more than doubled, rising from USD 2.77
billion to USD 5.77 billion. Following a temporary decline in 2015, growth accelerated. In
2020, the export total did not replicate the full contraction observed in imports because
exporter and importer declarations differ in timing and valuation.

The raw total for 2024 is USD 5.80 billion and the coverage-adjusted estimate is USD
5.87 billion. In 2025, the difference is substantial: USD 5.07 billion reported and USD 6.33
billion adjusted. It would therefore be misleading to infer a market contraction from the raw
2025 total.

—&~ Observed
16 4 @& Nowcastforecast
95% Interval

14 4

12 +

USD billion

v v T Y ™
2010 201% 2020 202% 2030

Year

Fig. 1. Global HS 2201 exports and forecast. Source: Authors’ calculations.

Fig. 1 confirms that the market’s long-run expansion has not followed a uniform path:
the temporary stagnation in the mid-2010s was followed by a visibly steeper nominal
trajectory after 2020. At the same time, the widening forecast band shows that the projected
increase should be treated as a conditional range rather than a deterministic continuation of
recent growth. This distinction is especially important because the series combines changes in
physical volumes, prices, exchange rates, and product composition.

Leading exporting and importing countries

The country structure of HS 2201 exports provides insight into the competitive
foundations of the global packaged-water market. Export leadership may reflect not only the
availability of water resources but also internationally recognised brands, certified mineral-
water sources, bottling capacity, access to integrated markets, and established distribution
networks. Table 2 presents the ten leading exporters in 2023 and their relative shares within
this group.
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The results reveal a highly asymmetric export structure. France alone accounted for
42.8% of the trade value generated by the displayed ten exporters, while France, Italy, and
China jointly represented 78.0%. The remaining exporters each held shares below 5%,
indicating a substantial gap between the three market leaders and the second tier. Georgia’s
inclusion among the leading exporters is particularly relevant for Armenia, as it demonstrates
that a South Caucasian country can establish an internationally competitive position through
recognised origin, product differentiation, and market-specific branding.

Table 2
Leading Exporters of HS 2201 Products by Trade Value and Market Share, 2023

Exporters Value, USD mn tsoh;tr:n,o& displayed
France 1983.0 42.8

Italy 885.1 19.1

China 748.6 16.1

Belgium 186.7 4.0

USA 170.4 37

Fiji 158.5 3.4

Germany 145.1 3.1

Mexico 144.0 31

Georgia 1315 2.8

Spain 84.0 1.8

Source: Authors’ calculations based on UN Comtrade. Shares refer to the displayed top ten.

The import side of the HS 2201 market reflects the combined influence of market size,
household income, consumer preferences, tourism, urban concentration, and the availability
of domestic alternatives. Leading importing economies are not necessarily water-scarce
countries; several are high-income markets where demand is driven by differentiated natural
and mineral waters.

Table 3 presents the ten principal importers in 2023 and their shares within the
displayed group.

Table 3
Leading Importers of HS 2201 Products by Trade Value and Market Share, 2023

Importers Value, USD mn tsohstrgn’o(;)displayed
USA 1078.9 31.0

China, Hong Kong SAR 680.8 19.6

France 351.1 10.1

Germany 267.2 1.7

United Kingdom 265.0 7.6

Belgium 240.4 6.9

Netherlands 2129 6.1
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Importers Value, USD mn fohpa::nyot;) displayed
China 146.7 4.2
State of Palestine 120.0 3.4
Switzerland 115.4 33

Source: Authors’ calculations based on UN Comtrade. Shares refer to the displayed top ten.

Import demand is also concentrated, although less strongly than exports. The United
States and Hong Kong SAR jointly accounted for 50.6% of the import value represented by
the ten leading markets, confirming the importance of large, affluent and import-intensive
consumer centres. The presence of France, Germany, Belgium and the Netherlands among
both major exporters and importers points to extensive intra-industry trade, in which
differentiated waters are exchanged across markets rather than imported solely to address
physical scarcity. The import structure therefore suggests that Armenia’s opportunities depend
more on premium positioning and reliable distribution than on targeting water scarcity alone.

Leading exporters Leading importers
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Fig. 2. Leading countries in the HS 2201 market, 2023.
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The leading positions of France and Italy show that the market is shaped not only by
water-resource abundance, but also by long-standing branding, recognised mineral-water
origins, mature bottling capacity, and access to the European single market. China’s reported
value is accompanied by an evident net-weight anomaly, so its unit value is excluded from the
calculation of a global average price.

On the import side, the United States leads because of the combined effects of market
size, high income, and demand for differentiated premium water. Hong Kong SAR and
Macao operate as import-intensive urban hubs. Simultaneous exports and imports by France,
Germany, Belgium, and the Netherlands reflect intra-industry trade.

Market concentration

The evolution of export concentration provides a more systematic view of whether the
expansion of the HS 2201 market has broadened competitive participation or reinforced the
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position of established suppliers. Table 4 combines the Herfindahl-Hirschman Index (HHI),
the shares of the five and ten largest exporters (CR5 and CR10), and the number of countries
recording positive exports. These indicators jointly capture both the distribution of market
shares among leading suppliers and the extent of exporter participation over time.

The 2024 concentration indicators are preliminary because only 130 exporters had
reported, compared with 152 in 2023. The apparent changes in HHI, CR5, and CR10 may
therefore reflect both market reallocation and incomplete reporting coverage and should not
be interpreted as a fully comparable structural shift.

Table 4
Concentration of Global HS 2201 Exports: HHI, CR5, and CR10, 2010-2024 (2024 Preliminary)
Year HHI CR5, % CR10, % Positive exporters
2010 0.141 66.2 785 159
2015 0.133 67.8 79.9 154
2020 0.172 71.3 81.8 154
2023 0.164 68.9 80.4 152
2024 0.162 69.8 82.4 130

Source: Authors’ calculations.

An HHI of 0.164 and CR5 of 68.9% in 2023 indicate substantial export concentration.
This has a dual implication for a new small exporter: brand-entry costs are high and
competition is intense, but high-value niches permit entry at limited scale without matching
the volume of mass-market leaders.

Changes in prices and unit values

The distribution of unit values is strongly right-skewed. Large cross-border flows may
be recorded at only a few cents per kilogram, whereas small consignments of high-value
branded water exceed one dollar. A simple world value-to-weight ratio is therefore highly
sensitive to a single large weight-reporting error. For leading exporters with available and
plausible weight data, 2024 unit values were approximately USD 0.14/kg for the United
States, 0.21 for Tiirkiye, 0.31 for France, 0.44 for Belgium, 0.50 for Norway, 0.51 for Italy,
0.64 for Georgia, and 0.72 for Lesotho. These are not identical products and must not be
interpreted as pure quality-adjusted prices.

Armenia in the international market. Long-term export dynamics

Armenia’s long-term export performance can be assessed more accurately by examining
trade value, physical volume, and unit value jointly.

Export value alone does not reveal whether growth results from larger quantities,
improved product positioning, or changes in the destination mix. Table 5 therefore presents
the evolution of Armenia’s HS 2201 exports between 2010 and 2025 using three
complementary indicators.

The results show that Armenia’s export expansion occurred in two distinct phases.
Between 2010 and 2020, export value increased moderately, while the unit value declined
from USD 0.418/kg to USD 0.383/kg, indicating predominantly volume-driven growth. After
2020, exports accelerated markedly: trade value reached USD 23.40 million in 2025,
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approximately 4.4 times its 2010 level. Notably, net weight remained broadly unchanged
between 2024 and 2025, whereas export value rose by about 20.5% and the unit value
increased from USD 0.506/kg to USD 0.614/kg.

Table 5
Armenia’s HS 2201 Exports: Trade Value, Net Weight, and Unit Value, 2010-2025
Year Exports, USD mn Net weight, mn kg USD/kg
2010 5.32 12.71 0.418
2012 7.02 15.63 0.449
2015 5.77 14.02 0.412
2018 7.40 18.30 0.404
2020 8.60 22.45 0.383
2021 13.22 30.75 0.430
2022 16.45 28.10 0.585
2023 18.65 35.76 0.522
2024 19.42 38.41 0.506
2025 23.40 38.09 0.614

Source: Authors’ calculations based on UN Comtrade.

This divergence suggests that the latest growth was driven primarily by higher realised
values and changes in product or destination composition rather than by additional physical
volume.
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Fig. 3. Armenia’s HS 2201 exports and forecast.

Fig. 3 reveals a marked acceleration in Armenia’s exports after 2020, but the forecast
path is smoother than the most recent observed increase. The model therefore does not
mechanically extrapolate the exceptional post-2021 surge. Instead, it implies gradual growth
accompanied by rapidly widening uncertainty, which is consistent with Armenia’s small
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export base, high partner concentration, and sensitivity to a limited number of distribution
contracts.

Export geography

Armenia’s export geography is examined by combining destination-specific trade
values, market shares, and unit values. This approach makes it possible to distinguish large-
volume core markets from smaller destinations that may offer higher-value opportunities.
Table 6 presents the principal destinations of Armenia’s HS 2201 exports in 2024 and
highlights the degree of market concentration and variation in realised unit values across
partners.

Table 6
Destination Structure of Armenia’s HS 2201 Exports by Trade Value and Unit Value, 2024
Partner Value, USD thousand Share, % USD/kg
Russian Federation 15059.3 775 0.470
USA 2927.7 151 0.747
Kazakhstan 401.8 21 0.545
Saudi Arabia 281.7 15 0.936
Curagao 268.5 14 1.086
Belarus 140.0 0.7 0.367
Latvia 87.4 0.5 0.346
Belgium 37.3 0.2 0.843
United Arab Emirates 36.1 0.2 0.587
Bulgaria 25.6 0.1 0.416
France 23.7 0.1 0.469
Ukraine 19.9 0.1 0.385

Source: Authors’ calculations based on UN Comtrade.

In 2024, the Russian Federation absorbed about 77.5% of Armenia’s HS 2201 exports
and the United States about 15.1%. Kazakhstan, Saudi Arabia, Curagao, Belarus, Latvia, and
Belgium formed the next group. In 2025, exports to Russia reached about USD 19.70 million,
exports to Kazakhstan USD 0.96 million, while exports to the United States fell to USD 1.39
million.

Concentration generates scale advantages through established distribution networks in
Russia, but it also raises exposure to exchange-rate, demand, regulatory, and logistics shocks.
Diversification should not mean shipping the same low-value product over a greater distance;
it requires different product positioning.

PPML results for Armenia

The PPML specification evaluates whether Armenia’s bilateral HS 2201 exports
experienced systematic changes following selected market and institutional shifts. Partner
fixed effects control for time-invariant bilateral characteristics, while year fixed effects absorb
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common annual shocks. Table 7 reports the estimated coefficients, partner-clustered standard
errors, p-values, and percentage semi-elasticities for the three interaction terms.

Russian Federatian
USA -

Kazakhstan

Saudi Arabla
Curacao
Belarus »
Latvia
Belglum
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Fig. 4. Main markets for Armenian exports, 2024
Table 7
PPML Estimates for Armenia’s Bilateral HS 2201 Exports, 2010-2025
Variable Coefficient Clustered SE p-value Semi-elasticity, %
EAEU x Post-2015 -0.416 0.590 0.480 -34.0
Russia x Post-2022 0.178 0.240 0.459 195
USA x Post-2020 0.559 0.274 0.041 74.9

Source: Authors’ estimates. N = 944; 59 partner clusters; 402 positive and 542 zero flows; partner and
year fixed effects; deviance explained = 0.984.

The results provide evidence of a statistically significant structural shift only for the US
market. The USA x Post-2020 coefficient implies an estimated 74.9% increase relative to its
preceding conditional level and is significant at the 5% level. By contrast, the EAEU x Post-
2015 and Russia x Post-2022 coefficients are statistically insignificant, as reflected in their
large clustered standard errors and p-values of 0.480 and 0.459. These estimates should not be
interpreted as evidence that EAEU integration reduced exports or that post-2022 conditions
produced no change. Rather, the model cannot identify stable average effects distinct from
partner-specific characteristics, common annual shocks, and the already dominant position of
the Russian market.

Partner-clustered standard errors allow arbitrary dependence across years for the same
partner, provided that the number of clusters is sufficiently large [25].

Coefficient interpretation in a nonlinear fixed-effects panel requires caution, especially
for destinations with few positive flows [26].
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The EAEU x Post-2015 coefficient is negative but statistically insignificant (p = 0.480).
This does not imply that the EAEU reduced exports. Russia’s high initial level, partner fixed
effects, and concurrent growth in other markets prevent identification of a stable additional
average effect. Russia x Post-2022 is positive but also insignificant. USA x Post-2020 is
positive and significant at 5%, but should be read as a structural shift rather than a causal
policy effect.

Forecasts through 2031

Before producing the 2026-2031 projections, the three candidate specifications are
evaluated through rolling-origin one-step-ahead forecasts. Table 8 reports the resulting
RMSE, MAE, and MAPE values. Holt’s linear trend has the lowest error under all three
metrics for both series, providing a transparent empirical basis for its selection.

Table 8
Rolling-Origin One-Step-Ahead Forecast Accuracy by Series and Model
Series Model RMSE, USD mn MAE, USD mn MAPE, %
Global Holt linear 227.89 219.44 451
Global Holt damped 316.85 261.74 5.22
Global Log-linear trend 368.19 306.42 5.96
Armenia Holt linear 3.283 2.765 16.76
Armenia Holt damped 3.824 3.139 19.31
Armenia Log-linear trend 5.541 5.487 30.89

Source: Authors’ rolling-origin calculations.
transformed series.

Errors are evaluated in levels after forecasts are generated from log-

The error ranking is stable across the three criteria. For the global series, Holt linear
reduces RMSE by about 28% relative to damped Holt and by about 38% relative to the log-
linear trend. For Armenia, the corresponding reductions are about 14% and 41%. Armenia’s
MAPE remains substantially higher than the global-market MAPE, confirming that forecasts
for a small and concentrated exporter are intrinsically less stable.

Having selected Holt’s linear trend through rolling-origin validation, the forecasting
exercise evaluates the prospective trajectories of global and Armenian HS 2201 exports while
explicitly accounting for increasing uncertainty over the projection horizon. Point estimates
are reported together with conditional 95% prediction intervals in Table 9.

Table 9
Baseline Forecasts and 95% Prediction Intervals for Global and Armenian HS 2201 Exports,
2026-2031
Year World, USD bn World, 95% PI Armenia, USD mn Armenia, 95% PI
2026 7.32 5.82-9.21 2477 18.26-33.58
2027 7.99 6.13-10.41 26.46 17.20-40.71
2028 8.71 6.48-11.71 28.28 16.69-47.92
2029 9.50 6.87-13.13 30.21 16.43-55.55
2030 10.36 7.30-14.70 32.28 16.34-63.78
2031 11.29 7.77-16.42 34.48 16.35-72.71
Source: Authors’ forecasts.
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The point forecasts indicate sustained nominal growth in both series. Global exports are
projected to increase from USD 7.32 billion in 2026 to USD 11.29 billion in 2031, while
Armenia’s exports rise from USD 24.77 million to USD 34.48 million. This corresponds to an
average annual increase of approximately 9.1% globally and 6.8% for Armenia.

The widening prediction intervals are equally important. By 2031, the global range
reaches USD 7.77-16.42 billion, while Armenia’s interval expands to USD 16.35-72.71
million. Armenia’s substantially wider relative range reflects its smaller export base, high
destination concentration, and sensitivity to individual contracts and market shocks.
Accordingly, the point estimates should be interpreted as conditional planning benchmarks
rather than fixed export targets.

Scenario interpretation

The downside scenario is close to the logic of the lower 95% bound and could
materialise if Russian demand weakens, borders are disrupted, packaging costs rise, or source-
use regulation tightens. The baseline assumes gradual capacity expansion and retention of the
Russian market. The upside scenario additionally requires distribution contracts, certification,
and higher unit values in the United States, Gulf, and European niches.

Discussion

What the HS 2201 market actually measures

The first major implication is that the term “international water market” is often used
too broadly. HS 2201 does not measure the entire cross-border governance of rivers,
reservoirs, or pipelines. It measures customs-declared water as merchandise. The results
cannot therefore be used to infer the total size of the geopolitical water market.

Second, natural mineral water is economically similar to a differentiated food product,
whereas “other water” may resemble a low-value bulk commodity in some flows. The large
dispersion of unit values reflects this mixture. Aggregate HS 2201 is appropriate for total
market value, but strategic recommendations require additional subheading- and firm-level
evidence.

Water abundance is not a sufficient competitive advantage

Natural abundance is necessary but not sufficient for export success. France and Italy
lead because of recognised origin, quality regulation, distribution, tourism imagery, and brand
equity. Georgia’s strong position demonstrates that South Caucasian water can attract
international demand, but replication in Armenia requires long-term market investment.

Water-scarce importing countries appear attractive in theory, but large drinking-water
deficits are generally addressed through domestic supply, desalination, reuse, and
infrastructure rather than mass imports of distant bottled water. Opportunities in Gulf markets
are primarily in differentiated consumer segments.

The cost of Armenia’s landlockedness

The efficiency of maritime and inland logistics hubs is especially important for products
with a low value-to-weight ratio [27].

International logistics performance is determined by customs, infrastructure, shipment
organisation, tracking, and timeliness [28].
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For landlocked countries, the number of borders and dependence on transit create a
persistent structural cost [29].

Bulk water exports from Armenia to Europe or the Gulf require road transport, at least
one transit border, and often maritime trans-shipment. When unit value is low, this chain can
absorb the margin. Target-market selection should therefore be based on contribution margin
per delivered kilogram, not only on gross export value.

Domestic water security and the export boundary

The sustainable-development agenda requires joint consideration of water access,
quality, ecosystems, and efficient use [30].

Drinking-water safety requires risk-based management from source to consumer, rather
than a one-off laboratory test of the final product [31].

Armenia’s export policy should distinguish between the sustainable yield of a
renewable source and physical abundance in an individual year. Export permits or abstraction
charges should reflect long-run recharge, local-community supply, environmental flows, and
climate scenarios.

The preferred performance measure is therefore not exported volume, but domestic
value added per cubic metre abstracted—net taxes, wages, local services, and environmental
restoration costs included. A small volume generating high value may dominate low-value
bulk exports.

Quality, certification, and market trust

The international standard for natural mineral water defines source, treatment, hygiene,
and labelling requirements that distinguish it from ordinary packaged water [32].

The EAEU technical regulation on packaged drinking water establishes the mandatory
safety and labelling framework in Armenia’s principal market [33].

ISO 22000 food-safety management can complement mandatory rules through supply-
chain-wide risk management [34].

Certification does not create exports by itself, but it reduces the buyer’s information
risk. Entry into high-value markets requires source traceability, documentation of stable
chemical composition, multilingual labelling, compliant bottle material, periodic independent
testing, and a recall plan.

Limits of the econometric results

The model explains 98.4% of the null deviance, largely because partner and year fixed
effects absorb persistent destination heterogeneity and common shocks. This high in-sample
fit does not establish causality for the interaction terms. The EAEU coefficient is insignificant
because Russian dominance predates 2015 and subsequent changes coincide with numerous
macroeconomic and firm-level developments.

The positive USA x Post-2020 coefficient is an informative market signal, but the fall in
2025 exports shows that a short period of growth may depend on a limited number of
distribution contracts. Future research should use firm-product-partner customs microdata and
contract entry/exit events.

Economic interpretation and robustness of the findings

Taken together, the descriptive, concentration, PPML, and forecasting results support a
coherent interpretation rather than four independent findings. The global market is expanding
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in nominal terms, but entry is mediated by brand capital and distribution networks; Armenia
is growing from a small base, but partner concentration remains high; and the forecast
trajectory is positive, but its widening interval confirms that market access is contract-
dependent. The results therefore favour a portfolio strategy in which a stable core market
finances gradual experimentation in smaller, higher-margin destinations.

Unit values require particular caution in that portfolio. A higher customs unit value can
signal premium positioning, but it can also reflect shipment size, packaging, route, or
reporting conventions. Policy evaluation should consequently combine FOB value per
kilogram with delivered margin, repeat-purchase rates, and value added per cubic metre
abstracted. This triangulation prevents a statistical increase in unit value from being mistaken
for a durable productivity or branding gain.

The nowcasting and forecasting exercises also address different uncertainties. The
reporting-coverage adjustment estimates the current but incompletely observed market,
whereas the Holt model extrapolates the future path of the completed series. Treating the
20242025 adjusted values as observations in model selection would understate measurement
uncertainty. Their separation in the empirical design is therefore a methodological strength,
although the resulting forecasts remain conditional on the persistence of recent nominal
trends.

Strategic market priorities and implementation framework

The Government’s agrifood-equipment leasing programme records that Armenia’s 2011
export-oriented industrial strategy identified mineral waters among the priority sectors [35].
This establishes a policy precedent, but it does not by itself demonstrate the commercial
viability of any specific destination or support instrument.

Implementation should follow a sequenced logic. The first stage is to protect source
integrity and achieve full compliance with domestic, EAEU, Codex, and buyer-specific
requirements. The second is to improve firm-level cost accounting and logistics consolidation.
The third is selective market development through specialised importers rather than broad
subsidisation of freight. Public support is most defensible when it finances shared testing,
traceability, market intelligence, and export-readiness infrastructure that several producers can

use.
Table 10
Market-Specific Export Strategies for Armenian Natural and Mineral Water

Direction Proposed strategy

Maintain the baseline volume while reducing dependence on a single distributor;

Russia and the EAEU . . . . .
develop regional warehousing and monitor delivery time.

United States and diaspora | Use diaspora demand as an entry platform, then position the product in premium
markets natural-origin and culinary-use segments.

Target hotels, restaurants, and premium retail with small glass containers and Arabic

Gulf countries .
labelling.

Do not compete with mass supermarket water; select specialist importers, Armenian

Europe .

P restaurants, and a clearly documented natural-mineral-water story.
Georgia and transit | Combine market access with logistics and port consolidation, even though Georgia
cooperation is also a strong competitor.

Source: Authors’ elaboration.
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Tab. 10 demonstrates that diversification cannot be implemented through a single
uniform market-entry model. Russia and the EAEU remain scale markets, whereas the United
States, Gulf countries, and Europe require premium positioning, smaller consignments,
specialised distributors, and market-specific labelling. Georgia has a dual role as both
competitor and potential logistics partner. These are proposed strategic options derived from
the observed market structure rather than causal estimates of market-entry profitability.

Performance monitoring and adaptive policy

Effective export policy requires a monitoring system that evaluates not only growth in
trade value but also market resilience, domestic value creation, logistics performance, and
environmental sustainability. Reliance on a single indicator could conceal rising destination
concentration, declining profitability, or excessive pressure on water sources. Table 11
therefore proposes an integrated set of key performance indicators for assessing Armenia’s
HS 2201 export strategy.

Table 11

Monitoring Framework and Key Performance Indicators for Armenia’s HS 2201 Export Strategy
Direction Proposed measure

Export concentration Russia’s share, HHI, and share of the three largest buyers
Value creation FOB USD/kg, gross margin/kg, value added/m?* of water abstracted

Market stability share of repeat buyers, average contract duration, frequency of export interruptions
Logistics average delivery days, border-delay variance, transport cost/kg
Water security source abstraction/sustainable yield, open level and quality data, restoration charge
Environmental footprint packaging weight/litre, recycled-material share, CO-¢/litre delivered

Source: Authors’ elaboration.

Tab. 11 converts the proposed strategy into a balanced monitoring framework. Export
value alone would provide an incomplete signal because it could increase while concentration,
logistics costs, or pressure on water sources also rise. Joint monitoring of market
concentration, delivered margins, repeat buyers, transport performance, source sustainability,
and packaging emissions would allow policymakers to distinguish durable export upgrading
from short-lived nominal growth and to revise support instruments when trade and
environmental objectives diverge.

Limitations, robustness, and research agenda

The first limitation concerns product coverage: HS 2201 excludes sweetened or
flavoured water classified elsewhere and does not measure all physical cross-border water
transfers. Second, customs mirror data differ because of FOB/CIF valuation, re-exports,
timing, and confidentiality. Third, quantity fields have uneven quality.

Fourth, the global series for 2024-2025 are incomplete. The nowcast is a transparent
mechanical adjustment, but it cannot recover the true shock for every missing reporter. Fifth,
the current-dollar forecast combines real quantity, prices, inflation, and product mix. Sixth,
Armenia’s PPML model omits firm capacity, tariffs, route-specific freight costs, and branding
expenditure.
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Future work should assemble a complete global bilateral matrix at the HS six-digit level
together with CEPII distances, importer water stress, GDP per capita, population, tariffs, and
trade agreements. These data would permit a structural PPML model with exporter-year,
importer-year, and pair fixed effects and a counterfactual estimate of Armenia’s unrealised
potential.

These limitations do not overturn the central qualitative result, because it is supported
by several independent patterns: the dominance of branded European exporters, the high
concentration of Armenia’s destinations, the premium observed in selected small markets, and
the wide forecast intervals. They do, however, limit causal interpretation and the precision of
numerical targets. The 2031 estimate should therefore be used as a periodically updated
planning benchmark rather than as a fixed policy commitment.

Data and reproducibility statement
The reproducibility package contains the cleaned country-year trade data, the full 251-
partner balanced grid, the 59-partner PPML estimation sample, concentration and unit-value
calculations, 20242025 coverage adjustments, rolling-origin model-comparison results, and
forecast intervals. Missing net weights are not imputed. The package should accompany the
manuscript so that the reported tables and figures can be independently reconstructed.

Conclusions

The international HS 2201 market more than doubled in nominal value between 2010
and 2023, reaching approximately USD 5.77 billion. Exports are concentrated, and the
position of leading countries reflects not only water resources but also branding, reputation of
origin, bottling capacity, access to integrated markets, and logistics.

Armenia recorded rapid export growth, reaching USD 23.40 million in 2025. Russia
remains dominant, while the United States, Kazakhstan, Gulf, and European destinations are
still small or volatile. The PPML estimates do not identify a separate persistent average
stimulus after EAEU accession, but they do indicate a positive post-2020 shift in the US
market.

The baseline projection places Armenia’s exports at USD 34.48 million in 2031, but
uncertainty is substantial. A realistic strategy should combine retention of the Russian market
with diversification, higher unit values, sustainable source management, quality certification,
and transparent logistics-cost accounting. The evidence suggests that Armenia’s most
plausible export opportunity lies in limited-volume, higher-value natural and mineral water
with certified quality and credible origin, rather than in large-scale exports of low-value
water.
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wnunwhwudwu CR5 gnigwuhop Ywqdb) £ 68.9%, huly <bpdhunwi-<hpodwuh hunbipup'
0.164: Cwjwuwwuh wpwwhwunwp 2010 p. 5.32 dju nnwphg wéb) £ dhush 19.42 dju
nnjwp 2024 . U 23.40 dju nnjwp 2025 p." ywhwwubind nnwwlwu snyuih gbpwlonnn
Yohnp:  Snpdpuybpwiht b dwdwlwlwjphu  hwuwmwwnnit wqgnbtignyejniuubipny  PPML
quwhwunnup gyt  rolling-origin utjuwwbudwt unnigdwdp: Holt-h gdwjhtu dnnbiny
Lwjwuwnwuh  wpunwhwunWdp 2031 p. quwhwwnnd | 34.48 diu nnup’  95%
Ywuuwwnbudwu 16.35-72.71 dju nnjwp dhowlwpny: Upryntupubipp gnyg Gu wnwihu, np
Lwjwunwth  wwonwwubih  dpgwlgwiht huwpwynpnegnitp juwydwsd L
hwlwunwagpyws, ppunwynpywd b pwpdpwpdbp ptwywu nit hwupwihtu oph htw, ny b
gwdnwnpdtip quugywdwiht wpunwhwudwu:

Pwbwgh pwnbp. pungpwhwd onip, hwupwjhtu onip, HS 2201, dhowqgquihu
wnlwnnip, PPML, dhwynp wpdtip, <wjwuwinwt, Yuwufuwwnbunid:
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MHUPOBASA TOPT'OBJISA IMTBEBBIMU BOJAMM (HS 2201) U HAIIUTKAMMU HA
X OCHOBE: KOHIHEHTPALIUSA PBIHKA, YAEJIBHASA CTOUMOCTD U
HEPCIHHEKTHUBBI 9KCIIOPTA APMEHHUMU J10 2031 'OJA

A. X. Mapkocsnu’, B.I'. Xauyarypsin, ML.A. Maplcocsmz, 9.H. MaTenocsml, 0.B. TokmaxksH

1 . . .
Apmanckuii cocyoapcmeennulil SIKOHOMUYECKUTl YHusepcumen
2
OO «llonumuueckue, npagogvie U IKOHOMUYECKUE UCCTEO0BANUSA U NPOSHOZUPOBAHUE)
3
Hncmumym 800HbIX npobaem u cuopomexnuxu umenu akademuxa M. B. Ecuasapoea

B cratee onenuBaroTcs 00beM, reorpaduueckasl CTpyKTypa, YCIOBHAs yaelbHas CTOUMOCTD U
SKCIIOPTHBIN MOTEHIIMAN ApMEHUHU Ha MEXIyHAPOIHOM PhIHKE HECIAJAKUX BOJ TOBapHOW rpymnmsl HS
2201. Ha ocHoBe mannbix UN Comtrade 3a 2010-2025 rr. copMUpOBaHbI MaHETH «CTPaHa—TOI» U
«maptHep ApmeHun-ron». B 2023 r., mocnemneM Hamboliee COMOCTaBUMOM TJIOOATBHOM TOY,
3asBJICHHAs] CTOMMOCTH dKcmopTa coctaBuia 5,77 mupa momwn. CHIA. Jlns 2024-2025 rr. npuMeHeHa
KOppeKTHpOBKa oxBara oT4eTHOCTH. B 2023 r. xo3hunmeHT KOHIEHTpalUu IATH KPYMHEHITNX
9KcHopTepoB coctaBmil 68,9%, a uHnexkc Xepduupans—Xupmmana — 0,164. Dxcnopr Apmenuu
yBenuumics ¢ 5,32 muH gomwt. B 2010 r. go 19,42 mma pomt. B 2024 r. u 23,40 mua gomi. B 2025 1.,
COXpaHss BBICOKYIO 3aBUCUMOCTb OT poccuiickoro pbiHka. OuenuBanne PPML mposeneHo c¢
¢ukcupoBaHHBIMHU 3 (eKTaMy TapTHEPOB U JIET U JOMOJIHEHO rolling-origin mpoBepKoil MPOTHO30B.
JIuneiinas Mmogenp Xonta NporHo3upyer 3KkcnopT ApMeHuu Ha ypoBHe 34,48 M nomt. B 2031 r. npu
95%-HOoM TmIporHO3HOM WHTepBane 16,35-72,71 w™uH pmomn. Pe3ymbTaThl IMOKa3BIBAIOT, YTO
KOHKYPEHTHAsI BO3MOXHOCTh APMEHUHU CBsi3aHA ¢ CepTU(DHUIIMPOBAHHON, OPEHIUPOBAHHON M OoJiee
JIOpOroi MPUPOAHON U MUHEPATILHOM BOJIOH, a HE C MACCOBBIM SKCIIOPTOM JEIIEBOM BOABL.

Knrouegwle cnosa: npecHast Boga, MuHepanbHasg Bojaa, HS 2201, mexxryHapoHast TOprosiis,
PPML, ynenbHast CTOMMOCTD, ApMEHUS, TIPOTHO3UPOBAHUE.
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Abstract

Reducing water percolation through mine tailings is important for limiting water
infiltration and the potential migration of contaminants within tailings storage facilities. This
study aims to experimentally assess the effect of “PMM” modified granular material on water
outflow through a mine-tailings substrate. Laboratory experiments compared a tailings
substrate containing “PMM” modified granular material with a control tailings substrate. In
each experiment, 4 L of water was applied to the substrate surfaces by simulated rainfall, and
the mass of the discharged liquid was measured until the outflow ceased. In all six
experiments, the outflow from the “PMM?”-containing substrate was lower than that from the
control. The cumulative discharged mass was 5,811 g for the “PMM” substrate and 11,240 g
for the control, corresponding to an approximately 48.3% reduction in outflow. Variability
among individual experiments was also associated with unequal intervals between
experiments and the resulting differences in the initial moisture content of the substrates due
to evaporation. The results indicate that the application of “PMM” modified granular material
can substantially reduce water percolation through mine-tailings substrates and provide a
basis for further investigation of its hydrophysical properties.

Keywords: mine tailings, PMM modified granular material, water percolation,
outflow, filtration, experimental study.

Introduction

Mine tailings are fine-grained residues generated during mineral processing and
represent one of the major waste streams associated with mining activities. The increasing
volumes of tailings produced worldwide, particularly as lower-grade ores are exploited, create
substantial long-term environmental and engineering challenges related to their storage,
treatment, and rehabilitation [1, 2]. Fine mineral tailings may contain large proportions of silt-
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and clay-sized particles, while their long-term storage can create significant environmental
liabilities [1].

Water plays a particularly important role in the environmental behaviour of tailings. Water
infiltration and seepage through tailings deposits may contribute to contaminant transport and,
in sulphide-bearing materials, provide conditions favourable for acid mine drainage formation
[2, 6]. Consequently, limiting the contact of tailings with infiltrating water and controlling
water movement through tailings deposits are important components of environmentally
sustainable tailings management.

One approach used to control water movement within mine-waste facilities is the application
of cover systems designed to reduce net percolation into the underlying waste. Water-balance
covers operate principally by storing infiltrating water within the cover material and
subsequently returning a portion of this water to the atmosphere through evaporation and
evapotranspiration [4]. Their effectiveness therefore depends strongly on the hydrophysical
characteristics and water-retention capacity of the materials used.

Recent studies indicate that the hydrophysical behaviour of cover materials can be improved
through the incorporation of water-retaining additives. Sun et al. [6], for example,
investigated compacted clay modified with clinoptilolite and sodium polyacrylate and
demonstrated increased water-holding capacity compared with unmodified material. Their
results showed that modification changed the soil-water characteristic behaviour and
increased the volumetric moisture content retained at equivalent matric suction. Such findings
indicate that modifying a substrate with suitable water-retaining materials can alter its
capacity to store water and consequently affect water movement through the material [6].

The hydraulic response of such systems is also influenced by the moisture condition
preceding water application. This aspect becomes particularly important under repeated
wetting and drying conditions, because water retained within the material and water
subsequently lost through evaporation affect the initial moisture state before the next
precipitation or water-input event [4, 6]. Consequently, comparative experiments involving
repeated fixed-volume water applications can provide useful information on the capacity of
modified materials to reduce water passage through tailings under variable antecedent
moisture conditions.

In this context, the use of modified granular materials capable of retaining part of the
incoming water may provide a practical means of reducing water percolation through mine
tailings. However, the effectiveness of such materials must be established experimentally by
comparison with untreated tailings under equivalent water-input conditions.

Conflict Setting

The aim of the present study is to experimentally assess the effect of «PMM» modified
granular material applied at a rate of 3 kg/m? on water percolation through a mine-tailings
substrate. A laboratory experiment was conducted by comparing a tailings substrate
containing a 5-cm layer of tailings mixed with “PMM” with an untreated control tailings
substrate. Both substrates were subjected to repeated applications of the same fixed water
volume, and the discharged liquid was measured until outflow ceased. The study provides a
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guantitative experimental assessment of the potential of “PMM” modified granular material to
reduce water passage through mine tailings.
Materials and methods
The experimental studies were conducted in the Hydraulic Research Laboratory of the
Academician 1.V. Yeghiazarov Institute of Water Problems and Hydro-Engineering.
Experimental setup
A laboratory experimental stand divided into three segments was used to
comparatively assess water percolation through the investigated substrates. The first segment
contained a 5-cm-thick layer of mine tailings mixed with “PMM” modified granular material
applied at a rate of 3 kg/m?.
The second segment served as a
separating section, while the
third segment contained a 5-cm-
thick layer of untreated mine
tailings and was used as the
control. The surface areas of the
first and third segments were
' i equal, ensuring comparable
-~ 'g:? conditions for water application

VSR \*@\, and outflow measurements.
»

= r

Fig. 1 Experimental setup for comparative assessment of water percolation through PMM-
modified and control mine-tailings substrates

The experimental stand had a longitudinal slope of 4°.

Thus, two substrate variants were investigated:
=  PMM substrate — mine tailings containing «PMM» modified granular material;
= Control substrate — untreated mine tailings without «<PMM».

Experimental procedure

Water was applied to the surface of both substrates by simulated rainfall. During each
experiment, a fixed volume of 4 L of water was applied to each substrate. The discharged
liquid was collected separately until the outflow ceased.

The mass of the discharged liquid was then determined. The mass of each empty collection
vessel was 300 g and was accounted for when determining the discharged liquid mass.

A total of six experimental runs were performed. The same water volume and experimental
configuration were maintained for the PMM-modified and control substrates during each run,
allowing direct comparison of their response to water application.

The intervals between consecutive experiments were not uniform. Consequently,
evaporation occurring during the inter-experimental periods resulted in differences in the
initial moisture content of the substrates.

Because the substrates were not brought to a predefined initial saturation or moisture
level before each experiment, part of the fixed 4L water input replenished moisture lost by
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evaporation before the formation of outflow. This factor was considered when interpreting the
variability between individual experimental runs.

Data analysis

The effectiveness of the PMM-modified substrate was assessed by comparing the
mass of discharged liquid with that obtained from the control substrate. For each experimental
run, the relative reduction in outflow was calculated as:

_ Me i — Mpaag i
Mc

x 100

R;

where Ri - is the reduction in outflow for experimental run i(%), Mc,i - is the discharged
liquid mass from the control substrate (g), and Mpmm;i - is the discharged liquid mass from the
PMM-modified substrate (g).

The overall reduction was calculated from the cumulative discharged masses obtained
during all six experiments:

6 6
Bi— 21:1 C, g Z,_H PMM.i 100
Z,’:1 A’I(f'.i

P

This approach was selected because the experimental procedure measured discharged
water mass rather than the hydraulic conductivity or filtration coefficient directly. Therefore,
the results are interpreted as a comparative assessment of water percolation and outflow
reduction caused by the addition of PMM.

Research Results

The results of the six experimental runs demonstrate a consistent difference between
the PMM-modified and control tailings substrates. In every experiment, the mass of liquid
discharged from the substrate containing “PMM” was lower than that from the untreated
control substrate. The measured values reported in the experiments are presented in Tab. 1

Table 1
Experimental results and reduction in water outflow

Experiment | PMM substrate, g | Control substrate, g | Reduction, %
1 1067 2039 47.7

2 956 2106 54.6

3 1317 2237 41.1

4 940 1403 33.0

5 630 2034 69.0

6 901 1421 36.6

Total 5811 11240 48.3

Mean 968.5 1873.3 —
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The cumulative mass of discharged liquid over the six experiments was 5811 g for the
PMM-modified substrate and 11240 g for the control substrate. Thus, the cumulative outflow
from the PMM-modified substrate was approximately 48.3% lower than that from the
untreated tailings.

o s wias] The individual

SO e experiments showed
reductions ranging from
33.0% to 69.0%.

_ 1500 - : : Importantly, despite this
2 300 | B variability, the direction of
Buoon{ ™——u St the response  remained
B " | unchanged: the PMM-

s modified substrate

produced less outflow than
the control in all six
: 9 . : ‘ experiments.

Expenment No

Fig. 2 Comparison of discharged liquid mass from PMM-modified
and control mine-tailings substrates during six experimental runs.

This consistency indicates a systematic effect of the modified material rather than a
result driven by a single experimental run. The variation in the absolute outflow values
between individual experiments should be interpreted in relation to the experimental
conditions. The intervals between consecutive experiments were not equal. Consequently,
different amounts of water could evaporate from the substrates between experimental runs,
resulting in different initial moisture conditions. Since the substrates were not restored to a
predefined moisture or saturation level before each experiment and a constant 4L of water
was applied in every run, part of the supplied water replenished the moisture lost during the
preceding inter-experimental period. The remaining portion contributed to water retention and
outflow. Therefore, variability in absolute outflow between experiments cannot be interpreted
solely as variability in the effectiveness of PMM.

For this reason, the paired comparison between the PMM-modified and control
substrates within each individual experimental run is particularly informative. Both substrates
received the same water volume under the same experimental conditions, while the PMM
substrate consistently discharged less water. The observed response is compatible with the
general principle underlying water-retaining cover systems, in which increased storage of
infiltrating water within a material reduces the quantity available for subsequent percolation
[4]. Studies involving water-retaining amendments have likewise demonstrated that
modification of a substrate can significantly alter its moisture-retention characteristics and
hydraulic behaviour [6].

However, the present experiment did not directly determine saturated hydraulic
conductivity or a conventional filtration coefficient. The measured parameter was the mass of
liquid discharged after the application of a fixed volume of water. Therefore, the observed
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48.3% reduction should be interpreted specifically as a reduction in cumulative outflow under
the experimental conditions rather than as a 48.3% reduction in the filtration coefficient.

The experimental results nevertheless provide evidence that the addition of “PMM” at
3 kg/m? substantially modifies the water response of the investigated tailings substrate.
Further experiments with controlled initial moisture content, fixed intervals between water
applications, and direct measurements of hydraulic conductivity would allow the mechanisms
responsible for the observed reduction to be quantified more precisely.

Study limitations and further research

The present study provides a preliminary experimental assessment of the effect of
«PMM» modified granular material on water passage through mine tailings. The initial
moisture content of the substrates was not standardized before each experimental run, and the
time intervals between successive experiments were not uniform; therefore, evaporation
resulted in differences in antecedent moisture conditions. In addition, the experiments
quantified discharged liquid mass rather than hydraulic conductivity directly. Further studies
should therefore include controlled initial moisture conditions, uniform intervals between
water applications, direct measurements of hydraulic conductivity, and additional PMM
application rates to establish the relationship between material dosage and water-retention
performance.

Conclusions

The experimental study evaluated the effect of “PMM” modified granular material,
applied at a rate of 3 kg/m?, on water outflow through a mine-tailings substrate under repeated
fixed-volume water applications.
The main conclusions are as follows:
In all six experimental runs, the mass of liquid discharged from the PMM-modified substrate
was lower than that from the untreated control substrate, demonstrating a consistent effect of
PMM on water passage through the investigated tailings.
The cumulative discharged liquid mass was 5811 g from the PMM-modified substrate and
11240 g from the control substrate. Thus, under the experimental conditions, the application
of PMM resulted in an overall 48.3% reduction in cumulative water outflow.
The reduction observed in individual experiments ranged from 33.0% to 69.0%. This
variability was influenced by unequal intervals between successive experiments and the
associated evaporation, which resulted in different initial moisture conditions before the
application of each fixed 4-L water volume.
Since the study measured discharged liquid mass rather than hydraulic conductivity directly,
the obtained 48.3% reduction should not be interpreted as an equivalent reduction in the
filtration coefficient. It represents a reduction in cumulative water outflow under the specific
experimental conditions.
The results indicate that “PMM” modified granular material has potential as a water-retaining
amendment for reducing water passage through mine-tailings substrates. Further experiments
under controlled initial moisture conditions and with direct determination of hydraulic
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conductivity are required to quantify its hydrophysical effect and assess its applicability under

field conditions.

Overall, the results provide an experimental basis for considering “PMM” modified granular

material as a potential component of systems intended to control water movement through

mine tailings.
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MNWMrh LUFUPULSELRNRG3UL LUURESNAUL «PMM»
Unthdhuus8duo unrnhbh UbrUWRUUUR. doNraururuuus suucusnhy
4.t Sphgnpyut

Ulunbdplynu b.d. Enpuquipndh whdwl opughlr hhdbwhwpgbiph U hpnpnipbfutipljugh pbugppagpnign

Lwupwpryntwpbipwywu  wnsbph  9pwpwthwugbhnyegjwu  ujugbgndp  Yuplnp
Uowuwynipntt niuh wnswdpwpubipnid opp ubippwihwugdwu b wnununhsubliph huwpwynp
dhgpwghwh  vwhdwltwhwydwt  wnbuwuyniuhg:  Wjuwwnwuph  uwwwwlu |
thnpdwpwpwlwu bnwuwyny quwhwinb] «PMM» dnnhbhlugwd unpniuh wgnbignipniup
wnswiht  untpuinpwwnp  dhony  9ph  wpwwhnuph  Jpw:  Lwpnpwwnp unbunnd
hwdbdwwnyb] tu «PMM»  dnnhdhlugwsd unpnit wwpniwynn b unnighs  wnswiht
untpuinpwiinubipp: Snipwpwgnip thnpéh pupwgpnid untpunpuwnutiph ypw wudplwgdwi
Gnwuwyny wydbjwgyt) £ 4 | onip b swihyb wpunwhnuwé hbnniyph quugwdp dhush
wpwnwhnuph  nwnwpnp: Ywunwpdwd  Jbg  hnpdbpnd «PMM» - wywipniiwynn
untpuinpwiinhg  wpwwhnupp pninp nGwpbpnwd Bnbp £ ounnighs wwppbpwyhg  tnpp:
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Cunhwunip wpwwhnupp Ywqdbp £ hwdwwwunwufuwuwpwp 5811 L 11240 q, husp
hwdwwwuwnwufuwunwd £ wpunwhnuph  dnin - 48.3%  ujwqdwup:  Unwudhu  thnpdtiph
winrynwupubipp wmwwnwunwtbpp wwpdwuwdnpdwd B twb  dhothnpdwhu
dwldwuwwhwwndwdubph  wwppbipnypjwdp b npw  hGunbwupny  unpunpwwnubph
Uwfutwlwt funtwynipjwu thnthnfunyejwdp: Uinwgywd wpryntupubipnp gnyg Gu wwihu, np
«PMM»  dnnhphlugwsd unpniuh Yppwnnwp Yupnn £ bwwbu  udwgbgub] wnswihu

untpuinpwiinh dhony oph wpwwhnupp W hhdp £ uwnbindnid unyeh  hhnpndhghlywywu
hwwnYnipniutiph htitnwgw nwunuduwuhpnygjwu hwdwn:

Pwtiwgh puwnbp. hwupwpryniwpbpwlwu wnstp, PMM dnnhbhljugdwsd unpnuu,
onpwpwhwugbihnyentu, wpwnwhnup, ppiinpughw, thnpdwpwpwlwu hbunwgnunnyeniu:

CHMUXEHUE BOJONNPOHUITAEMOCTHU XBOCTOB C IPUMEHEHUEM
MOJJU®ULTUPOBAHHOI'O CBIITYYEI'O MATEPUAJIA «PMM»:
IKCHHEPUMEHTAJIBHAS OLIEHKA
B.P. I'puropsin

Hnemumym 600HvIx npobrem u cudpomexuuxu umenu axkademuxa M. B. Ecuazapoea

CHMKEHHE BOJOIPOHUIIAEMOCTH OTXOJOB TOPHOMOOBIBAIONICH MPOMBINIUIEHHOCTH
UMeeT BaXXHOE 3HAUEHHWE IS OTPaHWYCHUs WHOWIBTpAMKA BOABI W TOTCHIUAIBHOU
MUTpAIMK 3arps3HSAIONIMX BEMIECTB B XBOCTOXpaHWIMIIAX. Llembro paboTel sBIseTcs
OKCIIEpUMEHTAIbHAS OLIEHKA BIUSHUS MOIU(MHUIIMPOBAHHOTO ChITydero marepuana «PMM»
Ha (UIBTPAIMOHHBII CTOK uepe3 CyOCTpaT U3 XBOCTOB. B 1abopaTOpHBIX YCIOBHUSX
IIPOBE/IEHO CPAaBHUTENIBHOE HCCIEOBaHME CyOCTpaTa, COAEprKallero MoIu(HUIMPOBAHHBIN
Mmatepuan «PMM», 1 KOHTpOJIBHOTO cyOCTpaTa M3 XBOCTOB. B Kak7I0M 3KCIEpHUMEHTE Ha
MOBEPXHOCTh CYOCTpaTOB METOAOM JOXKJEBaHHUs MOAaBaIochk 4 1 BOJBI, IOCIE YEro
u3Mepslach Macca BBITEKIIEH >KUIKOCTHM JI0 TOJHOIO IpeKpalleHus croka. B mectu
MPOBEACHHBIX JKCIIEPUMEHTAX BEJIMYMHA CTOKa W3 cyoctpata ¢ «PMM» Bo Bcex ciydasx
Obula HWXKE, YeM B KOHTPOJbHOM BapuaHTe. CymMMmapHas Macca BBITEKIIEH KHIKOCTH
cocraBuia cooTBeTcTBEHHO 5811 u 11240 r, 4TO COOTBETCTBYET CHUKEHUIO CTOKA IPUMEPHO
Ha 48,3%. Pa30poc pe3ynbTaToB OTHEIBHBIX IKCIIEPHUMEHTOB TaKKe CBSI3aH C Pa3TUIHON
MPOAOIDKUTEILHOCTHIO MEKIKCIIEPUMEHTAIBHBIX MIEPUOI0B U 00YCIOBICHHBIMU HCIIApEHUEM
pa3NUYMsIMHU UCXOTHON BIAXXHOCTU cyOcTpaToB. IlodydueHHbIe pe3yabTaThl MOKa3bIBAIOT, YTO
NpUMEHEHHE MOIU(PHUIMPOBAHHOTO Chilyyero mMarepuana «PMM» cnocoOHO CyliecTBEHHO
YMEHBIIUTh MPOXOXKJEHHE BOABI dYepe3 CcyOcTpaT M3 XBOCTOB M  OOOCHOBBIBAIOT
HEOOXOMMOCTH TaTbHEHUIIET0 UCCIIEIOBAHHS €r0 THAPO(PH3HIECKUX CBOWCTB.

KitoueBble cjioBa: XBOCThI TOPHOJOOBIBAIONIEH MPOMBIIIJIEHHOCTH, (UIBTpaLUs,
MoaubuIUpoBaHHbI Matepuanr PMM, BOgOMpOHWIIAEMOCTh, CTOK, SKCIIEPUMEHTAIBHBIE
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Abstract

The article develops a scientific and practical model for the legal and economic
circulation of 212,532 m? of fertile topsoil that has been stockpiled in the vicinity of the
Akhuryan Reservoir for approximately four decades. According to field measurements and
laboratory analyses conducted in 2026, the average humus content of the stockpiled soil is
3.54%, compared with 4.54% in the background soil. This finding confirms the high resource
potential of the stockpile but does not justify classifying the entire volume uniformly as
chernozem without additional vertical and horizontal sampling.
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The legal-dogmatic analysis shows that Article 36 of the Land Code of the Republic of
Armenia and Government Decision No. 676-N permit the sale of fertile topsoil removed
during construction activities and provide that the entire proceeds from the sale of topsoil
obtained from state- and community-owned land plots be allocated to the community budget.
At the same time, the existing regulatory framework does not establish a comprehensive
mechanism for competitive price formation, public lot formation, earmarked use of revenues,
or identification of ownership of long-standing historical stockpiles.

A two-stage solution is proposed: first, an immediately applicable open electronic auction,
with quality-based grading and a starting price separated from logistics costs; and second, a
legislative reform establishing a dedicated Land Resource Restoration Subaccount. Scenario-
based valuation indicates that, within the considered price range of AMD 4,000-8,000/m?, the
gross value of the stockpile amounts to approximately AMD 850.1 million—1.700 billion.
However, this range cannot be mechanically adopted as an official price, since it requires
comparable adjustments for legally documented transactions, soil quality, VAT, loading, and
transportation conditions.

The study combines legal-dogmatic analysis, a synthesis of international Scopus-indexed
literature, quality-adjusted comparative and residual valuation methods, scenario sensitivity
analysis, and a multidimensional public net value model. Given the availability of only a
single stockpile and unverified informal price observations, econometric coefficients are not
estimated. Instead, an identifiable hedonic valuation model is formulated for future microdata
generated through legally conducted auctions.

Keywords: fertile topsoil, chernozem, natural capital, public auction, pricing,
community budget, land restoration, circular economy, Akhuryan Reservoir.

Introduction

The fertile topsoil layer is not an ordinary movable commodity. It constitutes a slowly
forming form of natural capital whose private economic value is intertwined with public
values related to food security, ecosystem services, erosion prevention, and carbon storage.
Consequently, introducing it into market circulation should not be regarded as privatization
for its own sake; a legally sound model must simultaneously prevent the dissipation of the
resource, reveal actual demand, and ensure its targeted use [1].

The 212,532 m? stockpile recorded in the territory of Aghin settlement, adjacent to the
Akhuryan Reservoir, is distinctive for three reasons. First, it is a historical stockpile that has
been stored for approximately 40 years. Second, the scale of the stockpile is nearly eight times
greater than the combined 27,309 m?® flow of legally identified demand and illegal removal
recorded in the report for 2025. Third, the stockpiling area encompasses land plots with
different legal statuses; therefore, the location of the soil does not, in itself, automatically
determine the ownership of the soil mass once it has become movable property.

Contemporary research considers long-term stockpiled topsoil to be a recoverable but
qualitatively variable secondary soil resource. Valliere et al. demonstrate that plant growth
and water-use efficiency may deteriorate even when conventional chemical analyses reveal no
substantial differences. Fischer et al. confirm depth-related differences in nutrient availability
and microbial communities. Amir et al. further associate the effects of stockpiling with
changes in microbial diversity, while D’Agui et al. substantiate the need for multidimensional
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biological assessment. The 2025 findings of Ledesma et al. highlight the importance of
vertical heterogeneity within deep stockpiles [3-6].

The international policy framework follows the sequence: “inventory —
characterization — classification — conditioning — matching to end use — controlled reuse
— monitoring.” The UK DEFRA Code requires the separation of topsoil and subsoil and the
protection of soil structure. New South Wales gives preference to direct soil return, while
stockpiling is regarded as a resource for future land rehabilitation. The EU Joint Research
Centre (JRC) incorporates the reuse of excavated soils into the framework of the circular
economy and life-cycle costing. The experience of Helsinki demonstrates the potential of
digital supply—demand coordination and closed-loop soil reuse in public procurement [7-11].

Topsoil Stockpiling and Changes in Functional Quality

A key conclusion of contemporary international literature on fertile topsoil is that
stockpiling is not a neutral practice. Justin Valliere, Haylee D’Agui, Kingsley Dixon, and co-
authors demonstrated in Plant and Soil that plant growth, water-use efficiency, and the
formation of nitrogen-fixing root nodules decline in stockpiled soils, even when individual
physicochemical parameters show no substantial differences. Therefore, an average humus
content of 3.54%, although an important indicator, is not sufficient evidence in itself to
classify the entire 212,532 m? stockpile as high-quality agricultural chernozem [7].

Haylee D’Agui and co-authors, in Restoration Ecology, simultaneously compared
microbial community structure, biological activity, and a plant-growth bioassay. Their
findings demonstrate that different biological indicators may lead to different conclusions
regarding the same soil. For the Akhuryan stockpile, this implies that valuation should be
based not on a single indicator, but on an integrated profile combining physical, chemical,
biological, and plant-growth characteristics [3].

Pamela Block, Kaylee Gush, and Ryan Limb, in their study of long-term stockpiled
grassland soils published in Applied Soil Ecology, documented changes in the abundance and
composition of microbial communities. Importantly, depth within the stockpiled soil mass
may be a determining factor: the properties of the upper, aerated layer cannot be mechanically
extrapolated to the middle and deeper layers of the stockpile [12].

Jamie Ledesma, Joseph Neilson, Raina Maier, and co-authors, in their 2025 study,
used boreholes extending to depths of more than 20 m to identify vertical biogeochemical
heterogeneity resulting from long-term stockpiling. Their approach is particularly relevant to
the characteristics of the historical Akhuryan stockpile and supports the need for three-
dimensional inventorying and depth-stratified sampling [6].

Ashley Fischer, Jay P. Singh, Jonathan Van Hamme, and co-authors demonstrate that
microbial community structure and diversity vary with stockpile height and depth. This
finding is important not only for environmental assessment but also for economic valuation:
quality heterogeneity implies that assigning a single uniform price to the entire stockpile
would constitute a valuation error; therefore, the stockpile should be marketed in quality-
homogeneous lots [5].

Excavated Soil as a Secondary Resource in the Circular Economy

Sarah Hale, Antonio José Roque, and co-authors, in their assessment of international
practices for the reuse of soils generated by construction and demolition projects, identify four
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major barriers: fragmented regulation, uncertainty regarding material quality, logistical
mismatches, and the lack of supply—-demand coordination. In the Akhuryan case, all four
barriers are present simultaneously: the stockpile has been inventoried, but there is still no
classified marketable product, transparent price signal, or digital marketplace connecting
potential end users [13].

Benedetto Rugani and Claudio Petucco, using a spatial life-cycle model in Science of
the Total Environment, demonstrate that the local reuse of excavated soil can substantially
reduce the environmental burden associated with transportation and disposal. Therefore,
maximizing the market price of the Akhuryan stockpile should not result in sales to distant
destinations where tonne-kilometre-related emissions outweigh the environmental benefits of
reuse. Under an auction-based system, a logistics-related carbon indicator should be
disclosed, while in tenders for public projects it should be incorporated into the evaluation
criteria [2].

The study conducted by the European Commission’s Joint Research Centre (JRC)
conceptualizes excavated soil as a circular material flow and integrates life-cycle assessment
(LCA) with life-cycle costing (LCC). Under this approach, the sale price does not represent
the full social value of the resource. Decision-making therefore requires an integrated
assessment of monetary revenue, the value of substituted primary soil resources, avoided
disposal, carbon impacts, and the ecosystem benefits generated by restored land [9].

Soil Quality, Natural Capital, and Pricing

Oshadi Samarasinghe and Suzie Greenhalgh, using a hedonic approach in Soil
Research, demonstrated that intrinsic soil characteristics—such as drainage, rooting depth,
and water availability—are reflected in the value of agricultural land. Their findings support
the use of quality adjustment coefficients. However, the price of a movable stockpile of fertile
topsoil cannot be derived directly from the per-hectare sale price of agricultural land, because
the values attributable to location, development potential, and property rights must be
excluded [14].

Luise Meifiner and Oliver MuBhoff, in a study published in Q Open using German
data for 1991-2020 and FMOLS and DOLS estimators, demonstrated a long-run relationship
between soil quality and agricultural land prices. This finding provides an important
theoretical basis for the quality-adjusted valuation of the Akhuryan stockpile, but it cannot
substitute for data from legally documented local transactions. Directly transferring
internationally estimated coefficients to the Armenian market would be econometrically
unjustified [15]. Kritika Sen Chakraborty, Avinandan Chakraborty, and Robert P. Berrens, in
a study published in World Development, used a hedonic model to estimate the value of
investments in soil erosion control. An important implication of their research is that market
land prices may capitalize some soil conservation attributes, while public ecosystem benefits
are not fully reflected in private willingness to pay. Therefore, reserving a portion of the
stockpile for public land restoration outside the market auction mechanism should not be
regarded as contrary to economic efficiency [16].

Auction Design, Competition, and Public Revenue

Pantelis Koutroumpis and Martin Cave, in a study published in the Journal of
Regulatory Economics based on data from 371 auctions across 85 countries and more than
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10,000 lots, demonstrated that auction design has a significant effect on final normalized
revenues, while administrative allocations generally provide a weaker mechanism for
revealing the true value of a scarce resource. Although their study focuses on radio spectrum,
its institutional implication is also applicable to the Akhuryan case: a divisible and scarce
resource under public control should not be allocated on a large scale through individually
negotiated arrangements [17].

Decio Coviello and Mario Mariniello, in a study published in the Journal of Public
Economics, used a natural experiment to demonstrate that increased publicity of auctions
raised the number of participants and improved price outcomes for the government. This
finding supports not merely compliance with minimum legal notice requirements, but the
establishment of a comprehensive data room containing laboratory reports, maps, the draft
contract, questions and answers, and machine-readable auction results [18].

Paul Klemperer’s seminal work on auction design emphasizes that the optimal auction
is not a technical format that can be applied independently of context; rather, priority should
be given to preventing insufficient participation, collusive behavior, and barriers to entry for
new bidders. Therefore, selling the Akhuryan stockpile as a single large lot does not guarantee
a higher price; instead, it may restrict competition and create market power for a single buyer
[19].

The synthesis of this literature leads to the article’s central theoretical proposition: the
optimal management of the Akhuryan stockpile is not a simple choice between «selling» and
«free allocation». Rather, it is a sequential decision-making process comprising clarification
of legal ownership, quality-based segmentation, reservation for public land restoration,
competitive lot formation, auction-based price discovery, and the earmarked reinvestment of
net proceeds.

Natural Capital and the Informational Limitations of Informal Prices
An informal price provides information about scarcity and effective demand, but does
not constitute legal or valuation evidence. It may incorporate a risk premium associated with
illegal extraction, unknown quality, loading and delivery costs, tax avoidance, or, conversely,
a high retail margin. Therefore, the AMD 4,000-8,000/m? range is used in this article solely
as an observed price signal and a scenario range, rather than as an automatic basis for
determining the starting price.
Scientific Novelty of the Study
= The legal characterization of a long-standing historical stockpile is linked not merely to its
designation as “chernozem,” but to its current functional quality and origin.
= A quality-adjusted residual value formula is proposed, separating the value of the soil
itself from loading, transportation, and restoration costs.
= A dual-track allocation model is developed: auctioning of commercial lots, and
competitive selection/public allocation for projects that commit to measurable land-
restoration outcomes.
= Revenue distribution is structured through a two-tier legal framework: under the currently
applicable Government Decision No. 676-N, 100% of the proceeds are allocated to the
community budget, while intergovernmental revenue-sharing formulas would become
possible only following legislative amendments.
Conflict Setting

The research question is as follows: Is it economically rational and legally justified to
continue allocating this high-value stockpile through administrative distribution without
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competitive price discovery, given that informal market offers range from AMD 4,000 to
8,000/m?, and what institutional model can effectively integrate legality, economic efficiency,
social equity, and environmental outcomes?

Data and methodology

The primary empirical basis of the study comprises field measurements of the
stockpiling area, cadastral data, sampling conducted on March 24, 2026, and results obtained
from an accredited laboratory. The study applies legal-dogmatic, systemic, and teleological
interpretation, comparative institutional analysis, scenario-based valuation, sensitivity
analysis, and multidimensional decision-making logic. The article does not substitute for a
definitive legal determination of property ownership; prior to any sale, a separate legal audit
of the chain of provenance and ownership status of each sub-area is required.

Table 1
Key Quantitative and Qualitative Indicators of the Fertile Topsoil Stockpile
in the Vicinity of the Akhuryan Reservoir
Indicator Value Comment
Estimated volume 212,532 m® | Result of field measurements reported in the study
Stockpiling area approx. 2.52 ha | Includes land plots with different cadastral statuses
Average humus content 3.54% | High/good agricultural potential
Background humus content 4.54% | Natural reference value
Relative difference —22.0% | (3.54/4.54 — 1) x 100
Legal applications in 2025 2,716 m® | 20 applications
Illegal removal 24,593 m? | Recorded through monitoring and enforcement activities
Observed informal price AMD 4,000-8,000/m* | Delivery and tax conditions not verified

Source: Compiled from the 2026 report on the Akhuryan stockpile and the authors’ calculations.

The unit value should be estimated by combining at least three approaches:
comparable sales, cost/replacement value, and residual value. The income approach is
applicable only to those end uses for which incremental crop yields or savings in landscaping
costs can be reliably quantified.

P, = max{P{**, P Q;L; — Cf — R;} @)

where P; - is the estimated ex-stockpile price per 1 m* of soil in quality class; Pt - the
minimum recoverable cost of inventorying, testing, safe storage, and sale; P°™P -is the
median price of legally documented and comparabl transactions; Q; - is the quality
adjustment coefficient; L; - is the location/accessibility coefficient; C; - is the required
conditioning cost; and R; - is the discount reflecting legal, contamination, and marketability
risks. Transportation is treated separately and borne by the buyer, so that the logistics costs of
distant purchasers do not distort the price of the public asset.

V=2t1qPi—C— X119 ¢ (2)
Here, q; - is the volume sold, Cy - is the fixed preparatory cost, and c; . represents the variable

costs of measurement, loading, monitoring, and transaction administration. This formulation
distinguishes gross revenue from the community’s net public benefit.
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Quiality Classification

The economic utilization of the stockpile requires the formation of quality-
homogeneous lots. The classification presented below links measurable soil characteristics to
permissible end uses and the corresponding price-adjustment ranges.

Table 2
Quality Classification, Intended Uses, and Price-Adjustment Coefficients for Fertile Topsoil
Class Mandatory Criteria Primary Use Price Adjustment
Coefficient (Q)
A No contamination; adequate soil structure; Improvement of agricultural 1.00-1.20
high organic matter content; positive bioassay | soils
results
B Safe, but requires structural and/or biological | Land reclamation, 0.70-0.95
conditioning afforestation, urban greening
C Limited functionality; suitable for controlled Landscape cover and slope 0.35-0.65
technical applications stabilization after
improvement
X Contamination or non-compliance Sale prohibited; special 0
management required

The methodological framework is based on the studies of Valliere et al. (2022), D’Agui et al. (2022), Hale et al.
(2021), Rugani and Petucco (2025), Cristobal et al. (2024), Samarasinghe and Greenhalgh (2013), Meissner and
Musshoff (2022), and Chakraborty and Chakraborty (2023), as well as Government Decisions No. 124-N and
No. 676-N of the Republic of Armenia.

Feasibility and Limitations of Econometric Estimation

The structure of the available data does not permit the reliable estimation of an
econometric model with empirically derived coefficients. The analysis concerns a single
stockpile, while the AMD 4,000-8,000/m? range is based on market observations and does not
constitute a series of transaction-level microdata. Estimating a regression model using only a
few assumed prices would create an illusion of numerical precision. Accordingly,
econometric analysis is presented in this article as an estimation strategy to be applied after
pilot sales have generated sufficient data, rather than as an already obtained empirical result.

Consequently, the AMD 5,000 and AMD 2,000 payments, the 15% profitability
threshold, the quality coefficients, and the quantitative limits imposed on individual lots
presented below are normative scenario-based parameters rather than empirically estimated
optima. Their final values should be recalibrated using data from pilot auctions and subjected
to sensitivity analysis.

Once a unified database of auction results and legally documented contracts has been
established, the hedonic price per 1 m? can appropriately be estimated using the following
semi-logarithmic model:

where Pjt - is the final price of lot j lat time t; H- denotes humus content; SOC - represents
soil organic carbon; pH - and EC- denote soil acidity and electrical conductivity, respectively;
D- is the distance to the buyer’s intended destination; Q- is the lot volume; C- is an indicator
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of auction competition; um - captures use- or region-specific fixed effects; and t; represents
time fixed effects. Standard errors should be clustered at the auction level.

This model will subsequently make it possible to determine empirically whether
smaller lot sizes and more comprehensive quality disclosure enhance price competition. Until
sufficient empirical evidence becomes available, the starting price should be based on an
independent valuation and a pilot auction [20].

Measurement of Public Net Value and Multidimensional Efficiency

Ri—C¢—E¢+B
NPV, =Sico= e

(4)
Here, R; - represents revenues from sales and avoided disposal costs; Ci- denotes the
costs of inventorying, testing, loading, and management; E; represents transportation costs and
potential environmental externalities; B; . denotes the measurable ecosystem benefits
generated by restored land; and rr is the social discount rate. This calculation avoids the
erroneous assumption that the option yielding the highest nominal sale price is automatically
the most efficient alternative.
W = 0.35NREV}, + 0.25LAND;, + 0.15COMP,, + 0.15TRACE,, + 0.10CARB;, (5)

For comparing alternative options, a normalized multidimensional index on a 0-100
scale is proposed, where NREV represents net community revenue, LAND denotes land-
restoration outcomes, COMP reflects the level of competition, TRACE represents traceability,
and CARB denotes carbon efficiency. The weights assigned to these dimensions are a matter
of policy choice and should be established through public consultation; however, their ex ante
disclosure limits ex post discretion.

Assessment of the current legal framework

Permissibility and limits of sale
Under the current wording of Article 36(5) of the Land Code of the Republic of

Armenia, the sale of fertile topsoil removed during mineral extraction activities is prohibited,
whereas the procedure for the sale of fertile topsoil removed as a result of construction
activities is established by the Government. Government Decision No. 676-N constitutes this
specific regulatory framework: it requires authorization from the head of the community,
documentation issued by an accredited laboratory and submitted by the seller, a sale and
purchase agreement, designated end use, and proper record-keeping [21, 22].

For the Akhuryan stockpile, it is essential to document that the soil mass was removed
as a result of reservoir construction rather than mineral extraction activities. In addition, it
must be established who owned the land at the time of removal, who carried out the removal
and subsequent stockpiling, and whether ownership of the stockpiled soil was subsequently
transferred. The current owner of the cadastral land plot is not necessarily, by virtue of that
fact alone, the owner of the soil that has been removed and transformed into movable
property. This legal audit constitutes a mandatory “Phase Zero” prior to the auction.

Legal and Economic Assessment of Free Allocation

The primary environmental function of fertile topsoil is to improve degraded,
disturbed, or less productive land. Therefore, free allocation is not inherently irrational,
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provided that it serves a pre-approved public land-restoration programme, delivers measurable
outcomes, applies a transparent beneficiary-selection process, and includes post-use
monitoring. However, the complete administrative allocation of a high-value, commercially
usable stockpile that substantially exceeds existing demand, without competitive selection,
fails to ensure adequate compensation for public property, creates risks of selective
preferential treatment and informal resale, and is inconsistent with the objectives of efficient
and accountable resource management.

Accordingly, a legally sound policy should distinguish between two allocation
streams. A public restoration reserve may be allocated free of charge or on subsidized terms
through a competitive, results-based procedure, whereas lots intended for commercial and
private use should be sold through public auction. Recipients of free allocations should be
prohibited from reselling the soil, while its actual use should be verified through geographic
coordinates, an acceptance certificate, and monitoring for at least one season.

Auction or Competitive Tender?

Under the Law of the Republic of Armenia “On Public Auctions,” the winner of an
auction is the bidder offering the highest price, whereas in a competitive tender, the winner is
the participant offering the best terms and conditions. Therefore, the choice of instrument
should be determined by the objective pursued rather than by administrative preference.

Table 3
Comparative Assessment of the Intended Application
of Auction and Competitive Tender Mechanisms
Obijective Recommended Winner Selection Rationale
Mechanism Criterion

Commercial sale Open electronic ascending- | Highest price The resource is classified and

price auction comparable
Public land Open competitive tender or | Best price—outcome Location, restoration outcomes,
reclamation two-stage tender combination and co-financing are important
Access for small Auction of standardized Highest price, subject to | Prevents concentration of the
farmers small lots with quantity a per-buyer quantity cap | entire stockpile in the hands of a

limits single buyer
Urgent Justified targeted allocation | Public necessity Exception subject to full public
environmental disclosure
need

Source: Author’s compilation based on the provisions of the Law of the Republic of Armenia “On Public Auctions.”

The proposed primary mechanism is an open electronic ascending-price auction. A
competitive tender is appropriate not for ordinary sales, but for lots where the community also
seeks to obtain a public benefit, such as the restoration of eroded land, carbon storage, urban
greening, or co-financing. Combining price and qualitative commitments within a single non-
transparent evaluation process increases administrative discretion; therefore, tender criteria
should be quantified in advance.

Mandatory Destination of Sale Proceeds

Paragraph 5 of Government Decision No. 676-N explicitly provides that proceeds
from the sale of fertile topsoil removed from state- and community-owned land plots shall be
credited to the community budget. Accordingly, under the current legal framework, a proposal
to distribute gross proceeds on a percentage basis among the state, the region, the community,

67




Bulletin Of High Technology N 3(39) 2026.-pp.59-96. WATER SYSTEMS

A.Kh. Markosyan, V.G. Khachaturyan, V.R. Grigoryan, H.V.Tokmajyan
MARKET-BASED MANAGEMENT OF FERTILE TOPSOIL ACCUMULATED FROM THE AKHURYAN RESERVOIR BASIN: A
SYSTEMIC MODEL FOR VALUATION, LOT FORMATION, PUBLIC SALE, REVENUE DISTRIBUTION, AND LEGAL REFORM

and the organizer would not be legally permissible. Nor does the region constitute a separate
budgetary beneficiary for the purposes of this specific regulatory framework.

The organizer’s remuneration should therefore take the form of a pre-determined
service fee or an actually incurred and duly substantiated expense, financed through the
community budget and governed by public procurement rules, rather than a share
automatically withheld from the sale proceeds [21].

Systemic Interrelationship of the Legal Acts

Article 36 of the Land Code of the Republic of Armenia defines the substantive legal
boundaries; Government Decision No. 676-N establishes the specific procedure for the sale of
fertile topsoil removed as a result of construction works; Government Decision No. 1396-N
sets the requirements for its use and conservation; and Government Decision No. 124-N
establishes the minimum safety thresholds for contamination assessment. The Law of the
Republic of Armenia “On Public Auctions” applies where the right holder chooses an auction
or competitive tender as the contractual allocation mechanism. These legal acts should be
applied in conjunction with one another, rather than as mutually substitutable regulatory
instruments [22].

The wording in Paragraph 4 of Government Decision No. 676-N, allowing the price to
be determined “by mutual agreement,” does not preclude the use of a public auction. On the
contrary, the highest bid established through an auction constitutes the mutually agreed
contractual price between the owner and the winning bidder. In the case of a large publicly
controlled stockpile, an auction fills a gap in the specific regulatory framework by ensuring
equal access and verifiable price discovery. However, community decisions concerning the
use of an auction, approval of lots, and determination of the starting price must be adopted
with strict observance of the respective legal competences [22].

The most important legal prerequisite is the establishment of ownership of the
stockpile. The current cadastral ownership of the land plot underlying the stockpiled material
is not, by itself, sufficient to identify the legal owner of the soil once it has been removed and
transformed into movable property. It is necessary to reconstruct the chronology of soil
removal, determine the legal status of the client and contractor responsible for reservoir
construction, examine soil inventory records and subsequent transfers, and establish whether
the stockpile was recognized on the community’s balance sheet. Until these issues are
resolved, any formula for allocating potential revenues remains conditional.

Solutions Permissible under Current Law and Those Requiring Legislative
Amendment

Under the current legal framework, it is possible to commission an independent
valuation, divide the stockpile into lots, organize an open electronic auction, credit the entire
proceeds to the community budget, and pay for laboratory, organizational, and monitoring
services through applicable budgetary and public procurement procedures. It is also possible,
through a programme approved by the community council, to earmark net proceeds for land
restoration, provided that budget classification requirements and public accountability are
maintained.

Legislative amendment would be required to introduce automatic percentage-based
transfers of gross proceeds to the state budget or the regional level, direct allocation to the
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organizer of a share of the resource rent generated by the sale, exemptions from the general
procedure governing authorization of sales, or the transfer of community revenues to a private
extra-budgetary fund. These options are presented in this article as reform scenarios rather
than descriptions of the law currently in force.

Price and financial scenarios

Sensitivity of Gross Value

Since no verified transaction price is available for the entire stockpile, its gross value
is initially assessed through sensitivity analysis using alternative unit-price scenarios. The
table presents indicative valuation ranges rather than projected final proceeds.

Table 4
Sensitivity of the Gross Value of the Stockpile to
Alternative Price-per-Cubic-Metre Scenarios

Price, AMD/m? | Gross Revenue, AMD million | Gross Revenue, AMD billion
3,000 637.6 0.638
4,000 850.1 0.850
5,000 1,062.7 1.063
6,000 1,275.2 1.275
7,000 1,487.7 1.488
8,000 1,700.3 1.700

Source: Author’s calculations based on the verified volume of 212,532 m? and the scenario-based prices.

The scenario of AMD 4,000/m? yields a gross value of AMD 850.128 million, while
AMD 6,000/m? results in AMD 1.275 billion, and AMD 8,000/m?® in AMD 1.700 billion.
Actual proceeds will depend on the shares of Classes A, B, and C, the phasing of sales, the
portion reserved for non-commercial public use, and the market’s absorption capacity.
Offering the entire volume simultaneously could depress the market price and lead to
oligopsonistic concentration.

Formation of the Proposed Starting Price

It is proposed that the independent appraiser provide not a single value, but a price
range by quality class. For the first pilot auction lot of 5,000-10,000 m?, the preliminary
policy range may be set at AMD 3,500—4,500/m?, on an ex-stockpile basis, provided that
verification against legally valid comparables and relevant costs supports this threshold. A
price of AMD 4,000/m* may be used as the central pilot scenario rather than as a
predetermined final price. A Class A lot may carry a 15-25% premium, Class B may be
priced at the base level or at a 10-25% discount, while Class C may be offered at a 35-60%
discount.

The auction bid increment is recommended to be set at 2-5% of the starting price, with
the bid security/deposit equal to 5% of the lot’s starting value. During the first stage, the
maximum share that may be acquired by a single buyer should be limited to 20-25% of the
volume offered. Following an unsuccessful auction, any reduction in the starting price should
be gradual and justified, not exceeding 10% at each subsequent auction, and in no case falling
below the cost-recovery floor.
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Logistics and Spatial Pricing

deliv _ pex load loss
P = P+ C;°% + d;t; + C; (6)

The delivered price is equal to the ex-stockpile price plus loading costs, transportation
costs calculated as the product of distance and transport tariff, and costs associated with
material losses. In distant markets, transportation costs may exceed the value of the soil itself.
Therefore, the auctioned asset should be the soil “ex-stockpile”, while loading and
transportation services should either be arranged by the buyer or procured separately under a
transparent framework contract.

Practical Algorithm for Determining the Value per 1 m*

The first step is to clearly define the valuation date and the conditions of sale—
whether the price refers to 1 m? of soil available at the stockpile or includes loading, VAT,
and delivery. Without such standardization, offers of AMD 4,000 and AMD 8,000/m? are not
directly comparable.

The second step is to collect sales offers and completed transaction data from at least
three independent and legally verifiable sources. Informal market advertisements may be
included only as a secondary market signal, subject to a substantial risk discount.

The third step is quality adjustment. It is proposed that adjustment coefficients relative
to the base price be applied for humus content, organic carbon, salinity, particle-size
distribution, bulk density, contamination, and biological test results. The combined effect of
these coefficients should not result in an unlimited increase in price. At the initial stage, it is
advisable to constrain the overall adjustment coefficient within the range of 0.50-1.25 and
subsequently recalibrate it using actual auction results.

P~'.mu.1 = max{cﬂnm.w Plt“gdloll[’ll = RC/ - f)t} (7)

were ﬁlegal' is the median of comparable legally verified prices, Q - is the composite quality
index, L; - is the accessibility coefficient, RC;- represents the required conditioning costs, p;j -
is the monetary discount reflecting legal and marketability risks, and Cyoor - IS the minimum
cost-recovery price covering inventory, laboratory testing, storage, and marketing costs. The
use of the median reduces the influence of individual exceptionally high or low price
observations.

Proposed Price and Its Legally Appropriate Interpretation

Based on the available materials, AMD 4,000/m* may serve as a working central
scenario for the first pilot auction, but it should not be treated as a final official valuation. In
practice, it is advisable to commission an independent appraiser to establish a justified range
of AMD 3,500—4,500/m? for Class B soil on an ex-stockpile basis, with a premium of up to
20% for Class A and a discount of at least 35% for Class C. If legally valid comparables do
not support this range, the starting price should be revised accordingly.
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The upper informal-market price of AMD 8,000/m*> may plausibly include small-
volume retail sales, loading, urban delivery, and the seller’s margin. Applying this price to the
entire bulk stock of 212,532 m? would yield a theoretical value of approximately AMD 1.700
billion, but this may overestimate the stock’s actual market absorption potential. A phased
auction process allows the market price to be discovered without oversupplying the market all
at once.

Demand Absorption and Phased Sales

The 2,716 m® of documented legal requests in 2025 and the recorded 24,593 m? of
unauthorized removal reported in the study do not imply that sustainable annual effective
demand is precisely 27,309 m?.

Unauthorized flows may reflect supply rather than demand, and any double counting
of the same cases must be excluded. Nevertheless, these figures indicate that selling the entire
212,532 m? stock within a single year would not be realistic.

It is proposed to sell no more than 15,000-25,000 m?® during the first year, followed by
25,000-35,000 m?* in the second stage, depending on the results of the auctions, and 30,000
40,000 m* annually in subsequent years. After each stage, the number of participants, the ratio
of final to starting prices, unsold lots, and compliance with the intended end use should be
reassessed.

Proposed architecture of the sales process

1. Legal audit of ownership and origin. Map the stockpile by cadastral parcels and document
its construction-related origin.

2. 3D geodetic survey and mass balance. Assign each lot a unique identification code,
volume, and coordinates.

3. Stratified sampling. Collect samples from the upper, middle, and deeper zones and assess
their physical, chemical, biological, and botanical characteristics.

4. A/B/C/X classification and a publicly available “soil passport.” Provide laboratory test
reports, photographs, volume, restrictions, and designated end uses.

5. Public-needs allocation plan. Set aside in advance a 15-25% restoration reserve, to be
used exclusively for approved projects.

6. Lotting. Establish small lots of 50—100 m?, medium lots of 500-1,000 m?, and large lots of
5,000-10,000 m* to ensure diversity among potential buyers.

7. Electronic notification and auction. Publish the complete data package, declarations of
conflicts of interest, and questions and answers.

8. Weighing/volumetric measurement and digital dispatch documentation. Link each
outgoing vehicle to the relevant contract and designated destination.

9. Post-use verification. Require a buyer’s acceptance certificate, geotagged photograph, and
report confirming the intended end use.

10. Annual independent audit. Assess volume discrepancies, prices, revenues, environmental
outcomes, and complaints.

Minimum Data Disclosure Package
= Lot volume, classification, sampling scheme, and the complete laboratory test report;
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= Starting-price valuation report, including comparable prices and applied adjustments;

= Loading and transportation conditions, restrictions, and responsibilities;

= Participants, bid history, winning bidder, and final sale price;

= Amount paid, revenue transferred to the community budget, and a report on the targeted
use of the proceeds.

Preferred Auction Format and Anti-Concentration Rules

For commercial lots, the preferred format is an open electronic English auction with
ascending bids. This format is straightforward for participants, makes price competition
transparent, and reduces discretion associated with closed valuation procedures. A sealed
first-price bid may be used only where the risk of collusive behavior is high and the number
of participants is sufficient; however, a single-round sealed bid is more vulnerable to
information asymmetry.

To prevent concentration of the stock in the hands of a single large buyer, during the
first two stages it is proposed to impose a maximum quantitative limit of 20% per group of
related persons, require disclosure of beneficial owners, and prohibit the consolidation of lots
until compliance with the contractual intended-use requirement has been confirmed. 10-15%
of the small lots may be reserved for farms or other entities requiring up to 200 m?3, without
directly subsidizing the price.

A competitive selection procedure should be applied to the public restoration reserve.
The proposed evaluation weights are: ecological priority of the area to be restored — 35%;
own co-financing — 25%; efficiency of soil use per hectare — 15%; logistical carbon efficiency
— 15%; and monitoring and maintenance plan — 10%. Selection of the winner should not be
based on a generic formulation such as the “best offer.”

Exceptional Cases of Free-of-Charge Allocation

Free-of-charge allocation is economically justified only where the community
effectively obtains a public benefit of at least equivalent value.

The recipient should submit a land restoration project, the legal basis for use of the
receiving site, a calculation of the required volume, its own financial contribution, and a
commitment to subsequent maintenance. The soil should not be allocated merely on a first-
come, first-served basis, since such a procedure does not compare public benefits and
increases the risk of resale.

The contract for a free-of-charge or subsidized lot should include a prohibition on
resale or other disposal, a deadline for the intended use, the right to conduct on-site
inspections, an obligation to return any unused volume or pay its market value, and liability
for compensation for any environmental damage caused.

OPTIMAL OPTIONS FOR REVENUE DISTRIBUTION AND USE

Option A. Community-Based Earmarked Management under the Existing Legal
Framework (Preferred)

Under the existing legal framework, revenue allocation should be distinguished from
the initial budgetary receipt of proceeds and their subsequent program-based expenditure. The
following table presents a directly applicable community-level model.
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Table 5
Community Model for the Allocation of Sales Proceeds
in Compliance with the Existing Legal Framework
Flow Proposed Share Legal Form
Gross sales revenue 100% to the Ani Community budget Mandatory requirement under
Decision No. 676-N

Organizational, laboratory, and At actual/competitively determined Budget allocation and procurement
audit costs cost; target: <10% contract

Land restoration and irrigation 50% of net revenue as a policy target | Program/sub-budget approved by
the Council of Elders

Infrastructure in Aghin and 20% Community program
adjacent settlements

Reserve and stockpile 15% Annual budget

maintenance

Social support/co-financing for 15% Program based on transparent
small farmers eligibility criteria

Source: Author’s proposal based on Paragraph 5 of RA Government Decision No. 676-N.

In this option, the percentages refer to intra-budgetary programming within the
community budget, rather than to the distribution of proceeds at the time of sale. The model is
fully applicable while maintaining the existing special regulatory framework, provided that
the Council of Elders adopts an earmarked program and an annual report.

Option B. Community-State Co-Financed Land Restoration Fund

Following legislative amendments, the following allocation could be established: 70%
to the community, 20% to a national land restoration fund, 5% to a competitive funding
window for regional programs, and up to 5% for administration and oversight costs. This
model is appropriate only if the state’s share is reinvested in measurable land-conservation
projects within the same region. Otherwise, it may weaken the incentives of the community
that owns the resource. The regional share should not constitute revenue freely disposable by
the regional administration, but rather a program-based allocation.

Option C. Environmental Outcome-Based 60/30/10 Model

Under this model, 60% of net proceeds would remain available for community
development and land restoration programs, 30% would form a competitive national “soil
circularity” fund, and 10% would cover classification, the digital database, monitoring, and
independent auditing.

A private company acting as the organizer would not receive a share of the resource
rent. Instead, it would be paid a performance-based service fee, for example capped at 2—4%
of wverified transactions, but only following competitive procurement and subject to
savings/revenue KPIs. Implementation of this option would require amendments to Decision
No. 676-N and the relevant budgetary regulations.

Performance Criteria for the Effective Use of Proceeds

Earmarking the funds for specific purposes is not sufficient; it is also necessary to
measure the outcomes achieved through their use. The indicators summarized below combine
financial returns, competition, traceability, and environmental performance.
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Table 6
Performance Indicators and Proposed Targets for the Use of Proceeds from Sales
Criterion Formula / Indicator Proposed Target
Net recovered (Revenue — all costs) / m? sold Increasing across successive stages
value
Price discovery Final price / starting price >1.05, provided there is sufficient
competition
Competition Valid bidders per lot At least 3
Intended use Verified volume used / volume sold >95%
Community return | Expenditure on restoration / net revenue >50% under Option A
Loss Recorded volume — sold volume — remaining | <2%
stock

Carbon efficiency | COze/m? or tonne-km Annual reduction

Source: Author’s synthesis based on the analysis of legal, economic, and environmental risks.

Within this system, effectiveness is measured not by the largest amount of
expenditure, but by the verified land-conservation outcome achieved per unit of net revenue.
Publication of these indicators will make it possible to compare programs and revise priorities
accordingly.

Four Legally Compatible Scenarios for Revenue Allocation
Scenario 1 — Existing legal framework and full allocation to the community.
One hundred percent of gross revenue is transferred to the Ani Community budget.
Administrative and organizational costs are paid separately under procurement contracts,
while at least 50% of net revenue is allocated, through a program approved by the Council of
Elders, to land restoration, irrigation, and green infrastructure. This is the immediately
applicable option with the lowest legal risk.
Scenario 2 — Community revenue with a performance-based organizer.
Gross revenue remains 100% community revenue, while the organizer’s contract provides for
a fixed base fee and a performance-based bonus of up to 2%, applicable only to additional net
revenue generated above the initially appraised value. Total remuneration should be subject to
a monetary cap to prevent the organizer from effectively becoming a co-recipient of the
natural-resource rent.
Scenario 3 - 70/20/5/5 formula following legislative amendments.
Under this scenario, 70% is allocated to the community budget, 20% to a targeted national
land-restoration program, 5% to competitive inter-community projects in Shirak Region, and
a maximum of 5% to inventory, monitoring, and administration. This option may promote
territorial solidarity, but only if the national and regional shares do not become non-
transparent sources for financing general expenditures.
Scenario 4 — 60/30/10 natural-capital model.
Under this model, 60% remains within the community, 30% is allocated to a national
revolving land-restoration fund, and 10% is used for data management, laboratory testing,
auditing, and the digital management system. This model is more systematic for managing
national stocks amounting to millions of cubic metres, but for the single Akhuryan stockpile it
may create a disproportionate administrative burden.
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Principles for the Earmarked Use of Sales Proceeds

The first principle is additionality: the proceeds should not replace already approved
mandatory community expenditures, but should generate additional land-conservation
outcomes.

The second principle is intergenerational equity: revenue derived from the sale of non-
renewable or slowly renewable natural capital should not be allocated entirely to current
consumption.

The third principle is territorial return: Aghin settlement and the area directly affected
by the stockpile should receive tangible benefits.

For each program, it is proposed to publish both input and outcome indicators,
including hectares restored, changes in humus content, reduction in erosion, improvement in
irrigability, survival rate of plantings, cost per hectare, and three-year maintenance costs. The
amount of money spent alone is not an indicator of effectiveness.

Annual programming of the proceeds should be accompanied by an independent
financial and performance audit. The audit should reconcile the volumes sold with the
volumes actually transported, contractual and budgetary revenues, organizational costs, and
the achieved restoration outcomes.

DISCUSSION

The Akhuryan case reveals the principal strengths and weaknesses of the existing
regulatory framework. Its strength lies in the fact that the sale already has a legal gateway
comprising community authorization, laboratory documentation, a contract, record-keeping,
and transfer of proceeds to the community budget. Its weakness is that “mutual agreement” is
not a sufficient price-discovery mechanism for a large public stock. Bilateral agreement may
be appropriate for small and occasional volumes originating from construction sites, but for a
public resource of 212,532 m?, it should be supplemented by public bidding, independent
valuation, and conflict-of-interest controls.

Maximizing sales revenue is not the sole criterion of optimality. If all Class A material
is purchased by a distant landscaping company offering the highest price while local eroded
lands remain unrestored, the overall public benefit may be lower. Therefore, the proposed 15—
25% public reserve, combined with auctioning of the commercial share, provides a balance
between resource rent and ecosystem outcomes.

At the same time, extensive use of free-of-charge allocation may displace the legal
market and encourage resale. Under a targeted competitive selection procedure, the subsidy
should be determined not by the status of the recipient but by the documented public outcome,
such as hectares restored, erosion prevented, green area created, or the level of co-financing
provided.

Interpretation of the Legal Findings

The principal legal finding of the analysis is twofold. On the one hand, the existing
regulatory framework does not prevent market circulation: Article 36 of the RA Land Code
and Decision No. 676-N provide a legal basis for the sale of fertile soil removed as a result of
construction activities. On the other hand, the same framework does not provide a
comprehensive price-discovery mechanism for a large historical stockpile. Determining the
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price by “mutual agreement” may be sufficient for a small and isolated transaction, but in the
case of a 212,532 m? publicly owned resource, it does not ensure equal access for potential
buyers or verifiability of the best attainable price.

This gap should not be interpreted as a prohibition on sale. The legally more consistent
solution is for the community to reach the contractual agreement envisaged by Decision No.
676-N through a public bidding procedure. In that case, the final auction bid becomes the
price agreed between the parties, while the laboratory documentation, intended-use
requirement, and authorization of the head of the community continue to apply as specific
legal conditions. Thus, a public auction does not replace the special regulatory procedure;
rather, it supplements it with a competitive component.

Economic Interpretation of the Pricing Results

The informal range of AMD 4,000-8,000/m* indicates that fertile topsoil in Armenia
has effective demand and generates positive economic rent. However, the breadth of this
range also reflects the lack of market transparency: quoted prices may refer to soils of
different quality, different lot sizes, loading arrangements, urban delivery, tax conditions, and
retail margins. Therefore, extrapolating AMD 8,000/m? to the entire stockpile would be as
unjustified as assigning the resource a zero value.

The pilot starting-price range of AMD 3,500-4,500/m? is presented in this article as a
working decision threshold rather than a definitive appraised market value. The rationale is
conservative: the starting price should be high enough to prevent unjustified transfer of public
resource rent, but not so high as to reduce the number of bidders and increase the risk of
unsuccessful auctions. The only reliable next step for actual price discovery is to conduct pilot
auctions involving small and medium-sized lots of comparable quality.

Pricing policy should also respond to the volume supplied to the market. If the entire
212,532 m? stock is released simultaneously, the resulting supply shock may reduce the final
price irrespective of soil quality. A phased sale over 5-7 years is therefore not merely a
technical convenience but also an instrument of intertemporal price management. The results
of each stage should be used to update the valuation for the subsequent stage, taking into
account the final-to-starting price ratio, number of participants, and unsold volume.

Institutional Choice between Auction and Competitive Selection

For commercial use, preference for an auction derives from the uniformity of the
evaluation criterion: the quality, volume, and conditions of the lot are standardized in
advance, and the highest bidder wins. A competitive selection procedure is more appropriate
where the community is not merely selling or allocating soil but also expects an additional
public benefit, such as restoration of eroded land, greening, co-financing, or a lower carbon
footprint. Where no such additional outcome is expected, evaluation based on vaguely defined
“best conditions” merely increases administrative discretion.

The lotting structure may be as important as the starting price. Offering only large lots
reduces opportunities for small farms to participate and increases the market power of one or
two buyers. Conversely, offering only small lots increases transaction costs. The proposed
three-tier lotting system—small, medium, and large lots—balances competition with
administrative costs. During the initial stages, the 20% quantitative limit for a single group of
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related persons is intended to preserve a competitive market structure for subsequent sales
rather than artificially restrict demand from an efficient buyer.

Revenue Allocation and Reinvestment in Natural Capital

Under Decision No. 676-N, the requirement that sales proceeds be transferred to the
community budget is not merely a legal constraint but also a mechanism of local
accountability. The community is the principal area affected by the location, storage, and
external impacts of the stockpile; therefore, local retention of revenue is justified by the
principles of origin and territorial impact. At the same time, using the entire amount for
current consumption may undermine intergenerational equity because the asset being sold
represents natural capital formed over a long period.

Accordingly, under the existing legal framework, the preferred approach is not an
extra-budgetary division of gross revenue but earmarked programming within the community
budget. Allocating at least 50% of net revenue to land restoration, irrigation, and green
infrastructure converts one form of natural capital into another, more durable form. Scenarios
involving fixed national or regional shares should be considered only after legislative
amendments and in the context of establishing a national system covering multiple stockpiles.

Policy Transferability and National Scale

The Akhuryan case is exceptional in terms of its volume and duration of storage, but

the underlying problem is national in scope. Fertile soil layers generated by road construction,
reservoir development, industrial projects, and residential construction are affected by
recurring information gaps, including incompatible inventory systems, limited accessibility of
laboratory data, locally concentrated demand, and high transportation costs. Therefore, a
single successful auction would not constitute a complete solution. A national digital database
is needed in which both available stocks and demand are represented using the same quality-
classification system.
At the same time, the findings from Akhuryan cannot be transferred to all stockpiles without
adjustment. The historical origin associated with reservoir construction, average humus
content, stockpile depth, and the distance of Ani Community from major markets create a
specific context. A national framework should therefore standardize the valuation procedure,
while preserving the price effects of differences in local quality, logistics, and intended end
use.

Risks and Mitigation Instruments

The effectiveness of the proposed model depends on the proactive management of
ownership, quality, volume, and competition risks. In the following table, each major risk is
linked to a specific mitigation instrument.

Table 7
Key Risks in the Market-Based Management of Fertile Soil
and Corresponding Mitigation Instruments
Risk Consequence Mitigation Measure
Ownership dispute Invalidity of the auction Preliminary legal audit and mapping
Quality heterogeneity | Buyer disputes and Stratified sampling and lot-specific soil passport
inappropriate use
Bid collusion Depressed sale price Electronic auction and disclosure of relationships
among bidders
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Volume misreporting | Budgetary losses 3D model and digital traceability of weighing/dispatch
records

Resale or Environmental damage Intended-use conditions, GPS-based evidence, and

inappropriate use penalties

Market oversupply Price decline Phased supply over 5-7 years

Excessive organizer Leakage of public resource Fixed/capped competitively determined fee and

profit rent transparent disclosure of costs

Source: Author’s synthesis based on the analysis of legal, economic, and environmental risks.

The combined assessment of the risks indicates that the most vulnerable stage is not
the sale itself, but the verification of ownership and quality prior to the sale. Without these
foundations, even a fully transparent public auction cannot guarantee legal certainty or
accurate price discovery.

Limitations

The proposed monetary scenarios estimate the potential gross value and do not
substitute for an independent valuation. The analysis is limited by the absence of a database of
comparable legal transactions, a comprehensive depth-based laboratory map of the entire
stockpile, an accurate assessment of bulk density, loading costs, a transaction-specific
determination of the applicable tax regime, and a stated-preference study of market demand.
The reported “black-market” prices have not been verified through primary contracts and
therefore cannot be presented as the average prices of actual completed transactions. These
limitations provide the rationale for conducting a pilot auction and progressively updating the
underlying data.

Proposed package of legal and legislative amendments

Implementation of the proposed market-based model cannot be limited to an
administrative decision or the organization of a single auction. The existing legal framework
recognizes the possibility of selling fertile soil removed as a result of construction activities;
however, its principal mechanisms are structured around individual transactions, a price
agreed between the owner and the buyer, and subsequent reporting requirements. In the case
of the historical, large-scale stockpile adjacent to the Akhuryan Reservoir, a specific legal
framework is required to bridge the entire process—from identification of origin and
ownership to inventory, valuation, public sale, earmarked allocation of revenues, and control
over final use.

The logic of legal reform should respect the hierarchy of legal norms. The ownership
regime, entitlement to public revenues, the fundamental requirement for mandatory
auctioning, and the essential elements of liability should be established by law. Measurement
methodology, quality classification, calculation of the starting price, operation of the
electronic platform, and contractual monitoring may be detailed through government
decisions. Within the community, the selection of annual earmarked programs may be made
by a decision of the Council of Elders, but only within the framework previously established
by law and government regulations.

The legal roadmap presented below distinguishes the substantive objective of each
reform, the legal act to be amended, and the required level of legal intervention. This
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distinction is also important for ensuring legal certainty: a subordinate legal act cannot alter
the allocation of budget revenues established by law or create new administrative liability,
whereas amending a law merely to establish a technical measurement protocol would
constitute an unnecessarily burdensome intervention.

Table 8

Systematic Roadmap of Proposed Legal and Legislative Amendments

Reform Area

Legal Act to Be Amended
or Adopted

Proposed Legal Solution

Level and Responsible
Authority

1. Legal status
and ownership
of the stockpile

Supplement to Article 36 of
the RA Land Code and, if
necessary, a special
transitional provision; RA
Government Decision No.
1396-N

Define the concepts of “removed
fertile soil layer,” “historically
accumulated stockpile,” and
“large-scale public stockpile.”
Require a legal audit of origin,
ownership, balance-sheet
attribution, and third-party rights
prior to sale. Establish a one-
time inventory and
state/community registration
procedure for the Akhuryan
stockpile.

Amendment to the Land
Code — National
Assembly. Implementing
procedure — RA
Government, Ministry of
Environment, Ministry of
Territorial Administration
and Infrastructure,
Cadastre Committee, and
community.

2. Mandatory
certification of
volume, quality,
and suitability

Amendments to RA
Government Decisions No.
1396-N and No. 124-N,
together with a new
methodological annex

Require 3D geodetic surveying,
stratified sampling, accredited
laboratory testing, and an
A/B/C/X quality passport. For
each lot, disclose volume,
moisture content, organic
matter, contamination indicators,
and permitted end uses. Exclude
Class X from market sale until
remediation.

Government decision,
without legislative
amendment where the
ownership regime is
clear. Methodology —
Ministry of Environment,
with participation of the
Ministry of Economy and
the National
Accreditation Body.

3. Independent
valuation and
starting price

Revision of Paragraph 4 of
RA Government Decision
No. 676-N or a separate
annex on “Valuation and
Starting-Price
Methodology”;
harmonization with the Law
on Valuation Activity

For large state- and community-
owned stockpiles, replace
mutually agreed pricing with
independent valuation and a
reserve price. Separate the price
into ex-stock value, loading,
transportation, and tax
components. Apply a reference
formula based on a quality
coefficient, the median of
legally comparable transactions,
restoration value, and sales
costs. Revaluation at least every
90 days or following a material
market change.

Government decision.
Independent appraiser
selected competitively.
Valuation report and
underlying data disclosed
in a public data room.

4. Mandatory
electronic
auction and the
exceptional role
of competitive
selection

Supplement to RA
Government Decision No.
676-N and a special auction
procedure based on the Law
on Public Auctions; if
necessary, amendment
concerning specific natural-
resource lots

State/community lots exceeding
1,000 m® or a monetary
threshold established by the
Government should be sold
through an open electronic
ascending-price auction.
Competitive selection should be
permitted only for allocating the
public land-restoration reserve
where the winner is determined
not solely by price but also by

Government decision for
the procedure. Targeted
legislative amendment by
the National Assembly if
mandatory auction
requirements or
exceptions conflict with
existing law. Platform
operator — authorized
body or competitively
selected operator.
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measurable environmental
outcomes. Establish a 5% bid
security, a 2-5% bid increment,
disclosure of related parties, a
volume cap per buyer, and rules
for repeated auctions.

5. Public land-
restoration
reserve and
limits on free
allocation

Supplement to Article 36 of
the RA Land Code;
amendments to Decisions
No. 676-N and No. 1396-N;
harmonization with the Law
on Local Self-Government

Allow 15-25% of the stockpile
to be reserved exclusively for
approved restoration projects.
Free or preferential allocation
should be conducted through a
public competitive procedure
based on quantitative land-
improvement indicators,
beneficiary co-financing, and
time-bound obligations.
Establish a resale prohibition,
electronic proof of intended use,
and repayment of market value
in case of non-compliance
(clawback).

Fundamental rights and
restrictions — by law.
Criteria and contractual
terms — by government
decision. Project selection
— by a public decision of
the Council of Elders.

6. Revenue
ownership and
earmarked use
— conservative
option

Clarification of Paragraph 5
of Decision No. 676-N;
amendments to the laws on
the RA Budgetary System
and Local Self-Government;
relevant budget-
classification regulation

Preserve the existing principle
that 100% of gross proceeds
from the sale of stock
originating from state or
community land is transferred to
the community budget. After
verified direct costs, earmark at
least 50% of net revenue for
land restoration, irrigation,
erosion prevention, and green
infrastructure. Give priority to
the settlement directly affected
by the stockpile. Establish a
separate treasury sub-account
and performance indicators.

Legislative amendments
to protect earmarked
revenue on a multi-year
basis. Annual programs
— Council of Elders.
Reporting — open-
budget format.

7. Revenue
allocation —
70/20/5/5 reform
option

RA Land Code; Law on the
RA Budgetary System;
Paragraph 5 of Decision No.
676-N; annual State Budget
Law and budget
classification

Allocate net revenue as follows:
70% community; 20% national
targeted land-restoration
program; 5% competitive
environmental window for
communities of Shirak Region;
and up to 5% for actual
surveying, auction, and
monitoring costs. The “regional
5% should not be treated as
freely disposable revenue of the
regional administration, but as a
state-budget program allocation
distributed through regional
competition.

Mandatory legislative
package and annual
budget implementation.
Adoption — National
Assembly;
implementation —
Ministry of Finance,
Ministry of Environment,
Ministry of Territorial
Administration and
Infrastructure, and
communities.

8. Organizer
remuneration
and prevention
of conflicts of
interest

Implementing regulations
under the Law on
Procurement; supplement to
Decision No. 676-N;
standard auction-operator
contract

Select the private organizer
through competitive
procurement. Set remuneration
as a fixed amount or at no more
than 2% of additional net
revenue, without assigning any
share of gross sales revenue.
Require disclosure of beneficial

Government decision and
contractual regulation.
Legislative amendment
only if a special
exception to general
procurement rules is
created, which is not
recommended.
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ownership, related parties, and
conflicts of interest. Where
possible, separate measurement,
valuation, and auction-
organization functions.

9. Digital Amendments to Decisions Establish a unified digital Digital procedure —
traceability and No. 676-N and No. 1396-N; | stockpile register with a unique | government decision.
oversight targeted amendments to lot code, electronic dispatch New supervisory powers
environmental-control document, weight/volume data, | — by law where they
legislation and the statute of | transportation route, and restrict rights or
the inspection authority confirmation of final placement. | constitute a basis for
Provide the supervisory enforcement. Operator —

authority with direct data access | authorized state body.
and powers for on-site
inspection, transaction
suspension, and post-sale
verification of intended use.
Publish contracts, winners,
prices, and implementation
status, except for legally
protected information.

10. Liability, Amendment to Article 54.2 | Link penalties to the volume Administrative liability
compensation, of the RA Code of unlawfully disposed of or its — exclusively by law.
and recovery Administrative Offences; market value so that violations Contractual penalties and
contractual annex to are not economically profitable. | recovery of market value
Decision No. 676-N; Establish recovery of unlawful — through a standard
harmonization with existing | proceeds, confiscation of unused | contract approved by the
provisions of the RA soil or in-kind restoration, and Government.
Criminal Code in cases of separate offences for falsified
major damage or fraud laboratory documentation,

absence of dispatch
documentation, resale, and
violation of intended-use
requirements. Provide stricter
liability for public officials and
disqualification for repeated

violations.
11. Tax and RA Tax Code only where Clarify whether the sale price is | Initially — official
accounting necessary; otherwise, quoted including or excluding clarification and
certainty official clarification by the VAT, who is considered the standardized accounting
State Revenue supplier, which document treatment. Tax Code
Committee/Ministry of formalizes the sale of amendment only where a
Finance and practical state/community property, and clear legal gap exists.
accounting guidance how the organizer’s services are | Responsible authorities
taxed. No tax exemption should | — Ministry of Finance
be introduced without a cost- and State Revenue
benefit analysis; preferential Committee.

supply for land restoration
should preferably be addressed
through a budget subsidy rather
than a hidden tax exemption.

Source: Authors’ elaboration based on a systematic analysis of the existing legal acts of the Republic of
Armenia.

As follows from Table 8, most of the proposed measures can be implemented in

stages, without waiting for the adoption of the entire legislative package. At the first stage,
within the existing legal framework, the community may complete the ownership audit,
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conduct independent surveying and laboratory assessment, select the organizer through a
procurement procedure, and design the public auction in accordance with the general
principles of the Law on Public Auctions. At this stage, the allocation of sales proceeds
should remain consistent with the existing logic of Decision No. 676-N, and no
interbudgetary redistribution may be introduced solely through a contract or a decision of the
Council of Elders.

At the second stage, within 3—6 months, it would be advisable to amend Decisions No.
676-N and No. 1396-N through a single integrated government decision and approve unified
annexes governing the quality passport, valuation, lotting, electronic auction, digital dispatch
documentation, and oversight. Amendments to Decision No. 124-N should be limited to the
technical linkage between contamination testing and restrictions on the circulation of Class X
material, without duplicating general environmental regulations.

At the third stage, within 6-12 months, an integrated rather than fragmented legislative
package should be submitted to the National Assembly, including amendments to the Land
Code, the Law on the Budgetary System of the Republic of Armenia, the Law on Local Self-
Government, and the Code of Administrative Offences. If the 70/20/5/5 allocation model is
selected, the same package should also establish the interbudgetary transfer formula, treasury
sub-accounts, eligible expenditure categories, performance auditing, and procedures for the
return of unused funds. Otherwise, the proposed allocation percentages would remain merely
a policy declaration without a legal basis for actual payments.

For the Akhuryan stockpile, the initial solution involving the lowest legal risk is the
conservative option: transfer all sales proceeds to the community budget, ensure transparent
reimbursement of actual costs, and provide legally protected reinvestment of at least half of
the net revenue in natural capital. The 70/20/5/5 model may be introduced from the second
auction stage or following implementation of a nationwide framework, once the national
targeted program, regional competitive funding window, and digital accountability system are
operational. This sequencing makes it possible to bring the stockpile to market without
compromising the principles of legality of public revenues, community autonomy, and
budgetary integrity.

Selection of operators for organizing lot sales and the tripartite revenue-sharing
model

Under the proposed structure, a private or public operator is selected for each lot to
organize the sale of the soil, including advertising, buyer outreach, documentation, loading,
and record-keeping. This approach may improve the speed and professional quality of sales,
but only if the operator is legally separate from the final buyer. If the successful bidder for a
lot is simultaneously granted the right to resell the soil in its own name and determine the
final price, the public authority will lose the incremental value generated through auction-
based price discovery, while the 15% profit-margin cap will be difficult to enforce in practice.

A two-stage structure is therefore proposed. In the first competitive procedure, an
operator providing sales-management services is selected; in the second stage, the final buyers
of the soil are selected through separate electronic auctions. The owner of the stockpile, or the
public authority legally authorized to act on its behalf, remains the seller. Buyers make
payments directly into a Treasury transit account, while the operator does not receive the
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entire sales revenue and subsequently redistribute it. This structure reduces the risks
associated with holding public funds, underreporting volumes, and related-party transactions.

The illustrative payments of AMD 5,000 to the State and AMD 2,000 to the
community should be treated not as fixed policy figures but as minimum public obligations
established per cubic metre. Under Paragraph 5 of the existing Decision No. 676-N, proceeds
from the sale of fertile soil originating from state- and community-owned land are transferred
to the community budget. Therefore, directing AMD 5000/m? to the State Budget would first
require amendments to the Land Code, budgetary legislation, and Decision No. 676-N; neither
a contract nor a competitive tender notice alone can create a new revenue entitlement for the
State Budget.

Let gi- | denote the volume actually sold from lot Il and verified by independent
measurement; gs=5000 AMD/m? the statutory payment to the State Budget; 9.=2000 AMD/m?
the payment to the community; ¢; - the allowable organizational cost per cubic metre proposed
by bi; and r=0.15 - the permitted profit margin on that cost. The minimum amount payable to
the public budgets is therefore:

RFUb = (g + 9.)q; = 7000q, (8)

The operator’s remuneration should be calculated on the basis of the verified cost
base, rather than as 15% of the total sales revenue. Otherwise, when the sale price is high,
private earnings would increase without a corresponding increase in the amount of work
performed, while at a low sale price the actual costs could be obscured. The operator’s fee per
cubic metre and the profit component included therein are calculated, respectively, as follows:

fi=(1+71)c;, = 1.15¢; (9)

m, = rc;q; = 0.15¢,q; (10)

Here, ¢i - should include only those costs explicitly permitted in advance by the tender
documentation, including publication, use of the electronic platform, supervision of
measurements, documentation, loading, and other activities assigned to the operator under the
contract. The acquisition cost of the soil, penalties, payments to related parties, and unjustified
administrative mark-ups should not be included in the eligible cost base.
The minimum payable price for the final buyer, excluding separately calculated transportation
and tax components, will therefore be:

pPiR =g +g.+(1+71)c; +1, (11)

where T - represents the tax or mandatory transaction-related component borne by the seller.
If transportation is paid by the buyer directly to the carrier, it should not be included in the
auction price of the soil; otherwise, differences in transportation distances would make lot
prices incomparable.

Moreover, if the estimated upper price supported by legal market demand is below
p™" the lot should not be sold merely as a formality or by reducing the established public
obligations. Instead, the lot structure, eligible costs, or the AMD 5,000/2,000 statutory
payment parameters should be reconsidered.

The alternative methods of selecting the operator do not produce the same economic
outcome. The following table compares three institutional structures, taking into account the
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protection of public revenue, the nature of competition, and the enforceability of the 15%

profit-margin cap.

Table 9
Comparative Assessment of Alternative Models
for Selecting the Operator for the Sale of Fertile Soil
Selection Winner Selection Criterion Advantages and Risks Assessment
Model
A. Two-Stage | Among participants meeting The public authority retains Most appropriate for a
Service the minimum technical ownership and captures the entire large-scale, multi-lot
Tender threshold, the bidder offering | incremental value generated through | stockpile.
(Proposed) the lowest cic_i or the lowest | price discovery. The 15% profit

fif_i wins. Final buyers are
selected through a separate
auction.

margin is measurable and
enforceable. Requires a clearly
defined cost audit and two separate
procedures.

B. Guaranteed
Public

The qualified bidder offering
the highest guaranteed public

Public revenue may increase, but
comparison of bids becomes more

Applicable to pilot lots
as an additional

Payment payment above AMD complex where bidders have selection criterion.
Tender 7,000/m? and accepting the different cost bases. Performance

15% cost-based profit-margin | security should be required.

cap wins.
C. Full The dealer offering the Simple and fast, but the 15% profit Not recommended
Transfer of highest upfront payment for margin can no longer be effectively | where the objective is
the Lot to a the lot wins and subsequently | controlled, while subsequent price to preserve
Reseller resells the material at its own | appreciation accrues to the dealer. incremental price

risk.

There is a significant risk of related-
party transactions.

gains for the public
sector.

Source: Authors’ proposal based on the separation of competitive procurement and public sale procedures.
Source: Authors’ proposal based on the separation of competitive procurement and public sale procedures.

The comparison demonstrates that the concept of a “lot winner” should be divided into

two distinct roles in the legal documentation: the operator and the final buyer. The operator
selection procedure constitutes the procurement of a service and should be conducted within
the framework of the Law on Procurement, whereas selection of the final buyer constitutes the
disposal of property and should be organized in accordance with the Law on Public Auctions
and the relevant special procedure. A public-private partnership structure would be justified
only where the contract is long-term, involves substantial private investment, and provides for
risk sharing. Treating an ordinary sales operator for one or several lots as a project would
unnecessarily complicate the procedure.

Under the proposed tender procedure, a qualification stage is applied first, requiring at
least three years of relevant experience, tax compliance, disclosure of beneficial owners,
adequate technical capacity, 10% performance security, and independence from final buyers.
Among the qualified participants, the winner is then selected through reverse price
competition, as follows:

i* = argmin ¢ (12)
ieq

where Q denotes the set of participants that satisfy all qualification and conflict-of-interest
requirements. An abnormally low bid should be subject to justification; if ¢; does not cover
the estimated cost of the mandatory activities, the bid should be rejected as unrealistic.
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At the same time, it is advisable that no single operator be awarded more than 25-30%
of the total stockpile, provided that a sufficient number of qualified participants is available.
This limit prevents an organizational monopoly and generates comparable performance data
across operators.

The practical feasibility of the AMD 5,000/2,000 statutory payment parameters
depends on the organizational cost per cubic metre. In the following scenario analysis,
taxes and transportation are treated separately, while the operator’s 15% profit margin
is calculated on the basis of the eligible cost c;.

Table 10
Impact of the Operator’s Allowable Cost and 15% Profit Margin on the Minimum Sale Price
Ci Operator Fee: | Included Profit: Minimum Sale Price, Price Feasibility within the AMD
AMD/m? 1.15¢; 0.15¢; AMD/m’ 4,000-8,000 Range
500 575 75 7,575 | Feasible
800 920 120 7,920 | Borderline
1,000 1,150 150 8,150 | Above the upper market threshold
1,500 1,725 225 8,725 | Above the upper market threshold

Source: Author’s calculations. Note: Transportation and taxes are calculated separately.

The calculation reveals an important limitation of the proposed figures. If the
operator’s allowable cost is AMD 1,000/m?, the minimum sale price already reaches AMD
8,150/m?, even before transportation and any applicable tax additions. This exceeds the stated
upper limit of the informal market range of AMD 8,000/m?. Therefore, the AMD 5,000 and
AMD 2,000 payments cannot be applied mechanically to all quality classes and all lots. They
should either be established as indexed reserve payments differentiated by quality and
location, or be incorporated within an overall minimum public payment of AMD 7,000/m?,
excluding the operator’s fee where that fee is financed from another budgetary source.

If the average actual price achieved at the final auction exceeds the minimum price,

allowing the operator to retain the entire increment would contradict the logic of the 15%
profitability cap. The additional public revenue generated by lot Il is calculated as:
(13)
It is proposed that 70% of S, be allocated additionally to the community and 30% to a targeted
national land-restoration program. The operator may receive only a limited performance
bonus—for example, no more than 3% of the incremental amount—~but this bonus should be
included within the overall 15% profitability ceiling rather than added on top of it. In this
way, the private operator is incentivized to increase legitimate demand without appropriating
the market rent generated by the public resource.

The payment system should operate according to the principle of «no funds passing
through the operator’s account». The buyer makes a single payment into a Treasury transit
account, specifying the unique lot code. No payment or profit is calculated for unsold volume.
In the event of delay in performance, the operator’s payment is reduced; in cases of volume
falsification or preferential treatment of a related buyer, contractual termination, forfeiture of
performance security, and temporary exclusion from participation in tenders should apply.

For legal implementation, Decision No. 676-N should be supplemented with the
concepts of «sales operator», «final buyer», «minimum public payment», «allowable costy,
and «Treasury transit account», together with two separate standard-form contracts. The Law

§; = max{0,[p; — g, — 9. — (1 +1)c; — 7;]q;}
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on the Budgetary System of the Republic of Armenia and the Land Code should establish the
allocation of the State and community statutory payments and the distribution of incremental
revenue. The operator-selection notice and contract should be approved under procurement
legislation, whereas the rules governing the auction for final sale should be established under
the Law on Public Auctions. Amendment of the Tax Code is not necessarily required if the
Ministry of Finance and the State Revenue Committee jointly clarify, through a unified

procedure, the treatment of VAT, invoicing, and taxation of the operator’s services™.

Limitation on the number and volume of lots per participant

In a multi-lot tender, one of the most direct instruments for preventing concentration is
to impose a quantitative limit on the number of lots in which a single participant may
participate or win. For example, each participant may be permitted to submit a bid for only
one lot or, under a more flexible approach, to bid for several lots but win no more than one or
two. This rule prevents a single technically or financially stronger company from gaining
control over the sale of the entire stockpile.

However, the «maximum number of bids» and the «maximum number of lots
awarded» are not equivalent concepts. If a participant is allowed to bid for only one lot, it
must anticipate at the selection stage which lot is likely to attract less competition. As a result,
some attractive lots may receive numerous bids while others receive none. To preserve overall
competition, it is more efficient to allow participants to bid, for example, for up to two or
three lots, indicating their order of preference, while contractually limiting each participant to
winning one lot. Where a large number of lots is offered, the award cap may be increased to
two lots.

Let x; equal 1 if participant ii wins lot I, and 0 otherwise. Each lot should be assigned to only
one operator, while the number of lots awarded to any single participant must not exceed the
limit K:

Tixa=1 VI, Nixp<K Vi, K €{12) (14)

The quantitative limit should be supplemented by a volume-based restriction, since the
lots may differ substantially in size. If a participant wins only one but exceptionally large lot,
the K=1rule is formally satisfied, while market concentration may nevertheless remain high. It
is therefore advisable to establish an additional requirement that the total volume attributable
to a participant and its related parties should not exceed an a share of the total stock offered
for sale:

Y. Vixg <av’,  a€[0.20,0.25] 15
il

where V, _ is the certified volume of lot I, and V' - is the total volume offered during the
relevant tender stage. A 20-25% volume cap should be regarded as an initial policy threshold
and adjusted according to the number of lots, the actual number of participants, and their

! See: RA Land Code — https://www.arlis.am/hy/acts/224001: RA Government Decision No. 676-N —
https://www.arlis.am/hy/acts/152162; Law on the Budgetary System of the Republic of Armenia —
https://www.arlis.am/hy/acts/219259; Law on Procurement — https://www.arlis.am/hy/acts/110820; Law on Public Auctions
— https://www.arlis.am/hy/acts/75480
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technical capacities. If only three or four large lots are offered, a 20% cap may be
impracticable. In such cases, it is preferable to restructure the stockpile into smaller lots rather
than mechanically grant an exemption from the concentration limit to a single participant.

The three practical options for limiting participation are presented below. The
applicable model should be selected before the tender is announced and applied uniformly to
all participants. Any retroactive modification of the limits or an exemption granted to a
specific participant would undermine the principle of equal treatment in the tender procedure.

Table 11

Alternative Models for Limiting Bids and Awards in a Multi-Lot Tender

Model Bid Submission Limit Award Limit Assessment of Applicability
I. Strict Single- A participant selects and Maximum 1 lot and | Simple and effective in preventing
Lot Model submits a bid for only one | no more than 20— concentration, but increases the risk of
lot. 25% of the total some lots receiving no bids. Suitable for
volume. a small pilot stage with comparable lots.
1. Two Bids— A participant may submit | Maximum 1 lotand | Maintains competition while preventing
One Award bids for a maximum of 2 no more than 20— concentration. The most balanced

(Proposed Pilot
Model)

lots, indicating first and
second preference.

25% of the total
volume.

option for the first stage of the
Akhuryan sales process.

I11. Multiple
Bids-Two
Awards

A participant may submit
bids for all lots or for a
maximum of 3—4 lots.

Maximum 2 lots,
but no more than
20-25% of the total
volume.

Applicable where there are numerous
small lots and a sufficient number of
participants. Requires a simultaneous
electronic allocation al

Source: Author’s proposal based on the principles of anti-concentration and volume limitation.

Based on the comparison presented in the table, the “two bids—one award” rule is
recommended for the first stage of the Akhuryan stockpile sales process. A participant may
select a maximum of two lots and must indicate the order of preference in its bid. However,
once the participant is declared the winner of one lot, its bid for the other lot is excluded from
further allocation. If the participant does not win the lot indicated as its first preference, its bid
remains valid for the second-preference lot. In subsequent stages, once the actual number of
participants, operating costs, and quality of performance are known, the award limit may be
increased to two lots while maintaining the 20-25% volume cap.

The lots should not be allocated through a sequence of independent auctions, but
within a single integrated tender window. Otherwise, the winner of the first lot could
participate in subsequent auctions before the system confirms that the applicable award limit
has been reached, while the sequence in which the auctions are conducted could influence the
final allocation. Based on the qualified bids, the system should select the allocation that, while
satisfying all applicable constraints, minimizes the total operator remuneration or maximizes
the net public benefit.

If several permissible allocations produce the same result, preference should first be
given to the allocation involving a larger number of independent operators, followed by the
allocation with the higher technical quality score. Only as a final tie-breaking mechanism
should a pre-disclosed randomization procedure or the earliest-bid rule be applied. This
hierarchy should be explicitly established in the tender documentation, thereby eliminating
subsequent discretionary selection by the evaluation committee.

87



Bulletin Of High Technology N 3(39) 2026.-pp.59-96. WATER SYSTEMS

A.Kh. Markosyan, V.G. Khachaturyan, V.R. Grigoryan, H.V.Tokmajyan
MARKET-BASED MANAGEMENT OF FERTILE TOPSOIL ACCUMULATED FROM THE AKHURYAN RESERVOIR BASIN: A
SYSTEMIC MODEL FOR VALUATION, LOT FORMATION, PUBLIC SALE, REVENUE DISTRIBUTION, AND LEGAL REFORM

The limitation should apply not only to an individual legal entity but to the economic
group as a whole. Entities with the same beneficial owner, controlled or affiliated entities,
members of a consortium, and sole proprietors controlled by them should be treated as a
single participant for the purposes of the lot-award limits. A declaration of beneficial
ownership should be required at the bid-submission stage. In the event of false or incomplete
disclosure, all affiliated bids should be rejected, the performance security forfeited, and a
temporary prohibition on participation imposed. Transfer of an awarded contract, ownership
interest, or operator rights should be permitted only with the prior approval of the authorized
body and should not be used to circumvent the applicable limits.

For lots that remain unsold or fail to attract a sufficient number of bids, any exception
should be introduced gradually. A repeat tender should first be conducted with a revised
timeframe or lot size. Only thereafter may a participant that has already won one lot be
permitted to receive a second lot, provided that the 25% volume cap is not exceeded. Any
such exception should be formally recorded and published on the electronic platform, together
with the justification demonstrating the lack of sufficient competition.

From a legal perspective, Decision No. 676-N and the special procedure governing
operator selection should explicitly establish the maximum number of bids and awarded lots,
the volume cap, the aggregation of related parties for purposes of calculating the limit, the
procedure for indicating lot preferences, and the phased exception procedure for unsuccessful
lots. The tender notice should disclose the volumes and quality classes of all lots, applicable
limits, and the allocation algorithm. Establishing these requirements through a subordinate
legal act is sufficient, provided that the legal basis for mandatory competitive selection and
the competence of the authorized body have already been established by law?.

In summary, the proposed model is viable under three conditions: first, the AMD
5,000 and AMD 2,000 payment rates are supported by an independent valuation and
periodically reviewed; second, the 15% margin is applied to auditable eligible costs rather
than to sales revenue; and third, the competitive procedures for selecting the operator and the
final buyer are legally and technically separated. In the absence of these conditions, the
system may effectively become a private resale concession in exchange for a fixed public
payment, in which case the State and the community would lose the incremental value
generated by the market price.

Conclusions and recommendations

Based on the results obtained, the following main conclusions and recommendations
are formulated.

From the perspective of economic efficiency, the separation of the final buyer from the
operator organizing the sale is essential. The operator should be selected through competitive
procurement of services and remunerated on the basis of controlled eligible costs, while the
final buyers of the soil should be selected through a separate electronic auction. This structure
preserves the incremental value generated through public price discovery and reduces the

? Legal basis for separating the procedures for selecting the operator and the final buyer: Law of the Republic of
Armenia on Procurement; Law of the Republic of Armenia on Public Auctions; RA Government Decision No.
676-N.
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risks of revenue underreporting, related-party transactions, and uncontrolled private resale

rents.

The existing legal framework provides, in principle, for the sale of fertile soil removed

as a result of construction activities, but it does not fully address the inventory, lotting,
mandatory auctioning, concentration of participants, and earmarked reinvestment of revenues
associated with large historical stockpiles. The proposed model therefore operates on two
horizons: an immediately applicable pilot auction under the existing legal framework,
followed by a package of legislative and subordinate regulatory reforms.
The results of the study demonstrate that management of the fertile soil stockpile accumulated
in the vicinity of the Akhuryan Reservoir is simultaneously a legal, environmental, and
public-finance issue. The economic value of the stockpile is significant; however, it cannot be
determined solely on the basis of offers circulating in the informal market. A legally
defensible price should be established only after verification of ownership and origin,
independent measurement, stratified laboratory testing, quality classification, and competitive
price discovery.

1. The 212,532 m*® Akhuryan stockpile represents an economically valuable, long-stored
historical topsoil resource rather than an automatically homogeneous commercial
«chernozemy.

2. Where its construction-related origin is properly documented, its sale is permissible within
the framework of Article 36 of the RA Land Code and Decision No. 676-N.

3. Free administrative distribution of the entire stockpile is not advisable. Such allocation
should be limited to a defined public restoration reserve and implemented through an
open, outcome-based selection procedure.

4. The principal mechanism for commercial lots should be an open electronic auction.
Competitive selection should be used where the award criterion also includes measurable
environmental outcomes.

5. The informal price range of AMD 4,000-8,000/m?* indicates the existence of demand but
does not constitute a sufficient legal or valuation basis for establishing the starting price. It
should be adjusted using legally verifiable comparables, quality, location, and the services
included in the quoted price.

6. A pilot starting-price range of AMD 3,500-4,500/m*> may be applied only after
independent valuation, on an ex-stockpile basis, with appropriate premiums or discounts
according to quality class.

7. Under the AMD 4,000-8,000/m* scenarios, the theoretical gross value of the stockpile
amounts to approximately AMD 850.1 million—1.700 billion. However, phased sales and
the public reserve will reduce the volume actually offered for sale while helping protect
market prices.

8. Under the existing legal framework, 100% of gross sales proceeds should be transferred to
the community budget. Any direct percentage allocation to the State, regional level, or
organizer requires appropriate legal amendments.

9. The organizer should be selected through competitive procurement and remunerated
through an actual-cost-based or performance-based service fee rather than an unrestricted
share of the resource rent.
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10. The preferred immediately applicable model consists of a 15-25% public restoration
reserve, 75-85% phased auction-based sale, and allocation of at least 50% of net
community revenue to land restoration, irrigation, and green infrastructure.

11. A national digital soil exchange/database should be established to integrate stock
availability, quality, supply, demand, dispatch documentation, and final use within a
unified traceability system.

12. Legislative reform should supplement Decision No. 676-N with mandatory auction
requirements for large public stockpiles, minimum valuation standards, quality
classification, earmarked revenue reporting, and transitional rules for historical stockpiles.

Thus, the proposed system does not amount to the simple commercialization of fertile
soil. Rather, it uses the market as an instrument for demand and price discovery, while
preserving the public character of natural capital, community interests, and post-sale control
over intended use.

Under the conservative budget-management option, sales proceeds remain within the
community budget, with at least half of net revenue earmarked for land restoration, irrigation,
erosion prevention, and green infrastructure. A model based on fixed State, community, and
organizational shares may be introduced only after the necessary legislative amendments.
Moreover, the operator’s 15% profit margin should be calculated exclusively on documented
eligible costs, not on gross sales revenue.

The recommendations follow a unified sequence: the public authority first establishes
the legal and quality passport of the stockpile, then divides it into homogeneous and
economically accessible lots, defines the public restoration reserve, and places only the
remaining volume on the market. During the first competitive stage, the “two bids—one
award” rule should be applied, together with an aggregate 20-25% volume cap per economic
group. This restriction should also apply to entities under the same beneficial ownership and
to related parties.

During the pilot stage of a multi-lot tender, each participant may submit bids for a
maximum of two lots, but may win only one lot, without exceeding 20-25% of the total
volume offered.

The operator’s 15% profitability margin should be calculated solely on the basis of
eligible costs identified through competition and subject to audit, while any incremental value
generated by the auction price should remain with the public budgets.

Practical roadmap

The implementation of the proposed recommendations should be divided into
successive stages of legal preparation, pilot sales, and phased scaling-up. The proposed
timeline and responsible authorities are presented below.

The logic of the roadmap is that the sale of the entire stockpile should not commence
before the results of the pilot stage have been evaluated. This approach makes it possible to
refine the pricing, lot structure, and size of the public restoration reserve.

Table 12
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Phased Roadmap for the Implementation of the Proposed Recommendations

Timeline Action Responsible Party Expected Outcome
0-3 Legal audit, 3D inventory, Ani Community + authorized | Legal and quality passports
months additional sampling body + independent experts
3-6 Valuation, public restoration Council of Elders and Head Approved lotting structure and
months reserve program, auction of the Community prices
regulations
6-12 Pilot auctions of 5,000-10,000 Competitively selected Actual market price discovery
months m? organizer and testing of the sales process
1-3 years | Phased sale of 30,000-40,000 m* | Community and supervisory | Managed market circulation
annually authority
3-7 years | Optimization of the remaining Community / State Targeted completion of
stock and audit of restoration stockpile management and
outcomes restored lands

Source: Author’s proposal.

The current versions of the relevant legal acts were verified through the Armenian
Legal Information System as of 24 August 2026. The baseline data and assumptions used in
the pricing scenarios should be revalidated immediately prior to publication, accompanied by
the laboratory test reports, digital lot passports, and an anonymized database of pilot-auction

results.
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APPENDIX. DRAFT KEY TERMS AND CONDITIONS OF THE AUCTION
The terms and conditions presented in this Appendix may serve as the basis for

preparing the auction regulations and the technical specifications for the sale and purchase
agreement. They are subject to legal review by the competent authority.
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Table 13

Draft Provisions of the Key Terms and Conditions of the Public Auction

Condition

Proposed Provision

Seller

The legal owner confirmed through an ownership audit, acting pursuant to a decision of
the competent community authority

Subject of sale

A lot identified by a unique code, quality class, certified volume, and laboratory
passport

Price

AMD/m?, ex-stockpile, with VAT status explicitly specified

Participation

Open to eligible natural and legal persons, subject to submission of a conflict-of-
interest declaration

Bid security 5% of the starting value of the lot
Auction increment 2-5% of the starting price
Payment 100% prior to loading, or phased payment secured by a bank guarantee

Transportation

At the buyer’s expense, with a digital waybill and volume/weight control

Intended use

Only for uses compatible with the lot’s quality class; resale restrictions apply to
subsidized lots

Liability

Penalties for unused or improperly used volumes, compensation for damages, and
restrictions on participation in subsequent procedures

Reporting and
transparency

Contract, payment, dispatch, destination, and acceptance certificate recorded in an open
database

Source: Author’s elaboration. The proposed provisions are subject to legal review by the competent authority.

Upon final approval of the draft, the agreement should explicitly incorporate the lot
quality passport, the digital traceability of payment and transportation, evidence of intended
use, and the applicable liability measures in the event of non-compliance.
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PBIHOYHOE YIIPABJIEHUE IVIOJOPOJHBIM CJIOEM ITOYBBI,
HAKOIVIEHHBIM U3 YAIIIN AXYPAHCKOI'O BOAOXPAHUJIMIIIA:
CUCTEMHAS MOJEJIb OLIEHKHW, ®OPMHUPOBAHUA JJOTOB, MIYBJIUYHOM
PEAJIMZALIUU, PACIIPEAEJIEHUSA 10X0O10B U ITPABOBBIX PE®©OPM

2
A.X. Mapxkocsan', B.I'. Xauarypsin, B.P. Tpuropsin®, 0.B. TokMamksin’
1ApMﬂHCKuL7 20CY0apCcmeeH blll IKOHOMUYECKUL YHUepCumem
2Unemumym 600nbix npobnem u cudpomexruxu umenu akademuxa M. B. Ezuazaposa

B crarbe nmpuBOAUTCS HayYHO-IIPAKTHYECKAsT MOJIENb IIPABOBOIO U 3KOHOMHYECKOIO
obopora 212 532 ™M® mIOIOPOTHOrO CIOS TOYBHI, CKJIAJWPOBAHHOIO B OKPECTHOCTSIX
AXYpSIHCKOTO BOJAOXPAaHUJININA HA TPOTSHKEHUH NIPUMEPHO YeThIpeX AecsaTuieTnid. CornacHo
pe3ysbTaTaM MOJIEeBBIX U3MEPEHHH 1 JIaOOpaTOPHBIX MUCCIEI0BaHUM, TPOBeAEHHBIX B 2026 T.,
CpelHee cojlepKaHue Tymyca B CKJIQJMPOBAHHOM TpyHTe cocrtaBiser 3,54%, Torma kak
COOTBETCTBYIOIIMHN MOKa3aTeslb (OHOBOH 1MouBbl paBeH 4,54%. JlanHbIi (hakT MOATBEpKIAET
BBICOKMIM pEeCcypCHBIM TOTEHIHal HAaKOIUIEHHOrO 3amaca, OJHAaKo He JaeT OCHOBaHUM
paccMaTpuBaTh BeCb €ro o00beM KakK OJHOPOAHBIN uepHo3em 0€3 TMPOBEACHUS
JIOTIOJTHUTEIBHOTO BEPTHUKAIIBHOTO U TOPU30HTAIBHOTO 0TOOpa 1mpoo.

[IpaBogorMaTH4ecKuil aHalW3 IMOKa3bIBA€T, 4TO cTaThsl 36 3eMENBbHOro KOZeKca
Pecny6nuku Apmenust u nocranoninenue IIpaBurensctBa PecniyOnuku Apmenust Ne 676-H
JIOTTYCKAIOT MPOJAXy IJIOJOPOIHOTO CJIOSI IIOYBBI, CHATOTO IPU MPOBEIEHUU CTPOUTEIBHBIX
paboT, M MpenycMaTpUBAIOT HAlpaBIE€HUE BCEH CYMMBI, MOJIY4YEHHOW OT peaau3aluu
IUIOIOPOJIHOTO CJIOS, CHATOIO € 3€MENbHBIX Y4acTKOB IOCYIapCTBEHHONW M MYHHUIIMIAIBHOM
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COOCTBEHHOCTH, B MyHHMIIMIIAJIbHBIA Or0/keT. BMecTe ¢ Tem aeicTByolee peryinpoBaHue
HE YCTaHABJIMBAE€T KOMIUIEKCHOIO MEXaHU3Ma KOHKYPEHTHOro (OpMUPOBAHUS IIEHBI,
myOJIMYHOTO (POPMHUPOBAHUSA JIOTOB, LIEIEBOTO MCIIOJIB30BAHMS I0XO0I0B MU UACHTH(PHUKAIINN
npaBa COOCTBEHHOCTH HAa UCTOPUYECKH C(HOPMHUPOBABILUECS JOITOCPOUHBIE 3aACHI.

[Ipennaraercss ABYXITalHOE pELIEHHWE: HA IEPBOM JTalle — HENOCPEICTBEHHO
MPUMEHUMBIH OTKPBITBHII 3JEKTPOHHBIA AyKIHMOH € KilacCH(UKAIMeH MO KayeCTBEHHBIM
KaTeropusM U CTapTOBOU LICHOW, OTAEJIEHHON OT JIOTUCTUYECKUX 3aTpaT; Ha BTOPOM 3Tare —
3aKOHOJAATeNbHas pedopMa C CO3JaHHEM IEJIEBOro cybcueTa BOCCTAHOBJICHHS 3€MEIbHBIX
pecypcoB. CoriacHo ClieHapHOU OIleHKe, IPU paccMaTpuBaeMoM auanasone 1ex 4 000—8 000
JIpaMoB/M® BaJIoBasi CTOMMOCTD 3araca cocTapiseT npuonusutenpHo 850,1 maa—1,700 mipa
npamoB. BmecTe ¢ TeM JaHHBINA AUana3oH HE MOXKET MEXaHUYECKH NMPUHUMATHCA B KaueCTBE
opunmanbHOW TEHBI, TOCKOJBKY TpeOyeT COMOCTaBUMOH KOPPEKTUPOBKA C YYETOM
IOpUJIMYECKH O(QOPMIICHHBIX CHIENOK, kadectBa mouBbl, HJC, ycinoBuii morpysku u
TPAHCIIOPTHPOBKH.

HccnenoBanne o0beAUHSET MPABOJOIMATUYECKUN aHANM3, CUHTE3 MEXIyHapOIHON
JTUTEPATyphl, UHAEKCUPYEMOM B SCOPUS, CKOPPEKTUPOBAHHBIE 110 KAYECTBY CPAaBHUTEIbHBIN U
OCTAaTOYHBIM METOJAbl OLICHKH, CIEHApHbIA aHAJIW3 YYBCTBUTEIBHOCTH M MHOIOMEPHYIO
MOJIeTIb YHUCTOM OOIINECTBEHHOW ILIEHHOCTH. B yClOBUSX Haluyus OJHOrO 3amaca u
HEMPOBEPCHHBIX HE(POPMAIBHBIX IIEHOBBIX IAHHBIX dKOHOMETPHUYECCKHE KOIPPUIMCHTH HE
orieHUBaTCs. BmecTo storo dopmynupyercs uaeHTUUIMpYyeMass T€IOHUYECKas MOJECIb
OIICHKU JUIA OYIAyIIMX MHUKPOJAHHBIX, (QOPMHUPYEMBIX TIO pE3ylbTaTaM HOPHUIANYECKU
0 OPMIIEHHBIX ayKIIMOHHBIX CHEIOK.

Knroueevie cnoea: NnoNOpOAHBIA CIIOM IOYBBI, YEPHO3EM, NPHUPOJAHBIN KamuTall,
nyOJIMYHBIN  ayKIMOH, LE€HOOOpa3oBaHME, MYHUIMNAIbHBIA OIO/PKET, BOCCTAHOBJICHHE
3eMelb, IUPKYISpHAsA IKOHOMHUKA, AXYPSIHCKOE BOJOXPAHUIIUILIE.
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Abstract

The paper presents the results of a research on the impact of different CPU time
qguantum values on the behavior of a heterogeneous computing cluster. Two cluster
configurations are considered: (1) a control node running the Windows operating system with
compute nodes running Linux, and (2) a control node running Linux with compute nodes
running Windows.

It is shown that inconsistency in task scheduling parameters leads to increased latency,
response time instability, and performance degradation during parallel data processing.

Keywords: CPU time quantum, heterogeneous cluster, interaction model, cluster node,
P95, p99, CFS.

Introduction

Modern computing systems increasingly employ hybrid architectures in which master
nodes and compute nodes operate under different operating systems (OS) [1]. This
heterogeneity arises from the need to integrate infrastructure components, utilize specialized
solutions, and ensure cross-platform compatibility. To effectively distribute computational
workloads and align task scheduling policies within such diverse hardware and software
environments, a deep adaptation of task schedulers to the specific characteristics of each
operating system is required. This challenge becomes particularly critical in computing
clusters used for processing large volumes of data during the training of machine learning
models.

One of Central Processing Unit (CPU) time quanta’ between nodes. This issue has been
addressed in various studies, though each comes with certain limitations [2-7]. In particular,

! The cPU time guantum is the minimum time slice during which a process is allowed to execute on the CPU
before the scheduler decides whether to switch control to another process.
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research [6-7] analyzed the behavior of homogeneous computing clusters running either
Windows or Linux while varying the CPU time quantum values. A special focus should be
placed on the measurement of p95% and p99° metrics in heterogeneous clusters. Since these
clusters are built on diverse hardware and software platforms, determining effective p95 and
p99 values becomes a relevant task for more accurate cluster configuration. This research
examines changes in cluster performance in mixed configurations - where the master node
runs Windows and compute nodes run Linux, and vice versa - and measures various
performance metrics, including p95 and p99.
The novelty of this research lies in identifying optimal values for the p95 and p99
metrics in a heterogeneous cluster during neural network training.
Conflict Setting
It is necessary to determine the optimal p95 and p99 values for a heterogeneous cluster
during the training of a convolutional neural network.
Boundary condition
= At the current stage, only one neural network was trained.
= All computations were performed exclusively on the CPU.
= The heterogeneity of the cluster was defined solely by the software layer, as the hardware
components of the cluster were built using nodes* with identical specifications.
Experimental procedures
For the research, a heterogeneous cluster consisting of 12+1 nodes was deployed with
the following configuration:
= 1 master node based on either Ubuntu 22.04 or Windows Server 2022 [12].
= 12 compute nodes running either Windows or Linux accordingly.
= The cluster was configured using a Storage Area Network (SAN) architecture [13].
The computers are connected via two network interfaces, forming two local networks -
for control and data transfer. The research was conducted under conditions of maximum
asymmetry in CPU time quantum:

Option |
= master node based on a Windows Server 2022 OS. CPU time quantum set to 120 ms,
= compute nodes based on a Linux OS with enable CFS (Completely Fair Scheduler).
CPU time quantum set to 10 ms.

Option 11
= master node based on a Linux OS with enable CFS. CPU time guantum set to 10 ms,
= compute nodes based on a Windows Server 2022 OS. CPU time quantum set to 120
ms.

% The p95 metric value (response time) represents the threshold below which 95% of all measurements fall. It
indicates the upper bound of typical system behavior and is useful for evaluating latency and stability.

® The p99 metric value represents the threshold below which 99% of all measurements fall. This indicator
reflects extreme latency and is used to assess system reliability under peak loads [8-11].

* Single computer (node) parameters: CPU-i9, RAM 32Gb
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This setup allowed simulation of the worst-case scheduling scenario, where the master
node significantly lags behind in event processing compared to the compute nodes, leading to
queues, deadlocks, and increased response times.

The following measurements were conducted during the research:

= Average and maximum process execution quantum - using built-in OS profiling tools
(Linux: perf sched, cat /proc/sched_debug [14]. Windows: Performance Monitor and
PowerShell commands Get-ScheduledTask, Get-Counter) [15].

= Average task response time - calculated as the average duration of jobs sent from the
master node, including initialization, queuing, and completion times. Measurements were
performed using time, systemd-analyze, and Python scripts with the time module (Linux),
as well as PowerShell scripts (Windows).

= p95 and p99 values - calculated using Python scripts with numpy.percentile.

The accuracy of the neural network outputs was verified by comparing them with
known reference outputs from a pre-trained neural network studied in [16] (reference
network). TensorFlow [17] was used as the machine learning framework.

Research Results

The research results for different CPU time quantum values are presented in Tab.1.
Graphs illustrating the relationship between computation latency and the length of the CPU
time quantum, as well as the p95 and p99 parameters, are shown in Fig. 1-3. The average
execution time by task type is presented in Fig. 4.

40

cy (ms)

4 6 8 10 12 14 10 15 20 25 30 35 40 45 50
Time Quantum (ms) Number of Tasks per Node

Fig. 1 Dependence of average execution latency on

Fig. 2 Dependence of p9S on the number of tasks
the length of the CPU time quantum

per single node

When managing Linux nodes with a Windows master node, spikes in p99 latency are
observed, while stable p95 values indicate overall system resilience. In the opposite
configuration (Linux master node, Windows compute nodes), the p95 value shows greater

The p95 metric is more representative for assessing user experience and production
readiness of heterogeneous computing environments compared to simple averages. On Linux
nodes, the CFS scheduler demonstrates high resilience to overload by smoothly redistributing
time quanta among tasks. In Windows nodes, high load can cause performance degradation,
especially with fixed time quanta that do not adapt to task behavior.
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Table 1
Cluster Parameter Values for Different Configurations
Metric Windows — Linux Linux — Windows
Average execution quantum (ms) 7.3 12.1
Average task start latency (ms) 18.6 26.7
p95 24.1 39.5
p99 17.3 28.4
Percentage of threads that switched prematurely 12% 28%
3 35 Lin
25 30 —
: 2
$7 s
,; £ 20
21s £ E
? £15
£ 10 - 10
5
0.2 03 0.4 0.5 0.6 0.7 08 0.9 1.0
Load (as fraction of max) 0 CPU-bound 10-bound Mixed
Fig. 3 Percentage of premature thread switches with Fig. 4 Average execution time by task type

increasing load

The optimal p95 and p99 values are achieved with a Linux master node in a
heterogeneous cluster.

Conclusion

The configuration with a Linux master node and Windows compute nodes demonstrates
more stable behavior on the nodes, especially under peak loads. Differences in system time
and timing mechanisms can cause drift in task distribution; therefore, it is recommended to set
the system time to Coordinated Universal Time (UTC) during initial setup.

It is also important to note the limited flexibility in configuring the CPU time quantum
on Windows nodes: even with administrator access, it is not possible to achieve the level of
configuration precision comparable to Linux. When designing heterogeneous systems, it is
recommended to use Linux as the master server, especially when flexible coordination and
monitoring are required, and to limit Windows nodes to tasks with predictable workloads.

The results obtained can be used to develop cross-platform task scheduling tools
optimized for the conditions of heterogeneous computing infrastructures.
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hwugnygubipp® Linux owtipwghnu hwdwywnpgny, L (2) Ywnwdwphs hwugnygp' Linux
owbpwghnu  hwdwlwpgnd, hwoyuplwihu  hwugnygubpp®  Windows — owbipwghnu
hwdwlwpgny: fuunhpubiph wjjwuwynpdwt wwpwdbiinpbiph
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NCCIEJOBAHME MOJEJN CHHXPOHUM3AIIHN
BBIYUUCJEHUI B TETEPOTEHHOM KJIACTEPE
Mkamrapsu T. B.

HarmroHansHBIH MOINTEXHUUECKUI YHUBEPCUTET APMEHUHT

B crarbe npencTaBiaeHbl pe3ybTaThl HCCIICAOBAHUS BIMSHUC Pa3HbIX 3HAYCHHI KBaHTA
MPOIIECCOPHOTO BPEMEHHM Ha TOBEICHHE TE€TEPOrCHHOIO BBIYMCIUTEIFHOTO KIIacTepa.
PaccMoTpens! 1Be KOH(UTypalMy BBIYUCIUTENBbHOTO Kiactepa: (1) ympasistomias HOla Ha
0aze omepaunoHHON cucteMbl Windows BEMHCIHMTENBHBIE HOJBI O] yrpaBieHneM Linux,
(2) ynpasisitomiast Hoja Ha 0a3e ONEpallMOHHON CUCTEMBI Linux BBIYMCIUTEIBHBIC HOJIBI MO
ynpasieHueM Windows.

[TokazaHO, YTO HECOTJIACOBAHHOCTh MApaMETPOB IUIAHUPOBAHUS 3alad MPHUBOAHUT K
POCTY JIATEHTHOCTH, HECTAOMIILHOCTH BPEMEHH OTKJIMKA U Jerpajlallii MPOU3BOAUTEILHOCTH
MIpH MapajijiesIbHON 00paboTKe TaHHBIX.

Kniouesvie cnosa: xBaHT TPOIECCOPHOTO BPEMEHH, IETEPOTCHHBIN KacTep, MOJENb
B3aMMOJICHCTBHS, HO/IA KiacTepa, P95, p99, CFS.
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