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The full-scale military aggression against Ukraine has transformed the Black Sea into a zone of critical mine danger and ecological
crisis, requiring coordinated state permit regulation of demining activities. The destruction of the Kakhovka Hydroelectric Power
Plant dam in June 2023 dramatically worsened the situation by triggering the uncontrolled drift of naval mines, anti-landing obstacles,
and unexploded ordnance into the marine ecosystem. This paper presents a comprehensive analysis of current mine contamination in
the Black Sea, highlighting the contradiction between urgent navigation safety needs and the prohibitive cost of traditional demining
methods for Ukraine’s wartime budget and regulatory constraints. Special attention is paid to the ecological impact of underwater
explosions on marine biodiversity, particularly the critically endangered Black Sea harbor porpoise. Mathematical modelling of
hydroacoustic shockwaves using Cole’s equations demonstrates that standard high-order detonation creates lethal zones of up to 450 m
and permanent hearing-loss zones of up to 1.8 km for cetaceans. Based on a systematic review of literature and available technologies,
a three-stage “Cost-Effective Green Demining” strategy is proposed, integrating satellite GIS drift modelling, swarms of domestic
autonomous underwater vehicles (AUVs), and low-order deflagration neutralization. An operational case study for the Grain Corridor
approaches demonstrates a 4.8x speed gain and a 34X cost reduction compared to conventional methods. The proposed approach
reduces the acoustic footprint of demining by a factor of 20-30 and enables Ukraine to attract international environmental funding
unavailable for purely military projects. The study also emphasizes the role of engineering drawing and 3D CAD modelling in the
design, standardization and local manufacturing of modular AUV/ROV platforms for marine demining. Key words: humanitarian
demining, Black Sea, naval mines, ecological safety, underwater robotics, Kakhovka HPP, autonomous underwater vehicles, green
demining, state permit regulation.

I'ymanitapHe po3minyBanHsi YopHoro Mopsi B yMOBaX €KOJIOTIYHMX BHKJIMKIB, TEXHOJIOTIYHMX pillleHb Ta peryJIioBaHHS
Jep:xaBHUX 103BoiB. 2Kmyn B., Kor LT., I'pedentok T.B., bBpounuskuii B.O.

IToBHOMacIITaOHA BiliChKOBA arpecisi MpoTH YKpaiHu mepeTBopriia YopHe Mope Ha 30HY KPHUTHYHOI MiHHOT HEOE3MEeKH Ta eKOJIO-
TiYHOT KpU3H, IO BUMAarae CKOOPANHOBAHOTO JEP/KaBHOTO JI03BIIBHOTO PETYIIOBAHHSA JisTIBHOCTI 3 pO3MiHyBaHHA. PyitHyBaHHS 1aMOu
KaxoBchKkoi rigpoenekrpocraniiii y uepsHi 2023 poky pi3ko HOTIPIIHIO CUTYaIlifo, CIIPOBOKYBABIIN HEKOHTPOJIbOBAHMUIH Jpeiid MOpChKUX
MiH, IPOTH/ICCAHTHHX ITEPEIIKO]] Ta HEBHOYXJIMX OOENPUIIACIB Y MOPCBKY €KOCHCTeMY. Y IiH CTATTI NPECTaBICHO KOMILUIGKCHHUIT aHai3
TIOTOYHOTO MIiHHOTO 3a0pyaHeHHs: YOpHOTO MOpSI, IO MiAKPECIIIOE CYTIePEdHIiCTh MiXK HaraJJbHUMH OTpedaMu Ge3NeKn CyTHOILIIaBCTBa
Ta HETIOMIPHOIO BAPTICTIO TPAAUIIIHHIX METOIIB PO3MIHYBAaHHS JUIsl BOEHHOTO OIODKETY YKpaiHH Ta peryasTopHUX oOMexeHb. OcolmniBa
yBara MpuAUISETHCS €KOJIONYHOMY BIUTHBY ITi/JBOJIHUX BHOYXiB HA MOPChKe Oi0pi3HOMAHITTS, 30KpeMa Ha 3HUKAI04y YOPHOMOPCHKY MOp-
CbKy CBHHIO. MareMaTnuHe MOJIETIOBaHHS TiJpOaKyCTHYHNX yIapHUX XBHWJIb 3 BUKOPHCTAHHSIM PiBHSHBb Koyna neMoHCTpye, o cTaH-
JIapTHA ICTOHAIIiSI BUCOKOTO MOPSIIKY CTBOPIOE CMepTeNbHi 30HH /10 450 M Ta 30HM MOCTiifHOI BTpaTy ciyxy 10 1,8 KM 711 KHTOMOiOHNX.
Ha ocHOBI cucTeMaTHYHOTO OIISTY JITEpaTypH Ta TOCTYITHUX TEXHOJIOT1H 3aIpOIIOHOBAHO TPHUETAIHY CTpaTerito « EKOHOMIUHO eeKTHB-
HOTO 3eJICHOTO PO3MiHYBaHHs», 110 IHTErpye MozeoBaHH s aApeiidy cymytankoBoi ['IC, poi BITYH3HIHNX aBTOHOMHUX IiJIBOAHUX arapa-
tiB (AHITA) Ta HeliTpanizanito redunarpanii HU36Koro nopsiaxy. OrnepaTiBHE JOCHTIKEHHS MTiIX0/IB «3epHOBOTO KOPHAOPY» AEMOHCTPYE
4,8-xparHe 30LTBIICHHS MIBUIKOCTI Ta 34-KpaTHe 3HW)KEHHS BAPTOCTI MOPIBHSHO 3 TPAAUIIIMHIMHI METOAMH. 3arpOIIOHOBAHUI MiAXi]T
3MEHIITy€e aKyCTUYHUHN cI1ix po3minyBaHHs B 20—30 pasiB i o3Bossie YKpaiHi 3amydaTti MiKHapoaHe (piHaHCYBaHHS €KOJIOTTYHUX MTPOEKTIB,
HEIOCTYITHE IS CYTO BIMCHKOBHX MPOEKTIB. Y JOCITIIKEHHI TAaKOX MiJKPECITIOETHCS POJIb TEXHIYHOTO KpecieHHs Ta 3D-MoenroBanHs
B CAD-cucremax y mpolieci NpOeKTyBaHHsI, CTaHapTH3aMil Ta MiCIIEBOr0 BUpoOHMITBa MOIyApHHX miarhopm AUV/ROV st poswmi-
HYBaHHSI MOPCHKUX aKBaTopiid. Knrouosi ciosa.: TyMaHiTapHe po3MiHyBaHHs, YopHE MOpe, MOPChKI MiHH, EKOJIOTiYHA Oe3IeKa, IMiBOIHa
pobotorexnika, KaxoBcrka I'EC, aBTOHOMHI TIBO/IHI amapary, 3eJeHe pO3MiHyBaHHSI.

Problem statement. The Black Sea has historically ing sea lanes and creating a persistent threat to civilian
served as a vital transport corridor and a unique ecolog- navigation. The situation reached a critical point on June
ical system. Since February 2022, Russian naval forces 6, 2023, when the destruction of the Kakhovka HPP dam
have extensively mined Ukrainian coastal waters, block- caused a massive discharge of explosive ordnance into
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the Black Sea, transforming its north-western shelf into
a navigation "grey zone." Humanitarian demining in
this context poses a complex dilemma: traditional large
mine-sweeping vessels are prohibitively expensive for
Ukraine’s wartime budget, and standard in-situ deto-
nation generates lethal hydroacoustic shockwaves that
threaten the already critically endangered Black Sea
harbor porpoise. There is therefore an urgent need for
a strategy that is both economically viable and ecologi-
cally safe.

Allocation of previously unresolved parts of the
general problem. The legal and economic framework
for demining is analyzed by Ustymenko et al. [1], who
demonstrate that the scale of contamination exceeds state
budget capacity and that international donors increas-
ingly require “green” standards. Ivanov [2] confirms
Ukraine’s obligations under international conventions to
address military-related marine pollution. Hrytsaienko
[3] advocates agile project-based management, while
Bespalko et al. [4] propose a mathematical prioritization
model for maximizing economic recovery per unit of
expenditure.

The ecological dimension is documented by
Tuchkovenko and Stepanenko [5], whose empirical data
shows that the desalination and pollution plume from the
Kakhovka disaster carried mine-risk objects into previ-
ously safe areas. Lebid et al. [6] validate GIS satellite
monitoring as the primary tool for tracking mine drift
vectors. Soloviov and Strilets [8] quantify how conven-
tional blasting creates local “dead zones,” arguing for
non-contact neutralization. Karpiuk [7] warns that with-
out intervention, ecosystem recovery could take decades.

On the technological front, Hassan et al. [9] review
the global shift toward Al-driven detection and robot-
ics. Chesnakov [10] and Vyrvykhvost [11] demonstrate
Ukraine’s industrial capacity to produce cost-effective
modular AUV platforms capable of operating in turbid
post-flood water using high-frequency multibeam sonar.
Historical analysis by Bosneagu [12] and Akhundov
[13] shows that post-WWII “brute force” trawling took
over a decade and is inapplicable to the modern ecolog-
ical context.

Methodological framework. The study treats Black
Sea humanitarian demining as a multi-variable opti-
mization problem balancing three conflicting parame-
ters: Security (S), Economy (E), and Biodiversity (B),
seeking a Pareto-optimal solution, while incorporating
constraints of state permit regulation and environmental
authorization procedures governing demining operations
in marine areas. Four integrated methods are applied.

GIS overlay analysis superimposes mine drift vec-
tors (derived from ERAS retrospective wind and current
data post-Kakhovka) onto biodiversity hotspot layers
(Zernov’s Phyllophora Field, dolphin migration routes)
to identify high-priority non-contact zones and reduce
the physical search area, taking into account regulatory
restrictions on operations within environmentally sensi-
tive and protected marine zones.

Mathematical modelling of hydroacoustic shock-
waves uses Cole’s empirical equations for shallow brack-
ish water. Peak pressure Pmax = K-(W'/3/R)* (K=52.4,
a=1.13 for TNT) and impulse I = Ki-W'/3-(W'/3/R)P are
calculated for two scenarios: Scenario A — high-order
detonation of a PDM-1M mine (10 kg TNT); Scenario
B — low-order deflagration (0.05 kg charge), with con-
sideration of permissible impact thresholds established
by environmental regulatory frameworks.

Technical comparative assessment evaluates a NATO
SeaFox disposal vehicle (>$15,000/shot, single-use)
against a domestic reusable ROV prototype equipped
with a 750 kHz/1.2 MHz multibeam sonar providing
2 mm resolution at 10 m range in zero-visibility con-
ditions [10], including compliance with technical cer-
tification and operational permitting requirements for
maritime robotic systems and also an analysis of design
documentation, 3D models, component layouts, and
suitability for mass production.

Economic modelling applies a direct cost-
per-km? formula Ctotal (Cfuel + Ccrew +
Camort) / (Acoverage / Tsurvey) to compare traditional
mine-sweeping with robotic swarm approaches, provid-
ing quantitative justification for international donors,
while also accounting for costs associated with obtain-
ing permits, environmental assessments, and regulatory
compliance procedures.

Presentation of the main material. Mine threat
landscape. The Black Sea presents a heterogeneous
threat: Soviet-era anchored mines (YaRM, MYaM
types) that may break free during storms; drifting
riverine mines (PDM series) introduced by the
Kakhovka flood; and extensive UXO on the seabed. GIS
analysis of hydrological data [6] identifies three critical
accumulation zones driven by south-westward Dnipro-
Bug current: the Kinburn Spit area, Odesa Bay littoral,
and the Danube Biosphere Reserve coast — all lying
astride the Grain Corridor shipping lanes.

Ecological risk assessment. Two ecological risks
are quantified. First, chemical contamination: corrosion
of submerged munitions releases TNT and RDX
degradation products, which enter the food chain through
mollusks and fish. Second, acoustic trauma: simulation
results for Scenario A (PDM-1M, 10 kg TNT) indicate
a Lethal Injury Zone (100% mortality) of 450 m radius
and a Permanent Threshold Shift zone of 1.8 km. For
echolocating species, deafness is ecologically equivalent
to death [7]. Behavioral disturbance extends to 12 km
from the epicenter. Scenario B (deflagration, 0.05 kg)
reduces these to <15 m and <60 m respectively — a
20-30x reduction in acoustic footprint.

"Cost-Effective Green Demining" strategy. The
proposed three-phase strategy is structured as follows.

Phase 1 — Remote Monitoring and Risk Mapping.
Satellite imagery and GIS drift modelling replace
continuous ship patrols, identifying large debris patches
and predicting mine trajectories. This concentrates
expensive resources on high-probability sectors,
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reducing the physical search area by an estimated
60-70%.

Phase 2 — Robotic Identification. Swarms of 5-10
small-class domestic AUVs — each equipped with side-
scan sonar and magnetometer — scan sectors in parallel
formation, achieving 5% the survey speed of a single
large vessel. Domestic platforms [10] use modular
architecture repairable in field conditions, unlike
imported analogs requiring overseas servicing.

Phase 3—Eco-Friendly Neutralization. Once a threatis
confirmed, ROV-mounted disruptors apply deflagration:
a small shaped charge burns out the explosive without
high-order detonation. For floating mines, robotic tugs
tow objects to shallow sandy beaches for land disposal,
negating acoustic marine impact entirely.

Economic feasibility. The robotic approach operates
at approximately 5% of the cost of traditional naval
demining (daily OPEX ratio 1:40). Critically, framing
demining as an ecological rescue mission enables access
to EU Life Programme, UN Environment Programme,
and Green Climate Fund grants that are unavailable for
purely military operations — aligning with the donor-
funding rationale of Ustymenko et al. [1].

Case study: Grain Corridor approaches
(Chornomorsk sector). A simulation for a 10 km?
fairway sector (depth 15-20 m, silty seabed, estimated
density 0.5 objects/km?) compared two approaches.
Simulation A (Sandown-class mine-sweeper): 12 h
mission, 5 high-order detonations in a biologically
active zone, estimated cost $120,000. Simulation
B (swarm of 5 domestic AUVs from RHIB): 2.5 h
mission, 5 deflagration events with acoustic impact
radius <50 m, estimated cost $3,500. Result: 4.8x

speed gain, 34x cost reduction, negligible ecological
impact.

SWOT analysis

The SWOT matrix reveals that Strengths (low cost,
ecological safety) and Opportunities (international
funding, export potential) heavily outweigh Weaknesses
that are primarily technical and addressable through
iterative R&D. The primary Threats are external and
military, reinforcing the case for unmanned systems: the
loss of a drone to enemy action is acceptable; the loss of
a crewed vessel is not.

Main conclusions

1. Critical state of security and ecology. The Black
Sea faces a dual crisis from intensive mine contamination
and the Kakhovka technogenic catastrophe. The
aquatorium contains a heterogeneous mix of anchored
naval mines, drifting riverine mines, and UXO. Without
technological intervention, natural seabed clearance
would take an estimated 2030 years.

2. Inadequacy of traditional methods. Standard
NATO-style protocols are unsuitable economically —
Ukraine’s budget cannot sustain the CAPEX/OPEX of a
conventional fleetcovering25,000 km?—and ecologically,
since high-order detonations generate lethal zones up
to 450 m and PTS zones up to 1.8 km, threatening the
Black Sea harbor porpoise with local extinction.

3. Viability of the Green Demining strategy. The
proposed three-stage strategy (Remote Monitoring —
Robotic Identification — Green Neutralization) reduces
the physical search area by ~60% via GIS drift
modelling, eliminates acoustic trauma in biodiversity
hotspots through mandatory deflagration, and has been
validated by operational simulation.

Table 1

Comparative costs of mine detection per 1 sq. km (estimated)

Traditional Mine-Sweeper

Parameter (NATO-class) Robotic AUV Swarm (Domestic)
Capital Cost (CAPEX) > $50 million (per vessel) < $0.5 million (per 10 drones)
Daily OPEX > $20,000 (crew of 30+, logistics) < $500 (operators, electricity)

Mobilization Time Hours / Days

Minutes

Ecological Footprint

Significant (noise, CO-, disturbance)

Minimal (silent electric motors)

Detection Probability High High (redundant sensors)
Table 2
SWOT Analysis of the '""Green Demining" Strategy
STRENGTHS (Internal) WEAKNESSES (Internal)

1. Zero mortality risk for marine mammals. 2. ~5%

cost of traditional naval demining. 3. Scalable swarm
architecture. 4. Complete personnel removal from danger
zone.

1. Limited to Sea State 3 (waves <1.25 m). 2. Battery life
of 4-6 hours requires frequent recharging. 3. High sonar
data volume requires post-processing.

OPPORTUNITIES (External)

THREATS (External)

1. High eligibility for EU/UN environmental grants. 2.
Dual-use for pipeline and cable inspection. 3. Export
potential for low-cost demining drones.

1. Enemy electronic warfare targeting drones. 2.
Re-mining risk in cleared areas. 3. Post-flood debris may
damage fragile thrusters.
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4. Economic and technological independence.
Comparative analysis confirms that domestic Ukrainian
AUV platforms reduce capital expenditure by orders
of magnitude versus imported systems and achieve an
estimated 40:1 operational cost advantage, fostering the
national defense-tech sector.

5. Strategic funding access. The “Green Demining”
concept enables Ukraine to reframe demining as an
international environmental mission, unlocking EU Life,
Green Climate Fund, and UNEP grants unavailable for
purely military budgets — the only economically viable
path to post-war Black Sea recovery.

6. The engineering drawing and CAD-modelling
component is essential for the practical implementation

of the proposed green demining strategy, as it ensures the
standardization, modularity, maintainability and local
manufacturability of domestic AUV/ROV platforms.

Prospects for the use of research results.
Implementation of the proposed strategy creates
a replicable model for conflict-zone humanitarian
demining globally. The domestic AUV platforms
developed for Black Sea conditions can be adapted for
riverine clearance in Ukraine and exported to other
nations facing post-conflict mine contamination.
The GIS drift-modelling methodology can be
incorporated into standard NATO and UN mine-
action protocols for coastal operations in turbid-
water environments.
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