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BENEFITS FOR COASTAL

AND WATERFRONT PROJECTS WORLDWIDE

Coastal erosion, sea-level rise and storm surge affect over 600,000 km of developed
shoreline globally. Atthe same time, the market for conventional marine construction —
piles, cofferdams, sheet piling and prefabricated pontoons — is constrained by
high equipment costs, specialist labour requirements and growing environmental
regulation. HYDRANTULA addresses this gap, offering a combination of engineering
robustness, environmental compatibility and constructability that is deployable
across a wide range of coastal climates and regulatory environments.

5.1. Suitability for shallow coastal waters worldwide

The majority of shoreline protection and waterfront infrastructure globally is located
in water depths of less than 10-12 m. This includes recreational beaches, tidal estuaries,
lagoons, river deltas, coral atoll shores, and the nearshore fringes of port cities.
HYDRANTULA's depth range - up to 10-12 m with multi-storey configurations - and its
ability to rest directly on the seabed without deep pile foundations make it applicable to:







5.3. Quiet installation and reduced community impact

Pile driving generates sustained underwater impulsive noise, with peak levels that
frequently exceed regulatory thresholds for marine mammals, fish and diving birds.
In many jurisdictions - including the EU (Habitats Directive), USA (MMPA), Australia
and Canada - this triggers mandatory noise impact assessments, exclusion zones and
seasonal construction windows that add months to project timelines.

HYDRANTULA does not require pile driving or heavy vibro-equipment. As a result:

- underwater noise levels during installation are substantially lower, reducing
permitting risk in ecologically sensitive areas;

- vibration transmission to adjacent structures - relevant for historic waterfronts,
densely built harbour fronts and sensitive infrastructure - is negligible;

- work can often proceed in proximity to residential areas, recreational beaches
and marine protected areas without triggering noise threshold exceedances.

This characteristic is commercially significant in jurisdictions where underwater noise
regulation is tightening: the EU Marine Strategy Framework Directive, OSPAR,
and comparable national frameworks are progressively lowering acceptable
disturbance levels for offshore and nearshore construction.

5.4. Alignment with nature-based and hybrid
coastal solutions

Across Europe, North America, Australasia and Southeast Asia, national coastal
strategies are converging on a common position: hard engineering alone is not
sufficient, and nature-based or hybrid solutions must be incorporated wherever site
conditions permit. HYDRANTULA is structurally compatible with this paradigm:

- the permeable lattice allows waves, currents and sediment to move through the
structure, avoiding the stagnant backwater zones and scour patterns associated
with solid seawalls and revetments;

- rough concrete surfaces protected by the HDPE shell provide colonisation
substrate for algae, corals, oysters, mussels, barnacles and other organisms,
progressively converting the structure into a functioning artificial reef habitat;

- frames can be configured as terraced or stepped arrays, matching the geometry
used in living shoreline, eco-seawall and reef restoration programmes.




HYDRANTULA TECHNOLOGY OVERVIEW

These properties make HYDRANTULA directly relevant to funded research and
pilot programmes in the EU (Horizon Europe, LIFE), USA (NOAA, USACE), UK
(UKRI, Environment Agency) and multilateral development bank portfolios targeting
climate-resilient coastal infrastructure.

5.5. Reduced turbidity and environmental
disturbance during construction

Conventional «wet» construction methods - cofferdam installation, underwater
concrete pouring, sheet pile driving — disturb seabed sediments and introduce cement
fines into the water column. In areas with sensitive benthic habitats (coral, seagrass,
oyster beds) or where suspended sediment concentrations are regulated, this
constitutes a major permitting barrier.

HYDRANTULA's closed-formwork, bottom-up pumping method addresses this
directly:

- there is no leakage of cement fines into the water column during placement;

- cofferdam construction and associated dredging are avoided;

- sediment resuspension during installation is limited to the mechanical footprint
of frame placement;

- the risk of smothering sensitive benthic habitats in the construction zone is
substantially reduced.

This is a meaningful advantage in regulated coastal environments globally - from
Mediterranean Posidonia seagrass meadows to Indo-Pacific coral reef margins and
North Atlantic kelp forest zones.

5.6. Aesthetic and urban-integration advantages

Coastal cities globally are increasingly treating their waterfronts as public amenity,
tourismandeconomicdevelopmentassets. Massive concreteseawallsandrockarmour
revetments are visually incompatible with high-value waterfront redevelopment
programmes.

HYDRANTULA plastic shells can be manufactured in a range of colours and surface finishes,
enabling visual integration with urban waterfront design schemes. Combined with the
slender geometry of spatial trusses — as opposed to massive gravity blocks - this enables:




- lightweight-looking promenades, viewing platforms and water terraces on urban
waterfronts;

- visually differentiated eco-piers and recreation structuresin coastal park settings;

- reduced perceived bulk of protective infrastructure along historically sensitive or

tourism-facing shorelines.

This characteristic is relevant for waterfront regeneration projects across Europe,
the Gulf, Southeast Asia and coastal resort developments globally.

POTENTIAL

APPLICATION DOMAINS

HYDRANTULA is applicable across a broad range of coastal engineering programmes,
from research pilots to full-scale protective infrastructure. The following domains
represent the primary areas where the technology offers a differentiated value
proposition relative to conventional alternatives.

1. Shore protection and hybrid breakwaters

- Semi-submerged truss breakwaters attenuating wave energy in exposed and
semi-exposed coastal settings while maintaining water exchange, sediment
continuity and ecological connectivity.

- Combination with rock armour, mangrove fringe planting or artificial reef modules
to create hybrid systems studied under local wave climates and tidal regimes.

- Applicable to open coast erosion control, harbour entrance protection and coastal
infrastructure defence in tropical, temperate and arid coastal zones.

2. Eco-shorelines and living seawalls

- Structural backbone for stepped eco-shorelines in coastal parks, port
redevelopment zones and reclamation fringe treatments.

- Investigation of how lattice geometry, surface texture and substrate orientation
influence marine colonisation rates, species diversity and long-term ecological
function.

- Relevant for urban waterfront programmes in the EU, UK, Australia, Singapore, Hong
Kong, the Gulf states and the eastern and western seaboards of North America.




3. Foundations for jetties, platforms and aquaculture infrastructure

- Seabed foundations for pedestrian piers, water sports facilities, small-boat docks
and ferry terminals, with direct lifecycle cost comparison against pile-supported
decks and floating pontoons.

- Stable platforms for nearshore aquaculture infrastructure - fish cages, shellfish
longlines, seaweed cultivation - in sheltered bays and straits, exploiting the
frame's internal cavities for piping and utilities.

- Particularly relevant forisland states and archipelago nations where conventional
marine construction supply chains are long and expensive.

4, Pilot and demonstration installations

- Instrumented pilot segments at coastal protection, beach rejuvenation and port
regeneration sites, monitoring wave attenuation performance, scour behaviour
and biological colonisation over multi-year periods.

- Test beds for validating structural design models, hydraulic performance
parameters and environmental impact assessments under real-world conditions
in different metocean environments.

- Suitable for integration into national or regional coastal research programmes,
providing technology validation data that satisfies both engineering and
environmental regulators.

5. Lifecycle and end-of-life studies

- Verification of deconstruction claims: obsolete or damaged HYDRANTULA
structures can be removed without leaving protruding piles, submerged metallic
debris or residual contamination, reducing end-of-life liability — relevant to project
financiers and environmental regulators alike.

- Assessment of plastic component recyclability and fitting reuse potential in the
context of circular economy frameworks (EU Taxonomy, ISO 14040 LCA, EPD
programmes).

- Comparison of whole-life carbon and embodied energy against conventional
coastal structure typologies, using established LCA methodology.




7 CONCLUSION

HYDRANTULA is a modular, low-impact and durable technology for underwater
concrete structures that directly addresses several challenges in Singapore's coastal
protection and waterfront development:

- It shifts most work onshore, reducing marine construction risk and cost.

- It enables robust 3D concrete frames in shallow and mid-depth waters without
massive cofferdams or intensive piling.

- It aligns with hybrid and nature-based coastal strategies by allowing water and
life to flow through, and by functioning as an artificial reef over time.

- Itintegrates with existing industrial standards (HDPE pipes, Groovelock/Camlock
fittings, standard pumps and tools), facilitating local adoption.

HYDRANTULA offers a promising platform for research and pilot projects in
climate-resilient, ecologically sensitive coastal infrastructure. Systematic
evaluation under Singapore's specific conditions could unlock a new class of
shoreline structures that are both technically effective and environmentally
regenerative.




MATERIAL DATA SHEET

Structural Components: HDPE Pipes and LMDPE Fittings for Marine Construction
Document No: HYD-MDS-001 Revision: 1.0 Date: May 2026 UEN: 202600937R

1. Scope and Application

This Material Data Sheet covers the two primary structural materials used in
Hydrantula permanent formwork systems for marine and coastal construction:

Structural frame beams; permanent

Pipes (beams) HDPE PET00 (High Density Polyethylene) formuwork enclosure: rebar conduits

LMDPE - ETILINAS LL3840UA by 3D frame nodes; manifold hubs; concrete

e PETRONAS Chemicals Group Berhad distribution connectors

Both components function as permanent (non-removable) formwork. After concrete
placement, the plastic enclosure remains in place as a protective outer barrier,
shielding the reinforced concrete core from direct saltwater contact, abrasion, and
freeze-thaw cycles.

Note: This MDS covers material properties only. Structural design of the concrete core
is to be carried out under EN 1992-1-1 / SS

2. HDPE PE100 Pipes (Structural Beams)

2.1. Material Classification

Material designation PE100 (High Density Polyethylene)
Applicable pipe standard ISO 4427 / EN 12201 (PE pipes for pressure applications)
Minimum Required Strength (MRS) 10.0 MPa (PE100 classification per ISO 9080)

DVS 2207-1 (butt fusion); DVS 2208-1 (socket fusion); handheld

Welding procedures Bxtruderwelding

Supply form Standard HDPE plumbing pipes, cut to length on site




2.2. Pipe Sizes and SDR Series Used in Hydrantula Assemblies

oD Wall thickness | PN (bar)@ | IDapprox. | [ .
(mm) (mm) 20°C (mm) e
125

13.6 9.2 16 106.6 Modular retention wall members
140 17 8.3 12.5 123.4 Frame, diagonals, sledges
160 21 1.7 10 144.6 Frame, diagonals, sledges
200 26 1.7 8 184.6 Frame, diagonals, sledges
225 26 8.7 8 207.6 Load bearing columns; primary members
250 33 1.7 6.3 234.6 Load bearing columns; primary members
280 33 8.6 6.3 262.8 Load bearing columns; primary members

Wall thickness calculated as OD / SDR. PN rating applies to water at 20°C per ISO 4427,
For structural (hon-pressure) beam use, SDR designation is used primarily to define
wall thickness and cross-sectional moment of inertia, not pressure rating.

2.3. Key Mechanical and Physical Properties - PE100

Density 950 - 960 kg/m3 1S0 1183

Tensile strength at yield =22 MPa ISO 527-2
Elongation at break =600 % ISO 527-2
Flexural modulus (short-term) =900 MPa ISO 178

MRS (long-term hydrostatic strength) 10.0 MPa ISO 9080

Vicat softening temperature =120 °C ISO 306

Service temperature range -40 to +60 °C ISO 4427 / EN 12201
UV stabilisation Carbon black, = 2% by mass - EN 12201-2
Chemical resistance - seawater / chlorides Excellent - ISO 175

Electrical conductivity Non-conductive - -

Design service life (marine environment) =60 years EN 12201/ DVGW

Property values represent minimum specification requirements for PET00 per ISO 4427
and EN 12201. Actual values for any specific pipe supply should be confirmed from the
pipe manufacturer's product data sheet for the relevant production lot.



3. Reinforced Concrete Core

The principal load-bearing element of any Hydrantula structure is the reinforced
concrete core cast inside the permanent HDPE/LMDPE formwork. The plastic shell
functions as non-structural formwork and a protective outer barrier; structural design
is based on the concrete core and internal reinforcement in accordance with EN 1992-
1-1/ SS EN 1992 (Eurocode 2).

3.1. Concrete Mix Requirements

Parameter Requirement Reference

C35/45 (marine exposure); C40/50 preferred for

tidal / splash zone 208 /S E A0

Minimum concrete class

Exposure class XS2 (submerged) to XS3 (tidal / splash zone) EN 206 / EN 1992-1-1

Workability

S e—— ) Self-consolidating (SCC); slump flow 550-650 mm  EN 12350-8

Maximum water-cement

. =0.45 EN 206 Table F.1
ratio

Sulphate-resistant or blended (GGBS, fly ash)

preferred ST

Cement type
Glass fibres or stainless steel macro-fibres;

Micro-fibre reinforcement reduces plastic shrinkage cracking and improves EN 14889
post-crack toughness

Bottom-up pressure pumping via Groovelock / ARl 2
Placement method PP P . PINg . construction
Camlock port; no free-air pouring
procedure

Standard cube / cylinder samples per pour; 28-day EN 12390-3

O ELT BT A compressive strength per EN 12390

Specific mix design must be verified and adapted to local cement sources and
environmental exposure by a qualified structural or materials engineer. Standard
concrete supply and pumping equipment are available in all major coastal construction
markets.

3.2. Internal Reinforcement

Hydrantula structures use Glass Fibre Reinforced Polymer (GFRP) rebar exclusively.
Steel reinforcement is not used in any Hydrantula configuration.

Material Glass Fibre Reinforced Polymer (GFRP)



Tensile strength (ultimate)
Elastic modulus

Density

Corrosion resistance

Concrete cover requirement

Electrical conductivity

Buoyancy effect during
installation

Applicable standards

600 - 1000 MPa (grade-dependent)
40 - 55 GPa
~2.0 g/cm?3 (@approx. 25% of steel)

Fully corrosion-resistant in marine and chloride-rich environments; no
electrochemical degradation

Cover requirements are not driven by corrosion protection; governed by
bond and fire resistance only

Non-conductive; no galvanic interaction with seawater or adjacent metallic
elements

GFRP-reinforced frames are buoyant prior to concrete fill; controlled
ballasting or staged filling required during submersion

ACI 440.1R (Guide for FRP rebar); fib Bulletin 40; CSA S806; CNR-DT 203

Rebar is inserted into pipe members during onshore assembly, prior to frame sealing.
Pull rods - GFRP tension members engineered to resist dynamic marine loads - are
incorporated as a standard feature of the Hydrantula connection system, providing
additional redundancy under cyclic wave loading.

4. LMDPE Fittings / Nodes - ETILINAS LL3840UA

4.1. Material Identification

Trade designation
Manufacturer

Material type
Processing method
Processing temperature
Supply form

Quality system

4.2. Key Properties

ETILINAS LL3840UA

PETRONAS Chemicals Group Berhad (PCGB), Kuala Lumpur, Malaysia
Linear Medium Density Polyethylene (LMDPE)

Rotational moulding (rotomolding)

200°C - 300°C (mould-dependent)

Pellets, 25 kg bags

ISO 9001:2015 (Cert. No. AR1560)

Nominal density

Melt Flow Rate
(12,190°C/2.16 kg)

kg/m? ASTM D 1505

4.0 g/10 min  ASTM D 1238



D R P P

Melting point ISO 3146

Crystallization point m °C ISO 3146 -

Tensile strength at yield 21 MPa ASTM D 638 50 mm/min, Type IV
Tensile strength at break 18 MPa ASTM D 638 50 mm/min, Type IV
Elongation at break 800 % ASTM D 638 High ductility

Flexural modulus 800 MPa ASTM D 790 -

Charpy impact strength 12 kJ/m? S0 179 Type 1 NotchA -

Surface hardness 60 Shore D ASTM D 2240 @ 23°C

Heat deflection temperature 70 °C SSTM D e d o -

Vicat softening temperature 120 °C ASTM D 1525 1kg, 50°C/hr
SEMETTIIERENN TGS s ane | ASTDTEEE 100% Igepal, Cond. B, F50
Crack Resistance)

UV stabilisation rating uva - - High UV stabilizer loading

4.3. Regulatory Compliance - ETILINAS LL3840UA

_

US FDA 21 CFR 177.1520 (food contact) Compliant

EU Commission Regulation No. 10/2011 (food contact) Compliant

REACH / RoHS / SVHC Compliant

HALAL certification Certified

1S0 9001:2015 quality management Certified (Cert. No. AR1560)

5. Marine Durability and Environmental Performance

HDPE PE100 Pipes LMDPE Fittings (LL3840UA)

Seawater / chloride Excellent - chemically inert to Excellent - non-reactive in marine
resistance seawater and chlorides conditions

Carbon black stabilised (= 2% by

UV resistance mass, EN 12201)

UV8 rating - high stabilizer loading

e, does o lesdh Non-toxic, supports marine

Biofouling . . colonisation as artificial reef over
plasticisers or biocides time

Good; service temperature range

Ice / freeze-thaw resistance Excellent; designed for -40°C service ) "
covers freezing conditions



Electrochemical corrosion  None - dielectric material None - dielectric material

Abrasion resistance

Design service life (target)

Shore D 60 - adequate for marine

Good - hard outer surface (HDPE) U

= 60 years in marine environment = 25 years (rotomoulded LMDPE;
(material basis) ongoing long-term verification)

6. Applicable Standards Reference

1SO 4427 / EN 12201

1ISO 9080

DVS 2207-1

DVS 2208-1

EN 206 / SS EN 206

EN 1992-1-1/ SS EN 1992

EN 1997 / SS EN 1997

1ISO 9001:2015

_

PE pipes for water supply and pressure applications - material specification and
testing

Determination of long-term hydrostatic strength (MIRS) of thermoplastic piping
materials

Welding of thermoplastics - heated tool butt welding of pipes and fittings
Welding of thermoplastics - machines and devices for heated tool butt welding
Concrete specification, performance, production and conformity

Design of concrete structures (Eurocode 2); applicable to concrete core design

Geotechnical design (Eurocode 7); applicable to seabed bearing and scour
assessment

Quality management system - applicable to PETRONAS LL3840UA supply

Property values for HDPE PE100 represent standard minimum specifications per I1SO
4427 / EN 12201. Values for ETILINAS LL3840UA are taken from PETRONAS Chemicals
Group Berhad Product Data Sheet (Rev. September 2020). Hydrantula PTE LTD makes
no independent warranty of material properties beyond those stated in the respective
manufacturer's documentation.




CARBON FOOTPRINT ASSESSMENT

Modular Coastal Structure (HYDRANTULA) vs Conventional Coastal Solutions

1 PURPOSE AND ENGINEERING CONTEXT

The objective of this assessment is to quantify and compare the embodied and life-
cycle carbon footprint of a modular coastal structure based on Hydrantula technology
against two functionally equivalent conventional solutions:

1. Steel coastal structural frame
2. Reinforced concrete underwater support structures

The assessment is framed for coastal protection and load-bearing applications
under typical Singapore coastal conditions and aligned with MPA coastal engineering
evaluationlogic,wherelifecycleperformance,constructabilityinmarineenvironments,
and environmental impact are key decision parameters.

The calculation explicitly supports:
- comparative option assessment,

- early-stage engineering feasibility,
- ESG and sustainability screening.

2 FUNCTIONAL UNIT AND DESIGN BASIS

2.1 Functional Unit
The functional unit is defined as:

One structural segment providing equivalent coastal protection and structural
performance per one linear meter of shoreline, designed for a minimum guaranteed
service life of 60 years, under the same hydrodynamic loading conditions.

This definition aligns with standard coastal engineering comparison practices (PIANC
WG reports, CIRIA C683/CUR manuals), where solutions are normalized per linear
meter of coastline or per equivalent hydraulic performance.



2.2 Design Wave Condition (Reference)

For normalization and comparability, the following design wave condition is adopted
as a reference envelope (not a project-specific extreme):

- Significant wave height, Hs: 2.5 m

- Peak wave period, Tp: 7-9 s

- Water depth at structure toe: 5-7 m
- Design return period: 50 years

This corresponds to conservative sheltered-to-semi-exposed coastal conditions
typical for:

- reclaimed shorelines,
- port perimeters,
- urban coastal protection works in Singapore waters.

The key requirement is functional equivalence, not identical geometry.

3 SYSTEM BOUNDARIES AND METHODOLOGY

3.1 Life Cycle Assessment Boundary

The assessment follows ISO 14040 / I1SO 14044 principles with the following
oundaries:

- A1-A3 - Raw material extraction and material production (cradle-to-gate)
- B - Operation, maintenance, repair over 60 years (engineering-based estimates)
- C - End-of-life demolition and material handling (engineering estimates)

prlicit exclusions at this stage:

- Transport to site
. Installation activities

This exclusionis deliberate and conservative, as marine installation typically penalizes
conventional solutions more heavily. These impacts can be added later without
altering the relative conclusions.



3.2 Data Sources and Indices
All carbon intensity values are based on:

- industry-average EPD ranges,

- |CE Database v3.0,

- World Steel Association data,

- PlasticsEurope Eco-profiles,

- fib Model Code references for reinforced concrete.

No proprietary or unverified datasets are used.

STRUCTURAL CONFIGURATIONS

AND MATERIAL QUANTITIES

4.1 Hydrantula Modular Structure (Reference Segment)

- Concrete infill: 7 m3
- HDPE/LLDPE structural shell: 1.0 t
- Composite reinforcement (GFRP): 0.25 t

Concrete density: 2.2 t/m3

This segment provides the required stiffness, mass, and geometry to resist wave
loading and soil interaction equivalent to conventional solutions.

4.2 Steel Coastal Structure
I « Structural steel mass: 8.0t

Includes primary members only. Corrosion protection is addressed in lifecycle
adjustment.

4.3 Reinforced Concrete Supports

- Two supports,each2x3x3m

- Total concrete volume: 36 m3

- Steel reinforcement: 120 kg/m3
- Total reinforcement mass: 4.32 t



This reflects typical underwater gravity or semi-gravity supports used in coastal and
portinfrastructure.:

5 CARBON INTENSITY FACTORS (A1-A3)

| Material | Carbonntensity Source

Concrete (CEM | equivalent) 0.30tC02/ m3 ICE / fib

Structural steel 19tC02/t worldsteel

HDPE / LLDPE 1.35tC02/t PlasticsEurope

GFRP composite 40tC02/t Conservative literature range

Note: The composite factor is intentionally conservative and reflects resin-dominant
scenarios. Real GFRP values are often lower.

6 EMBODIED CARBON CALCULATION (A1-A3)

6.1 Hydrantula

- Concrete: 7x 0.30 =2.10 t CO2
- Polymer shell: 1.0 x 1.35 =1.35 t CO2
« Composite reinforcement: 0.25 x 4.0 =1.00 t CO2

Total A1-A3: 4.45t CO2

6.2 Steel Structure

| -Steel:8.0x1.9=15.2tC02

6.3 Reinforced Concrete Supports

« Concrete: 36 x 0.30 =10.8 t CO2
« Reinforcement: 4.32 x1.9=8.21t CO2

Total A1-A3:19.0 t CO2



LIFE-CYCLE ADJUSTMENTS

(60-YEAR SERVICE LIFE)

7.1 Hydrantula

Engineering considerations:
- No corrosion mechanisms
- No cathodic protection
- No repainting
- Modular replacement without demolition
Estimated adjustment:
| -+10-15%
Total lifecycle footprint: ~5.0 t CO2
7.2 Steel Structure

Engineering considerations:

- Recoating every 12-15 years
- Local steel replacement
- Energy-intensive demolition

Estimated adjustment:

| -+45-60%

Total lifecycle footprint: ~22-24 t CO2
7.3 Reinforced Concrete
Engineering considerations:

« Crack injection and patch repairs
- Potential strengthening
- Demolition and concrete crushing

Estimated adjustment:

I « +25-35%



Total lifecycle footprint: ~24-26 t CO2

NORMALIZATION PER
LINEAR METER OF COASTLINE

When normalized to1linear meter of shoreline under the same design wave condition:

m CO2 over 60 years (t/m) Relative Index

Hydrantula ~5 1.0
Steel ~23 ~4.6
Reinforced concrete ~25 ~5.0

This normalization is consistent with MPA coastal option screening logic.

REDUCTION OF DREDGING
AND MARINE WORKS

9.1 Engineering Basis

Traditional coastal structures typically require:

- seabed excavation,

- leveling and foundation preparation,

- temporary cofferdams or stone bedding,
- extended marine equipment presence.

Hydrantula introduces:

- reduced foundation footprint,

- distributed load transfer,

- wave-transparent geometry,

- no deep excavation or piling in many configurations.

9.2 Carbon Implications

Published ranges (PIANC / CIRIA):

I - Dredging: 5-15 kg CO2 per m3, depending on method
- Marine equipment operations: high fuel intensity per hour



Typical reduction potential:

I - 30-60% reduction in dredged volume
- significant reduction in barge and crane time

Although excluded from the base calculation, inclusion of these effects would further
widen the carbon gap in favor of Hydrantula.

10 ENGINEERING CONCLUSIONS

1. Under conservative, science-based assumptions, Hydrantula demonstrates a 4-5
times lower carbon footprint than conventional coastal solutions over a 60-year
design life.

2. The advantage is driven by:

a) material efficiency,

b) elimination of corrosion-driven maintenance,
c) modularity,

d) reduced marine works.

3. The conclusions are robust to sensitivity analysis and remain valid across:

a) alternative cement blends,
b) recycled polymers,
c) regional electricity mixes.

4. From an MPA coastal engineering perspective, Hydrantula aligns with:

a) lifecycle-based asset evaluation,
b) reduction of marine construction impacts,
c) long-term sustainability objectives
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