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Executive Summary

Two of the world's most capital-intensive battery energy storage markets are also two of its most
environmentally hostile. Latin America — anchored by Chile's Atacama Solar Corridor and Brazil's
equatorial coastal corridor — and the Middle East, where Saudi Arabia's NEOM giga-projects and
the UAE's Al Dhafra and Mohammed bin Rashid Solar Parks anchor multi-gigawatt storage ambitions,
together represent over USD 18 billion in committed BESS investment through 2030. Both markets
sit at the intersection of aggressive decarbonisation mandates and extreme physical environments
that the global BESS supply chain was not originally designed to serve.

The interconnect subsystem — the wiring harnesses, high-voltage connectors, Manual Service
Disconnects (MSDs), and cable assemblies that form the current-carrying skeleton of every BESS
installation — is the component category most acutely exposed to these environmental extremes. At
the 1500 V DC voltage class that now dominates utility-scale specifications, the dielectric physics of
high-altitude air breakdown (governed by Paschen's Law), the thermal endurance demands of desert
operating temperatures reaching 95 °C on cabinet surfaces, the electrochemical aggression of
tropical coastal humidity and salt deposition, and the UV irradiance intensity of sub-tropical high-
altitude sites each independently exceed the design envelope of standard interconnect hardware. In
combination, they create a convergent failure environment that no single standard — UL 4128, IEC
62619, or the emerging SASO and ESMA grid codes — fully addresses.

Voltaris ESS has built its product architecture and validation programme specifically around these
compound challenges. Our 1500 V DC rated connectors incorporate creepage distances of 14.0—
16.0 mm (exceeding IEC 60664-1 minimums by 40-60%), Paschen-corrected clearance geometry
verified at site-specific atmospheric pressure, and UV-stabilised XLPE cable jackets with CTI
retention above 350 after 2000 hours of accelerated UV exposure. Our Class F (155 °C) and Class
H (180 °C) cable and MSD systems are thermally qualified for the Gulf region's worst-case 125 °C
operating interface temperature. Our IP6K9K-rated connectors — combining 20 kPa pressure-wash
resistance with full IP68 submersion integrity — are the only connector class appropriate for the
HVAC-maintenance wash-down cycles present in Gulf-region BESS cabinet operations.

This paper provides a geographically-differentiated engineering analysis of each market's
interconnect challenge, a unified global compliance framework that bridges UL 4128, TUV/CE, and
Middle Eastern grid codes through IATF 16949 process discipline, and a structured FAQ for
procurement managers conducting technical due diligence on interconnect specification decisions in
these regions.

Voltaris unified specification principle: Rather than maintaining separate product lines for each
geographic market, Voltaris designs to the most demanding combination of requirements across
all active markets. The result is a product architecture that is compliant in every region by
design, not by post-hoc certification.

Table 1 summarises the primary environmental parameters across the four target deployment zones
and maps each to the specific Voltaris design response.

Parameter Atacama Coastal Saudi Arabia UAE \I;glsfiarrl‘s
(Chile) Brazil (Interior) (Coastal) R 9
esponse
Altitude (m 2,000 - 5,000 0-100 500 - 1,200 0-300 Alt-class
a.s.l.) clearance 2
14.0 mm
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Parameter Atacama Coastal Saudi Arabia UAE \I;zlstiarrlls
(Chile) Brazil (Interior) (Coastal) 9
Response
Peak Ambient 45 42 55 (shade) 50 (shade) Class F
Temp (°C) cable, 150 °C
rated MSD
Surface Temp—- 60 52 80-95 75-90 IP6K9K,
Cabinet (°C) thermal
derating
audit
Relative <5 >90 <10 (inland) 70 -95 Dual-seal
Humidity (%) (coastal) connector,
IP68 mated
Annual UV 2,400 - 3,000 1,600 — 1,900 2,200 - 2,600 2,000 - 2,400 XLPE jacket,
Irradiance UV stabilised
(kWh/m?) + HALS
Salt Deposition < 5 (dry) 40 - 80 10-30 60 — 120 480 h ASTM
(mg/m?/day) (coastal) B117; live DC
bias test
Paschen 1.25-145 N/A 1.02 -1.05 N/A Clearance x
Derating Factor F_alt site-
specific calc
Primary Air-gap Electrochemical ~ Thermal Salt bridge + 2 5000 MQ
Dielectric Risk breakdown tracking shrinkage, thermal creep IR; 10.5 kV
tracking withstand
Cable Jacket XLPE UV- XLPE halogen- XLPE 150 °C XLPE 150 °C + IEC 60092-
Requirement stabilised free Class F salt-fog rated 353 marine
grade option
IP Rating — IP68 IP68 IP6K9K IP6K9K Dual
Mated standard:
Connectors IP68 +
pressure
wash

FOCUS REGION A: LATIN AMERICA — CHILE & BRAZIL

Section 1: Latin America — Paschen Boundaries, Tropical
Humidity, and UV Endurance

Latin America presents two climatically opposite BESS deployment environments separated by fewer
than 3,000 kilometres of geography. Chile's northern regions — from Copiap6 through the Atacama
to the Bolivian altiplano — host some of the world's highest-irradiance solar resources at elevations
where atmospheric physics degrade standard connector dielectric performance. Brazil's Atlantic
coast and Amazonian fringe present the opposing challenge: near-saturated humidity, aggressive
salt aerosol, and a combination of high ambient temperature and biological contamination (fungal and
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algae growth on polymer surfaces) that degrades insulation surface resistivity through mechanisms
absent at higher altitudes.

1.1 Chile: The Paschen Frontier

The Physics of High-Altitude Dielectric Breakdown

Paschen's Law, derived from Friedrich Paschen's 1889 experimental work on gas discharge, governs
the breakdown voltage of a gas as a function of the product of gas pressure (P) and electrode gap
distance (d). The Paschen curve for air exhibits a characteristic minimum at approximately Pd = 0.567
kPa-cm (327 V breakdown voltage), rising steeply on both sides. For the millimetre-scale clearance
distances found in 1500 V DC connectors — where the design operates on the high-Pd branch of the
curve — reduced atmospheric pressure shifts the effective Pd product leftward along the x-axis
toward the breakdown minimum, lowering the voltage at which the air gap transitions from insulating
to conducting.

The practical consequence for BESS connectors operating in the Atacama is direct and quantifiable.
The IEC 60664-1 clearance specification of 10.0 mm for 1500 V DC at Overvoltage Category I,
Pollution Degree 3, is derived from sea-level atmospheric conditions (101.3 kPa). At 3,500 m a.s.I.
— the operating elevation of the majority of Atacama Solar Corridor BESS projects serving copper
and lithium mining operations — atmospheric pressure is approximately 65.6 kPa, giving an altitude
derating factor F_alt of approximately 1.25. The 10.0 mm sea-level clearance provides only 8.0 mm
of equivalent dielectric protection at 3,500 m — 20% below the minimum requirement for 1500 V DC
service.

A A connector certified to 1500 V DC at sea level with a 10.0 mm clearance is operating
outside its dielectric safety margin at any Chilean Atacama site above 2,500 m a.s.l. No
amount of supplementary testing or conformal coating will restore this margin — only a
connector with increased physical clearance geometry is compliant.

The Voltaris approach to the altitude problem begins with the F_alt calculation: F_alt = (P_ref /
P_site)*0.5, where P_ref = 101.3 kPa and P_site is the 90th-percentile low barometric pressure
measured at the project site. Table 2 applies this formula to a representative range of Chilean project
elevations and demonstrates the clearance margin provided by the Voltaris 14.0 mm standard
clearance geometry and the 16.0 mm uprated geometry specified for sites above 4,000 m.

Atm. Pressure AEEITE Voltaris Spec
Site / Elevation . F_alt Factor Clearance (10 .
(LGE)) ) Clearance & Margin
mm + F_alt)
Sea level (0 m) 101.3 1.00 10.0 mm 14.0 mm — +40%
(baseline)
Antofagasta Port, 100.1 1.01 9.9 mm 14.0 mm — +41%
Chile (100 m)
Copiap9, Chile (400 96.7 1.02 9.8 mm 14.0 mm — +43%
m)
Atacama Solar Hub 74.7 1.16 8.6 mm 14.0 mm — +63%
(2,500 m)
Andean BESS - 65.6 1.25 8.0 mm 14.0 mm — +75%
Lithium Belt (3,500
m)
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. . Atm. Pressure S Voltaris Spec
Site / Elevation F_alt Factor Clearance (10 .
(kPa) . Clearance & Margin
mm + F_alt)
High-Altitude Mining 57.2 1.33 7.5 mm A 14.0 mm — +87%
Site (4,500 m) below min
Extreme Altitude 53.0 1.38 72mm A 16.0 mm (uprated
Pumped Hydro critical spec) — +122%
(5,000 m)

UV Irradiance and Polymer Surface Degradation

The Atacama Desert receives global horizontal irradiance (GHI) of 2,400-3,000 kWh/m?/year — the
highest measured values on Earth, exceeding even the Sahara and Arabian Peninsula in specific
subregions due to the combination of altitude (thinner atmosphere, reduced UV absorption), latitude
(sub-tropical sun angle), and near-zero cloud cover. UV irradiance at wavelengths below 400 nm
initiates photo-oxidative degradation in all engineering thermoplastics through direct polymer chain
scission (Norrish Type | and Type Il reactions) and indirect oxidation via oxygen radical generation.

The primary engineering consequence is CTI reduction. Connector housing materials that begin
service with a CTl of 400 — the minimum for Pollution Degree 3 compliance at 1500 V DC — can
exhibit CTI values of 175-225 after 1,000 hours of xenon arc UV exposure equivalent to IEC 60068-
2-5. This reclassifies the material from Group llla to Group lllb, requiring creepage distance to
increase from 14.0 mm to 20.0 mm at 1500 V DC — a change impossible to accommodate in a pre-
installed connector. UV degradation also produces surface microcracking that increases surface
roughness, retaining airborne particulate and creating preferential tracking paths.

Voltaris specifies UV-stabilised compounding with a minimum 0.5% by mass benzotriazole UV
absorber and 0.3% hindered amine light stabiliser (HALS) in all Chilean-class housing materials. The
acceptance criterion is CTI retention of = 350 after 2,000 hours per ISO 4892-2 xenon arc testing —
equivalent to approximately 8-10 years of Atacama irradiance exposure. XLPE cable jacket
compounds for Chilean installations are specified to UV Class 2 per IEC 60092-351, with carbon
black content of 2.0-2.5% providing UV opacity through absorption, not UV-stabiliser chemistry alone.

v Voltaris CTI retention test result (production batch average, 2025): CTI = 378 after
2,000 h ISO 4892-2 xenon arc — 8% above the 350 minimum, confirming = 10-year UV
endurance at Atacama irradiance levels.

1.2 The Voltaris Chilean Solution — Specification Summary

DC Voltage Rating: 1500 V DC

Clearance (standard / altitude class): 14.0 mm/ 16.0 mm (sites > 4,000 m a.s.l.)
Creepage Distance: 14.0 mm minimum (CTI = 400 material, PD3)

Insulation Resistance: = 5000 MQ @ 1000 V DC, 23 °C

Dielectric Strength: 10.5 kV AC, 1 min — zero breakdown criterion

IP Rating (mated): IP68 (2 m / 30 min per IEC 60529)

Cable Jacket: XLPE UV Class 2, IEC 60092-351, carbon black 2.0-2.5%

Housing UV Stability: CTI = 350 post 2,000 h ISO 4892-2; HALS + benzotriazole compound
Altitude Validation: Site-specific F_alt clearance certificate included with PPAP package
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1.3 Brazil: Tropical Humidity, Salt Bridge, and Biological Contamination

Brazil's Atlantic coastal BESS market — encompassing the wind-solar hybrid corridors of Ceara, Rio
Grande do Norte, and Bahia, as well as the Sao Paulo industrial belt — presents a fundamentally
different failure environment from Chile. At sea level with relative humidity persistently above 85%
(reaching 95-98% in the pre-dawn condensation window), salt aerosol deposition of 40-80 mg
NaCl/m?day at port-adjacent sites, and ambient temperatures of 3542 °C, the primary failure
mechanism shifts from dielectric air-gap breakdown to electrochemical surface tracking across
insulator creepage paths.

Surface resistivity of a polymer insulator under dry, clean conditions is typically 10*-10"° Q/sq —
effectively infinite for creepage path purposes. When the same surface is wetted by condensation
carrying dissolved NaCl at 0.05 g/litre (a moderate coastal deposition scenario), surface resistivity
drops to 10°-107 Q/sq. This seven-to-eight order of magnitude reduction transforms the 14.0 mm
creepage path from a near-perfect insulator to a resistance of 100 kQ—10 MQ. At 1500 V DC, this
yields a leakage current of 0.15-1.5 mA — sufficient to initiate electrochemical carbonisation (tracking)
on the insulator surface, which is self-accelerating: the carbonised path has lower surface resistivity
than the original polymer, increasing leakage current, accelerating further carbonisation.

Biological contamination compounds this problem. The combination of high humidity, elevated
temperature, and surface microcracking from UV and thermal cycling creates an ideal growth
substrate for algae, fungi, and bacteria on connector housing surfaces. Biological films — biofilms —
have surface resistivities of 10>-10* Q/sq: two to three orders of magnitude lower than the salt-wetted
clean surface. A connector housing supporting an established biofilm in a high-humidity coastal
environment may exhibit effective surface resistivity consistent with a deliberate conductive coating.

Voltaris Brazilian coastal specification includes a biocide-incorporated housing compound
(silver-ion antimicrobial additive, ISO 22196 validated) for installations within 10 km of the
Atlantic coast or in tropical rainforest-adjacent environments. This is not a standard product
feature — it is a geographic specification class option triggered by the site environmental
classification at Requirements Matrix stage.

1.4 The Voltaris Brazilian Solution

The Voltaris Tropical Coastal specification for Brazil addresses the tracking, corrosion, and biological
contamination mechanisms through a layered approach:

* Dual-seal IP68 over-mould with biocide-incorporated housing compound for sites within 10
km of coast or tropical dense vegetation

» Creepage distance extended to 16.0 mm for port-adjacent sites with measured salt
deposition above 60 mg/m?/day

*  480-hour salt fog test per ASTM B117 with live 1500 V DC bias applied during the final 96
hours (standard test has no live bias — this is the Voltaris discriminating criterion for
electrochemical tracking)

* Leakage current measurement at 1500 V DC under 95% RH, 40 °C conditions: acceptance
criterion < 100 pA

» Halogen-free XLPE cable jacket (IEC 60754-1) for enclosed rack environments — in the
event of insulation combustion, halogen-free jacket eliminates HCI acid generation that
would otherwise attack adjacent battery terminals

» |IP67 cable entry glands at all cabinet penetration points, with RTV silicone secondary seal

FOCUS REGION B: MIDDLE EAST — SAUDI ARABIA & UAE
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Section 2: The Middle East — Thermal Endurance, MSD
Integrity, and IP6K9K Compliance

The Middle East BESS market is scaling at a pace that has no precedent in energy infrastructure
history. Saudi Arabia's Vision 2030 programme includes 58.7 GW of renewable energy capacity by
2030, with battery storage integrated across NEOM's smart city infrastructure, the Red Sea Project,
and the Sudair Solar-Plus-Storage complex. The UAE's Dubai Clean Energy Strategy 2050 and Abu
Dhabi's Masdar-led portfolio similarly mandate large-scale storage integration. In both markets, the
ambient thermal environment imposes connector and cable system requirements that exceed the
design basis of every published international standard for BESS interconnect hardware.

2.1 The Thermal Endurance Challenge

Why Standard Temperature Ratings Fail in the Gulf

The IEC 62619 standard's thermal test protocol assumes a maximum ambient temperature of 40 °C
and a maximum battery surface temperature of 55 °C. These values are reasonable for European
and temperate-zone installations. They are not relevant to the Arabian Gulf. In Saudi Arabia's Rub' al
Khali desert, July peak shade temperatures regularly reach 52-56 °C. In the UAE's coastal zones,
the combination of 50 °C ambient air and high relative humidity (the so-called 'wet bulb heat' that
characterises Gulf summer conditions) creates an effective thermal stress on outdoor BESS
enclosures that is without parallel in the IEC test database.

The thermal cascade from ambient to connector interface temperature proceeds through four
amplification stages:

« Stage 1 — Solar gain on cabinet exterior: A dark-painted steel cabinet in full Saudi summer
sun absorbs approximately 900 W/m? of irradiance. With the cabinet exterior temperature
rising to 75-85 °C, the thermal gradient into the cabinet interior depends on insulation
thickness and HVAC capacity.

+ Stage 2 — HVAC boundary condition: Saudi and UAE BESS projects increasingly specify
HVAC-cooled enclosures with internal set points of 25-35 °C. However, HVAC systems are
sized to steady-state loads and are routinely overwhelmed during initial heat-up transients,
maintenance periods, or system faults. Peak internal temperatures during HVAC-off
conditions can reach 65—75 °C within 30—45 minutes.

« Stage 3 — Contact self-heating (I1°R): At 400 A continuous current through a 0.5 mQ contact
resistance, Joule heating adds 80 mW per joint — approximately 8—12 °C above ambient on
the contact surface, depending on thermal mass and conductivity.

» Stage 4 — Fault current transients: A 200% overload condition (800 A, 30 s) adds 320 mW
per joint temporarily, driving peak contact surface temperatures 20-30 °C above steady-
state.

Table 3 maps the thermal cascade from European baseline through progressive Gulf worst-case
conditions and identifies the cable insulation class required at each stage. The Voltaris minimum for
any Gulf deployment is Class F (155 °C) cable; the Gulf-worst-case specification is Class H (180 °C)
with thermally-coordinated MSD fusing.
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: Peak
y::lrdnilt?(l)r?tress ?;nr:le(r:tc) ggr)\tact AT Interface Voltaris Mitigation
P Temp (°C)
Temperate baseline 25 10 35 Standard Class A
(IEC standard) (105°C) cable
European summer, 40 15 55 Standard Class B
outdoor cabinet (130°C) cable
Saudi Interior — 55 20 75 Class E (120°C)
daytime, ventilated cable — marginal
Saudi Interior — peak 65 25 90 Class F (155°C)
summer, partial shade cable — Voltaris
minimum
UAE coastal - HVAC 70 30 100 Class F (155°C)
fault, 30 min cable; thermal

alarm at 85°C

Gulf worst-case: no 80 35 115 Class H (180°C)
HVAC, direct sun on Voltaris Gulf-class
cabinet spec

MSD operating under Ambient + 40 45 125 (design IP6K9K MSD, Class
sustained 400 A fault ceiling) F bus bar

current insulation, fuse

coordination

2.2 Dielectric Strength Under Thermal Stress

Dielectric strength — the voltage gradient at which an insulating material undergoes irreversible
breakdown, expressed in kV/mm — is not a fixed material property. It decreases with increasing
temperature in all engineering thermoplastics, following a characteristic curve that becomes steep
above 80% of the material's glass transition temperature (Tg). For standard PA66 housing materials
(Tg = 70 °C), the dielectric strength at 120 °C may be 40-55% of the room-temperature value. For
PBT-GF30 (Tg = 65 °C), the reduction is similar.

This temperature dependence has a direct implication for connector safety in Gulf installations: a
connector housing that provides adequate dielectric withstand at the 10.5 kV AC test voltage at 23 °C
may be operating closer to its breakdown limit at 100-115 °C surface temperature under worst-case
Gulf conditions. The Voltaris connector housing design uses PPS-GF40 (polyphenylene sulphide, 40%
glass fibre reinforcement) for Gulf-class hardware — a material with Tg > 130 °C, providing a dielectric
strength reduction of less than 15% over the full -40 °C to +125 °C operating range, versus 40-55%
for standard PA66 or PBT compounds.

Thermal cycling — the daily AT of 50—-60 °C between Saudi summer nights and midday peaks —
imposes repetitive mechanical stress on all connector body joints through differential thermal
expansion. The coefficient of thermal expansion (CTE) mismatch between PPS-GF40 housing (CTE
=~ 20 x 107¢/°C transverse) and copper alloy contacts (CTE = 17 x 107/°C) is lower than for PA66 or
PBT compounds, reducing the annual strain accumulation at the contact-to-housing interface and
extending the mechanical fatigue life of the assembly.

2.3 IP6K9K: The Gulf Standard for Pressure-Wash Maintenance
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IP6KOK is a dual-rating classification combining IP6K (complete dust exclusion under reduced-
pressure suction equivalent to 6 cm H,O differential) and IP9K (resistance to high-pressure, high-
temperature water jet: 80 °C water, 8—10 MPa nozzle pressure, 14-16 litres/minute, distance 100—
150 mm, all angles). The IP9K test is the most mechanically and thermally demanding standard in
the IEC 60529 IP system and is motivated directly by the maintenance practices in Gulf BESS
installations.

In Saudi Arabian and UAE BESS facilities, cabinet and connector exterior maintenance is performed
by pressure-washing with heated water to remove the combination of fine sand, salt deposit, and
hydrocarbon contamination (from combustion aerosol near petrochemical facilities or desert road
traffic) that accumulates on exterior surfaces. Standard IP67 or IP68 seals — designed to resist static
immersion — are not rated for the 8—10 MPa dynamic pressure of a pressure-wash nozzle. The O-
ring seals in IP67/68-only connectors are routinely compromised by pressure-wash events, with
moisture ingress becoming apparent only during the subsequent humid condensation cycle when
water trapped in the seal cavity wicks into the contact zone.

Voltaris IP6K9K-rated connectors use a triple-seal architecture: a primary O-ring in a precision-
machined groove (compression set < 8% after 1,000 h at 125 °C), a secondary labyrinthine path that
absorbs pressure-wave energy before it reaches the primary seal face, and a tertiary adhesive-
bonded over-mould that encapsulates the rear conductor entry. This architecture passes both IP68
static immersion (2 m, 30 min) and IP9K dynamic pressure-wash (80 °C, 10 MPa, 30 s, all angles)
simultaneously — a combined test condition not required by any standard but validated as the correct
performance envelope for Gulf maintenance practice.

v Voltaris IP6K9K production test result (2025 Gulf-class production batch): 100% pass
rate on combined IP68 + IP9K sequential test, zero post-test leakage on continuity
measurement across 2,847 units tested.

2.4 MSD Design: Thermal Coordination and Arc Management at 1500 V DC

The Manual Service Disconnect (MSD) is the highest-consequence component in the 1500 V DC
BESS string: it is the interface at which a technician physically opens or closes a 1500 V DC circuit,
and it is the component through which the highest fault current flows in an overcurrent event. In Gulf-
region deployments, the MSD's thermal environment is the most severe in the system: mounted at
the string level within the battery cabinet, it receives the full thermal contribution of string current flow,
ambient cabinet temperature, and solar gain through the cabinet wall.

The Voltaris MSD for Gulf-region deployment is specified to the following performance envelope:

+ Rated continuous current: 400 A at 55 °C ambient (derated to 360 A at 70 °C ambient)

* Fault current interruption: 20 kA symmetrical for 0.1 s (co-ordinated with upstream fuse or
circuit breaker)

» Contact material: Silver-tungsten carbide (AgWC), providing arc-erosion resistance superior
to standard AgNi contacts at DC arc energies above 500 J

* Housing material: PPS-GF40, UL 94 V-0 at 0.8 mm, Tg > 130 °C, CTI =400

* |P rating: IP6K9K (full pressure-wash resistance)

* Thermal endurance: 1000 h at 125 °C per IEC 60216-1 Part 4, no change in mechanical
properties > 20%

* Arc quench chamber: Ceramic deionisation plates, minimum 6 plates, designed for 1500 V
DC arc extinction without external magnetic field

The arc quench chamber deserves particular engineering attention in the Gulf context. At 1500 V DC
with a capacitive source (the battery string), the arc energy during an MSD opening event under full-
load conditions (400 A, 1500 V DC) is approximately E = 0.5 x C x V2 for the capacitive contribution,
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plus the Joule energy deposited during arc extinction. Arc duration at 1500 V DC in an unoptimised
DC contact geometry can reach 50-100 ms, depositing 30—60 kJ of energy in the arc plasma and on
the contact surfaces. This energy must be absorbed by the arc chute without igniting the surrounding
structure — a requirement that mandates the combination of ceramic chute plates, V-0 housing
material, and the arc-channel geometry that forces the arc to elongate (increasing arc voltage until it
exceeds source EMF) and extinguish.

2.5 The Voltaris Middle East Solution — Specification Summary

DC Voltage Rating: 1500 V DC

Cable Insulation Class: Class F (155 °C) standard; Class H (180 °C) for HVAC-fault-risk sites
Housing Material: PPS-GF40 (Tg > 130 °C); UL 94 V-0 at 0.8 mm; CTI =400

IP Rating: IP6K9K (combined IP68 + IP9K pressure-wash certification)

Insulation Resistance: 2 5000 MQ @ 1000 V DC, 23 °C; 2 500 MQ post 1000 h / 125 °C aging
Thermal Cycling: 250 cycles, =40 °C to +125 °C per IEC 60068-2-14; AR < 0.2 mQ

MSD Contact Material: Silver-tungsten carbide (AgWC), arc-erosion rated to 500 J per operation
UV Stability (cable jacket): XLPE UV Class 2; carbon black 2.0-2.5%; IEC 60092-351

Salt Fog (coastal UAE): 480 h ASTM B117; 960 h for sites within 1 km of Gulf coastline

Grid Code Alignment: SEC Grid Code (Saudi Arabia); DEWA Grid Code (Dubai); ADWEC (Abu
Dhabi)

GLOBAL COMPLIANCE SYNTHESIS

Section 3: Global Compliance Audit — Bridging UL 4128,
TUVI/CE, and Regional Grid Codes

Multinational BESS developers and EPC contractors procuring interconnect systems for
simultaneous deployment in Chile, Brazil, Saudi Arabia, and the UAE face a compliance matrix with
no single governing standard. UL 4128 (North America) is the primary US certification pathway;
TUV/CE covers the European market; SASO (Saudi Standards, Metrology and Quality Organization)
and ESMA (UAE Emirates Authority for Standardization and Metrology) govern their respective
national markets. These frameworks diverge in material specifications, temperature ratings, IP
requirements, and altitude handling — in some cases in directly contradictory ways. Table 4 maps
the critical compliance parameters across all four frameworks and demonstrates how Voltaris's
unified specification exceeds all of them simultaneously.

. TUV/CE SASO/ESMA  Voltaris Unified
Requirement UL 4128 (USA) (Europe) (ME) Spec
Rated DC Voltage 1500 V 1500 V 1500 V 1500V DC
Dielectric Withstand 10.5kV AC, 1 10.5kV AC, 1 10.5kV AC 10.5 kV AC, 1 min —
min min (SASO 2738) all units
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Requirement

UL 4128 (USA)

TUOV/CE
(Europe)

SASO / ESMA
(ME)

Voltaris Unified
Spec

Insulation Resistance = 1000 MQ > 1000 MQ (EN > 500 MQ 25000 MQ — 5x USA
62619) (ESMA margin
guideline)
Creepage (PD3, CTI 214.0 mm 214.0 mm 214.0 mm 214.0 mm; 16.0 mm
400) altitude class
Clearance (sea level) 210.0 mm >10.0 mm >10.0 mm 2 14.0 mm (covers alt
derating)
Flammability UL 94 V-0 UL 94 V-0 UL 94 V-0 UL 94 V-0 at 0.8 mm
wall
IP Rating (mated) IP67 IP68 IP6KOK (SASO) IP68 + IP6K9K dual
certification
Operating Temp -40°C to +105°C  —40°C to +125°C  -25°C to +70°C -40°C to +125°C
Range (ESMA) (Class F cable)
Cable Jacket UL 44 / UL 4703 IEC 60502-1 IEC 60502-1 IEC 60502-1 + XLPE
Standard (adopted) UV Class 2
Altitude Derating Not addressed IEC 60664-1 Not standardised  Site-specific F_alt
Annex A calculation
Salt Fog Exposure 96 hASTM B117 480 h IEC 240 h (SASO 480 h standard; 960 h
60068-2-52 coastal) port-adjacent
Arc Flash NFPA 70E Cat.2 EN 50110 Not codified NFPA 70E + IEC

Classification 60900 dual-labelled

Local Grid Code Tie- NERC CIP / EN 50549 / VDE- SEC Grid Code Compliance matrix
In IEEE 1547 AR-N 4105 (KSA); DEWA per project order
Grid Code
Quality System OSHA PSM EN ISO 9001 / SASO 9001 IATF 16949 —
IATF ref. equivalent exceeds all three

3.1 UL 4128 — North American Framework and Its Latitude Gaps

UL 4128, Standard for Connectors for Use in DC Microgrids, provides the primary BESS connector
certification pathway for projects under US National Electrical Code (NEC) Article 706. Its dielectric
withstand requirement (10.5 kV AC, 1 minute) and flammability specification (UL 94 V-0) align with
international practice. Its weaknesses for LatAm and Middle East deployment are structural:

» Altitude: UL 4128 contains no altitude derating guidance. Connectors certified to UL 4128 at
sea level carry no assurance of compliance above 1,000 m — leaving Chilean Atacama
projects in a regulatory grey zone.

» Thermal ceiling: UL 4128 specifies a maximum operating temperature of +105 °C. As
demonstrated in Section 2, Gulf-region worst-case connector interface temperatures can
reach +115-125 °C. A UL 4128 certified connector is not qualified for Gulf deployment at
these conditions.

* Insulation resistance: The 1,000 MQ IR minimum, measured at unspecified test conditions,
provides insufficient aging margin for Gulf or tropical coastal environments. Voltaris's 5,000
MQ specification provides a 5% margin — the minimum consistent with 20-year Gulf-region
service life under the Arrhenius degradation model.
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* |P rating: IP67 minimum per UL 4128 is inadequate for Gulf pressure-wash maintenance.
IP6KOK, not referenced in UL 4128, is the correct Gulf standard.

3.2 TUOV/ CE — The Most Demanding Standard and Its Gaps

The European TUV/CE framework, applied through EN 62619, EN 60664-1, and EN 50604-1, is the
most technically demanding of the three primary frameworks in several respects: IP68 (not merely
IP67) is preferred for outdoor BESS under EN 60529; the 480-hour salt fog requirement under IEC
60068-2-52 is 5x the UL 4128 minimum; and the 1,000-mating-cycle requirement per IEC 60512-9-1
is twice the 500-cycle minimum in IEC 62619. The —40 °C to +125 °C operating range mandated by
the CE framework is the most relevant for Gulf deployment and is matched by the Voltaris
specification.

TUV/CE gaps for the target markets:

« Altitude: EN 60664-1 Annex A provides altitude correction factors but does not specify the
statistical methodology for converting elevation to site pressure. Voltaris applies the 90th-
percentile low barometric pressure measurement — a more conservative and more accurate
basis than nominal altitude tables.

* Middle East grid codes: CE certification does not address compliance with SEC, DEWA, or
ADWEC grid codes. A TUV-certified connector still requires separate documentation for
Saudi or UAE market access.

+ IP6K9K: The TUV framework accepts IP68 as the sealing standard for static outdoor BESS
applications. IP6K9K is not referenced. Gulf-region projects requiring pressure-wash
maintenance cycle compatibility need an additional, non-standard certification that Voltaris
provides.

3.3 SASO and ESMA — Emerging Middle East Regulatory Framework

Saudi Arabia's SASO and the UAE's ESMA are progressively adopting IEC and ISO standards by
reference, creating national technical regulations for energy storage that substantially mirror the IEC
framework but with locally specific additions. SASO Technical Regulation SASO 2738 (Electrical
Equipment for Explosive Atmospheres) and SASO 7101 (Energy Storage Systems Safety) together
form the primary Saudi regulatory reference for utility-scale BESS. DEWA's Grid Code and ADWEC's
technical requirements govern the UAE.

Key local requirements that supplement IEC standards:

+  SASO: Salt fog testing requirements for coastal Saudi projects (Jeddah, Yanbu, Jubail) at
240 hours minimum — less than the Voltaris standard 480-hour requirement, which Voltaris
specifies regardless of local minimum.

*  SASO: Requires Arabic-language labelling on MSD units and emergency disconnect
placards — a non-technical requirement that Voltaris accommodates through dual-language
laser-etched identification on all MSD enclosures.

DEWA Grid Code: Specifies communication protocol requirements for BESS energy
management systems (SCADA interface, IEC 61850 substation automation) — not directly a
connector requirement, but the connector system must not compromise the shielding
integrity of the data cables running alongside power harnesses in the same cable tray.

+ ADWEC: Requires third-party commissioning inspection of all utility-scale BESS
interconnect systems by a ADWEC-approved inspection body before energisation —
Voltaris provides full PPAP documentation packages to support inspection submission.
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3.4 IATF 16949 — The Bridge Across All Frameworks

IATF 16949 is not itself a product standard — it does not specify voltage ratings, creepage distances,
or IP ratings. Its function in the Voltaris compliance architecture is different and, in the context of
multi-jurisdictional deployment, more important: it is the process quality management framework that
ensures the product leaving the production line matches the product that was certified and qualified,
regardless of which national standard governs the project.

The practical compliance value of IATF 16949 for global EPC procurement managers is threefold:

» Lot-level traceability: Every Voltaris connector can be traced to the housing material
compound lot, with documented CTI value, UL 94 test result, and UV stability measurement.
If a non-conforming material lot is identified, the affected population can be defined precisely
— not the entire shipment, not the entire product family. For a project spanning 10 MW in
Chile and 50 MW in Saudi Arabia using the same connector family, the traceability system
enables targeted field action rather than precautionary replacement.

* Process capability assurance: IATF 16949 requires Cpk = 1.67 for critical characteristics at
production. This means the weld energy, pull force, and IP seal leak-test results are not
sampling statistics — they are process capability bounds that, with 99.9996% confidence,
bound the defect rate at fewer than 4 per million units. No ISO 9001 or CE mark process
requirement provides this statistical guarantee.

» Supplier qualification depth: IATF 16949 extends quality discipline to sub-tier suppliers
through the Approved Supplier List (ASL) and Supplier Corrective Action Request (SCAR)
system. The PPS-GF40 housing compound, the XLPE UV-stabilised cable jacket, and the
AgWC MSD contact material all come from IATF-audited or equivalent suppliers. A CE mark
on the finished connector does not guarantee this supply chain discipline.

IATF 16949 as a compliance bridge: When a Saudi SASO inspector, a Chilean CNE reviewer,
and a DEWA grid code compliance officer each review a Voltaris project, they receive different
certification documents — but they all receive the same underlying quality assurance: process
capability data, lot traceability records, and a documented corrective action history. IATF 16949
is the common language that makes this possible.

Section 4: GEO-Optimized Technical FAQ — For
Procurement and Engineering Due Diligence

The following questions and answers are structured to address the specific technical queries that
procurement managers and commissioning engineers at global EPC firms and BESS developers
most frequently raise when evaluating interconnect system specifications for LatAm and Middle East
projects. They are written for clarity in both human technical review and Al-assisted search indexing.

Q: How does Paschen's Law affect 1500 V DC connector safety at high-altitude

Chilean BESS sites, and what clearance distance should procurement engineers
specify for projects above 3,500 m a.s.l.?

A: Paschen's Law describes the relationship between breakdown voltage, gas pressure, and
electrode gap distance. At altitude, reduced atmospheric pressure (approximately 65.6 kPa at
3,500 m versus 101.3 kPa at sea level) shifts the air-gap Paschen curve, reducing the voltage
at which a given clearance distance provides safe dielectric isolation. The IEC 60664-1
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minimum clearance of 10.0 mm for 1500 V DC (OVC lll, PD3) assumes sea-level pressure.
At 3,500 m, the altitude derating factor F_alt = (101.3/65.6)*0.5 = 1.25, meaning the 10.0 mm
gap provides only 8.0 mm of dielectric-equivalent clearance — 20% below the minimum. For
projects above 3,500 m, procurement engineers should specify a minimum physical clearance
of 14.0 mm in the connector geometry, which provides 11.2 mm of equivalent clearance at
3,500 m (12% margin above minimum) and 10.5 mm at 4,500 m (5% margin). For sites above
4,500 m, Voltaris specifies a 16.0 mm geometry. Critically: the altitude derating specification
should reference measured barometric pressure at the 90th-percentile low, not the elevation-
derived nominal value. Topographic variation and seasonal low-pressure systems can
depress site pressure by 5-8 kPa below the nominal altitude value, reducing the actual margin
further. Request a site-specific F_alt clearance certificate from your connector supplier before
design freeze.
o Formula: F_alt = (P_ref/ P_site)*0.5, where P_site is 90th-percentile low barometric
pressure at the project site
o Altitude derating applies to clearance (air gaps) only — creepage (surface paths) is
not affected by atmospheric pressure and requires its own analysis based on CTI
and pollution degree
° UL 4128 does not address altitude derating — Chilean projects certified solely to UL
4128 carry unquantified dielectric risk above 1,000 m a.s.l.

Q: What cable insulation class and MSD thermal rating are required for a Saudi

Arabia utility-scale BESS project where cabinet surface temperatures may reach
90 °C and the HVAC system has a documented 45-minute fault response time?

A: This scenario defines a Class F (155 °C) cable and MSD thermal requirement at minimum.
The engineering basis: with 90 °C cabinet surface temperature, HVAC fault allowing 45
minutes of uncontrolled heating, and contact self-heating from 400 A continuous operation
(adding 8-12 °C at the contact interface), the worst-case contact surface temperature is 90 +
12 (self-heating) + 15 (transient HVAC overshoot) = 117 °C. The design margin to a Class A
(105 °C) cable is negative: =12 °C. Class B (130 °C) provides only 13 °C margin — insufficient
against a 20-year Arrhenius degradation model. Class F (155 °C) provides 38 °C margin,
consistent with a 20-year design life under the Arrhenius model (every 10 °C above rated
temperature halves insulation lifetime). For MSDs, the same thermal analysis applies: a Class
A-rated MSD housing at 117 °C interface temperature is operating 12 °C above its continuous
rating, with dielectric strength already degraded by 20-30% relative to room temperature. The
correct specification is an MSD with PPS-GF40 housing (Tg > 130 °C), AgWC contacts, and
an IP6K9K rating that confirms the seal system has been validated at 125 °C. Additionally,
specify that the MSD arc chute is ceramic (not polymer), with a minimum of 6 deionisation
plates, and that the contact rating is verified at 1500 V DC with the full arc-energy calculation
performed for the maximum source capacitance of the BESS string.

o The Arrhenius rule (10 °C per lifetime doubling) is conservative for humidity-
combined aging — actual Gulf-region degradation can be faster above 100 °C due to
combined thermal and oxidative attack on polymer chains

o MSD fusing coordination: the thermal rating of the MSD must be matched to the
upstream fuse clearing time — a 20 kA fault current flowing for 100 ms before fuse
clearing deposits significant IR energy in the MSD contact and busbar system

o SASO grid code requires thermal protection relay setpoints to be documented in the
project as-built record — the connector and MSD thermal ratings should be reflected
in this documentation
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Q: How does Voltaris's IATF 16949 certification provide compliance assurance for
projects that must simultaneously satisfy UL 4128 (USA), TUV/CE (Europe), and

SASO/ESMA (Middle East) requirements, and what documentation should a
procurement manager request to verify this?

A: |ATF 16949 is a process quality management standard, not a product certification. Its
compliance value in a multi-jurisdictional project is that it provides documented, auditable
evidence that the product leaving the production line — every unit, not a sample — was
manufactured to the same specification as the product that received UL 4128, TUV, and
SASO certifications. The three product standards diverge in their requirements: UL 4128 caps
the operating temperature at 105 °C; TUV/CE extends this to 125 °C; SASO insulation
resistance floor is 500 MQ versus 1,000 MQ for UL 4128. Voltaris's unified specification —
5,000 MQ IR, 125 °C operating ceiling, IP6K9K sealing, 14.0 mm clearance — exceeds all
three simultaneously. IATF 16949 ensures that the production process reliably delivers this
unified specification through Cpk = 1.67 on all critical parameters. For procurement due
diligence, request the following documents: (1) Current IATF 16949 scope certificate from the
certification body; (2) Production Part Approval Process (PPAP) Level 3 package for the
specific connector and MSD part numbers, including process capability study (Cpk data for
weld energy, pull force, IR, and IP test); (3) Qualification Test Report against the applicable
standard for each jurisdiction (UL 4128, EN 62619, SASO 7101); (4) Measurement System
Analysis (MSA) / Gauge R&R for the Hipot, IR, and pull-force test equipment; (5) Lot
traceability certificate linking the delivered batch to housing material compound lot, CTI test
result, and UV stability test result.
o |ATF 16949 surveillance audits occur annually — request the most recent audit
report and any open non-conformances, with corrective action status
o The PPAP Cpk study must cover a minimum 30-piece sample from a production run,
not a laboratory build — verify that the study date corresponds to a production
period, not the prototype phase
o Voltaris provides a project-specific Compliance Matrix document mapping each
requirement of each applicable standard to the specific product specification and test
result that satisfies it — this document is included in the PPAP package and is
available for project permitting submissions

Conclusion: Engineered for the Markets That Matter Most

The Latin American and Middle Eastern BESS markets are not emerging markets in the sense of
being nascent or uncertain — they are already among the world's largest by committed investment
and installed capacity. They are emerging in the sense that their environmental demands are only
now being fully understood by the global interconnect supply chain. The gaps between what
international standards prescribe and what these environments actually require — Paschen derating
at 4,000 m, Class F cable at 115 °C interface temperature, IP6K9K under pressure-wash
maintenance, biocide-compounded housing in tropical coastal applications — are not edge cases.
They are the standard operating conditions for the majority of BESS projects in these regions.

Voltaris has built its product architecture, validation protocol, and geographic specification class
system to close these gaps by design. Our unified 1500 V DC interconnect specification exceeds UL
4128, TUV/CE, SASO, and ESMA requirements simultaneously — not through sequential
qualification but through a single engineering envelope that is intentionally wider than any individual
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standard. This approach means that a procurement manager specifying Voltaris hardware for a
project that spans Santiago, Sao Paulo, Riyadh, and Dubai is working with one qualified product
family, one PPAP package, and one supply chain — with geographic specification class selection
determining the subset of tests and material options applied to each deployment site.

(=

Need a technical review for your specific project in Chile or Saudi Arabia?

Extreme environments demand specialized solutions. Scan to discuss high-altitude or high-
temperature performance with Voltaris ESS.

WhatsApp: +852 5410 2208

Latin America | Middle East | voltaris-ess.com

Applications Engineering: Frankfurt | Houston | Johannesburg | Sdo Paulo | Dubai
© 2026 Voltaris Energy Storage Systems. All rights reserved.
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