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Background

* |n the 2019 edition of NFPA 59A (NFPA 59A-2019), a full-containment tank system, as
defined in Section 3.3.5.4.2 and the Annex, consists of a secondary container designed to
contain spilled LNG from the inner container which can be constructed of either metal or
pre-stressed concrete.

* PHMSA's current regulations require that if the outer wall is used as a dike serving as a
storage tank impounding system, then it must be constructed of concrete (49 C.F.R. §
193.2161).

Research Objectives

 Determine whether a metal secondary container provides an adequate level of safety and
operational integrity comparable to that of an alternative secondary container constructed of
concrete.

* External impacts including overpressure, projectiles (VCE and windborne), and radiant heat
effects.

* Internal impact to include thermal shock due to inner tank leak.
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Project Activities and Methodology

* Literature Review

* Review of Previous Projects

* |dentification of Typical Tank Designs
* Loads from Previous LNG Projects

* Development of Performance Criteria — Structural Integrity and Leak Tightness of External
Tank

* Non-linear FE Analysis to check response against fire, blast, projectile, and thermal shock load
cases

* Acceptance criteria based on strength and plastic strain limits
* Fire and Blast Fragility Analysis
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LNG Tank Database

Single

Import

Caribbean

9% Ni St.

Carbon Steel

Unanchored

APl 620

No

1

2 Single Liquefaction Asia 9% Ni St. Carbon Steel Anchored API 620 No
3 Single Liquefaction Oceania 9% Ni St. Carbon Steel Anchored APl 620 No
4 Full Gas-to-Power |Asia 9% Ni St. 9% Ni Steel Anchored API 620 No
5 Full Receiving Asia Stainless St.| Stainless Steel | Anchored APl 620 No
6 Full Receiving Asia 9% Ni St. 9% Ni Steel | Unanchored EN 14620 No
7 Full Receiving Asia 9% Ni St. 9% Ni Steel | Unanchored EN 14620 No
8 Full Liquefaction Asia 9% Ni St. Conc. Wall Unanchored | APl 620/ BS 8110 |Yes
9 Full Liquefaction Asia 9% Ni St. Conc. Wall Unanchored | APl 620 / EN 14620 |Yes
10 Full Liquefaction N. America 9% Ni St. Conc. Wall Unanchored | APl 620/ ACI 376 |Yes
11 Full Liquefaction N. America 9% Ni St. | Conc. Wall/Roof | Unanchored | API 620 / ACI 376 |Yes
12 Full Export N. America 9% Ni St. | Conc. Wall/Roof | Unanchored | API 620/ ACI 376 |Yes
13 Full Import Asia 9% Ni St. | Conc. Wall/Roof | Unanchored EN 14620 Yes
14 Full Peakshaving |Asia 9% Ni St. [ Conc. Wall/Roof| Anchored EN 14620 Yes
15 Full Import N. America 9% Ni St. | Conc. Wall/Roof | Unanchored APl 620 Yes
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Fire, Blast and Projectile Loads

* Blast and fire loads depend on facility
Size and separation

* Design fire scenarios were typically on
the order of 32 kW/m? heat flux with a
duration of 2 hours

* Design projectile was typically
considered as a valve
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Summary and Preliminary Findings

* We developed a full containment steel-steel LNG tank design in collaboration with JIP
partners

* Steel-steel LNG tank design checked against wind and operating loads

* Obtained initial analysis results considering dead load, live load, internal pressure, and
blast loads

* Blast response of steel-steel tank is within the acceptance criteria, but higher than that of
comparable steel-concrete tank

* Concrete external shell has higher resistance to external loads compared to steel external
shell, but this can be accounted for in the design development

* Roof response (due to platform loading) governs the blast response of steel-steel tank
* Fire and projectile impact analyses are in progress
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AGENDA AND PRESENTATION OUTLINE

Why Hydrogen

Hydrogen Codes and Standards, Storage Concepts, Current Challenges

Ammonia Storage Tank Codes and Standards, Storage Concepts, Current Challenges

Miscellaneous Safety System
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MATRIX SERVICE COMPANY CORPORATE OVERVIEW

Matrix Service Company (NASDAQ: MTRX) is a top-tier, publicly-traded
Plant Services & EPC contractor to the Energy and Industrial markets
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H2 IN NEWS

$9.5 billion in federal clean hydrogen Funds
« $500 million clean hydrogen projects,

« $1 billion for R&D into electrolyzers

« $8 billion for four clean hydrogen hubs.

One Hub to use nuclear energy
One Hub to use fossil fuels as a feedstock
along with CCUs.

Two Hubs could be powered by renewables.

Conventional Storage

Infrastructure <

Heat/Destributed
Fower

Ammonia/

Chemical/industsial
Processes

v MATRIX PDM

M ENGINEERING



VERSATILITY OF H2
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Hydrogen can be stored,
converted to synthetic
» fuels or transported by
truck, ship or pipeline

The hydrogen economy : 7

How low-carbon hydrogen could be made, R e e

moved and used -

Electrolysis -
Nucdlear «

",

Hydrogen can be
1 made from electricity,

» bioenergy or fossil fuels
with carbon-capture

production

Hydrogen can be used

3 for transport, industry,
o electricity generation,

fertiliser or heating Cal‘bonB I,i ef

............

https://www.carbonbrief.org/in-depth-qa-does-the-world-need-hydrogen-to-solve-climate-change/
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WHY HYDROGEN?

Hydrogen Combustion

2 H, + 0,

Zero Carbon Emission

- H20

Methane Combustion

VS CH4 o 02 - H20 @

* Hydrogen is the most abundant element in the universe

* Use of hydrogen powered vehicles is on the rise

atomic
number

symbol ———

electron

configuration = S

name

1

H

1s1
hydrogen

1.008
D-

R~

..---\

| atomic weight

| acid-base properties
of higher-valence oxides

[ crystal structure

s

physical state
at 20 °C (68 °F)

Physical Properties

Molecular Weight: 2.016

Boiling Point @ 1 atm: -423.0°F (-252.8°C)
Freezing Point @ 1 atm: -434.5°F (-259.2°C)
Critical Temperature: -399.8°F (-239.9°C)
Critical Pressure: 188 psia (12.9 atm)

MATRIX PDM

N ‘4? ENGINEERING
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WHY LIQUID HYDROGEN?

~

Liquid Hydrogen (-423°F )
®

(900 times less Volume)

32°F: ICE a_ =

-260°F: LNG Room Temperature Hydrogen (72°F)

-318°F: Liquid Air
-355°F: FROZEN Air

-423°F: Liquid Hydrogen

DIAGRAM TO SCALE
- E—

-459°F: Absolute Zero

NOTE: All temperatures listed

are at atmospheric pressure Sz
v MATRIX PDM
N ENGINEERING



HYDROGEN SUPPLY CHAIN

LIQUEFACTION

ELECTROLYSIS

PRODUCTION INCLUDING LARGE
CRYOGENIC
STORAGE, BAHX,
LOAD-OUT
SYSTEMS
O O
\O/
7 \
o’ "o M AN
GASIFICATION/
REFORMATION

Y VYV

CARBON CAPTURE

DISTRIBUTION STOLAGE
\|
\
LiQUID TRANSPORT
TRAILERS, ISO
CONTAINERS, RAIL CARS, —RYOGL.'C
MARINE TRANSPORT LIQUID TANKS

Courtesy: Chart Industries.

END USE SYSTEMS

D ‘ h

|;

ELECTRICITY VEHICLE FUEL STATIONS

GENERATION

0

|

/O\
0 0
AMMONIA  FUELING SYSTEMS
PRODUCTION  FOR AEROSPACE
(FERTILIZERS)

T e

ELECTRONICS
IMANUFACTURING

fe=ry

MARINE FUEL

REFINING

USERS OF HYDROGEN
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MATRIX PDM
ENGINEERING



LIQUID HYDROGEN STORAGE

U.S. CODES AND STANDARDS

NATIONAL
REGULATIONS

Supplemental
Codes Standards

Other Standards

18

NATIONAL
REGULATION
29 CFR § 1910.103
Hydrogen
|
| |
NFPA — 2 CGAH-5
Hydrogen Technologies Standard for Bulk Hydrogen
Code Supply Systems
PRESSURIZED Refrigerated
STORAGE Liquefied Gas
PRESSURE > 15.0 PSI Storage
Piping Standards API 620

ASME Section

ASME B31.12 e Design and Construction of
.. VIl Divisions 1
Hydrogen Piping and Large, Welded, Low-pressure
. and 2
Pipelines Storage Tanks

N4

NS

MATRIX PDM
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HYDROGEN STORAGE
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LIQUID HYDROGEN STORAGE
FUTURE DEVELOPMENTS ON THE HORIZON

-

LH2 storage spheres LH2 storage tank

40,000 Cu. M

100,000 Cu.M +
LH2 storage tank

TODAY IMMEDIATE FUTURE NEXT GENERATION

(AVAILABLE FOR IMMEDIATE APPLICATION)

20 V/ MATRIX PDM

\\\"//, ENGINEERING



CHALLENGES ASSOCIATED WITH H2

« (Gaseous hydrogen storage requires high pressure vessels of up to 70 MPa
 liquid storage needs cryogenic tanks maintained at -253° C

» Cost of Liquefaction needs to be considered

» Boil Off Gas (BOG) considerations remain a challenge

e Ortho Vs Para Hydrogen

21 https://www.thechemicalengineer.com/features/h2-and-nh3-the-perfect-marriage-in-a-carbon-free-society/ V' MAGTRD( PDM
N ENGINEERING



ALTERNATE H2 CARRIERS

4 R
Natural gas
Petroleum

Coal

4 N
Renewable
energy

e

Wi I [*lypj
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Hydrogen
production

Reforming/

Carbon dioxide
capture and storage

i =

Production by
electricity and heat

figquidihydrogen

Transport
(Energy carriers)

LH (-2537C)

Gasification

,,
i
(H, bwt%)

CH.

Ammonia . .

Liquid. -33°C or 8.5Bar

(H, 18wt%)

irect use as a fuel

Ref: H. Kobayashi et al. / Proceedings of the Combustion Institute 37 (2019)

Utilization

Fuel cell vehicle

& e

Power generation

NH, direct combustion
gas turbine

\_Fuel cell NH, furnace /

-

v MATRIX PDM
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WHY AMMONIA?

| |
N
H/ \H
Zero Carbon Emission
Hydrogen Combustion Methane Combustion
4NH3+302—>2N2+6H20 Vs CH,+ 0, » H,0 +
Properties of Ammonia — NH;
NH; Ammonia
Molecular Weight/ Molar Mass = 17.031 g/mol
Density 0.73 kg/m?
Boiling Point -33.34 °C
Melting Point -77.73 °C

23
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METHODS TO STORE AMMONIA

LOW TEMPERATURE &
CRYOGENIC STORAGE
PRESSURE < 15.0 PSI

PRESSURIZED STORAGE
PRESSURE > 15.0 PSI

24

v MATRIX PDM
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AMMONIA STORAGE — DESIGN PARAMETERS

Storage Tank Gross 5,000 MT to 50,000 MT (Can go to
Capacity 70,000 MT or higher.)

Design Pressure 1.0 psig to 4.0 psig (Typ. 2.0 psig)

Design Temperature -35deg. F

25

<
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FULL CONTAINMENT STEEL TANKS

Two 74,000 m® Ammonia Tanks — Orascom — Wever, |IA

Designed by Matrix PDM Engineering,

29 Constructed by Matrix Service Inc.

\V MATRIX PDM
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AMMONIA STRESS CORROSION CRACKING (NH3-SCC)

 NH3-SCC affects mechanical integrity
* Oxygen + Stress enables SCC
« SCC is less prevalent in low temperature storage tanks

-

Tramsgranular  Inlengranwar
* Prevention Stress Corrosdon Cracking

» Design, fabrication and construction details

* Minimization of oxygen contamination during commissioning and
operation

* Providing a small amount of moisture (0.2%) during operation

* Inspection
« Wet Magnetic Particle Testing
* UT Testing (Shear Wave + TOFD)

« Acoustic Emissions Transgranular Intergranular
Fracture Fracture

Reference
Dettmers, Reindell; Stress Corrosion Cracking Update, Presentation, www.irc.wisc.edu
Nyborg, Lunde; Measures for Reducing SCC Anhydrous Ammonia Storage Tanks, AIChE, Aiche-35-005, 1994

N\
30 Mortenson; In-service inspection of welds in atmospheric ammonia storage tanks, https://www.semfa.eu/Portals/6/Presentations/Inspection%200f%20Ammonia%20Storage%20Tanks \v\vc sl el
"

N7
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CURRENT CHALLENGES

31

Thickness considerations (> 2 inches thickness)
Associated welding and weld processes

Hardness requirements on the finished welds (Typical
225 Brinell)

Cost of Green Ammonia is high.
Ammonia is an expensive fuel

Ammonia produces NOX and N20 gases when used
to produce H2 (296" More green houses compared to
CO2)

https://sustainability.crugroup.com/article/green-ammonia-fuel-faces-three-big-challenges

<

€<(<<
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SUMMARY

« Developments are underway for scale-up challenges are associated with
LH2 storage with solutions.

« Ammonia is mature from a storage perspective. Certain incremental
changes need to be made to increase the storage sizes.

32 MATRIX PDM
<’ ENGINEERING
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Historic overview Vopak

Vopak and its main precursors

1616 1839 1999
De ‘Blaauwhoedenveem’ Founding of the Merger of Pakhoed and
was founded Phs. Van Ommeren Van Ommeren into Vopak

shipbroking company |

1818 1967

Establishment of Merger of Pakhuismeesteren

Pakhuismeesteren van de Thee and Blaauwhoed into Pakhoed
in Amsterdam and Rotterdam

2016
400t anniversary of Vopak

Vopak - Rice Global Forum Roundtable 2



We serve multiple end ma.rkef§through

different products and @ét er@#ermgs

aa—

End markets ‘ Manufacturing

New energies
Products & sustainable
feedstocks

Customer
offerings

Chemicals

Distribution

Vopak - Rice Global Forum Roundtable 3
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Vopak

: s an d p rt ershlps e
Network Capabilities Partnerships
Strong base in industrial locations Safely and efficiently design, build and Vital infrastructure partner, developer
around the globe operate global infrastructure and operator

78 250+ 1,000+

Long standing relationships
with customers

18 2 million+ 25+

Terminals Products

Industrial Cbm of gaseous storage Joint venture partners

90% Nr. 1 China & India
Market share in industrial Inde_pendent LNG infrastructure Nr. 1 ind_ependent provider with
terminals provider 18 terminals

Vopak - Rice Global Forum Roundtable 4



Leading locations Voepak

terminals

’ Hub terminal

@® Teminal

Vopak - Rice Global Forum Roundtable 5



Corpus
Christi
(USA)

Industrial terminals

O9m

Cbm of industrial storage capacity

90%

Market share in industrial terminals

Freeport
(USA)

Tarragona
(Spain)

Chemiehaven
(Netherlands)

Yanbu
(Saudi
Arabia)

SabTank
(Saudi
Arabia)

Engro
(Pakistan)

Sakra
(Singapore)

Chemtank
(Saudi

Thai Tank
(Thailand)

Pengerang
(Malaysia)

| Qinzhou

il Caojing
(China)

Haiteng
Gulei
(China)

(China)

Vopak - Rice Global Forum Roundtable



Vopak Industrial Infrastructure Americas

Product: chemicals, oil products, biofuels, base oils and
lubricants

Shareholding: BlackRock (50%) and Vopak (50%)
Services: storage, blending, integrated pipeline systems
with industrial complex

End-use: manufacturing, wide range of consumer goods
Storage: 737 thousand cbm (150+ tanks)

Vopak’s US Gulf Coast footprint

T TEXAS

5 Corpus Christi
Maonterrey

ﬂ-:{b,'\ 3 ¥,

G .

Vopak

Carve out concept

Vopak

Vopak - Rice Global Forum Roundtable 7



Product: high-calorific liquefied natural gas (LNG)
. Shareholding: Gasunie (50%) and Vopak (50%)

. Services: storage, regasification, truck and vessel loading,

meeting more than 30% of the Netherlands’ gas needs

M
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Growing LNG network
Vopak

e Land based and FSRU
e Projectin Zhangjiagang
e LNG-bunkering

e Multi-purpose

The Netherlands - Gate LNG terminal lexico - TLA Altamira

e Open for quick go-to-
market solutions

e Joint Ventures

Pakistan - Engro/Vopak LNG terminal

Vopak - Rice Global Forum Roundtable 9
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g% Nippon Shokubai B

Product: chemicals and base oils
Services: storage, blending, integrated pipeline systems with

industrial complex, trucking, drumming, heating and chilling

End-use: manufacturing, wide range of consumer goods
Storage: 288 thousand cbm (71 tanks)

s Vopai( - Rice Global Forum Roundtable 10
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Vopak Sebarok termmal in Singapore
Multifunctional, i.e. hub g i‘i ot

::.3.://. ‘ T

Products: crude and oil products
Services: storage, blending and heating

End-use: industry and mobility

Storage: 1.3 million cbm (79 tanks)
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Products: chemicals, oil products and biofuels
Services: storage, blending, heating and break-bulk

End-use: manufacturing, wide range of consumer goods

Vopak - Rice Global Forum Roundtable 12
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Vopak Lesedi terminal in South Africa

Distribution

| Products: oil products
Services: storage, distribution and truck loading
End-use: mobility
Storage: 100 thousand cbm (6 tanks)

Vopak - Rice Global Forum Roundtable 13



Our New Energy focus areas VoEpak

Vopak currently pursues 10+ infrastructure projects and studies

M Hydrogen Sustainable feedstocks
. H-vision: blue hydrogen in the Netherlands. ACE Terminal . Import green ammonia from Morocco or Middle
ammonia East
. Pilot: Green liquid organic hydrogen (LOHC) from Germany . Xycle: Chemical recycling of plastic waste in
to the Netherlands Rotterdam
. Import of green (liquefied) hydrogen, LOHC and ammonia in . Good progress building new tanks for waste based
Southern Europe, Middle East, Australia and South America. feedstocks in Rotterdam

CO2 infrastructure ‘ ‘

* Independent liquid CO2 hub in Rotterdam o  Pilot: Hydrogen bromide redox flow battery in the

. Export terminal opportunities in Antwerp, Flushing Netherlands together with Elestor

and Singapore e Pilots: Vanadium redox flow battery in Singapore

and Australia

Vopak - Rice Global Forum Roundtable 14



