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Relevance — 2020’s Decade of Hydrogen 12NEW

U.S. DEPARTMENT OF ENERGY

H y d ro ge n Co unc i l The global race to develop 'green' hydrogen Hydrogen Is ‘Jump Ball’inGlobal
nEO | Clean-Energy Race, Kerry Says

By Jennifer A Dlouhy and Will Wade
March 2, 2021, 9:38 AM MST

CLIMATE CH2AMPION: HYDROGEN IS
THE MISSING PIECE OF THE ENERGY
PUZZLE

» Climate envoy touts oil-industry opportunity at CERAWeek

» Says tensions with China won't block aggressive climate action

COH;base Hangover Rattles Crypto
Assets With Bitcoin in Freefall

HYDROGEN COST TO FALL SHARPLY AND
SOONER THAN EXPECTED

S-F;Ab;Mpemn Is Punishing Followers
of Chamath Palihapitiya

Amazon Cancels Lord of the Rings

HYDROGEN DEPLOYMENT ————
ACCELERATING WITH MORE THAN $300 R
BILLION IN PROJECT PIPELINE e ————
@ 4min S )
“ T —— s oo https://www.bloomberg.com/news/articl
olenhia mpac s Jrom y rogen It's seen as the missing link in the race for carbon-neutrality: "green’ P - - _' _' _ _
Conneil Roadnap Sty By 2050: T Tl es/2021-03-02/hydrogen-is-jump-ball
« 82.5 trillion in global revenues N z |n—gIobaI-CIean-energy-race-kerry-says
« 30 million jobs https://www.france24.com/en/live-
* 400 million cars, 15-20 million trucks news/20210331-the-global-race-to-

» 18% of total global energy demand ! , develop-green-hydrogen
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Sustainabldnvestmentisa Trend =

A S S e
FIGURE A
Sustainable Investing in the United States 1995-2020

B ESG Incorporation Overlapping Strategies [ Shareholder Advocacy IIGIOb?I .ESG A.ssets Rising to
350 Trillion Will Reshape

$18,000

ESG Assets are 33% of the $51.4 trillion oy
s14.000  Of all US Managed Assets 140.5 Trillion of Global

512000 (Increased 42% percent in 2018-20) | AUM* by 2025”
Bloomberg Intelligence, Press
Announcement: July 21, 2021

$16,000

$10,000
$8,000
$6,000
$4,000

Total Assets (in Billions)

$2,000

so = *Assets Under Management (AUM)

SOURCE: US SIF Foundation.




Zero-EmissionvehicleMandates =
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A Norway2025 :

,?'.:\\ Office of Governor —
A De n m arIQOBO ‘\ ?ﬁi GAVIN NEWSOM H‘ome AbOQtv New;room Appoin(tn;enISv
A Netherlands2030 Governor Newsom Announces California Will Phase Out Gasoline-

A Sweder2030 Powered Cars & Drastically Reduce Demand for Fossil Fuelin
A India2030 California’s Fight Against Climate Change

A France2040 o s o
A UnitedKingdom2040

A SriLanka2040 &
A Canada BritishColumbig(2040)
A China(nodateset)

NESCAUM

—
ABOUT US  FOCUS AREAS ~ TOPICS ~ ACTIVITIES  INITIATIVES

Zero-Emission Vehicles

will cost you

[1]2 Next 43 items »

OCTOBER 27,2022 TESTIMONY TO CARB
2019 0O Proposed Advanced Clean Fleets Regulation

. l ' OCTOBER 24,2022 LETTER TO EPA
: 5

LONESCAUM Requests that EPA Promptly Approve CA HDV Waivers




Payloadand EnergyDensity =

One Day of Regional Haul = 350 miles on 2 Shifts

Diesel Compressed Hydrogen Battery
Fuel Amount: 70 gallons Fuel Amount: 55 kgs Energy Amount: 900 kW-hrs
Fuel Weight: 500 Ibs Fuel Weight: 120 Ibs Fuel Weight: 0
Tank Weight: 150 Ibs Tank Weight: 4,200 Ibs Battery Weight: 16.800 Ibs
Total Weight: 650 Ibs Total Weight: ~ 4.320 Ibs Total Weight: 16,800 lbs
©o | ®D o0

Brian Lindgren, Kenworth TruckCompanyCaliforniaHydrogenBusinesouncil(CHBC) April 14,2020

> ‘\“
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Infrastructure Investmentand JobsAct

A Signednto law on November5, 2021
A Electrolysisesearch($1B)
A Clearhydrogentechnologymanufacturingandrecycling
($500M)
A Appropriationsfor HydrogenProgram($8B):
I Feedstocldiversity,includingcleanhydrogenfrom fossilfuels
I Endusediversity

I Geographicatliversity,includingat leasttwo hydrogenhubsbe
locatedin regionsof the U.Swith the greatestnaturalgas
resources

Createopportunitiesfor skilledtrainingandlongterm
employment

T 4-6-8-?Hubswill be selected

Webinars

&\
N ro-4 =\ 2
X PR

A TOTAL$9.5Bover 5 years




ProductionTaxCreditfor CleanHydrogen —
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A Basecreditis $0.60/ kg, but multiplied by 5Xif projectspayat or abovethe prevailingwage;additional
enhancemenfor facilitesin coalaffectedcommunities

A Additionalenhancemenif locatedin coalaffectedregions(10% but confirmit applies)
A ThelnvestmentTaxCreditcanbe appliedfor hydrogenuses(i.e. fuelscells)

Lifecycle GHG Intensity PTC $Value per kg ITC % Value (%

(% of max credit)  of max credit)

< 0.45 kg $3.00 (100%) 30% (100%)
<15and > 0.45 kg $1.00 (33.4%) 10.2% (34%)
<2.5and>1.5kg $0.75 (25%) 7.5% (25%)
<4and > 25 kg $0.60 (20%) 6% (20%)




Infrastructure Investmentand JobsAct
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CCU®emonstrationProjects- $2.5billion

CCU®ilot Projects- $937million

CarbonStoragevalidationand Testing- $2.5billion

g_ﬁt_rborDioxide Infrastructurd-inance andnnovation- $2.1
illion

Class/IWell Permitting- $75million

FrontEndEngineerin@nd DesignStudiesfor CarbonDioxide
Transportinfrastructure- $100million

CarbonDioxide Utilizatiorr $310.14million
RegionaDirectAir CaptureHubs- $3.5billion
CommerciaDirectAir CaptureTechnologyPrize- $100million
PrecommerciaDirectAir Capturdlrize- $15million

A
A
A
A
A
A
A
A
A
A
A

TOTAL$12.1billion




45QEnhancementsn the Inflation ReductionAct Nl
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A Increase fron$50to $85/tonne for CC®n industrialand power generationfacilities

A Increaserom $35to $60/tonne for CCU%rom industrialand power generationcarbon
capture

A Thecredit canbe realizedfor 12 yearsafter the carboncaptureequipmentis placed in
serviceand will beinflation-adjustedbeginningin 2027andindexedto baseyear2025

A Commenceconstructionwindow is extendedsevenyearsto Januaryl, 2033

A Carborcaptureprojectdeveloperscanreceive45Qasa fully refundable direct paymentas
If it were anoverpaymentof taxes

I Forprofit organizations$ years

I Taxexemptentities suchasstates,municipalities,Tribes,and cooperatives; 12 years
A Broadtransferabilityof creditis extended12-yearcredit window
A Capturethreshold for credit-eligiblepower generationfacilities - 18,750tonnes
A Capturethreshold industrial facilities - 12,500tonnes
A Powergenerationfacilities must captureof not lessthan 75% ofthe CGQ




2 e 2 Y A Nrith&ngExport(State) —
Markets for Natural Gas Webinars

A CompetitivePositionof WyomingFossiEnergy

I Thirdlargestenergyproducerin USA

I Largesnet energyexporter

i #1CoalProducerg 218million tons

I #8 CrudeOil producerg 232thousandbarrelsper day
|

#9 Natural GasProducerg 1.3trillion cubicfeet
A California,Nevada,Oregon,Washington

A Economidmpactsof FossiEnergyin Wyoming
i Direct:16,265full & part-time jobs,$7.9billionin GDP

I Totallmpactsincludingdirect, indirect(supply chain) & induced
(householaspendingyoughly32,000jobsand $10billionin GDP

A Property& SeverancdaxRevenues, $1.7 billion
A FederalRoyalties; $860million (Wyomingreceivesabouthalf)




RenewablePortfolio Standards CleanEnergyStandards
GreenhouseGasReduction

5 RenewabldPortfolio Standards/ G houseGasReducti
tate CleanEnergyStandards reenhousdgGasReduction

RPS/CES0%by 2026
60%by 2030
100%by 2045

Carbonneutrality by 2045
California

BlueH,acceptabled 3%+ NE AB32scopingplanrevisiongeneralnegativeasto naturalgas

CCU%nethodologyfor the LCFS

RPS: 50%by 2030 (with interim targets) Zeroor nearzeroby 2050
RPS: 50%by 2040 (with interim targets) 100%below baselineby 2040

95%belowbaselineby 2050
RPS/CE300%by 2045 (with interim targets)
Capandinvestprogrambeingimplemented




A Naturalgasbans
A ESG

A CarbonMarkets

I Regulated

I Voluntary

A AmericanCarbonRegistry
A Verra(expectedearly2023)

=

Other PolicyConsiderations =

Webinars

States advancing or prohibiting
building gas bans and electrification codes

State legislation prohibiting local governments
rg)om msgbﬂng natural gas utility service
asse

*Failed toadvance

Local gas bans and electrirication codes in new buildings
Adopted

As of Nov. 18, 2021. s 2t b 8
Map credit: Joe Felizadio S&P Global

Source: S&P Global Market Intelligence Market Intelligence
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CurrentStateof Hydrogen _

Global Pure H, Demand Hydrogen Production Feedstock Energy (2019)
80 Million Tonnes H, \
m Refining
= Ammonia ol
Other g
=
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D D A A A A AD ‘_‘9‘1, (19"1, q,&' = Natural Gas = Coal = Oil = Electricity

Contact: OHI@gti.energy ~ Source: S&P Global Commodity Insights Hydrogen Market Monitor OPEN HYDROGEN INITIATIVE
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HydrogenMarket is Growing

I National Hydrogen Strategy

: Announcement

-

Japan, South Korea, Australia, Netherlands

|>Hmmc|:_u o |I

|eSnyuiod
Jeah /AN

M Fossil + CCUS M Electrolysis H,

2

OPEN HYDROGEN INITIATIVE

Source: S&P Global Commaodity Insights Hydrogen Market Monitor

Contact: OHI@gti.energy



Gasoline supply chain overview
{

PSS —
SupplyChainChallenges ™ —
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i Highpressure /, s Tarker Truck
Bulk Terminal
A H I g h ene rgyu se L ;,h ! §. Storage and Blending m ﬁ"

. j Tanker Truck
A €la
Monitorin imporied Gasoine
° H, is an indirect GHG that can easily leak from infrastructure

(Emesions D
ewinfrastructurerequirements Lo o @

A Materials

T Embrittlement &’r

Domestic Oll

emissions

A Cost |

TRAPS ADDITIONAL
HEAT IN CLIMATE
H, + OH — H + H,0

Methane lifetime Ozone precursor More water
i increased from production in vapor in
Residual Methane less OH available troposphere stratosphere
co2 * ‘ leakage N " e ? = B
7 AN
.. 2 () (1
"SPE . -
"® International
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PRODUCTION COMPRESSION STORAGE DISTRIBUTION APPLICATION
EDF' Natural Gas + CCS (blue) Compressor, Liquefier Storage Tank Pipeline, Truck, Ship Transport, Industry

Renewables + Electrolysis (green) Terminals Geologic Storage Train, Fueling Station Power, Buildings



EstimatedProductionStageMethane Emissiond-or —

L ol

Natural GasConsumedn EachState Webinars

A Emissiorintensity is source
dependent

A Marketsdictate changeand
producerscomplywith new
demands

; - MD
Y09%/ VA 3 09% )
S L1% Emissions intensity

A Publieprivate collaboration

KY

successilory s S

i TheSchoolof Ener I 18 hethane withdrawn

7 Y qy _ = e il e [ Joe-12

wS a 2 deeduesiar Nr g

Quality |17-20

A Bl zi-2s
B 23

s

D Burnsand EGrubert,Environ.Res Lett. 16 (2021)044059



Carbonintensity and Incentives

Proposed tax credit values for typical ranges
of hydrogen lifecycle intensity

i I
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o) $045 g
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% per kg o
p g
= -
w -
c =
8
£
S
S $0.60
= per kg
[&]
$0.75
per kg

1.46

kg CO.e

per kg H,

SMR with ATR with 100% carbon-free 86% carbon-free
carbon capture carbon capture electrolysis electrolysis
Elizabeth Abramson, Carbon Solutions LLC, 2022.
—— —~—

DaneMcFarlane DanielRodriguezand ElizabethAbramson.CarbonSolutionsLLC.2022

Carbon intensity kg CO.e per kg H,

Webinars

Hydrogen lifecycle carbon intensity
in published literature

-
(4]

-
o

SMR

>—52%
capture

oK 22X )

SMR
w/ CCS

Elizabeth Abramson, Daniel Rodriguez & Dane McFarlane, Carbon Solutions LLC, 2022.

ATR

—91%

)

¢ O »

ATR
w/ CCS

CROKX X X<

Low-carbon
electrolysis

<& Carbon intensity
identified in
literature review

== Mean

Low-carbon electrolysis
pathways include
electricity supplied by
photovoltaic solar, wind,
hydropower, or nuclear.

Clean hydrogen
tax credit

$0.12| $0.60 perkg 20%

$0.15| $0.75 perkg  25%
$0.20 | $1.00 per kg 33.4%
Wi

with prevalling %, of total
wages &

apprenticeship credit

A
qualified
applicant




HydrogenPipelines =

A 1,600milesof hydrogenpipelinesare | N e
currentlyoperatingin the US e e T e i

A Thepotential for hydrogento embrittle the
steelandweldsusedto fabricatethe
pipelines

I Fiberreinforcedpolymer(FRPpipelines

- s
i/

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

4

i
=

T

g ﬂ""-ﬁ

(installationcosts20%less) . A
A Theneedto control hydrogenpermeation i X4

andleaks s X

A Theneedfor lower cost,more reliable, and
more durablehydrogencompression
technology

G uw ! f o f

Mexieo

% CaverrStorage

350-mile Gulf CoastHydrogenPipeline

Hydrogen Production
*

A Blendinghydrogen(5-15%) into the existing H2 ;
natural gaspipelinenetwork to increasethe ™"
output of renewableenergysystems

Folga,SM, and Decisiorand Information SciencedNatural gaspipelinetechnologyoverview..United States:N. p., 2007.Web. doi:10.2172/925391
Melaina,M W, Antonia, O,andPenevM. BlendingHydrogeninto Natural GasPipelineNetworks:A Reviewof KeylssuesUnited States:N. p., 2013.Web.do0i:10.2172/1068610



HydrogenasEnergyStorageVehicle =
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o Levelized cost of energy storage
A Energystorageisimportant

I Toprolonglife of fossilfuel energy t
generatorsA CQ storagewill

Manageemissions ~ 0.5+ —_W
i Tohelpwith managevariablepower 2 St
from wind/solar - ) 1
3 neries
00.25<| ba Hydrogen
A Undergrounchydrogenisthe LOHC
largesta 0 | {1 ivechidduld — Ammonia
T T T T
A Hydrogenstoragealsoworkson 1 10 100 1000 10000
longertimesscaleqseasonal) SIF9gR.Uhe. tes

(TN W S G. Soloveichik, US Dept. of Energy
' 2016




Comparisorof Different HydrogenStorage
Technologies

A LOHG LiguidOrganic
HydrogenCarriers

A MOF Metal Organic
Frameworks

A GHc Gaseous
Hydrogen

A LH LiquidHydrogen

(o))
)

Energy density [kWh/I]
w

0

A~ (&)
1 1

N
1

N
1

0%

5% 10% 15% 20%
H2-Content in wt%

M. Reulet al./Applied Energy200(2017)290¢302
EdwardsR et al. Well-to-TankReportVersion4.a. In: GodwinSet al., editors. JEGNVell-to-
Wheels AnalysislointResearctCentre;2014.p. 148.



StandardEnergyCarriers —
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EnergyCarrier Gasoline Compressedd, CompressedH, LiquidH,
(2,700psI) (7,000psi) (-252x [ ©

Densitykg/ms3 720 14 30 70
Productdelivered,kg 27,000 284 665 3,890
Energydelivered,MJ 1,220,000 34,100 79,800 467,000
TruckCapitalCost,$ 165,000 250,000 465,000 725,000

Labor,hr 4.0 5.5 5.5 7.5
Carmiles 270,000 19,880(14) 45,550(6) 272,370
Modified from:

ChenT-P.Hydrogendeliveryinfrastructure option analysis.Nexant;2010.
O —— .




ReformedLiquid Fuels

EnergyCarrier  Anhydrous Agueous
Ammonia Ammonia
200psi 2.3psI

Chemicaformula NH; NH3H,0 (71%)

Densitykg/ms3 618 900

Productdelivered,kg 27,000 27,000
Energydelivered,MJ 580,000 168,000
Additionalenergy,MJ 74,000 21,500
H, yield,% 18 5
TruckCapitalCost,$ 300,000 180,000
Labor,hr 6.0 4.0

~ Modified from:
ChenT-P.Hydrogendeliveryinfrastructure option analysis.Nexant;2010.

Methanol

CHOHH,O
(52-63%)

791
27,000
608,000
19
180,000

4.0

>
—
Webinars

Ethanol

GHsOH

790
27,000
716,000
205,000
22
180,000

4.0



AmmoniaProduction =
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A Thecurrentdomesficammonia_
productioncapacityis 21M metrictons = P :
Ner ye al. 24 : is;qopc(:crtdsraw 40%
' . 21 m domestic production 359
A If this flow couldbe divertedto hydrogen — import refiance (right axis)
oroductionwith anoveralldissociation ™ 30%

25%

20%

15%

vehicleis equivalentto 2 gallonsof
gasolinen U 2 R lcagsfha hydrogen
from ammoniawould displace abouf.5% °
of the current gasolinedemand. 0

3

2]

10%

5%

efficiencyof 70% approximatel\2.2B kg
of hydrogenwould be generated. 2
A Assumindl kgof hydrogenin afuel cell

T T mam ! T O%
m stock build
m exports

2010 2012 2014 2016 2018 2020

-5%

o
ei?i\ Source: U.S. Geological Survey




Production capacity of ammonia worldwide from 2018 to 2021, with a forecast for 2026
and 2030 (in million metric tons per annum)

AmmoniaProduction

_ 276
235 236
A HaberandBoschin the early20h century: —
N, (9)+3 H (9)I'b NH;(9)
n L, =-92 kJ/mole(-46 kJ/molefor 1 moleof NH;)

290

A Iron catalystsTis 400600cC ;Pis 2,9005,900psi

A Coupledwith hydrogenproductionto increase |
efficiency. 2018 2019 2021 2026 2030

A Feedstocknaturalgas,petroleumcoke,biomass.

Production of the synthesis mixture Production of ammonia

—» steam

methane CHy — re-heater
water H.O No Ho CO» P

catalyst

waste heat
boiler

compressor

N, Ho NH3
— 1
scrubber
+ H>O
W cooler

catalyst

450 °C .
300 bar compressor ammonia
(liquid)
Ny Hp
H,O CO»

P —

compressor

500 °C

reactor




AmmoniaSupplyChain =
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A Ammoniadecomposition(cracking):
A NH; (9)Th1/2 N, (9)+3/2 H, (9)n 1=+46kI/mol

Percentages of Total Production Costs of Ammonia

@" 6 Produced at WCROC- Morris predicting $1363.65 per
- ﬁ - ton with elect at $.04 /kWh, capital at 7% of pilot cost
@ ! . {?b Maintenance & Repairs | 0.89%

Fossil fuel
ossil fuels m e |
utilization Labor, Mgmt & Quality [ 1.49%

sswm ﬁ
-O- X i Ammonia
‘ L pR— drcermpEsitieh Real Estate Taxes [l 2.53%
W ;

Conversion / : transportation
Ammonia p . Fees, Licenses,
hydrogen production Ammonia £ " B 5.07%

Renewable energy synthesis storage/ Insurance
EE sty 0 Electricity Purchased [ 52.53%
a8 Interest N 12.16%
Surplus energy (electricity) Amm.o.n|a.d|rect
utilization Depreciation NN 25.33%
Aziz M, Wijayanta AT, Nandiyanto ABD. Ammonia as Effective Hydrogen St o r a @@2@; 13(12):3062.
https://doi.org/10.3390/en13123062 0% 20% 40% 60%

_—aold https://wcroc.cfans.umn.edu/research/renewableenergy/ammoniawind
£254
d \"Illternatlonal
‘ “‘. ®




AmmoniaDecomposition _

A Highcapacityfor hydrogenstorage,17.6wt.%,

A Energyintensive
I Endothermiaeaction>500cc

-

L

A Thermocatalyticreaction ( Hydrogen ) Nitrogen
i Rushowsthe highestcatalyticactivityc expensive P R T T
i K,Na,Li,Ce,Ba,LaandCa = 3
i K-basedcompoundsKNQ, KOHK,CQ, KFKCI, 3l . e A
KoSQ andKBr % Ammenia 7 separation | 2
A Incompatibilityof polymerelectrolytemembrane & - 2
(PEM)fuel cellsandtracelevelsof ammonia ° separmtion
i >0.1ppm -

A Safetyand toxicity issuesactualand perceived

ThomasGandParksG ,PotentialRolesof Ammoniain a HydrogenEconomylJSDOE 2006

AzizM, Wijayanta AT, Nandiyanto ABD. Ammonia &ffectiveHydrogen Storage: Reviewon
Production, Storagend Utilization. Energies. 2020; 13(12):3062.
https://doi.org/10.3390/en13123062




Water Consumptionby HydrogenProductiong —

World Outlook

A Assumption: 70Edf electrolytichydrogenby 2050
A Hydrogenproduction
A Productionof the upstreamenergycarrier

A Minimum water electrolysis~9 kgh,o/kgh,
A De-mineralization~1830 kgh,o/kgh,

A Steamreformingof methane~4.5kgh,0/kgh,
A Watercooling6.4-32.2kgh,0/kgh,

The total 2050 hydrogen production would be equivalent to
a country with 62 milli on inhabitants

Social license to operate?

Blanco,2021;https://energypost.eu/hydrogenproductionin-2050how-muchwater-will-74efneed/

Water consumption (kg H,0/kg H,)

o

464bcm  34.7bcm  perime
_ 2769 bcm 768 bcm ¢
b3 = L
24.8 bcm
Agriculture Industrial
Municipal Desalination production (2018)
® Hydrogen 2050 Hydrogen - Today

Water consumption by application (circle size is
proportional to water use in ea.ch application with
agriculture at almost 2,800 km 7yr)

[l rpv W Wind [ CSP [ Geothermal [l Gas reforming (SMR)

250

200 i

150 -
100 3 ‘*’ﬁ
o :
° ‘ R |
° [ 5 ‘
50 ‘ |
=== }_ [ ?
0
Lifecycle water consumption for various hydrogen production

pathways



ProducedWater Reuseand Marketplace

PermianBasin:

A Challengeindopportunity
A Optimizehydrogenproductionmethodswith

desalination/watertreatment

A Waterdemand:1.3Bbbls/annum
A Producedwater: 1.6Bbbls/annum

A Askingprices$0.481.02/barrel

https://doi.org/10.1016/j.scitotenv.2020.137085

Water AcquisitionCostsper Barrelfor SevenCountiesin the PermianBasin

State |Data Points County Price High Price Low |Price Average | Price Median Today’s Volume Median
X 36 Reeves $2.00 $0.30 $0.58 $0.57 50,000
TX 33 Yoakum $1.00 $0.45 $0.77 $1.00 20,572
X 33 Martin $1.40 $0.35 $1.06 $0.50 8,572
TX 31 Midland $3.00 $0.10 $0.52 $0.50 6,857
X 14 Howard $0.65 $0.30 $0.48 $0.48 30,000
NM 60 Lea $1.00 $0.50 $0.80 $1.00 17,142
NM 21 Eddy $1.25 $1.00 $1.02 $1.00 27428

Sourcewaterttps:// www.sourcewater.com/

GWPCProducedwWater Report:Regulations CurrentPracticesand ResearciNeeds,2019

Percent Reuse

www.genesiswatertech.com

Webinars

80

60
50
40
30
20
10

0

Bakken

ReusePercentagdor KeyBasins
’® (18 CompaniegReporting)

Oklahoma DJ/Niobrara Eagle Ford Haynesville Appalachia Permian

Source: JacohBngineering


http://www.sourcewater.com/
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ImprovingHydrogenEconomics =
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Early-stage research MAKE MOVE USE %

is required to evolve

. + =y * ‘ ‘ Metals 12
and de-risk the n ﬂ ﬂ pr— ;
technologies. e | RS s

Hydrogen Hydrogen storage, Hydrogen Biofuels 1
production compression, and - | newnlGas 10
tQChnOIOQiES distributi Gﬂ, r Light Duty Vehicles 57
: R B o ot Other Transport 117/

l || andthenma

Electricity Storage 28
Total 151

Decreasing cost of H, production

Leveraging of national

5 40| plemiierely —ernici I laboratories’ early-stage R&D
3 M Fixed O&M g . .. S

2 \ il — — Optimizing capabilities needed to develop
% ~ Acanees ‘ H, storage affordable technologies for

2 20 = and production, delivery, and end
gr :i distrbution use applications.

S os
00
Capacity Factor 97% 40% 40% 09

Cost of Electricity ¢£6.6/kWh ¢2/kWh | ¢1/kWh ¢2/kWh | ¢1/kWh
Capital Cost $400/kW $400/kW $100/kW
Efficiency (LHV) 66% 66% 60%

Electrolyzer SMR https://www.hydrogen.energy.gov/pdfs/review18/tv045_ruth_2018_o.pdf
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Hydrogen Economy Infrastructure:
Transmission & Storage

Zachary Evans, WSP
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Hydrogen Infrastructure Overview =
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A As with all energy commodities, efficiek However, though comparisons are useful
and commercially viable applications are in forecasting hydrogen economy needs,

only possible if supply and demand due to differing supply and demand
markets are linked bgffective markets and different end user business
transportation networks and reliable models, standing upydrogen

storage facilities at scale Infrastructure may not exactly mimic

existing gas framework
A Analogs can be found in the well | | |
establisheddomestic natural gas On-Site Sourcing Potential
. : _ No Residential Usage Component
Infrastructure as well as growing facilities

_ Electron vs. Molecule Transmission Options
for transport and sequestration of CO (Power Generation)

No Enhanced Oil Recovery (EOR) Applications
Material Longevity Issues
Tremendous Capital Investment

To o Po I I Ix

A Existinghydrogen pipelines are in plage
primarily located along the U.S. Gulf
Coast, to serve feedstock needs of A
refineries and chemical processing plants.

Options include pipelines, rail, lorgaul
trucking, and electricity (power gen).



Existing Hydrogen Pipelines =
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Approximatelyl,600 miles of hydrogen pipelinase currently operating in the U.S.,
though over 90% of this capacity is located along the Gulf Coast.
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Natural Gas Infrastructure Analogs =
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Existing natural gas pipeline footage outpaces hydrogen facilities by orders of magnitude,
totaling 3 million miles Blended hydrogen transport currently targdif8% H concentration

interstate pipelines
intrastate pipelines
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Source: U.S. Energy Information Administration, About U.S. Natural Gas Pipelines
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