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SustainableInvestmentis a Trend



Zero-EmissionVehicleMandates

ÅNorway2025

ÅDenmark2030

ÅNetherlands2030

ÅSweden2030

Å India2030

ÅFrance2040

ÅUnitedKingdom2040

ÅSriLanka2040

ÅCanada- BritishColumbia(2040)

ÅChina(nodateset)



PayloadandEnergyDensity

BrianLindgren, KenworthTruckCompany,CaliforniaHydrogenBusinessCouncil(CHBC), April 14,2020



Infrastructure InvestmentandJobsAct
Å Signedinto law on November5, 2021
Å Electrolysis research($1B)
Å Cleanhydrogentechnologymanufacturingandrecycling 

($500M)
Å Appropriationsfor HydrogenProgram($8B):
ïFeedstockdiversity,includingcleanhydrogenfrom fossilfuels
ïEndusediversity
ïGeographicaldiversity,includingat leasttwo hydrogenhubsbe 

locatedin regionsof the U.S.with the greatestnaturalgas 
resources

ïCreateopportunitiesfor skilledtrainingandlong-term 
employment

ï4-6-8-?Hubswill beselected

Å TOTAL:$9.5Bover 5 years



ProductionTaxCreditfor CleanHydrogen

Å Basecredit is$0.60/ kg,but multiplied by 5Xif projectspayat or abovethe prevailingwage;additional 
enhancementfor facilitesin coal-affectedcommunities

Å Additionalenhancementif locatedin coal-affectedregions(10%,but confirm it applies)

Å TheInvestmentTaxCreditcanbe appliedfor hydrogenuses(i.e. fuelscells)



Infrastructure InvestmentandJobsAct

Å CCUS DemonstrationProjects- $2.5billion
Å CCUSPilotProjects- $937million
Å CarbonStorageValidationand Testing- $2.5billion
Å Carbon Dioxide Infrastructure Finance and Innovation - $2.1 

billion
Å ClassVIWellPermitting- $75million
Å Front-End EngineeringandDesignStudiesfor CarbonDioxide 

TransportInfrastructure- $100million
Å CarbonDioxide Utilization- $310.14million
Å RegionalDirectAir CaptureHubs - $3.5billion
Å CommercialDirectAir CaptureTechnologyPrize- $100million
Å PrecommercialDirectAir CapturePrize- $15million

Å TOTAL:$12.1billion



45QEnhancementsin the Inflation ReductionAct

Å Increase from$50to $85/tonne for CCSon industrialand powergenerationfacilities
Å Increasefrom $35to $60/tonne for CCUSfrom industrial and power generation carbon 

capture
Å Thecredit canbe realizedfor 12yearsafter the carboncaptureequipmentisplaced in 

serviceand will beinflation-adjustedbeginningin 2027and indexedto base year2025
Å Commenceconstructionwindow isextendedsevenyearsto January1, 2033
Å Carboncaptureprojectdeveloperscanreceive45Qasa fully refundabledirect paymentas 

if it wereanoverpaymentof taxes
ïFor-profit organizations5 years
ïTax-exemptentitiessuchas states,municipalities,Tribes,andcooperativesς12years

Å Broadtransferabilityof credit isextended12-yearcredit window
Å Capturethreshold for credit-eligiblepowergenerationfacilities - 18,750tonnes
Å Capturethreshold industrial facilities - 12,500tonnes
Å Powergenerationfacilities mustcaptureof not lessthan75% ofthe CO2



²ȅƻƳƛƴƎΩǎPrimaryExport(State) 
Markets for Natural Gas

Å CompetitivePosition of WyomingFossilEnergy
ïThirdlargestenergyproducerin USA
ïLargest net energyexporter
ï#1CoalProducerς218million tons
ï#8CrudeOilproducerς232thousandbarrelsper day
ï#9 NaturalGasProducerς1.3trillion cubicfeet

ÅCalifornia,Nevada,Oregon,Washington

Å EconomicImpactsof FossilEnergyin Wyoming
ïDirect:16,265full & part-time jobs,$7.9billion in GDP
ïTotal Impacts including direct, indirect (supply chain) & induced 

(householdspending)roughly 32,000jobsand$10billion in GDP
Å Property& SeveranceTaxRevenuesς$1.7 billion
Å FederalRoyaltiesς$860million (Wyomingreceivesabouthalf)



RenewablePortfolio Standards,CleanEnergyStandards 

GreenhouseGasReduction

State
RenewablePortfolio Standards/ 

CleanEnergyStandards
GreenhouseGasReduction

California

RPS/CES:50%by 2026

60%by2030

100%by2045

Blue H2 acceptable άǎƻ ŦŀǊέ 

CCUSmethodologyfor the LCFS

Carbonneutralityby 2045

AB32scopingplanrevisiongeneralnegativeas to naturalgas

Nevada RPS: 50%by 2030(with interim targets) Zeroor near-zeroby2050

Oregon RPS: 50%by 2040(with interim targets) 100%belowbaselineby2040

Washington RPS/CES:100%by2045(with interim targets)

95%belowbaselineby2050

Capandinvestprogrambeingimplemented



OtherPolicyConsiderations

ÅNaturalgasbans

ÅESG

ÅCarbonMarkets

ïRegulated

ïVoluntary
ÅAmericanCarbonRegistry

ÅVerra(expectedearly 2023)



CurrentStateof Hydrogen



HydrogenMarket is Growing



SupplyChainChallenges

ÅMaterials

ïEmbrittlement

ïHighpressure

ÅHighenergyuse

ÅMonitoring

ÅEmissions

ÅNewinfrastructurerequirements

ÅCost



EstimatedProduction-StageMethaneEmissionsFor 
NaturalGasConsumedIn EachState

Å Emissionintensity is source
dependent

Å Marketsdictatechangeand
producerscomplywith new
demands

Å Public-private collaboration
successstory
ï TheSchoolof Energy 
wŜǎƻǳǊŎŜǎΩCenterfor Air 
Quality

Å

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



CarbonIntensity and Incentives

DaneMcFarlane,DanielRodriguez,andElizabethAbramson.CarbonSolutionsLLC.,2022



HydrogenPipelines

Å 1,600milesof hydrogenpipelinesare 
currently operatingin the US

Å Thepotential for hydrogento embrittle the 
steelandweldsusedto fabricatethe 
pipelines
ïFiberreinforcedpolymer (FRP)pipelines 

(installationcosts20%less)

Å Theneedto controlhydrogenpermeation 
andleaks

Å Theneedfor lower cost,more reliable, and 
moredurablehydrogencompression 
technology

Å Blendinghydrogen(5-15%) into the existing
naturalgaspipelinenetwork to increasethe
output of renewableenergysystems

Folga,SM, andDecisionandInformationSciences.Naturalgaspipelinetechnologyoverview..UnitedStates:N. p., 2007.Web. doi:10.2172/925391
Melaina,M W, Antonia,O,andPenev,M. BlendingHydrogeninto Natural GasPipelineNetworks:A Reviewof KeyIssues.UnitedStates:N. p., 2013.Web.doi:10.2172/1068610

Hydrogen Production 

CavernStorage

H2

350-mile GulfCoastHydrogenPipeline

Hasiuk,2022



Hydrogen asEnergyStorageVehicle

ÅEnergy storageis important
ïToprolonglife of fossilfuel energy 

generators ĄCO2 storage will 
manageemissions

ïTohelpwith managevariablepower 
from wind/solar

ÅUndergroundhydrogenis the 
largest άōŀǘǘŜǊȅέwe canbuild

ÅHydrogen storage also works on 
longertimesscales(seasonal)



Comparisonof Different HydrogenStorage 
Technologies

ÅLOHCςLiquidOrganic 
HydrogenCarriers

ÅMOFςMetal Organic 
Frameworks

ÅGH2ςGaseous 
Hydrogen

ÅLH2ςLiquidHydrogen

M. Reußet al./Applied Energy 200(2017)290ς302
EdwardsRet al. Well-to-Tank Report Version4.a. In: GodwinSet al., editors.JECWell-to-
Wheels Analysis.JointResearchCentre; 2014.p. 148.



StandardEnergyCarriers

EnergyCarrier Gasoline CompressedH2 

(2,700psi)
CompressedH2 

(7,000psi)
Liquid H2  

(-252х/ύ

Densitykg/m3 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.Hydrogendeliveryinfrastructureoption analysis.Nexant; 2010.



ReformedLiquid Fuels

EnergyCarrier Anhydrous
Ammonia
200psi

Aqueous 
Ammonia

2.3psi

Methanol Ethanol

Chemicalformula NH3 NH3H2O(71%) CH3OHH2O 
(52-63%)

C2H5OH

Densitykg/m3 618 900 791 790

Productdelivered,kg 27,000 27,000 27,000 27,000

Energydelivered,MJ 580,000 168,000 608,000 716,000

Additionalenergy,MJ 74,000 21,500 - 205,000

H2 yield,% 18 5 19 22

TruckCapitalCost, $ 300,000 180,000 180,000 180,000

Labor,hr 6.0 4.0 4.0 4.0

Modified from:
ChenT-P.Hydrogendeliveryinfrastructureoption analysis.Nexant; 2010.



AmmoniaProduction
ÅThe current domestic ammonia 

productioncapacityis21M metric tons 
peryear.

ÅIf this flow could be diverted to hydrogen 
production with an overall dissociation 
efficiency of 70%, approximately 2.2B kg 
of hydrogenwouldbegenerated.
ÅAssuming 1 kg of hydrogen in a fuel cell 

vehicle is equivalent to 2 gallons of 
gasolineinǘƻŘŀȅΩǎcars,the hydrogen 
from ammonia would displace about 2.5% 
of the current gasoline demand.



AmmoniaProduction
Å HaberandBoschin the early 20th century: 

N2 (g)+ 3 H2 (g)Ҧ нNH3 (g)
ɲI2 = -92 kJ/mole(-46kJ/molefor 1 moleof NH3)

Å Ironcatalysts;Tis 400-600ϲC ;Pis 2,900-5,900psi
Å Coupledwith hydrogenproduction to increase 

efficiency.
Å Feedstock:naturalgas,petroleumcoke,biomass.

290276

236235230

2018 2019 2021 2026 2030



AmmoniaSupplyChain

ÅAmmoniadecomposition(cracking):

ÅNH3 (g)Ҧ1/2 N2 (g)+ 3/2 H2 (g)ɲI= +46kJ/mol

Aziz M, Wijayanta AT, Nandiyanto ABD. Ammonia as Effective Hydrogen Storageé,2020; 13(12):3062.

https://doi.org/10.3390/en13123062

https://wcroc.cfans.umn.edu/research/renewable-energy/ammonia-wind



AmmoniaDecomposition

ÅHighcapacityfor hydrogenstorage, 17.6wt.%,
ÅEnergy intensive
ïEndothermic reaction>500ϲC

ÅThermo-catalyticreaction
ïRu showsthe highestcatalyticactivityςexpensive
ïK,Na,Li,Ce,Ba,LaandCa
ïK-basedcompounds:KNO3, KOH,K2CO3, KF,KCl, 

K2SO4 andKBr

ÅIncompatibilityof polymerelectrolytemembrane 
(PEM)fuel cells andtracelevelsof ammonia
ï>0.1ppm

ÅSafetyandtoxicity issues,actualandperceived

ThomasG andParksG ,PotentialRolesof Ammoniain aHydrogenEconomy,US DOE,2006

Aziz M, Wijayanta AT, Nandiyanto ABD. Ammonia as Effective Hydrogen Storage: A Review on 
Production, Storage and Utilization. Energies. 2020; 13(12):3062. 
https://doi.org/10.3390/en13123062



Water Consumptionby HydrogenProduction ς
World Outlook

ÅAssumption: 70EJ of electrolytichydrogenby 2050
ÅHydrogen production
ÅProductionof the upstreamenergycarrier

ÅMinimum water electrolysis~9kgh2o/kgh2

ÅDe-mineralization~18-30kgh2o/kgh2

ÅSteamreformingof methane~4.5kgh2o/kgh2

ÅWatercooling6.4-32.2kgh2o/kgh2

Å Lifecycle water consumption for various hydrogen production 
pathways

Å Water consumption by application (circle size is
proportional to water use in ea

3
ch application with

agricultu re at almost 2,800 km /yr)

The t ot al 2050 hydrogen produ ct ion would be equivalent t o  
a coun tr y w it h 62 m illi on inha bit an t s

Social license to operate?

Blanco,2021;https://energypost.eu/hydrogen-production-in-2050-how-much-water-will-74ej-need/



PermianBasin:
ProducedWater ReuseandMarketplace

ÅChallengeandopportunity

ÅOptimize hydrogen production methods with 
desalination/watertreatment

ÅWaterdemand:1.3Bbbls/annum

ÅProducedwater:1.6Bbbls/annum

ÅAskingprices$0.48-1.02/barrel

WaterAcquisitionCostsper Barrelfor Seven Countiesin the PermianBasin

Sourcewaterhttps:// www.sourcewater.com/

ReusePercentagefor KeyBasins 
(18 CompaniesReporting)

Source: JacobsEngineeringGWPC:ProducedWater Report:Regulations,CurrentPractices,and ResearchNeeds,2019

www.genesiswatertech.com
https://doi.org/10.1016/j.scitotenv.2020.137085

http://www.sourcewater.com/
http://www.genesiswatertech.com/


ImprovingHydrogenEconomics



Hydrogen Economy Infrastructure:
Transmission & Storage

Zachary Evans, WSP



The Hydrogen Road Map



Hydrogen Infrastructure Overview

Å As with all energy commodities, efficient 
and commercially viable applications are 
only possible if supply and demand 
markets are linked by effective 
transportation networks and reliable 
storage facilities at scale.

Å Analogs can be found in the well-
established domestic natural gas 
infrastructure as well as growing facilities 
for transport and sequestration of CO2.

Å Existing hydrogen pipelines are in place, 
primarily located along the U.S. Gulf 
Coast, to serve feedstock needs of 
refineries and chemical processing plants.

Å However, though comparisons are useful 
in forecasting hydrogen economy needs, 
due to differing supply and demand 
markets and different end user business 
models, standing up hydrogen 
infrastructure may not exactly mimic 
existing gas framework.

Å On-Site Sourcing Potential
Å No Residential Usage Component
Å Electron vs. Molecule Transmission Options 

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

Å Options include pipelines, rail, long-haul 
trucking, and electricity (power gen).



Existing Hydrogen Pipelines

Approximately 1,600 miles of hydrogen pipelines are currently operating in the U.S., 
though over 90% of this capacity is located along the Gulf Coast.



Natural Gas Infrastructure Analogs

Existing natural gas pipeline footage outpaces hydrogen facilities by orders of magnitude, 
totaling 3 million miles. Blended hydrogen transport currently targets 10% H2 concentration.



CO2 Infrastructure Analogs


