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Today, more than 10M metric tons of hydrogen are produced in the
U.S. annually, mainly from steam methane reforming of natural gas
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H2@Scale: a DOE initiative for a hydrogen economy

Well- tO -H, production gate (WTG) , H, production gate-to-end user
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gglz\'ent status and trends of hydrogen deployment in the

U.S. clean hydrogen market is poised for rapid growth

Hydrogen Program

Annual clean hydrogen production for domestic demand has the potential to scale
from < 1 to ~10 M metric tons by 2030

Coordinated across DOE on Scaling the market will require continuing work to address demand-side challenges
research, development,

demonstration, and deployment _ _

(RDD&D) to address: U.S. National

Clean Hydrogen ENERGY

U.S. Department of Energy Clean Hydrogen Production Standard (CHPS) Guidance

Strategy and
Summary
Roa d map This guidance document contains the U.S, Department of Energy’s (DOE’s) intial Clean

Hydrogen Production Standard (CHPS), developed to meet the requirements of the Infrastructure
Investment and Jobs Act of 2021, also known as the Bipartisan Infrastructure Law (BIL), Section
40315. This guidance will be reviewed and may be subject to revision within 5 years, based on
stakeholder feedback and in consultation with the U.S. Environmental Protection Agency, as
required by the BIL.! CHPS is defined specifically in accordance with BIL Section 40315.

Pathways to

* The entire H, value chain from
production through end use S

Background

Hydrogen plays a critical role in a comprehensive energy portfolio for the United States, and the
use of hydrogen resources promotes energy security and resilience as well as provides economic
value and environmental benefits for diverse applications across multiple sectors in the
economy. The DOE is committed to creating and strengthening technologically and
economically feasible production, processing, delivery, storage, and use of clean hydrogen from
diverse fuel sources.

* H, production from all
resources (renewables, nuclear,

and fossil + CCS)

‘The BIL. amended the Energy Pullcy Acl 0f 2005 (EPAet 2005) to accelerate research,
of hydrogen from clean energy sources. Section
40315 of the BIL states that * ||D| ]ater than 180 days after November 15, 2021, the Secretary, in
ion with the Adminis of the Envi Protection Agency and after taking
into account input from industry and other stakeholders, as determined by the Secretary, shall
develop an initial standard for the carbon intensity of clean hydrogen production that shall apply
to activities carried out under this subchapter.”™ Further, the statute directs that the Secretary
shall determine not later than 5 years after the initial standard is published, whether the standard
should be adjusted below the existing threshold and to carry out such adjustment if deemed
appropriate.”

https://www.hydrogen.energy.gov/clea https://www.energy.gov/eere/fuelcells/articles/
n-hydrogen-strategy-roadmap.htmi clean-hydrogen-production-standard
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https://www.energy.gov/eere/fuelcells/articles/clean-hydrogen-production-standard
https://www.energy.gov/eere/fuelcells/articles/clean-hydrogen-production-standard

The GREET® (Greenhouse gases, Regulated Emissions,

and Energy use in Technologies) model

= With DOE support, Argonne has been developing the GREET life-cycle
analysis (LCA) model since 1995 with annual updates and expansions

= |t is available for free download and use at greet.es.anl.gov

= >55,000 registered users globally including automotive/energy industries
and government agencies

= Will be used for tax credits evaluation of clean H, production

GREET 1 model:
Fuel-cycle (or well-to-wheels) modeling of vehicle/fuel systems
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GREET sustainability metrics include energy use, criteria
air pollutants, GHG, and water consumption

Energy use

Air pollutants

Greenhouse
gases

Water
consumption

* Total energy: fossil
energy and renewable
energy

» Fossil energy:
petroleum, natural gas,
and coal

 Renewable energy:
biomass, nuclear energy,
hydro-power, wind
power, and solar energy

\ 4

Resource availability
and energy security

* VOC, CO, NOx, PM,,,
PM, s, and SOx

» Estimated separately
for total and urban (a
subset of the total)
emissions

) 4

Human health and
environmental justice

6

.|co,, cH,, N,0|
black carbon, and
albedo

« CO,, of the five
(with their global
warming potentials)

) 4

Global warming
iImpacts

» Addressing water
supply and demand
(energy-water
nexus)

\ 4

Regional/seasonal
water stress impacts
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Hydrogen production via CH, reforming, w/ and w/o CCS

Conventional Gas NG
Drilling & Recovery Processing
: NG Compression CCS
T 1 lig
M —— f— f
{—1—\
CO, CO,
t t
L combustion reformation
Shale Gas NG
Drilling & Recovery Processing NG Compression

55
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> ) E fa . NG Transportation H,
L | o Gy | ek

+ Steam

________________ | NG SMR or ATR Plant

Avoided GHG emissions
from landfilled MSW

§ £

»| Landfilling

MSW = municipal solid waste
NG = natural gas

————————————— | o e e e e e e e e e e
MSW \— RNG = renewable NG
Anerobic » RNG SMR = steam methane reforming

Digestion ATR = auto-thermal reforming
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Hydrogen production via water electrolysis
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Well-to-gate (WTG) GHG emissions of hydrogen production
pathways
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I 3% CH, leakage
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] o 89 lllustrative- Actual emissions will vary by facilit
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Reforming: % : : :
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https://greet.es.anl.qgov/files/hydrogenreport2022
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Infrastructure options for gaseous hydrogen (GHZ2) delivery
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Infrastructure of liquid hydrogen (LH2) delivery
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H, fuel cell electric vehicles are attractive zero-emission options

when daily energy use Is high: vehicle cost perspective

v'FC: Fuel Cell

v'FE: Fuel Economy

v'LDV: Light-Duty Vehicle

v'HDV: Medium- and
Heavy-Duty Vehicle

Overall cost [$]

Battery_“

Fuel Cell

M.

v’ Life of energy storage and fuel cell
needs to be factored in

v’ Fueling/charging cost is additional
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Hydrogen Delivery Scenario Analysis suite of Models (HDSAM)

Argonne’s HDSAM and its derivatives evaluate the economic performance and market acceptance of
hydrogen delivery technologies and fueling infrastructure for FCEVs

» Publicly available with >5,000 users, including major gas » Supported by U.S. Department of Energy’s Hydrogen and

and energy companies, in more than 25 economies Fuel Cell Technologies Office (HFTO) since 2004
Delivery & Refueling/Charging
Components L
Scenario Definition - Model Output
Markets ‘ Delivery Cost

(all U.S. cities > 50K population)
R — )
Y

Levelized Cost

L\

Penetration

(1] 25 50 75 100

Delivery Modes

= A

Cash Flow

-

Financial/Economic
nputs and Assumption

https://hdsam.es.anl.gov/
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https://hdsam.es.anl.gov/index.php?content=hdsam

H, supply form and onboard storage technology strongly
impact H, refueling station (HRS) cost

A Fleet Size: 30 buses; Fill Amount: 35 kg @ 350 bar, back-to-back, one dispenser

$6.00
350 bar 350 bar » Compressor/Pump ($(2016))

$5.00 ch, cH, u Storage ($(2016))

" Dispenser ($(2016))
$4.00 - Refrigeration ($(2016))
O\
e .'/ "|
$3.00 = =
— m Controls/Other ($(2016))
$2.00
()
N I I I j
$0.00 l . l

1.8kg/min 3.6kg/min 7.2kg/min | 1.8kg/min 3.6kg/min 7.2kg/min | 1.8kg/min 3.6kg/min 7.2kg/min | 1.8kg/min 3.6kg/min 7.2 kg/min

HRS contribution [$/kg]

Compression/Buffer 350 Pump/Evap/Buffer 350 bar Cryo 10 bar LH2 Cryo

Gaseous H, supply Liquid H; supply

» Cost of H, delivered to the station is additional




Ammonia as fertilizer, fuel and H, carrier

= Ammonia production process modeling = Techno-economic analysis

Primary/Secondary SMR Water-Gas Shift |{ CO,Removal | CO, Compressor ¥ €O, Transport Costs 14
CH,+H,0=>CO+3H Steam CO+H,0 (Cansolv) - mmmm H, Feedstock Costs o
4+ Py 2 2 Stack . > T
+ { 2
CO+H,0>CO,+H, > CO+H, mmms NG Feedstock Costs ¥ 1.2
| Black box N >
NG Fuel model ‘r e mmmm Other Variable Costs - 1.055
Flue 4 : . < 1
Purge & 2 Gas Steam i . : Water [ Fixed O&M g 0.918
Flash Gas from ] . . N
¥ i Combustion ! s Capital Costs 8 .
Haberfosch 4 X CO, Removal (aMDEA) c 08
Process  Goammiic 1 , Ho N, 45Q CO, Tax Credits £  ecocccccccccccccccccccccea-ll o e,
Steam Heat 1 =31 ) g 0.6
: Byproduct Credits (O,) I 0.475
§ [ °
NG ! B _——— . -
Feed l . : Maximum NH, Spot Price .g 0.4 — I
Process i co, Average NH; Spot Price g 0.229 gz;g: 0.285b 0.270
] 9 . :
Air ‘ Boiler Minimum NH, Spot Price S 02
S Feed Steam [
o Water @ Baseline LCOA (no Tax Credits) 3 0
o Baseline LCOA (with Tax Credits) T I
-0.2

NG-based C-capturing C-capturing Renewable Nuclear-powered DOE 2020 Long-term
NH; NH; vl NH; v2 NH; using NH; using target target

. . SOA LTE SOA HTE ($2/kgH,) ($1/kgH,)
= \Well-to-gate emissions Gasmgn)  (asegry e (e

3.0 2.60
- - - u H,, N, Production Upstream Emissions for NG Use

" T 2.0 ® H,, N, Production Upstream Emissions for Electricity Use

2
g (= B H,, N, Production Onsite Emissions
{7} . 0.77 HB Loop Upstream Emissions for Electricity Use
E S~ <0.01 0.00
w q"N 0.0 ° '. u Boiler Flue Gas Onsite Emissions

o - . . . -
% o NG-based C-capturing C-capturing Nuclear-powered Renewable CO, Capture and Compression Upstream Emissions
o E -1.0 NH, NH; vl NH; v2 NH; using NH, using for Electricity Use

~ Ref | SOA HTE SOA LTE ® CO, Transport Upstream Emissions for Electricity Use

-2.0 etormer only Captured Onsite CO, Emissions
CO, capture Reformer and N
combustion ® Net WTG GHG Emissions
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CO, capture https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc00843b/unauth



https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc00843b/unauth

e-methanol as chemical, fuel, H, carrier

. . = Conversion process modeling
« Methanol can be synthesized by using CO, and H,

via RWGS and methanol reaction
CO, + H,~ syngas—> methanol

Upstream nutrient, electricity, and fuel supply-chain

i
Raw material extraction Feedstock transportation Fuel production Fuel delivery :»
‘ Nutrient ‘ Electricity ‘ Fuel

CO2 Al Hz and CO2 compression A2 RWGS reaction Methanol-synthesis: A4 Heat supply

Ha recycle
il ‘Qﬁ CO2 COz2 recycle
COz2 supply v

Ethanol/A ket CO2

1.0

g . '} __ WIG GHO amisisons 05 NO,CH) _

WIW GHG emisisons (CO2, N20, CH4)

mmmm Capital costs e Fixed O&M Feedstock costs-Hz
mmmm Feedstock costs-CQ:.  mmmmm Byproduct credits mmmm Other variable costs
ez Total == Methanol price-min == Methanol price-max

‘Water

o
H v

Electricity A5 Utility R

Energy balance

‘Wastewater]
‘Water balance
erirsrine e g
Solar/wind/nuclear

) _ _ _ _ _JI_By=product (cthanol and DGS or ammor @) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Mot _
0.52 0.52 0.51

Fuel delivery, dispensing, and vehicle application

08

H, price (§1/kg) = Techno-economic analysis

0.6

P === = = = = = = = = —

0.44 0.45 0.45

04 9 0.38

Methanol ($/kg)

= \Well-to-gate GHG emissions

Ammonia- NG

Methanol- NG

Diesel- petroleum

Gasoline BOB- petroleum

Gasoline E10- petroleum

E-methanol- nuclear H> and ammonia CO2
E-methanol- solar/wind H= and ammonia CO-
thanol- renewable electricity and ammonia COz
Ethanol- comn grain dry milling

Methanol Methanol Methanol Methanol Methanol Methanol Methanol Methanol | .methanol- market allocation and ammonia COs
without Ha with Ha without H: with Hz without Ha with H2 without Hz with Ha E-methanol- nuclear H: and ethanol CO:
recycle recycle recycle recycle recycle recycle recycle recycle E-methanol- solar/wind H: and ethanol CO»
aethanol- renewable electricity and ethanol CO:
CO: high purity byproduct CO: capture MIN CO: market price COz capture MAX E-methanol- market allocation and ethanol CO»
($0/tonne) ($33.6/tonne) ($38.6/tonne) ($76.2/tonne) E-methanol- nuclear H> and market CO2
E-methanol- solar/wind H: and market CO:
E-methanol- renewable electricity and market CO-

136.3

0.2 0.25

0.0

38.8
379
35.0

I Reference

Methanol products
[ Methanol-ethanol co-products
[ Methanol-ammonia co-products

i 0 20 40 60 80 100 120 140 160
https://pubs.acs.org/doi/10.1021/acs.est.0c08237 Cradle-to-grave GHG emissions (g CO,-eq./MI)



https://pubs.acs.org/doi/10.1021/acs.est.0c08237

E-fuels via Fischer-Tropsch (FT) process using H, + CO,

= Conversion process modeling
 FT fuels can be synthesized by using CO, and H, T il podtonpoces et Aspn P
via RWGS and FT reaction T o =i

« CO, + H,> syngas—> FT fuels

2
. _— — — — — —
Y 2 2
=1 .
4
2 COMPressors

Industrial/power plant

H H Water H
* Techno-economic analysis
8.0
™ Fixed operating cost Feedstock costs-H; M Feedstock costs-CO, J :
70 t N Distillation
. M Byproduct credits B Other variable costs Total Operating Cost Electrolysis E%f,i‘;;mg =" ) & separators
60 L H A4 Hydro-processing
E" 50 f . .
a3 * = \Well-to-gate emissions
é" 40 \~3.83 (20-year untaxed highest price for comparable conventional fuels) 3.1 g-CO, eq 3.5g-CO, eq 3.5 g-CO, eq
= /2.30 (15-year untaxed median price for comparable conventional fuels) 3.01 WTG WTP WTW
“ 30 / By | ST T=—=———=- T—-=—=—=—=—====-= -
o { N 1
% 2.34 o an \\ | U-235 Emissions from Electiicity Production : 3.1 g-CO, e
o N 242 Nuclear Powerplant g-LLseq
v 20 N X N I Steam 1 |
s \ \\ \ 1 I 1
= \ \ \ ! Electricity o : [
10 F \ \ \ 1 2 Electricity : | I
\ ‘ \ : \ : Steam | I 1
0.0 s L L - y | Emissions from FT Fuel Production !
High Market Proce of Fossil DOE Target Nuclear HTE ; H; 1 I » 0.8 g-CO, eq
Hvdrogen ! SOEC I Emisgions from Transportation |
vereg ! ET Fuel & Disffibution of FT Fuel I
1 co i [ | 7> 0.3g-CO, eq
X l 2 Production 1 FTI Fuel _ |
H, cost (3.00 $/kg) H; cost (1.15 $/kg) H, cost (1.00 $/kg) Ha cost (1.63 $/kg) I Al I-_F:Fuel »| T8O : ue Vehicle \E/tranl‘}ISC;tiaonS » 70.1 g-CO, eq
1
. o L I I '
*MSFP=minimum fuel selling price ST T T S T T TS T ST TS s =

https://www.osti.gov/biblio/1868524 Numbers in per MJ FT Fuel
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SNG Production Cost —

w/ and w/o IRA Tax Credits

+ SOEC = solid oxide electrolyzer cell

, 80
©
[ ] - (D <
Ethanol-CO, = 0 $45.6 - $42.0
supply g3 40 $30.9 527.1
23 20 $17.1 -
8= $4.5 $4.1 ﬁ
$& 0 [ Bu__ da ________ 4 P i e __ _
3 20
Fossil NG Fossil NG SOEC-H: SOEC-H: SNG SNG SNG
(Industrial (Electric (no credit) (w. 45V) (no credit) (w. 45Q) (w. 45V)
use) utility use)
m Capital Cost Fixed O&M H. Feedstock Cost CO. Feedstock Cost
B CO. Transport Cost Other Variable Cost 45Q CO:. Tax Credit 45V H: Tax Credit
Levelized Cost of SNG # | evelized Cost of H: Fossil NG Cost (Ref: EIA STEO 2022)
TEA Parameter Unit Low-Cost Value Baseline Value High-Cost Value Reference
Nuclear electricity price ¢/kWh 3 7 11 DOE 2020 Record
SOEC-H, price ¢ o 1, 2.4 4.2 5.7 DOE 2020 Record
(no credit)
SOEC-H, price :
(with 45V PTC) $/kg-H, 0.5 2.3 3.9 This work
: 17.7 25.2 33.4 This work and
Ethanol-CO, price  $/MT-CO, (minimum) (weighted average) (maximum) NETL, 2014
CO, transport distance mi 50 100 500 This work
Byproduct steam - Export No export No export This work




Steel production using hydrogen in DRI technology

000 | mmmmmm Capital cost s Fuel and reductant Ele.ctn'city 3000 E o ;;:n:d:.l,f;("—or_c mining [~~~ p:ne—rg; i:.p;n_ - _()l_hc: ﬂ_m: I ;m_‘m_c”-'m_: CTG CO: emissions 1,340 kg
_ s [ron ore or scrap s Labor _ — antenar.lce_. otper O&M_ ' KWh NG 195 ke. electricity 153 KWh IR I I oo e o o
3 mmm By-product credit = == = Market price_max = e e Market price_min 2,500 - = g, electricity I3 { Electrodes 3kg Crile siesl ichdacttont
;700 r ¢ Steelprice ¢+ CO:emissions @ ‘//C—(f"i% =5 ‘ Y ()lhe:ir:‘;el:i:lgll kd //C’T(:\I
§ & 1.9 1705 { 2.000 [/EH . I (_€0:382 ke
e _‘_ _______ 468 _450 oo ey _4%0 % . o= N IFd ,Lu\,' Electricity 714 KWh |
:%500 365 439 387 400 399 4 1.500 eg === —_I’_-I;Tl‘.'_':— ;_@ Y Cooling gus: m— 1
% g : B;n:;*r o L/Cl'lw Air blower ;
S300 | 2 Dolomit CO: 158 kg. oo |
-~ -8R ol . ;
% O | A 1] e _l ;u'l:alcc Refining I
EIOO i . . l 500 N m ) : e Heat re f (rude sleelj

* , , , . , , , , i 1 \ e I Pellets 1.360 kg Yy, . 1000 kg |

270 791 1.340 1.062 861 784 653 I NG 39 kghReeycle 435 ke ¥ | - < e S !
-100 = . " - 5 4 4 4 4 0 ! Electricity 101 kWh |y _ o e e e e e m = L e e e e e - I

e g| %ﬂ E'E E'E E'% E'E 3'% E'%

= ;B &g df 4 % & = NG=$3.7/GJ, Elec =$0.07/kWh, H,.$1.3/kg
D — L — — =
a a A A B = . . .
U » The production cost with DRI-NG-EAF is

—~ 700 } Market price min =~ ===-=-- Current BF BOF  — - = Market price_max

S = DRI-H, is more costly, and sensitive to H,

A .

% 600 price

2 s00 = For DRI-H, steel to reach price parity with

3 market price, H, cost needs to be $1-2/kg H,

g 400 . - .

s = |RA 45V incentivize DRI with H,

= 300
200 L . L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
H, price (S/ke) Argonne & 19

Cost and Life Cycle Analysis for Deep CO2 Emissions Reduction for Steel Making: Direct Reduced Iron Technologies - Zang - steel research international - Wiley Online Library



https://onlinelibrary.wiley.com/doi/pdf/10.1002/srin.202200297
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Thank You!
aelgowainy@anl.qov

Our models, tutorials and publications
are available at:

https://qgreet.es.anl.qgov/
https://hdsam.es.anl.qov/
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