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Why hydrogen?
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Hydrogen is a flexible and potentially a zero-carbon emission energy carrier that could enable the integration of

different energy systems.
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Considerations for Hydrogen Projects (Based on United States Market)

Largest long-term H2 feedstock TAM

H2 market

Role H2 feedstock size with full
of H2 in TAM1, adoption?, $
Sector End-use decarb. Description of switching costs 3 billion billion
Industry Ammonia Low: Proce§s currently uses fossil-based H2, hydrogen 4-10  4-11 5-12 410  4-11 5.12
supply feed in place
2030 2040 2050 2030 2040 2050
Refining . Low: Hydrogen supply feed in place 6-8 6.8
Steel Variable: Highly dependent on current plant configuration and
. feedstock, may also include hydrogen distribution infrastructure 4-7 4-8 15-30 18-35 20-40
- . BN 20
Chemicals- Variable: Can limit switching costs by adding CCS to SMR, 26 3.7
methanol . other approaches more costly with higher unit cost savings - - 5-12 5-12 6-14
Transport'  Road® High: New vehicle power trains with fuel cells, refueling stations & o539 20-55 90-125 110-140 120-160
. distribution infrastructure 0 . -
Aviation fuels Moderate: Fuel conversion / production facilities g
. P 515 10-30 820 10-25 10-30
EEmmm————— B
Maritime fuels* High: New ship engines, port infrastructure & local storage, and fuel 8-20
. supply, storage, and bunkering infrastructure in ports <1 410 = 515 515  8-20
Heating NG blending Variable: Will depend on pipeline material, age, and operations (e.g.,
for building heat® pressure); requires testing for degradation and leakage 0 0 0 2-3 2-3 2-3
Industrial heat Variable: Dependent on extent of furnace retrofits required
. 0 1-3 2-5 7-10 7-10 7-10
Power H_igh-capa(\]city Moderate: Retrofits to gas turbines, additional storage infrastructure
Firm —20% H2 <02 <01 <01 46 58 812
(Combustion)®
_ . ) . - : N 8-11 Varies based t-d i
TAM: total addressable Eg\gesz . Moderate: Retrofits to gas turbines, additional storage infrastructure 0 4-6 oat'rf":fl_ SES tggh“;‘fﬁogi‘:'s”"; 'd"

market

composition of grid

Source: DOE - Pathways to Commercial Liftoff: Clean Hydrogen. https://liftoff.energy.gov/wp-content/uploads/2023/03/20230320-Liftoff-Clean-H2-vPUB.pdf
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Four Key Elements of a Hydrogen Business Case: Type of Demand,

Production Pathways, Storage, and Transportation

[
Hydrogen storage alternatives,
e.g., salt cavern (underground),
Tank (Gas), Tank (Liquid)?

I
Hydrogen production pathways,
e.g., grid-driven electrolysis,
renewable-driven electrolysis,
steam-methane reforming (SMR),
etc.?

i
Type of hydrogen demand and
» utilization, e.g., fuel cell
electric vehicles, refinery
operations, etc.?

Electric Grid
Infrastructure

Heat/Distributed
Power

Infrastructure

U

Incentives? IV Regulation?
« Low-Carbon Fuel Standard Credits Mass and energy transportation * Lifecycle Greenhouse Gas Emissions
- Production Tax Credit (PTC) modes, e.g., pipeline (gas), trucking * Renewable Energy Sources

(gas), trucking (liquid)? * Etc.

* Etc.
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Hydrogen Production Economic Tools: H2A

The Hydrogen Analysis (H2A) hydrogen production models and case studies provide transparent
reporting of process design assumptions and a consistent cost analysis methodology for hydrogen
production at central and distributed facilities

Real Levelized Values

H2A s

Cost of Hydrogen ] sass
Hydrogen Production Technologies Salvage Value | s000
Byproduct Sal $-
« Central PEM: current & future YPEE e
e Central SOEC: current & future Feedstock Cost | | s083
. Other Variable Operating Costs $0.21
* Central biomass: current & future ritial Equity Depreciable Coptal [l 0.4
° Central SM R: cu rrent Yearly Replacement Costs |:| $0.12
Fixed Operating Cost :I $0.12
* Central ATR+CCS: current Debt Interest L] so0s
* Central coal+CCS: current Taxes | so03
. . Cash for Working Capital Reserve ] $0.02
e Distributed PEM: current & future Principal Payment 50,00
* Distributed SMR: current & future Decommissioning Costs 2000
. Other Non-Depreciable Capital Costs | $0.00
o User'd Efl ned Other Raw Material Cost S-

$- $0.50 $1.00 $1.50 $2.00

Note: SMR+CCS was not included based on NETL forecast that it would not be
competitive against ATR+CCS. Verification was performed over a range of
nameplate capacities.

https://www.nrel.gov/hydrogen/h2a-production-models.html NREL | 8
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H2A Model: A Process Flow Diagram for Biomass-Based Hydrogen

Steammn
Flue gas 23 ps1 SteTm Water 15 psi 465 ps1 Cooling
T 1,598 F cyeie L 146 F 140F Water
Gasification |0 /0 < (63 (60 C)
— p|Feed Prep — | Dryer _P(TBCL, & Tar Sorubber =Syngas . E. o
Biotnass cyclones) reformer 19 psi Compression wessel
17 psi
SandT Char & Sand 1,383 PT 300 F L T
L 4 S0 Steam -
Char ¢ ) (143 C) To treatment cycle 455
corabustor & 4—C_— Air 120 %51
cyclones 200 bed | - LO-CAT| (49 C)
ﬁshi 5 445 psi
- Steam Steam team Combustor JO7E Sl
390 psi cycle cycle 405 psi tflue gas (=375 Ch Steam wir
392F 1562 F Air reformer  Syeain
(200 Y ’ MNatural gas preheat cvele
400 psi Eeformer
662 F 1L A ‘T
LTs Stearn {350 C) Coding 1 _________________________ Q Combustor
cycle water, T
Y gas
¥ > E O _’au’ "‘CE e :
wessel cooler — ¥ pgpa [ PCompression
wessel 370 psi
T 110 F
Process integration heat exchange 3 <)
1,265 psi 450 psi 35 pei 1.5 psi AL
1,000 F 32 F 266 F 115 F $
(538 (389 ) (120 Ch =1 C)
Steam to Steam to Cooling Idalce up From E. O,
reformer gasifier water wessels

https://www.nrel.gov/hydrogen/h2a-production-models.html
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Integrated Hydrogen Production Cost and Financial Analysis: H2A-

Real levelized values ($/kg H,)

- Revenue from hydrogen sales NN $10.00
Based on Hydrogen Financial Analysis Scenario Tool (H2 s BSS g s
Inflow of equity [ | $3.33
Inflow of debt [ $1.28
Monetized tax losses [] $0.49
Revenue from waste heat sales | $0.20
Cash on hand recovery | $0.04

e Uses Generally Accepted Accounting Principles (GAAP) Cost attribution

W Oper:
Fina

o
[ Opel

ating revenue
: hi

nse
h outflow

financial analysis Total cash inflows | I I 11 $19.78 Incentives
* Also compatible with International Financial Reporting G m=wese . SCENAFiOS
Standards (IFRS) o o DT
* Articulates standard financial reports for duration of e (|
analysis I
g Leveraged, after-tax, nominal IRR
i Income Statements Total cash outflows [ [ | '_g iz;: > 100% 95%ile14%
e (Cash flow statements =, 1% =  Risk analysis
g 60%
* Balance sheets s
* Analysis performed on real 2020S basis (for 2
COnSiStency With H2A _fUtu re methOdology) ° 0‘%’6.90% -4.90% -2.90% -0.90% 1.10% 3.10% 5.10% 7.10% 9.10% 11.10%
Leveraged, after-tax, nominal IRR
Case Energy cost Financial User H, cost &
(‘data projections framework overrides }nanuals
I + + l > '
Hz HZ
H2A H2FAST H2A-Lite

https://www.nrel.gov/hydrogen/h2fast.html
https://www.nrel.gov/hydrogen/h2a-lite.html
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Desing and Operation Optimization of Hydrogen System: RODeO

* RODeO is a price-taker Inputs Input Values Model Outputs
model formulated as a

mixed-integer linear —

programming (MILP) Utility _———
model Service —‘
* Open source; written in
GAMS platform ISO/RTO Revenue
e Objective: maximize net electricity Operation
revenue for a collection of markets ————— and Device

equipment at a given site Optimization

— Generators (gas turbine, —_—( (RODeO)
steam turbine, solar, ‘
wind, fuel cells, etc.)
— Storage (batteries, '
pumped hydro, hydrogen,
etc.) ‘
— Flexible loads (EVs, Financial ’
electrolyzers, buildings) Inputs

https://github.com/NREL/RODeO

NREL | 12


https://github.com/NREL/RODeO

Optimal Desing and Operation of Hydrogen System: RODeO

. . [0 Renewable revenue [l LCFS FCEV (US$ 180/credit) [ll Energy charge Il Fixed demand charge
* RODeO can be used to estimate the break-even price of etk i e B el
hydrogen for different energy input scenarios s oo Islanded EW
* It optimizes the hourly dispatch of the electrolyzer based _ | I < ted e
: - S 9.35
on renewables output and grid electricity costs EParated i e
e Can also be used to analyze hydrogen energy storage 729) I Retail oo

with tanks/geological caverns and fuel cells/H2 turbines i taluholsae

Purchase at retail and
sell at wholesale

7_2a|| Hybrid o

710.4 kgiday H2

Retail only with NEM:
Purchase at retail and

1.2 MW EY

2z J| Retail+NEM &3

Islanded I Separated I Retail Olllv sell according to NEM 486.0 kg/day H2
I I Wholesale: Purchase and b M:W e
ﬂ I I sell at wholesale 343' Wh O I esa Ie ?:ng.gl}iglday H2
ya
| f + ’ I ’ 4 2 0 2 4 6 8 10 12 24 26 28 30 32
I I Hydrogen breakeven cost (US$/k
#F+-9+0! & 9-+0!x-9+0 e =
r oy 225 5 it 0, ——
No purchase or sales to the 1£7 @ EY are not at the same site.} - pypcpqge gt retail and g o - - == [ :
; PV can sell in wholesale markets. | & o SOTL FlectilEtty CONE = y = . —_ l 1 ---
grid EY can buy from retail markets. cannot sell electricif) K] i | !
(]
NEM | Hybrid retail/ Wholesale | Wholesale o Islanded | | |
L]
ﬂ | 1 Not currently 2 60% Separated A il I |
I | proven in e = NEM |
I . California 5 : o —
> 0 Retail Only i
I 1 5 40% |
Er-@P-Q, 5 +>9+0Q = >9 >0 : = i [
I I uij 20% — =Wholesale l—
Purchase and sell at retail I Purchase at retail and sell 1 Purchase and sell at iy
'l J ] 2< 2> ) Y ’] E
with NEM . artwholesale . Wholesale T 0% —
Legend: < 0 2 s 6 8 10 12 14 16 18 20 22 24
i ; T . B¢ - PV -olvzer Hydrogen
ﬂ Retail market Wholesale market @ Solar PV O Electrolyzer Q plzoduiion Hour of the day

Ref: Eichman et al. “Optimizing an Integrated Renewable-Electrolysis System”. NREL/TP-5400-75635. March 2020. https://www.nrel.gov/docs/fy200sti/75635.pdf NREL | 13
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Working Together with Public and Private Sectors to Unlock the Potential

of Hydrogen Technologies

Public entities Private entities
 DOE Hydrogen and Fuel * PG&E

Cell Technologies Office ™™ * SoCalGas
* DOE Water Power RO DEO * EPRI

Technologies Office Revenue, Operation, and Device Optimization | * Antora Energy
* California Air Resources * Woodside
Board (CARB) O BODeQ has been l.Jsed in more than 15 projects e Statoil
_ _ involving the public and private sectors
e California Energy * RODeQ'’s project budgets total around $2.5 * Versa power
Commission million dollars * Valley Transit
o University of California, Open-source software: https://github.com/NREL/RODeO Authority

Irvine Y V?’lrlaer)ilsportation 4 5’5
Authority ," h .AIItOI'a EI’leI'g'Y
Solutions that move you Woodside Statoil

g‘w CAD"Q CALIF g RNIA E I= E | «*‘}:" LTS RVINE
'Y Enercy e UCT
' ] CO MM ISSIO N s 0 c a I G a s :II-EE(I:ELRRIEHP ?I:;EIRTUTE ; UNIVERSITY of CALIFORNIA = IRVINE e



https://github.com/NREL/RODeO

RODeO™ identifies opportunities for hydrogen technologies
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NREL study backs hydrogen for long-
duration storage

Pumped hydro and compressed air energy storage will soon be cost-effective for day-
long storage, while hydrogen for long-duration storage will be cost-effective by 2050 or
sooner, the national lab’s st
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June 26, 2020 fwas o+
. o This year, the US. Department of Energy (DOE) funded 21 National Renewable Energy Labarstory (NREL)
Amm on |,aJ|r California Power-to-Gas and Poy atotal 2% fprey
Evaluation ‘accounting for 25% of i funded projects and 48% of the DOE Office of Energy Efficient Renewable Energy

(EERE) budget aliocated to TCF, more than any other DOE nation
of 16,

iboratory and improving upon NREL'S 2018 total

Fertilizer

Ful Record
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Abstract « 30-Printed Desiccant Wheel with Thermo-Responsive Desiccants for Energy Efficiency and Thermal Camfort in
Buikdings, $250,000
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Hydrogen energy systems are no longer a technology of the future, says The NREL authors behind
the study revealed that costs to implement a hydrogen-based system can be cost campeuuve with gasoline in the U.S. and could be

driven lower if more dynamic tariffs are used.

Source: U.S. Department of Energy Hydrogen
and Fuel Cell Technologies Office
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Hydrogen Supply Chain Modeling: SERA

The SERA model simulates least-cost hydrogen
infrastructure supply systems for urban FCEV markets

Energy Hydrogen . Retail Station
Resources Production SR 45 (R T Networks

fe . 2
w;;—%»j’w g
o R
E:E:'n‘c’ cH lios Angeles
* Energy prices e Central and onsite * Truck delivery, rail, * Coverage stations for
(natural gas, production facilities and pipeline. FCEV introductions
electricity, etc.) « Capacity sized to * Cost is sensitive to * Station sizes increase
« Renewables meet forecasted volume, distance with market growth
(biomass, solar, demand e Seasonal and * Liquid and pipeline
wind) * Economies of scale weekly storage delivery networks
* Terrain, rights of balanced with * Networked supply compete for large

way, etc. delivery costs to multiple cities stations
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SERA optimizes production, transmission, delivery and dispensing

construction technology, timing, and location

Steam Methane
Reforming

Coal Gasification

Biomass

Gasification

Emerglng Tech:
1. PEM Elec.
2. Solid Oxide Elec.
3. Photoelectrochemical
4. Solar Thermo-Chemical

pathways for SERA to select from

(Right) Visualization of optimized
light-duty vehicle hydrogen supply
chain in 2050

1]

GH2 Truck
Terminal

LH2 Truck
Terminal

GH2 Truck

Distribution

v

GH2
Pipeline

GH2
Pipeline

LH2 Rail
Terminal

v

_ GH2
il Pipeline

GH2 Truck
Terminal

LH2 Truck
Terminal

LH2 Truck

Szl Terminal

(Above) Example supply chain

v

GH2 Truck

LH2 Truck

LH2 Truck

. .- . RA
_ _ * Inputs: Resource (feedstock) prices, utility prices
technology cost and resource data, FCEV demand,
non-transport demand
demand  Optimization: SERA finds least-cost infrastructure
development to meet demand, technology, and
resource constraints
Refueling Station
e Outputs: “blueprints” for hydrogen supply chain
(proquctlon, trans.mlssmn, delivery, dispensing) and
levelized cost of dispensed hydrogen
Technology \‘;E,_.‘—‘—W_l—J___— _____ Ifrk“v¢ 348 J L
M Existing SMR IS8 S e " /7- s \ N
Bl N e [ \ g [ € o N P
M new SMR R G A R S Ly . Nyl 2 i
M GH2 Truck .,% \\ e y e i e . b
B LH2 Truck o ‘ { -
W Hyline AN At a vt e ] T
Capacity (kg/yr)
< 1,000,000
20,000,000
40,000,000
60,000,000
80,000,000
= 100,000,000

Note:
GH2: Gaseous H2
LH2: Liquid H2
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Supply, Demand and Prices over time with SERA
(Illustrative Examples Only)

Given pre-defined pathways, SERA rolls out infrastructure on a least-cost basis to meet demand.

Hydrogen prices are levelized cost and can be broken out by supply-chain component

Pre-Defined Pathways
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LHZ Rail
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Transmission Infrastructure
Rollout over time

2030 2040
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2 °“. HZ[?emand ‘ vbc . .77““‘ Hzlizfmand ‘

Cost of hydrogen (20205/kg)

L= T .~ ¥ - - .

Hydrogen Prices by Supply-

Chain Component
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W Dispensing energy
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m Distribution energy
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B Transmission non-energy
m Production energy

- Ta] ® Production non-energy

™
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II H

tlme
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H2A/
H2FAST

RODeO

SERA

Intuitive, model any
supply chain
component

Optimizes system
design and operation
for a hybrid system to
maximize revenue

Flexible, optimizes over
time and space

Summary

Time
Scale

Opportunities for
Enhancement

Representing

renewable-coupled Annual
electrolyzer systems
Integration of
greenhouse gas Hourly
emissions analysis
Increased model

Annual

customization

Source Code/
Open or Close-
sourced
Financial assumptions,

nameplate capacity,
utilization rate

Excel / Open

Energy and demand
charges, electrical

Python, Matlab, = demand, output demand,

GAMS / Open tech assumptions,
operational and financial
parameters
Demand, network,

Julia, Excel, electricity and fuel prices,

Python / Closed production technologies,

delivery pathways

Levelized cost of
hydrogen

Optimal system
configuration and
operation on
hourly timescale.

Infrastructure
deployment,
supply-chain
component costs
and delivered
hydrogen price

Point of
Contact

Michael Penev
(michael.pene

v@nrel.gov)

OmarJ.
Guerra
(omarjose.gue
rrafernandez

@nrel.gov )

Mark Chun

(Mark.Chung
@nrel.gov)
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lGracias!

Omar José Guerra Fernandez

e-mail: omarjose.guerrafernandez@nrel.gov

www.nrel.gov

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency N R E I
and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.
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