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Overview

* Focus of this poster (which is not a currently funded
project and not being reviewed — although input is
always solicited) is an overview, introduction, and
update to the continually evolving H2@Scale
program and vision. Feedback is welcomed and
continually solicited.

e H2@Scale detailed projects presented elsewhere

— Poster Session
— Detailed talks
— Overlap in many other areas
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Key Drivers for Evolving Energy System

Increasing low-cost, renewable Rapid growth in Competitive Energy System
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Average U.S. Levelized Wind PPA Prices?
480 National Resilience Value?
g $70
S 60 Coal and oil-
& $50 700 fired units were
g w40 able to respond
a 930 600 during winter
E 520 s “bomb
510 x cyclone” ‘
<0 c 500 0]
2009 2011 2013 2015 2017 g \ o
& 400 ®
Projected Growth in Energy Storage (GW)3 Other =
140 m South Korea 3 300
G
120 u Australia S $3,5 Billion
N v 200
100 m United Kingdom 8
G =
80 B -cemeny T 100
60 . l u India o
40 = . I = Japan 0
| . A D D DD D WD W W
20 = = - I i I = China . N\ \%\\, \(?\\, q}\\, %o)\x \%\\, 0\\, \9\\, q,‘o\\’
0 === — ; - - l . u United States Y \9’\ \’)’\ '\3’\ AN N N
2016 2021 2026

1. Lawrence Berkeley National Laboratory, https://emp.lbl.gov/wind-technologies-market-report 3. Source: Sekine, Yayoi. “2017 Global Energy Storage Forecast”. Bloomberg New Energy Finance.
2. National Energy Technology Laboratory, https://www.netl.doe.gov/energy-

analyses/temp/ReliabilityandtheOncomingWaveofRetiringBaseloadUnitsVolumelTheCriticalRoleofThermalUnits_031318.pdf
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Energy System Challenge

* Multi-sector requirements
o Transportation

o Industrial
o Grid

How do we supply all
these services in the
best way?
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* Dwight D. Eisenhower

"If you can't solve a
problem, enlarge it"




Conceptual H2@Scale Energy System*™
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*[llustrative example, not comprehensive

NATIONAL RENEWABLE ENERGY LABORATORY



H2@Scale Vision

e Attributes

o Cross-sectoral and temporal energy impact
o Clean, efficient end use

 Benefits

o Economic factors (jobs, GDP)
o Enhanced Security (energy, manufacturing)
o Environmental Benefits (air, water)

Getting all these benefits in a single energy system
significantly enhances value proposition.
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Stakeholder Groups - Engagement

Conventional Storage Hydrogen

ﬁ Y Synthetic
* Nuclear y

 Wind

* Solar

* Fossil

e Grid/Utilities
* Regulators
* Electrolysis
* Industrial Gas infstrctre
e Auto OEMs/supply chain

* Fuels Production (Big Oil)
 Metals/Steel

* Ammonia
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i |
Nuclear Hydrogen
Generation

Metals
Refining

Electric Grid

Infrastructure
Fossil

Other
End Use

Heating

* Analysis
* [nvestors
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Technology Development Roles

Demonstration,

Early- Stage R&D Deployment &
Commercialization

* Department of Energy * Private Sector
* Fuel Cells R&D  Partnerships

* H, Fuel R&D * H,USA
* Other Federal Agencies « CaFCP

@ @Scale.

U.S. Department of Energy
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Improving the economics of H2@Scale

Preliminary
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e R&D capabilities needed
to develop affordable
technologies for

Cost of Hydrogen Production ($/kg)

ot production, delivery, and
Coc:::p:chiZ;:ic;?; ﬁSﬁ‘:T/?(ﬁWh ¢2lkWh4c\’%¢1/kWh ¢2/kWh4cT%¢1/kWh * end use applications'
Capital Cost S400/kW $400/kW $100/kW
Efficiency (LHV) 66% 66% 60% . .. . R R
Eectolyzer st Optimizing H, storage and distribution
i i https://www.hydrogen.energy.gov/pdfs/review18/tv045_ruth_2018_o.pdf
Decreasing cost of H, production
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H2@Scale CRADA Call Selections

Over 20 projects selected:

Hydrogen Integration Distribution Component R&D
* Electric Power Research Institute » California Go-Biz Office
* Exelon * Frontier Energy
* Southern Company / Terrestrial * HyET
Energy * Honda
» Pacific Gas & Electric * NanoSonic
* TerraPower * RIX
* Tatsuno
* Shell
H,, Station Risk Analysis Hydrogen Production R&D
« Air Liquide * Honda
« California Energy Commission * C4-MCP, Inc.

Connecticut Center for Advanced Technology * GInereLX

-  GTA, Inc.
 PDC Machines ’
* Quong & Associates, Inc.
e B wie  @SRNL
JNL B2 UNREL ... Nl AN
Idaho National Loborutory EE,R!(-EI?E!‘LI'.’:\.B, »!q PaCIfNI’S:HCIEIO\E‘It_RBWIOg/?I—gRY Lab[)[atories : -
3 HATIONAL RENEWABLE ENERGY LABORATORY | £ OPERATED BV SAVANNAH RI VER MU CLEAR SOLUTIONS
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H, today is different and changing fast

* H, Council*

o Launched in January 2017 its i i
members include leading companies Potential Impacts from Hydrogen
with over $10 billion in investments Council Roadmap Study. By 2050:

. « $2.5 trillion in global revenues
along the hydrogen value chain, « 30 million jobs

inCIUding transportation, indUStrV; o 400 million cars, 15-20 million trucks
and energy exploration, production, « 18% of total global energy demand
and distribution.

CNGIi@

BMW
z’—‘!MRL'QU'DEH ALSTOM AngloArnerimn GROUP DAIMLER ..

Creatie Okygen

<x L2
HONDA @& HYUNDAI Ewasaki @ THE LINDE GROUP @ ToraL TOYOTA

13 members (Jan 2017).

@ 74 s — 01 J :
3M  ARBUS Bairlicide mooulBes ALSTOM Orsmie (0D BN, ¢ BOSCH pumme @ DamiEr 4 S@DF ence 17 faveds 2.

HONDA @ HV oA lwatani JM Srmciftey 500 wppon OIS Enersy B Kawssaki o op @ R .= 2 tovora waEcHA
COGES — SNOPEC

wroe o
ToraL

32 steering members and 20 supporting members (Nov 2018).

*Steering members shown, additional supporting members
www.hydrogencouncil.com

Significant growth in short time reflects developing appreciation for hydrogen’s role
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Estimated Technical Potential Hydrogen Demand

Maximum Market Potential for the Industrial & Transport Sectors and Storage

Technical i g ekl e e
potential
(MMT* / year)
Refineries & g
CPIS
Metals 12
Ammonia 4
Methanol 4
Biofuels 14
Natural Gas 10 Total H2 Demand
(metric ton/county mi’/yr)
. Il 400-150000
ngh_t DUty 57 Bl 100-400
Vehicles B s0-100
Oth [ 10-50 Pre"'hina ~
er 29 %l: 106;,10‘30,000 metric ton H2 / yr ry Resu'ts ?.g N R E L
Transport (Alaska & Hawaii not shown) »!"
gect”“ty 28 Technical Potential Demand: 166 MMT/yr
orage
Total 166

Current U.S. market: = 13 MMT/yr
T ion ot tomes Including captive generation for ammonia and refining

§ CPI: Chemical Processing Industry not including metals, ammonia, methanol, or biofuels
Light duty vehicle calculation basis: 190,000,000 light-duty FCEVs from
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http://www.nap.edu/catalog/18264/transitions-to-alternative-vehicles-and-fuels

Developed Demand Curves

Estimated market size and willingness to pay for 10 applications on a
national basis — range is >$3/kg for refining and ammonia to <$1/kg for
injection into the natural gas system and some seasonal electricity storage.
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Estimated Economic Potential of H2@Scale for Five Scenarios

Estimated hydrogen market size: 14-48 MMT/yr with AEO Low Oil & Gas
Resource Scenario natural gas prices.

Demand Supply

Business as Usual

Low NG Resource

Prelimina,.y Results

Improved
Electrolysis

Available Biomass

Resource
Low-Cost
Electrolysis
10 20 30 40 500 10 20 30 40 50
Hydrogen (Million MT/yr) Hydrogen (Million MT/yr)
M Refineries Methanol B SMR
Metals M Light-Duty FCEVs B LTE from OCE
W Ammonia M Other Transportation Nuclear HTE
M Biofuel Il Biomass Gasification
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Summary/Key Points

e H2@Scale has become firmly
established as an R&D priority
for DOE and various
stakeholders.

* The view of H, amongst
different stakeholder groups is
changing rapidly, with
unprecedented efforts around
H,.

* The rate of changes and projects
investigated our accelerating.
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Technical Backup Slides




Role of H, in storing chemical energy

. Representing the reactions this way, allows
Table 1. The Gibbs free energy change (AG), cell voltage (V cell), and for‘:he Comp%rison of bond energy%n a per

number of electrons generated for select chemical bond energy storing NN oAy B NI R LR e e
gas-phase reactions. have the most energy per electron (1.19 V),

AG followed by NH bonds (1.13 V), CH bonds
(kd/mol) (1.04 V), and CC bonds (1.02 V). Itis

slightly exothermic (downhill) going from H2

H, +1/20, — H,0 -228.6 _ plus CO2 to hydrocarbons (including the
Sabatier process, fifth reaction, for
methane generation or Fischer-Tropsch

CH, + 20, — 2H,0+CO, -800.8 1.04 8 chemistry for liquid fuels
or other multiple carbon, hydrocarbon

C+ 02 —> COQ -394 4 1.02 4 products) or going from H2 plus N2 to
ammonia (Haber-Bosch process, sixth

NH; + 3/20, = 1/2N, + 3/2H,0 -326.5 113 3 reaction). Through these established, large-
scale industrial processes (Sabatier,
Fischer-

COQ t 4H2 — CH4 t 2H2O -113.6 0.15 8 Tropsch and Haber-Bosch), H2 can serve
as the energy-containing intermediate

N, + Hy, — NH,4 -16.4 0.06 3 leading to fuels or products, with enough

energy to drive

processes, but not so much excess energy
that product formation “wastes” an
excessive amount of the input energy.

Hydrogen at Scale (H2@Scale): Key to a Clean, Economic, and Sustainable Energy System, Bryan Pivovar, Neha
Rustagi, Sunita Satyapal, Electrochem. Soc. Interface Spring 2018 27(1): 47-52; doi:10.1149/2.F04181if
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What is needed to achieve H,@Scale?

Low and High Ten.'tperature H, E.itorage_and H, Utilization
H, Generation Distribution
-
ot™
R&D for low cost, R&D for thermally R&D for safe, H, as game-
durable, and . integrated, low reliable, and changing
intermittent H, cost, durable, economic storage energy carrier,
generation. - andvariableH, and distribution revolutionizing
. generation. systems. energy sectors.
Analysis

Foundational Science

Future Electrical Grid
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Energy Vectoring Costs

The costs of

Amortized Transmission Costs

R ey energy
1.50 ..

540 - transmission
E .
S s30- are also being
£ 0. investigated.

$10 o

$3.67 97
130.77 $1.68 $2.24
%0 OI il EtﬁH MeOH Nat Gas H> Electrical

Pipeline Pipeline Pipeline Pipeline pipeline

18

https://www.hydrogen.energy.gov/pdfs/review18/pd102_james_2018 p.pdf
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