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H2@Scale: Enabling Affordable, Reliable, Clean, and Secure Energy
21 Across Sectors

Transportation & Beyond Large-scale, low-cost H,

Conventional Storage Hydrogen from diverse domestic
Vehicle

- | resources enables an
Synthetic
@ Fuels

economically competitive
Hydrogen t ?

and environmentally
beneficial future energy
system across sectors

Upgrading
Oil /
Biomass

Power
Generation

Renewables

Ammonia/
Fertilizer

Materials innovations are
key to enhancing
performance, durability,
and cost of H, generation,
Gthar storage, distribution, and
EndLSE utilization technologies key
to H2@Scale

Hydrogen
Generation

Nuclear

(Y

Fossil

Metals

Electric Grid Refining

Infrastructure

Gas Heating

Infrastructure

*Illustrative example, not comprehensive

https://energy.gov/eere/fuelcells/h2-scale



31 DOFE’s Hydrogen Production R&D Strategy

Continued Innovation is Needed across the Spectrum of Options
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lVidespread Adoption-limeline.
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Hydrogen Production

q Research and @ Ultimate Goal 0\ Collaboration
Development through Consortia

. . . A Advanced water-
Fosell el biomess ane wEsie Less than SZ/kg ép HydrOGEN splitting materials

Advanced Water Splitting Materials

* Water electrolysis

* Solar water splitting Innovative Ex.: Leveraging

. Co_production Of Value_added fGEdStOCkS C biomass/waste for
products once pts H, production

utilizing diverse, domestic



4 1 International Organization: TASK |l—Solar Chemistry Research

SolarPACES

Solar Power & Chemical Energy Systems

Solar Fuels & Commodities Thermochemical Energy Storage

Short/mid-term Approaches Long-term Goal Short and long-term Storage of Solar
P Heat
Carbonaceous Feedstock rocess Fea
(NG, Oil, Coal, Biomass)
Hydration Carbonation
Metal Oxides Redax Cycles Dehydration Decarbonation
[ 4 l l
Carbothermic - Reforming . Thermochemical
Reduction - Gasification Electrolysis Cycles
National Coordinators
Astalia DERchu ' I e
Bsr;’Gilles Maag ‘g. T
Prof. Dr. Mario Toledo l —
i I
SolarPACES Task Il Activity: g D Glles Flamant @ R

Roadmap to Solar Fuels

-
Strategy for Industry Involvement and SolarPACES ..'.’
77

Market Penetration ..

2015 publication

Roadmap to Solar Fuels

Strategy for Industry Involvement and Market Penetration
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5 ‘ Thermochemical and Hybrid Water Splitting Technologies

Thermochemistry
Y
F o
02 H2
MO.— MO, -F%O2 (1) Reduction

MO_;+0-H,O—>MO.+6-H, (2)Oxidation

5.]{20_)%02 +J-H, (3) Thermolysis

e Metal cation is redox active
element in two-step cycle

TC + Electrochemistry
;’9—;’ H2804

& O, Hzo + 802
Z/Z H,O + SO,

H, H,SO,

H,SO, «» H,O0+S0,+ %0,
(thermochemical; 800-900 °C)

SO, +2H,0 — H,SO, + H,
(electrochemical; 80-120 °C)

Net Reaction: H,O0 — H,+ %0,

e Sulfuris redox active
element in two-step cycle

S. Abanades, P. Charvin, G. Flamant, P. Neveu, Energy. 31, 2805-2822 (2006).
R. Perret, SAND Report (SAND2011-3622), Sandia National Laboratories, 2011.



Thermochemical Water Splitting is a Simple Concept:
6 Heat + Hzo In, H2 + 02 Out

G. J. Kolb, R. B. Diver, SAND Report (SAND2008-1900), Sandia National Laboratories, 2008.

R. Perret, SAND Report (SAND2011-3622), Sandia National Laboratories, 2011.
S. Abanades, P. Charvin, G. Flamant, P. Neveu, Energy. 31, 2805-2822 (2006).
|

(0;-0¢)H,0

thermal reduction:
Nuclear

Thighs Piow

(Bi_gf)HZ

MOx-S

Concentrated Solar Power

Y
H,0 |
—+> H,production: —
|

e Direct storage of solar energy in a chemical bond

e Multinational efforts focused on two-step, non-volatile MO,



71 STC H, vs. Alternative Renewable Water Splitting Technologies
Theoretical STC offers a simpler technology than alternatives
vs. DOE Target
Efficiency —
Nst = LHV(H,) / Qgotar

/\

>40% Z & STC H,

high temperature
reactor

no bugs/wires/membranes

and higher theoretical efficiency. |
i

vS. 26%
>1000 suns
&) 1Solar Thermal “-‘ — Stirling heat engi
~280/0 E or PV+ N E colr:\llr:a%tijr?alegglcg?olyzer
o) e —
VS. 20 /0 LLI EIectronSIS (D >1000 suns
CU . = C_G inorganic PV cells
> 40 o/ . 9 = =5 A (_) complex, multi-layered
o e o i 3 —
PEC | . ',ff»'::rjw-h‘f = C intrinsic electrolvsi
VS. 25% GLJ e ,_.~ "'f— - _C intrinsic electrolysis I
O - O 1-15 suns
) D) [
O . . I— complex nano-engineered
?2?% — Emerging Technologies synthetic membranes
vs. 1% JCAP & Artificial Leaf 1sun



STC H, Materials Theme: Oxygen Exchange And Transport

e Oxygen storage materials with a twist

— Thermodynamics

H,0O dissociation

— Kinetics O-atom incorporation

— Transport
— Gas-solid interactions
— Solid-solid interactions !

--- Oxygen “storage”

. ] . UEICHE]
e Materials in extreme environments

— High temperature and radiative flux

— High thermal and chemical stress



9 I Cycle Thermodynamics Challenge Process Economics

Ad at target T+ too small for CeO,
to meet cost and efficiency targets

. 0902_5
2.00¢ HZ'O:H2=;1 e o’ -’ 1
1.98} 4
196
LO ®
~ . Ao . 1273
i B | 1773
Process metrics (US DOE targets): . .
H, production rate 50-100mt/day 1.92 .
Solar-to-H, efficiency >25% 1 90— — . . . .
10710701010 1072
H, production cost (US DOE) ~$3/kg I o
- . 0
Desired cycle metrics: JrolPo,]
Reduction Temperature (T+r) ~1400°C D — Engineering challenge
Oxidation Temperature (Tox) ~800°C ™~
“O” activity in reduction Hgas < Hsolid Hgas ~10%atm A
“O” activity in oxidation Hgas > Hsolid 1igas ~103atm | <— Material challenge




10 I Thought Experiment: Adjacent H, and CSP Plants

/ No integration \ / CSP-H, integratioh

= Waste heat supplies = Waste heat is
internal power needs fed to CSP
= H, production and = Consolidated
CSP do not interact power
= Separate power generation Electricity generation
generation facilities Light(596500) facility Light(sssoc;) efficiency increases
heat heat from 42% to 48% at
_ higherT
(>600°C) (565°C) (>600°C)
Hydrogen Electricity Electricity Hydrogen Electricity *All heat is converted
prodliction generation generation prodtiction generation to electricity more
efficiently, not only heat
l Process electricity l Process electricity from H2 produ ction

H, H,
\ 120 MW Electricity to grid / \ 138 MW Electricity to W

CSP-H, integration increases electricity generation

by 15% (relative), with lower total capital costs

https://www.energy.gov/eere/fuelcells/downloads/potential-strategies-integrating-solar-hydrogen-production-and



11 I MO, WS Cycle

Sclar-Drven High-Temperanure sag
Thermochemical Cycie Hydrogen Cost *

Demonstrated: From Watts to Kilowatts

ETH/PSI

Chemical Tower Capital Cont Onstafled $YTP0
cost)

Annuad Reaction Matenal Cost per ;
TPOH: * .

Solar © Hydrogen (STH)
Energy Comversion Ratio *

1-5un Hycrogen Producton Rate * o !

CGipare

Efficiency is
a key metric
for US R&D

High cost
of solar
collection

UNIVERSITY OF MINNESOTA

Es—nuw

Many different reactor designs have been explored

J. E. Miller, A. H. McDaniel, M. D. Allendorf, Advanced Energy Materials. 4, 1300469 (2014).

=M
)
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12 I Sandia’s Flowing Particle Receiver Reactor

1600

1200 —— CeO, particles
\']\ SS plate
800 - 4 — CPR2 wall
@

400 1 1 1 - ‘
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temperature (K)

S 2§U N A
Trr=1700K | 2 =7
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NN
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13 1 Global Initiatives Gaining Momentum

Article in March 2018 issue of Chemical Engineering (www.chemengonline.com) titled “Solar Chemistry

Heats Up” written by staff editor Gerald Ondrey https: / /hydrogeneurope.eu/

TABLE 1. RECENT SOLAR-THE| 7 .
Project (tmeframe) | Partmers” . Newsfront project/hydrosol-plant
Indiref: Indirectly Solar Institut Jilich, Hil- | Using solar thermal energy (at S I Ch . H U
solar-heated reformer | ger GmbH, Hille & Miller | 700—1,000°C) to reform CHg4, with @
(2016-2019) C0, and H,0, into syngas Olar em |stry eats P N/
Astor: Automized Rheinische Fachhoch- Using solar-thermal energy (at 800— Major efforts are underway to develop new process technology for making chemicals using -
thermochemical schule Kdin, Stausberg 1,400°C) to make H, from reaction of sunlight and the products of combustion
water splitting & Vosding GmbH, AWS- | water with metal oxides 1 N
(2017-2020) Technik e K. AN et Sl ij ect H Y D R 0 S 0 L PLA NT
Sun-to-Liquid Bauhaus Luftfahrt, ETH | Synthesize liquid hydrocarbons from N roudh s o suply then ed for g §
(2016-2019) E'%Ch, g“?EA Energy, :rz.:’) and Coz,a'v&aﬁforhmugn ms:hmas ff;aﬁe';‘;eﬁln’;"s‘ﬂ":gh'}”z:‘:m'n“‘f $§;g‘;'§ and more (see Thermochemical HYDROgen production in a SOLar monolithic reactor: construction and
ear B ’Aba']goa subseq" SCher-1rop: making myriads of chemicals m", nderstandthe imi 2 fa 750 kWth PLANT
SA., Arttic (F-T) synthesis e AT W | eperstionora 750k
Hydrosol: Solar ther- | CIEMAT, Hygear B.V., Hel- | Using solar-thermal energy (at 800— production. which humane have GOy, water and sun.
mochemical water | lenic Petroleum, APTL 1,400°C) to make H,, from reaction of s ot Slores 10 o bormass (3 posciiti, o ] .
smrm“g water with metal oxides our ancestors used to meet their plains Christian Sattler, Solar ﬁ_)els Could be Ausﬁaha’s b‘ggest energy export
(2014-2017)
Sophia: Solar inte- | CEA, HyGear BV, VTT, Decomposition of steam by a . alia? . .
orated pressurized | Engie, HTceramix SA, | combination of electrical and high- Solar fuels could be Australia’s biggest energy export
high-temperature SolidPower temperature (700—-800°C) heat into I .
electrolysis (HTE) carbon-free Hy and 0, Posted on October 16, 2015. Australasian News.
(2014-2017) -
Solpart: High-tem- | CNRS, Cemex, Abengoa | To utilize solar-thermal energy to Author: Giles Parkinson
perature solar-heated | Research, Universit perform the calcination step used
mmc':o for olfnms:ih\?le of meeswr&gf;‘féw mndﬂu‘:ul:m phosphate and cement Source: reneweconomy.com.au
uction of rea comessa, eurovia, i es
particles Lime Development, Uni- http://english.cas.cn/newsroom/
(2016-2020) versité Cadi Ayyad. OPC i i China Conducts Massive Synthesis of Liquid Solar Fuel D: 8 - —
Pegasus: Renewable | AFT/uerth, KIT Balllc | Using sulfur o store eneray in 2n archive/news_archive/nu2018/201

power generation Ceramics, Processi In- $-50,-H,504 cycle (for more infor-

by soler-parice-fe- | novati o, 2oa Chem. Exy. e 2017, A 1,000-tonne industrialization of liquid 807/t20180709_194849.shtml
(sgrfg_ez%v;g solar fuel synthesis project has been
H H H In ASTOR a reactor will be developed, which is based on the ones of the HYDROSOL project family. It will have a
Diisol: Sustainable GTT Gesellschaft fir Making nitrogen fertilizers via a Ia u nChed In La nZhOU, ca pltal CIty Of 1herrsv|a?capacityC:71250 :W.dAs R;Dg)x-maleriall)carzxid:ls used.m proesttamiy
fertilizer production | Technische Thermoche- | Haber-Bosch process in which the | H
ffomsun.airand | mie. und physik MOH, ismmm“amrspmmm“z northwest China's Gansu Province.
water aixprocess GmbH the N, from a solar-thermochemical
(2016-2019) air-separation process
Solam: Solar alumi- | aixprocess GmbH, CSIR, | An effort to decarbonize the alumi-
num smelting NFTN, Eskom, DST (last | num smelting process using solar-
(2015-2018) four South African) thermal energy
Virtual Institute ETH Zurich, KIT, TU To produce CO,-neutral fuels via a »
SolarSynGas: Ther- | Clausthal thermochemical route | solar fuel
for CO,-neutral re- production plant
newable fuels
(2012-2017)

HEST-HY: High ef- Sandia National Labora- | To develop new methods and reac-
ficiency solar-thermal | tories, Colorade School of | tors for operating thermochemical
hydrogen Mines, Northwestern Uni- | looping cycles to make H, by splitting
(2014-2017) versity, Stanford Univer-
sity, Bucknell University,
Arizona State University
*Source: DLR, Institute of Solar Research; DLR is a partner in all projects listed

Reactor for hydrogen ger

in SynLight
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Advanced Water Splitting Materials

141 DOE EMN Consortium

o = = DD
AWSM Consortium taboratores
S IX co re La bs : . " M Lawrence Livermore s RN L

National Laboratory
Idaho National Laboratory

Accelerating R&D of innovative materials critical to advanced water splitting
technologies for clean, sustainable, and low cost H, production, including:

@ H, Production
Photoelectroc_:?emical (PEC) target <SZ/ kg

)

Hydrogen

Low- and High-Temperature
Advanced Electrolysis (LTE & HTE)

HydroGEN consortium supports early stage R&D in H, production



15 I What Would it Take for Solar Thermal Technologies to Deliver...

Renewable H, by splitting the water molecule (or solar fuels in general)

»R&D to discover and advance functional materials
»R&D to discover and advance alternative cycle chemistry
* both pure thermochemical and hybrid cycles
»R&D to develop solar reactors and synergistic system concepts (H,+Electricity)
* extremely high temperatures
* high efficiency heat recuperation
* hermetically sealed
* CSP integration
»R&D to develop efficient collectors for high concentration and high temperature
» Large scale demonstrations
* public—private partnerships

»New policies and regulation to incentivize and drive private investment



16 I Nature’s Thermochemical Water Splitting Process

Thank you for your attention
Questions?

Source: iStock

Our challenge is to develop efficient and scalable solar-powered
reactors producing 100,000 kg H»/day without melting houses
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18 I National Innovation Ecosystem

Advanced Water Splitting Materials

N,
‘1’ HydroGEN

11 Labs 7 Companies 30 universities 2 Funding Agencies A Community

Benchmarking
Workshop

Pacific Northwest
National Laboratory

Giner
Saint-Gobain

Boston Coll
RensselaerPolytech(r)lslcoSnn?erii}e/ \/;»TuftsUmversny 2 MRS
N\ | ~Boston University

Advent Technologies

Idaho National ‘ Cornell University j Northeastern Unlversny

Laboratory Binghamton Unlver5|ty

o
University at Buffalo Il A.— = University of Connecticut Sym posla

Michigan State University i United Technologies
- M University of Michigan \ ‘ Research Center
Lawrence Livermore Northwestern University Bl yniversity Bl ] LAY Proton OnSite
Sandia National National Laboratory Wiriivrsisyafltmets of Toledo \ = \ ‘— Rensselaer Polytechnic Institute
andia Nationa 7'ﬂ [ Lawrence Berkeley University of U i '~ R U 1 7
i — rbana-Champaign Al R \ utgers University
Laboratories National Laboratory Colorado Boulder National Renewable ) g.. Resiioinaliohesiyl \— Princeton Universit p a p e rs
Stanford—— "~ Energy Laborator Argonne National Yy
University ColoradofShcAhool D v Laboratory University of Delaware o
K of Mines - Penn State Universit;
SLAC National M University of Louisville enn State University p u I S e
Rccelerator [ | University of ———U.S. Department
Laboratory Nevada, Las Vegas of Energy

California Institute Lo Al Erren Oak Ridge °
of Technology L () National Laboratory National Laboratory 85 t t'
AF’aJantoPowder presen a Ions
. L - University of South Carolina

M Arizona State University
t 1 Patent filed, 1 SLAC

National Laboratory

RRU T proposal accepted

eyt — Corelab O Lab 2 new HTE projects

Hawaii at Manoa == DOE FCTO A Industry
Project

Participant  — miversity 5 new Supernodes

== NSF DMREF
Project

Participant 4 new NSF DMREF prOjECtS

HydroGEN is vastly collaborative, has produced many high value

products, and disseminating them to the R&D community.



19 I Thought Experiment: High-temperature Electrolysis & CSP
Single tower dedicated to providing thermal energy, multiple additional CSP

towers to provide electricity H,O
~850°C |
Light > Hydrogen
heat production Hydrogen
565°C | TEIectric:ty (through the grid)
H I|I'I|11.\\ I “ I_ILI 11..'-1'1- |
< | Light > | Electricity
“  heat ~ generation

11 additional CSP towers would be necessary to supply electricity for each
tower supplying exclusively heat for H, production

- No process-level integration of H, production and CSP

Heat and electricity provided by solar energy

https://www.energy.gov/eere/fuelcells/downloads/potential-strategies-integrating-solar-hydrogen-production-and



20

Filters applied (Resource analysis by NREL):

Domestic Solar Resources are Capable of Supplying Entire US
Demand

« US consumes > 21 mb/d petroleum

= Sites > 6.75 kWh/m?2/day.
= Exclude environmentally sensitive lands, major urban areas, etc.
= Remove land with slope > 1%. R @t AT
= Contiguous areas > 10 km?2. A% AW
Land Solar . ~ o
Area Capacity Fuel Capacity o i
state | (10°m?)  (TW) (GW) (mbl/d) B S Sl
AZ 49.9 3.37 421 5.9 By e e Y | s
CA 17.7 1.20 150 2.1 = & A Tih -
co 55 0.37 46 0.7 - i o
NV 14.5 0.98 122 1.7 : — S L)
NM 39.3 2.65 331 4.7 =508 =l
TX 3.0 0.20 25 0.4
uT 9.2 0.62 78 1.1

 139x10° m2is 1.5% of total US land area.

I
- a : I
Total 139.2 9.39 1174 166 S ik (S 1 |



