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A new campus-wide initiative: U c Solutions
that Scale

Solutionsto global environmental problems exist, but
they are not alwaysobvious or easy to implement.

|

Problems and solutions are complex, multidimensional
and differently affect stakeholders who have distinct
concerns, interests, and priorities—and who often lack
trust in each other.

|

StSis buildingbridges among researchers, stakeholders
and decisionmakers. Our goal is globally actionable
science and broader trust in it.

Visit our website to learn more and join us:
https://sites.ps.uci.edu/solutions/




Earth Energy Balance

First Law of Thermodynamics
Earth Radiation, Eer (to space)

Reflected
Solar Radiation

Solutions _ ()
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Primary Energy on Earth
All from the Sun!*

Dead plant/animal life, heat, pressure (millions¥100s of millions of years) — Fossil Fuels
coal, oil, natural gas

ethanol, biogas, biomass

“Energy sustainability
requires conversion of
evaporation, clouds, rain, lakes resources at the same
rate at which they are
naturally replenished
wind turbine on earth without
externalities”

Hydro (weeks — months)

Sun Energy

Wind (days — weeks)

Solar (instant)
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Energy on Earth

Current Practices are Obviously not Sustainable
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Not Just Renewable — Zero Externalities

Energy Conversion has improved quality of life, but, unfortunately also is the most
significant cause of environmental and geopolitical problems (externalities)

Criteria Pollutant Emissions ™

Acid Rain .

Particulate Matter SerIOU_S Healfch

Volatile Organic Compounds > and Air Quality

Nitrogen and Sulfur Oxides Consequences a8
Carbon Monoxide

Greenhouse Gas Emissions
Carbon dioxide, methane, nitrous oxide, ...

Resource recovery damage (e.g., mines)

Regional resource depletion — geopolitical dependencies

Overall primary energy resource depletion — not sustainable
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Renewable Energy Conversion (Solar & Wind)
Good News! Solar & wind power, (and battery) costs have dramatically fallen
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Popular Thinking & Arguments

Main Strategy:

100% renewable (solar, wind, geothermal, ...) power generation
Electrify aH-end-uses some some
Use batteries to handIeAintermittency on grid & forAend-uses

Arguments against hydrogen & fuel cells:

Most hydrogen today is made from fossil fuels (natural gas)
Making hydrogen from water & electricity is less efficient than charging a battery

Making electricity from hydrogen in a fuel cell is less efficient than a batterv
(i.e., round-trip efficiency is lower than a battery except for long duration storage!)

Hydrogen is difficult to store and move around in society compared to fossil fuels!

| agree with most of this!
Subtly untruthful - Not the whole story




Amount of Storage Required for 100% Renewable — CA
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Energy Storage Need - World

Simulate meeting of total world enerqgy demand w/ Solar & Wind

Consumption

Solar Wind Consumption ‘ (TW1

contribution contribution andrzi(i);age (TWh) Storage )
Africa 0.70 0.30 8.39 9 @ 1,088
America 0.45 0.55 7.83 \Q 4,919
Asia 0.50 0.50 7.95 ) ‘X\ 0,178
Europe 0.30 0.70 7.50 “\\ 6 3,592

Oceania 0.50 0.50 3 ‘\ | 205
TOTAL \ﬂo | 19,981 TWh

2. Thesis, 2018]
‘“e . Primary aluminum production
. Co: 25,815 Mt 1%

Primary batteries
2% )

To build one Li-ion batter". 0 \
1 -7 \6 \‘ Polymer production . S
World Li resources @ “Q preen 8

World Co resou o‘\\e < (,o .al), 120 Mt (ocean floor) s

Continuous casting &
> 60% of Co com O Lemocratic Republic of Congo ™™ |

Lubricating ~
greases
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Lithium-lon Battery Measured Performance
Round-Trip Efficiency (>90% in Laboratory Testing)
Measured battery system performance in Utility Applicatior- “
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. >GIP Advanced Energy Storage Impacts, Itron, E3

01 ‘
“e s\)“e 0.15 0.2 0.25 0.3

%‘ _«¢ Capacity Factor (60% of observations in denominator)

® Non-PBI PBI @ Residential

Self-Discharge (the main culprit), plus cooling, transforming, inverting/converting, ...
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Hydrogen Energy Storage Dynamics

Hydrogen Storage complements Texas Wind & Power Dynamics

T I

—Wind Power
— Demand
—Net Power

Oct. 2 Oct. 3 Oct. 4 Oct. 5 Oct. 6 Oct. 7 Oct. 8
_ | | 1 | | | | |
1000 ] 5 5 L . . s
Time (days)
Load shifting from high wind days to low wind days o 5 2o L Browwer ). 1ot Doumalof
Hydrogen stored in adjacent salt cavern Hydrogen Energy, Vol. 38, pp. 7867-7880, 2013
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Hydrogen Energy Storage Dynamics

Weekly and seasonal storage w/ H,, fuel cells, electrolyzers

Weekly Seasonal
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But what can we do if we don’t have a salt cavern?

Solutions Maton, J.P., Zhao, L., Brouwer, J., Int’l Journal of -%
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Resilient Storage & Transmission/Distrib*

Natural Gas Transm|SS|on Distribution & Storage Syster-

¢ 9
UcC u"'

0\%

@‘: Resource

> 99.999% available

Gas Technology Institute, Assessment of
Natural Gas ... Service Reliability, 2018.
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Annual Total OC 4 years for
Tuition & Fees| Population | entire population
U.C. Irvme S17,331 2,246,000 S39 billion
oonto0d &
DR i \ S 4
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Tuition & Fees

Average Annual

Total Student

Population

4 years for
entire population

All University of

$ 17,800

265,000

S4.7 billion
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at Scale

Carmona, Adrian, M.S. Thesis Project,
UC Irvine, J. Brouwer advisor, 2014.
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Demonstrated Resilience of Fuel Cells and Gas System

San Diego Blackout, 9/28/11 Hurricane Sandy, 10/29/12 CA Earthquake, 8/24/14
WIDESPREAD POWER OUTAGE j o e —
= O

=
—
e, “

Installation at
Brookside, DE

Hurricane Joaquin, 10/15/15

7|

“ Dean Nelson //;
\ A
Utility fault droped 138,000V feed, fuel cells
worked flawlessly. NO IMPACT. Thank you
DBloom_Energy! #ebayinnovation




Why Hydrogen? Required for completely zero emissions

\A BD . C Demand for aviation,
) or lo i transport,
. structural = and shipping N H3
Essential |\ materials
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A Demand for
highly reliable
electricity
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R Compressed
air energy
Q Other centralized storage storage

(e.g., thermal, batteries)

0 Solar
P Hydrogen/
synthetic gas

REVIEW SUMMARY

ENERGY

Net-zero emissions energy systems

Steven J. Davis*, Nathan S. Lewis*, Matthew Shaner, Sonia Aggarwal, Doug Arent,
Inés L. Azevedo, Sally M. Benson, Thomas Bradley, Jack Brouwer, Yet-Ming Chiang,
Christopher T. M. Clack, Armond Cohen, Stephen Doig, Jae Edmonds, Paul Fennell,
Christopher B. Field, Bryan Hannegan, Bri-Mathias Hodge, Martin 1. Hoffert,

Eric Ingersoll, Paulina Jaramillo, Klaus S. Lackner, Katharine J. Mach,

Michael Mastrandrea, Joan Ogden, Per F. Peterson, Daniel L. Sanchez,

Daniel Sperling, Joseph Stagner, Jessika E. Trancik, Chi-Jen Yang, Ken Caldeira*

Davis et al., Science 360, 1419 (2018) 29 June 2018
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Why Hydrogen? Zero Emission Fuels Requirer

Provide zero emissions fuel i o g  Aircraf
to difficult end-uses 1%\‘ \\‘\% ‘i

- ToyotaFuel Cell:
Zero Emissions Big Rig




Why Hydrogen? Industry Requirements for Heat, Feedstock,
Many examples of applications that cannot be electrified

Steel Manufacturing & Processmg Cement Production Plastics

(PI:OI‘OABB Cemt) (PhOtO DOWDUPOﬂt Inc)

Computer Chip | Fabrlcatlon Pharmaceuticals

(Photo: Geosyntec Consultants)

(Photo: Galveston County Economic Development) o S
(Photo: American Chemical Society)




Can LA/LB Port become Zero Emissions?
Batteries compared to Hydrogen & Fuel Cells for Container Ships

UC
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Can LA/LB Port become Zero Emissions?

California - 90 m Offshore Wind Speed

126° 124° 122° 120°

Contours

NN
y b
.
~—— Water Depth (Meters) .
Distance from Shore
(Nautical Miles) \
mis
1 2

80- 85 179-190
75- 80 168-179
70- 75 157-168

60- 65 134-145
00- 60 00-134

118°

0 100 200 300 Kilometers

50 100 150 Nautical Miles

LiNREL
« »
i p L

UC

H Liidl oCdie

LCOE ($/MWh)in real 2014 Us

N

zenergy!

All ships, trains, & trucks through LA/LB Port 8.89M tons ' (((\9 \

.nous resource for

o Q wverts anticipate significant cost
( 1sin offshore wind technology:

e=g==(Onshore

g Fixed-bottom offshore

8
200 === [-|0ating offshore 150 5
w
<
-
&
150 w
100 @
£
=
100 =
£
50 @
50 o
(v]
-
0 0
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055

Lines/markers indicate the median expert response for the median LCOE scenario
Shaded areas show the 1st-3rd quartiles of expert responses
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Can Data Centers become Zero Emissions?
Data Center Confiqurations/Locations Modeled

Battery - Central Storage

_ E-EEE-e-
NE—

\|/
-Us
L

Data Center powered directly
from renewable generators
when available. Excess of
electricity stored in batteries.

Wyoming
lowa
Virginia
Texas

Solutions
that Scale

UC

Excess power to gas Power to gas

Data Center powered directly
from renewable generators
when available. Excess of
electricity converted to
hydrogen and used when

All renewable electricity
generation converted to
hydrogen. Data Center
powered from hydrogen.

required. Wyoming
. lowa
Wyoming Virginia
!ov.va. Texas
Virginia

Texas -zzzaza
NATIONAL FUEL CELL RESEARCH CENTER ‘.




Can Data Centers become Zero Emissions?
Modeling Assumptions

Power Generation Systems

==z °* Standard modules : *  V90-2.0 MW
¥ ,.:;:"5:‘5:' o * Ratedwind speed: 13.0 m/s

g == * Single axis tracking system - _
\ . System Losses 14.08% “v Cutin, cut out speed: 4.0 m/s —25.0 m/s
* Diameter:90 M

Energy Conversion Systems

Nelectrolyzer: 75%
Nfuel cell 55% E >

* Degradation: 1.3 % per year

*  MNcharge: 90.3 %

Ndischarge* 90.3 %
*  Minimum state of storage: 20%

* Degradation: 1.7 % per year.
Energy Storage Systems

* Liquid hydrogen. 20.3 K, 1 atm

* Boil off losses: 0.1% per day G l

* Liquefaction energy requirements:
4.94 kWh/kg

Solutions e
that Scale NATIONAL FUEL CELL RESEARCH CENTER 'm
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Can Data Centers become Zero Emissions?
Data Center Designs (WWyoming location)

50 MW. Wyoming

600 100%
90%
>00 80%
0,
400 70%
60%
Z 300 50%
40%
200 30%
0,
100 20%
13%  14% 10%
- 0%
XXX R ER R R R -
O n O Nn O N O n O N O n O N O n O n o wn O =
@ 4 8N ®d® o F OGN0 ORNOOO DS e
Wind Penetration
Wind Generation EEESolar Generation Total Capacity Electricity to DC —Storage
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Can Data Centers become Zero Emiss’

37

Excess P2G & Battery Cases — Wyoming (optim- ‘O\e '/ﬂ nd)
Hydrogen C~ 0 . Battery Case
Wind Onshore  Solar PV  Eler’ & -+ Wind Solar PV Battery
e Q .tion | onshore
Size, MW (MWh) 48 271 o 31 177 21,781
Dewar, ton ‘e “ 520.6
Liquefier, kg/s °|° (‘ 0.57
OM fixed, M$/yr 0.43 00 ‘\* J.18 0.335 0.28 0.78 306.5
OM var, $/MWh x N 154.7
Cooling cost, $/h ‘ (‘6 23.6
Energy cost, $/h ‘o \x\ 799.2
Capital, M$ 0 62.25 35.35 67.0 28.43 128.43 6224.1
Cellcapex, M$ % 3396.5
Power conversion caps 00 5 9 2823.4
BOS capev & e 2.12
Dewar % 13.8
Lic ‘* (’b 53.2
Qe ‘o 0.86E-2 6.86E-2 6.86E-2 6.86E-2 7.06E-2 6.86E-2 6.86E-2 7.06E-2
g \6 29.57 67.05 131.5 371.2 23.2 29.57 67.05 4,744.5
- @\ 5.16
e 119.82 4,798.20
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Gas System — MASSIVE Resource for Zero Emissions

First mix up to X% — ADD grid renewables & transportation electrification
Then piecewise conversion to pure hydrogen

Visalia

PG&E
(KERN RIVER
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(LINE 85)

KERN/MOJAVE
(WHEELER RIDGE)

KERN/MOJAVE

(KRAMER JUNCTION) TRANSWESTERN

SO. TRAILS

) TOPOCK)
. % G
. 2
@ siiomms
(COASTAL SYSTEM)
SOCALGAS SYSTEMMAP i AYJ] S o777 ]
P MERR BLYTHE

LEGEND . “- (NORTH BAJA) ASO

/\  COMPRESSOR STATION e C mumamc@

A\ STORAGE FIELD /
e BACKBONE TRANSMISSION PIPELINE ;Lf’rsnf)’;g{’;fjv C|Ose va IVeS
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Gas System — MASSIVE Resource for Zero Emissions

40% of all electric demand — 20 sqg. miles of solar, only gas syst- _ 'se
for H, storage AND all T&D
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Summary

We must and will inevitably increasingly depend upon solar power and its more
direct derivatives (e.g., wind)

Air quality

Greenhouse gas emissions & climate

Energy, environment, & geopolitical sustainability

The DYNAMICS of such a future are challenging — require complementary dispatch,
massive storage, and seasonal storage
Batteries, hydro, power-to-gas (P2G), hydrogen energy storage (HES)

P2G & HES will become the indispensable zero emissions fuel and energy storage

medium to enable this future
Long duration energy storage
Massive energy storage amount
Will be lower cost (separate power/energy scaling)
High round-trip efficiency possible

Solutions e
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Solid Oxide Electrolyzers & Fuel Cells

Can achieve much higher round-trip efficiency
60

PEMEC * 0% CO2 - 10% H2
* 60% CO2 - 10% H2
PEMEC

50

kWh/kg-H2
N w S
o o o

=
o

0 0.2 0.4 0.6 0.8 1
Current Density (A/cm?2)

U c I {* SOFC & SOEC systems not known for highly dynamic operation _g@’
that Scale ivmnivivae ruce viere neoe~RCH CENTER ‘i




Key Simplification: Limited Geometric Resolution

Planar SOFC with 10 Discrete Computational Nodes
Anode Gas, Cathode Gas, Cell EEA, Separator Plates

10 NODES

i St e e i e

REFORMED
= —_—
FUEL _ _ _ __ ;
CATHODE GAS ‘=== b D
CELL EEA SEPERATOR PLATE

Reformer Module with 5 Discrete Computational Nodes
Anode Off-Gas Recycle, Fuel Mix, Combustor HX, Catalyst Bed

5 NODES
(_Hf A N i A i A N A N
EXHAUST  <mmm — D— == £CEXHAUST
o m—) m—) » B e ORMATE
NATURAL 227
— T— P — == STEAM/
oAS I N E S S . _ .\, _ . DEPLETED FUEL
ééé Adiabatic Mixing Volume

w5n Catalyst Bed
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Sample Dynamic Conservation Equations

Species Conservation

ydCi

dt

Momentum Conservation
) _

dt - Pmlet Aznlet Poutlet Aoutlet Fs

Nernst Equation

- Niinlet_ Niuz/tlet+ Rl

E=E+ R“Tln [sz][yoz]l/z[ycoz,c]Pl/z
nk’ [yHZO][yCO2,a]
Electrochemical Losses
LR :Rcelli
Li= /i )
n
Lc=- -i/i)
Cell Voltage
Veell=E—L,—~L.-L,
U c Solutions
that Scale

Sample Mass Conservation Equations

_ PR
out R];ut
Nout = Nin +NR - d((i;:tV)
dC,V
Nz’n(XH2)in +RH2 _(;;2)
(XHZ)out = N
P.=P, =P " e
Nin (Xcoz )m + Rcoz - %
X =
( COZ)out NOW
d(C,.,.V)
Nin (XHzo)m + RH20 - (Z;O
(XHZO)ou =
t NOMt
Nin(XNZ)in _M
(XNZ)out = dt
“ Nout

Roberts, R., Mason, J., Jabbari, F., Brouwer, J., Samuelse Liese,
E. and Gemmen, R., ASME Paper Number 2003-GT-3%%% 'EQBU-\
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Fuel Cell System Dynamic Simulation
Minimal spatial resolution to enable full system dynamic simulation

Electrochemistry spatially resolved 12 bomer  cument 128
Heat transfer dynamics :” e g — wo':?
Energy conservation dynamics ;: ————— b~ , : i
Pressure dynamics (momentum £ A w3
conservation) Sar c—_,vi,ﬁ I s

—@D i r=, °*

y
_
o
o
~
o

)
Eool Compressor Shaft Turbine Generator 1050 60 ¢
ue = =
Cold Bypass %
<1000 50 S
@ &
5950 | ----Cathlnlet ~ e+ccce Cath Outlet - 40 =
<— £ A
Exhaust % 000 ——Average :eak d;/dxi 50 %
Heatﬂ Recirculation £ SRR S
Bypass ) S
* 850 . 203
|_> Cathode 800 3 105
s
SOFC \ &
Anode 750 . 0

Solutions T Camew® °TF [
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Integrated Reversible Solid Oxide (rSO) System

Variety of system configurations could enable reversible operation

Electric heater supported concept shown

RSOFC

Fuel D

Oxidant 4>{>'<)/—|

H,0/H,
—»
To dropout
—
>
_>
Air exhaust

Fresh Air

Uc Solutions
that Scale

—<

McVay, D., Zhao, L., Brouwer, J., Transactions of the

Electrochemical Society, Vol. 78, pp. 2975-2985, 2017

> —
From HX
H,0 dropout
Makeup water ‘
ATIONAL FUEL CELL RESEARCH CENTER ‘.’




Integrated Reversible Solid Oxide (rSO) System

Fifteen minute solar data on a clear summer day
1.2

o
00

o
~

Normalized Power
o
(@)}

o
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0 w w ¢ w w w w w xiLx w ]

0 2 4 6 8§ 10 12 14 16 18 20 22 24
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Solutions V=
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Integrated Reversible Solid Oxide (rSO) System

Combined effects of power and salt flow increase with a diurnal (solar thermal) heat
input

5
o
c 1r
- Salt Input
% = = =Power Input 3
N 5
D05 [= === =———— ©
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©
£
S o ! |
= 2 4
51 7113
<4 412 2
= o
3 3
S 3t 411 =
O p
2 I I ! I I I I 1
2 4 6 8 10 12 14 16 18 20 22 24

McVay, D., Zhao, L., Brouwer, J.,
Transactions of the 80 -
Electrochemical Society, Vol. 78,
pp. 2975-2985, 2017
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Integrated Reversible Solid Oxide (rSO) System

Fifteen minute solar data on a cloudy summer day
1.2

.1 R

Normalized Power
o o o
> o)) 00
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Solutions V=
that Sca Ie McVay, D., Zhao, L., Brouwer, J., Transactions of the ATIONAL FUEL CELL RESEARCH CENTER ‘.—
Electrochemical Society, Vol. 78, pp. 2975-2985, 2017 ~—




Integrated Reversible Solid Oxide (rSO) System

The system is capable of operating within safe bounds even under cloudy conditions
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