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Catalyst Development for Energy
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Energy Storage Technologies

typical power  discharge  storage capacity efficiency
technology (MW) time cost ($/kWh)  life time (cycle/years) (%) drawbacks
supercapacitors 0.25 <] min 500-3000 500000/20 >90 explosion hazard, low energy density, cost
regenerative fuel cells with 10 >5h 13 40-50  low-density storage, high cost, safety
hydrogen storage

lead-acid batteries 0.5-20 3=§h 65-120 1000-1200/3-4 70-80  low energy density, short lifetime,
temperature sensitive

Li-ion batteries 1-5h 400-600 750-3000/6-8 80-90  cost, safety, short lifetime, self-discharge,
temperature sensitive

NAS battery 0.25-1 6-8 h 360-500 2500-4500/6-12 87 cost, high-temperature operation, safety

flow battery (VRB) 0.5-12 10 h 150-2500 500-2000/10 70 low energy density

“Projected.
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Energy Storage Technologies

* Electrochemical Energy Storage
—Battery
—Flow Battery

 Solar Thermal Energy Storage
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Electric Vehicle Market Forecasted Demand

Regional Automotive LIB Cell Capacity and Utilization
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* Automotive lithium-ion battery demand growing but short of global manufacturing capacity.
* Utilization of U.S. plants increased from 20% in 2014 to ~50% in 2016.
* Forecasted compound annual growth rates in lithium-ion demand: 22%-41% (through 2020).

U.5. DEPARTMENT OF Energy Efﬁc|ency &

3 ENERGY Renewable Energy

UNIVERSITY OF

b | SOUTH CAROLINA
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VTO Battery R&D Mission, Goals & Budget

MiSSiOI’I Enable a large market penetration of electric drive vehicles
through innovative battery research and development.

Goal Research new battery chemistry and cell technologies that
can reduce the cost of electric vehicle batteries to less than
$100/kWh, increase range to 300 miles and decrease charge
time to 15 minutes or less. Ultimate goal is $80/kWh.‘

FY 2016 FY 2017
BUdget Funding in millions
Enacted Enacted
Battery Technology R&D $103.0 $101.2
4 ENERGY i
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Future Battery Technology
& Science

VTO Battery R&D

Current Technology
Lithium-ion
Graphite/NMC
Battery Pack Cost
*  Current: $235/kWh
* Potential: $100-160/kWh

Large format EV cells 20-60 Ah

Current Cycle life 1000-5000

Calendar life 10-15 yrs
Mature manufacturing _

Fast Charge

R&D Needs
High Voltage Cathode/Electrolyte

Lower Cost Electrode Processing
Technology

Extreme Fast Charging

U.5. DEPARTMENT OF Energy Efﬁciency &
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VTO Battery R&D

Future Battery Technology
& Science

Current Technology
Lithium-ion
Graphite/NMC

Silicon Composite/High Voltage NMC

Next Generation
Lithium-ion

Battery Pack Cost
*  Current: $235/kWh
* Potential: $100-160/kWh

Battery Pack Cost
Current: $256/kWh
Potential: $90-125/kWh

Large format EV cells 20-60 Ah Large format EV cells 20-60 Ah
Current Cycle life 1000-5000 Current Cycle life 500-700
Calendar life 10-15 yrs Calendar life Low

Mature manufacturing

Mature manufacturing

Fast Charge

Fast Charge

R&D Needs
* High Voltage Cathode/Electrolyte

* Lower Cost Electrode Processing
Technology

* Extreme Fast Charging

R&D Needs
High Voltage Cathode/Electrolyte
Lower Cost Electrode Processing

Durable Silicon Anode with increase
silicon content
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VTO Battery R&D

Future Battery Technology
& Science

Current Technology

Lithium-ion
Graphite/NMC

Next Generation
Lithium-ion

Longer Term

Battery Technology

Battery Pack Cost

* Current: $235/kWh

» Potential: $100-160/kWh

Silicon Composite/High Voltage NMC Lithium Metal
Battery Pack Cost Battery Pack Cost

» Current: $256/kWh » Current: ¥$320/KWh

» Potential: $90-125/kWh + Potential: $70-120/kWh

Large format EV cells 20-60 Ah Large format EV cells 20-60 Ah Large format EV cells
Current Cycle life 1000-5000 Current Cycle life 500-700 Current Cycle life 50-100
Calendar life 10-15 yrs Calendar life Low Calendar life TBD
Mature manufacturing Mature manufacturing Mature manufacturing
Fast Charge Fast Charge Fast Charge

R&D Needs R&D Needs R&D Needs

* High Voltage Cathode/Electrolyte

* Lower Cost Electrode Processing

Technology

* Extreme Fast Charging

High Voltage Cathode/Electrolyte
Lower Cost Electrode Processing

Durable Silicon Anode with increase
silicon content

High Voltage Cathode

* Lithium Protection

High Conductive Solid
Electrolyte
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Battery Cost

Cost Trends for Lithium-based EV

Batteries

$600

Graphite/High
il Voltage NMC

Li-Metal Battery projection
assumes cycle life, cell

500 4V, NMC .
5500 _ ' scale-up, and catastrophic
| 4.2V, 10%Si failure issues have been
= . Lithium-Metal of resolved
400 L
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Research Roadmap for 2015 & Beyond

Current emphasis: The development of high voltage cathodes and electrolytes coupled
with high capacity metal alloy anodes. Research to enable lithium metal -Li sulfur systems.

4
Long Term A B e Bl L N Foosfi i rrems (s 11 Al A e Ao
Re=earch Lithiurn M etal-Lithium Su |1I'I.Jr—th||II.lrr| Allr iil
Theoreticd Energy: 3000 Whkz, >3,000 Wh sl
Smaller & Lower
Focus 2016-2020 cost BV Battery
2022 0 0E EERE BV Silicon Anode with High-Voltaze Cathode
Gozls: F1250a0h Practical Energy: 300 — 400 Wh kg, 200 — 1,200 Wh{
2 Focus 20102015 vl o
5 2014 DOE EERE FHEY _ High-vo t_j"E, I'dt, IGE_E_ o
= Goals: $3007kwh Practical Energy: 220 Wh kg, 500 Wh'l
LLl
Graphite/Layered Cathode
Theoretical; 400 Whjkg, 1,400 Whyl
Fractical Enemy: 150 W h'lkg, 250 W h/'| L
- Achieved
~300 Cells, ~$10,000 ~200 Cells, ~$3400 $125/Kwh E ¥ Batterny
PHEUBat’tﬂl}-‘ PHE ¥ Batteny .
2012 20145 2020
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New Focused Research Activity

Extremely Fast Charging (XFC):

350-400 kW
* Combination of fast charge batteries and a network %
of high capacity chargers can minimize range anxiety ‘@:" T
and promote the market penetration of BEVs and 1%‘ ]
increase total electric miles driven. fiff?f' -l «®
*  FY 2017 Study sy .. v
— Assess the knowledge base of the fast charging "7 Graghite SEI  Electrolyte

capability of automotive batteries
Identify technical gaps for fast charging
Identify R&D opportunities

* Issues Identified regarding Fast Charging

Higher cost cells: (2X) compared to today’s
lithium-ion cells.

Cycle Life & Durability of Cells

* Lithium plating/deposition occurs on the anode
above a threshold current density.

* Cell temperature rise during charge

Plated lithium due to fast-
charging
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Energy Storage Technologies

* Electrochemical Energy Storage
—Battery
—Flow Battery

 Solar Thermal Energy Storage
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Flow Batteries
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Vanadium Redox

Pos. Electrode Side AC/DC Converter Neq. Electrode Side

g e

yo fyd V3t / 2+
Electrolyte Electrolyte
Tank Tank

ﬁﬁ - ;\ o Eé
Electrode Membrane

Pump Discharge Charge  Pump
Pos. Electrode Side VP e—— VS re
Neg. Electrode Side V3% +ee— 5 V2*

Charging and discharging of Zinc Bromine batteries.

Zinc Deposit at Charged State ; Membrane

/
/—.\J;_\

Z,"(
Zn" . Br- Br~
lon densities lon Br:
Increase with densities Conplex
Discharge Increase Dereases
with arith.
Discharge Discharge

Heavier and Oily Br,
Complexes sink down

Carbon Electrode
Carbon Electrode

S

~ Electrolyte

- Discharged:

At Charge
Neg. electrode side: Znt*+2e = Zn®
Pos. electrode side: 2Br = Br; (ag) + 2e
(Br, complexed into a thick. oily sludge, is stored in a separate location
inside container)

{Znplated on neg. electrode)

At Discharge:
Neg. electrode side: Zn' © Znit+2e

(Zn ions dissolved in both electrolytes)
Pos. electrode side: Br; {(ag) +2e = 2Br

(Br ions dissolved in heth electrolytes)

Polysulfide Bromide

l ge“t':rolyte ! ! Y Electrolyte

! Electrode ' lon-selective tank

membrane S

Sodium Bromide

Sodium Polysulfide

2Na2s2

Na254

Pump Power source/load Pump

CHARGE MODE DISCHARGE MODE

source [ HC| flow batteries | Load
h

L

2e'" 2e” 2e’ "29‘
H,(@)| o+ | |dissolved Hy(9)l op+ [ dissolved
«— | —cCl, — | — || «—C|,

2HCl @ 2HCl
@a) 2relia

HCl HCl

H,(g) PEM thin |ci,(g) H,(g) PEM thin lci,(g)

film film

H, cathode Cl, anode H, anode Cl, cathode
2H*+ 2e-—>H, 2CI—Cl, +2e H,—2H"+ 2¢ Cl,+ 2¢"— 2CI




Membrane Development

VRFB membranes . VRFB Membranes - Durability i

Versatile chemistry allow block co-polymer synthesis
Block co-polymers allow for powerful control of water channel size and shape

®
3

wos. oM o % g oo ﬁ(»—:f- 5
QOQE weQs | . US 62/075,693 : _
408 _"Q < 0@5@.,{—@3{%%}%@0{» Gen 4 5. i ; : BEs
oM Ngou MO Q O oM o = o o . n % - tz:qgm_u-mm ‘r - 2 A "‘.
n;'lydrophilicwmv - Hydrophobic 5 o oy Membrané after 300 cycl

PlS e WY i
Gen5 | *

e Gen5 has hi&her chemical stability than Gen4
In VRFB, require high transport selective membranes With PNNL data, improved segment lengths and sent to
High H* flux and vanadium barrier VRFB company for testin
VRFB Membrane - Performance =

Membrane 7 Efficiency, Round Trip 7 Efficiency, Coulombic Efficiency, Voltaic

Sandia 82.2% 96.2% 85.4%
Fluorinated 72.3% 92.5% 78.2%
Pmax, mW/cm? Specific Resistance, Qcm?
Sandia 1159 0.505
Fluorinated 946 0.610

Polarization Graphs for 25cm2 cell at 45°C
olariza |-on rapns ,Or emecel @ Cycling Performance Comparison in 25-cm? cell at 45°C
Sandia and Fluorinated Separators . .
Sandia and Fluorinated Membranes
Wattloule Electrolyte (2M Vanadium)

Data from WattJoule shows
, Gen5 has higher energy
. efficiency (+10%). High

coulombic ef* "~~~

Cell Voltage, v
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Energy Storage Technologies

» Electrochemical Energy Storage
— Battery
— Hydrogen Fuel Cells
— Flow Battery

* Solar Energy Storage
- Concentrating Solar Power (CSP) - Large scale
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S
Concentrating solar power (CSP) plants

CSP plants use mirrors to focus sunlight and produce high-temperature thermal energy
that can be stored inexpensively. This feature allows CSP to be a dispatchable
electricity resource available whenever there is customer demand, including at fimes
when the sun is not shining. CSP with thermal energy storage (or CSP-TES) thus provides
considerable flexibility, increasing its own value to the grid and even enabling greater
grid penetration of variable-generation technologies such as PV and wind.

SunShot Initiative goal of 6 cents/kWh by 2020
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Cumulative CSP capacity by country and status
(operational, under construction, development)

EUROPE - 281 MW
512

USA - 3,390 MW

/ SPAIN-2,304MW 264 CHINA - 535 MW
1,650 11 99
, 1,630 ' 5.

110 INDIA - 500 MW 434
MEXICO - 14 MW MENA - 1,330 MW 205
- 160 295
i . THAILAND - 5 MW
660 510
WORLDWIDE - 10,133 MW : /'
4,429
4298 . AUSTRALIA - 74 MW
| ~ha SOUTH AFRICA - 700 MW 20 ‘9
b/ ' = 100 B
1,386 \ 4 400 . 200
870
< ..-’
Solar A 0L ......'i
htip//www.nrel.gov/csp/solarpaces/
P B OPERATIONAL M UNDER CONSTRUCTION ® DEVELOPMENT
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Types of CSP system: how they collect solar energy

Linear Fresnel reflector (IFR) Central receiver Parabolic dish Parabolic trough
- .
Solar Tower ®
Curved L4
mirrors ]

i

(1 |
Vi Bl =AW K 25y | 7 e
/UU 9 LD | o 8 )y Cj ~X

Absorber tube Heliostats Reflector
and reconcentrator

Linear Fresnel

12 - 221 MW
. .growth of CSP capacity \
8

g [S]
. Power § Parabolic
2 Tower | Trough
o - 1,657 MW 2,103 MW
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Receiver
Cost < S150/kWth
Thermal Efficiency > 90%

Exit Temperature > 720°C

10,000 cycle lifetime

Material &
Support

Cost < S1/kg
Operable range from
250°C to 800°C

Thermal Storage
Cost < $15/kW

999% energetic efficiency
95% exergetic efficiency

HTF to sCO,
Heat Exchanger

UNIVERSITY OF

SOUTH CAROLINA

« Cost <S75/m?

» Net thermal-to-electric

Molten Salt

» Similarities to prior

demonstrations

» Allowance for corrosive attack

required

- Potentially chloride or

carbonate salt blends; ideal
material not determined

« Corrosion concerns dominate

« Direct or indirect storage may be

superior

« Challenging to simultaneously

handle corrosive attack and
high-pressure working fluid

« Concentration
ratio >50

Collector Field

« Operablein
35-mph winds

g Particle

« Most challenging to achieve
high thermal efficiency

- Suitable materials readily exist

- Particles likely double as
efficient sensible thermal
storage

« Possibly greatest challenge

« Cost and efficiency concerns
dominate

« Optical error
<3.0 mrad

« 30-year
lifetime

Gas Phase

« High-pressure fatigue
challenges

« Absorptivity control and
thermal loss management

« Minimize pressure drop
« Corrosion risk retirement

« Indirect storage required

« Cost includes fluid to storage
thermal exchange

+ Not applicable

Supercritical CO, Brayton Cycle

efficiency > 50%

« Power-cycle system
cost < $900/kW,

« Dry-cooled heat sink
at 40° C ambient

« Turbine inlet temperature
= 700°C

Shot e
U.S. Department of Energ



High temperature molten salt loop schematic
with potential surface and fluid temperatures.
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———————————————————————————————————————————————————————————————————
Falling-particle receiver system with integrated
storage and heat exchange for a power cycle

Solution Time 0.01 (s)

Sand temp (K) Fluid temp (K)
/2500 -400.00
1060.0 378.00
[/f: 870.00
; | % 356.00
Electric / TR
Particle /&
Receiver G8C.00 334.00
\ v"
L 490.00 L 31200
9
%\\ $ 4 P et 290.00

Heat

Particle Lift

Heliostats
Solar Particle
Field Heat
Exchanger

Compressor

Receiver and \

Thermal Storage CF?(?;T?I
System

U.S. Department of Energy]



Particle Recetver Particle Distributor

Cold Particle Silo

Steam fluidized-bed heat exchgpger

Hot Particle Silo Particle Make-Up

L-valves

Fluidized-Bed

Major components of the i
particle-based CSP systems

Bed Disia Scresiis 2 \ Horizontal Conveyor

UNIVERSITY OF
SOUTH CAROLINA 26



——
Conceptual design of gas-phase receiver system

with a modular PCM thermal storage system.
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|
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Tower

\ s

Power
Purap/ Block

Thermal - "22% ‘ 2 Compressor

Energy Storage ™ R
(Charging) 550°C Heat
Gas ~50 bar Exchanger

Circulator Muiti Tank Control A closed valve
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High temperature reactor catalyst material development for low cost and |

1647-1547 |

efficient solar driven sulfur-based processes
Claudio Corgnale / Greenway Energy

Technology Summary

Key Personnel

- Development and testing of a new catalytic material to

decompose sulfuric acid. This will result in:

1. Limiting the catalyst deactivation by using very
small particles of a high surface free energy core
metal with a catalytically-active outer metal shell
(60% less than the current catalyst).

2. Decreasing the material cost, with lower Pt
content

3. Increasing the nominal catalyst activity (30%
higher than the current catalyst activity).

. Simulation, design, construction and testing of a lab
scale decomposition reactor.

. Process modeling of the integrated solar driven H,
production plant, with objective of demonstrating
potential to:

1. High solar to hydrogen efficiency (2 20%)

2. Low production cost (s 2 $/kg)

William Summers, Prabhu Ganesan (Greenway Energy);
John Monnier, Sirivatch Shimpalee, John Regalbuto, John
Weidner (University of South Carolina)

Electraless Deposition
Elnctetia Dipontion (ED) I & catlytic of dtocatilylic proceni for dapsifion

O s by & P Eusting FRetsl (Calahad) o7 e reetal which s being
depouined {mstn-catabaiv)

e ':-E; . _L"é_!

Temperarure (K}

843 il} S 00 S5O0 126 1OET.O Ji«l&{}

——

. T
/r[ H; 50, iﬁi— %0y +50; +H,0 }\

Electric Energy 50

Hy 504 (H,0)

\l By +H,50, <2E— 50, +2H,0 ]zm ;

!
O

Fig. 1 — Hybrid Sulfur cycle simplified schematic.

; +Hy0

= High efficiency hydrogen production (driven by solar

= Low cost hydrogen production (driven by solar source)

= The proposed solar driven hydrogen production

source), reaching solar to hydrogen n 2z 20% (DOE
target = 20%)

= 2 $/kgy; (DOE target = 2$/kgyy5)

process, operating at T max = 750-850 °C, can be
integrated with other primary sources

U.5. DEPARTMENT OF

Novel sulfuric acid decomposition catalyst for low cost H, production cycles

ENERGY
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Modeling Volume Change in Porous Electrodes

Stress, o (MPa)

v
Current  Active
Collector Material
Solid volume: V°(1-¢%)

-,

Battery Research at USC

Taking into consideration

State of Charge, £

State of Charge, ¢

0.0 0.1 02 0.3 04 0.5 0.6
Dimensionless Length

0.7 08 09 1.0

UNIVERSIT

.| SOUTH CAROLINA

= 1 rock mechanics, the
a(1—¢) v-[(1 Yl i compressibility of the bulk
——|V [ - &)v]|= : G
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Expansion / l \ 1 avy,
=V as
—_— Rate of Displacement of Rate of
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volume — 0
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Defining the gradient of velocity as rate of change of volumetric strain
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Transport Study in PEM Fuel Cells

Pongsarun Satjaritanun, S

atch Sh

alee and John W. Weidner

Energy efficiency @ X
rated power (%)

= RKack power densit
Durabiity Pe y

|
- .
— e
Start from -20°C \V»/ System specific
2 power

Systern co=t

Mass-transport voltage
loss terms at 1.75 A/lcm?

0.10 mg.Joem?

Fuel Cell Performance/Electrode Structure
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Three Phase Boundary
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Functions of the GOL/MPL

GOL: gas diffuzion lyer

Micro-structure of GDL and PTFE

e S foe B2

a) Conact anghe - beader/ PTFE 407, fibers S0

» .

b) Comact ungle — bindec®TFE X, fibers N

¢} Coanact angle — baaderPIFE 140, fibers 90
Prediction of the effect of wettability on liquid water evolution

aperat Drrabtosgh Procuss|
= 1,77 P fox GDIL (90

E G T Cootat argle| P (P3)
L A0
N0 210
AN 2000

The effect of wettability of water breakthrough pressure (Pa)
for original binder/PTEE dispersion.

2

Experancl P, =550 Pa

Experamnt P, = 6,500 Pa

a) From MPM. 0 GDL b) Froen GDL o MPL
The effect of wettability on water breakthrough pressure (Pa):
a) liquid water will push from the MPL thru GDL and b) liquid
water will push from GDL thru MPL

Nano X-ray Computed Tomography

ML The SEM shouseg cricks
1551515 pee! 25005 o MPL

Puscticn 23

Poeatun 2

Pusetica 21

LSECL 2000024 e’

.

3D rendered image from Micro Computed Tomography of SGL 25BA.
Locations 1,2 and 3 were selected for water brealithrough predictions.
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Macroscale

odeling

Microscale
D e

scale M
=

Cathode GDL

G and MPL sep
Tmmpevetere 30
m-moa oM
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Predictions show temperature distribution of macroscale fuel
cell and liquid water, water vapor, snd (temperature
distributions of microscale GDLMPL
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