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Li-Ton Battery Technology for NASA Missions

Large Capacity Cell Formats and Batteries
* Attractive for Mars surface missions
* Robust low temperature performance
* Possess heritage on multiple missions

 MER, MSL, Phoenix, and InSight,

* Requires cell balancing electronics
Small Cell Battery Designs Formats

 Good cell to cell reproducibility

 Modular designs

* Does not require cell balancing electronics

* Heritage on multiple NASA missions
* Mars Express, Kepler, Aquarius,
* Increasingly higher specific energy

Small cell battery designs are becoming more
increasingly attractive, due to the wide range of cell
performance options, including very high specific

energy and high power.

SMAP
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NASA's Planned Europa Mission

Anticipated Launch Date: TBD (2020's)

NASA's planned Europa mission would conduct a
detailed reconnaissance of Jupiter's moon
F]tcjr'opa and to investigate its habitability for
ife.

The mission would send a radiation tolerant
spacecraft into a long, looping orbit of Europa
to perform repeated close flybys.

Planned NASA-selected Instruments:.
Plasma Instrument for Magnetic
Sounding (PIMS)
Interior Characterization of Europa using
Magnetometry (ICEMAG)
| |
mfg En)g Imaging Spectrometer for Europa

Europa Imaging System (EIS)

Radar for Europa Assessment and Sounding:
Ocean to Near-surface (REASON)

Europa Thermal Emission Imaging System (E-
THEMIS)

Mass Spectrometer for Planetary
Exploration/Europa (MASPEX)

Ultraviolet Spectrograph/Europa (UVS)
Surface Dust Mass Analyzer (SUDA)

Key Driving Battery Requirements

Long life = 11 years (long cruise period)

High radiation tolerance

High specific energy

Operating Temperature Range: 0° to +30°C
The preliminary architecture for the Europa
mission is to use a battery design consisting
of high specific energy small 18650-size Li-
ion cells, to capitalize on their internal safety
functions, high capacity, and excellent cell-
to-cell reproducibility.
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options for the Europa Clipper Mission.

NASA's Planned Europa Mission: @
Lithium-Ion 18650 Cell Chemistry Assessment

»  The Europa Mission has identified a number of small cell Li-ion options that
are good candidates for the project, which provide high specific energy and
good performance characteristics.

Molicel ICR-M 18650 Cells
Molicel ICR-J 18650 Cells
Panasonic NCR-A 18650 Cells
Panasonic NCR-B 18650 Cells
> LG Chem MJ1 18650 Cells

> Anin-house performance assessment program has been initiated to
determine the viability for the Europa project, which includes the following:

»  Cycle life performance under various conditions
Storage life testing at the cell level (at 0°C and +25°C)
High temperature storage characterization (+30°C)
8-Cell module 100% DOD cycle life testing at +20°C
8-Cell module long term storage life testing at +0°C
Discharge and charge rate characterization testing
> Radiation tolerance (subjected to €°Co gamma rays)
» The LG Chem MJ1 and Moli ICRM cells have emerged as the most viable

YV V.V V

YV V V V VY
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NASA's Planned Europa Mission: @
Lithium-Ion 18650 Cell Chemistry Assessment

Q Initial cell characteristics: Discharge capacity and energy at +20°C

Initial Discharge Capacity (Ah) at 20°C Watt Hours Delivered (Wh) at 20°C

4.25 4.25
LG Chem 18650MJ1 Cell E-One Moli ICR-18650M LG Chem 18650MJ1 Cell E-One Moli ICR-18650M
“ Graphite - LiNiCoMnO, (NMC) Li-ion Cell Graphite - LiCoO,(LCO) Cell Graphite - LiNiCoMnO, (NMC) Li-ion Cell Graphite - LiC0O, (LCO) Cell
4.00 1 4.00 1
3.75 3.75
S S
) S
S350 S 3.50
S s
S o o o \ : 0.250 Amp Charge Current (C10) to 4.10 V
[ 0.050 Amp taper current cut-off (C/50) [7) 0.050 Amp taper current cut-off (C/50)
&) 0.500 A (C/5 Rate) Discharge to 3.00 V (&) 0.500 A (C/5 Rate) Discharge to 3.00 V
3.25 Chamber Temperature = 20°C 3.25 Chamber Temperature = 20°C
* E-One Moli ICRM Cell \\ * E-One Moli ICRM Cell
3.00 § 3.00
4 LG Chem MJ1 Cell 4 LG Chem MJ1 Cell
2.75 T T T T T 275 T T T T T
0.00 0.50 1.00 1.50 2.00 2.50 3.0( 0.00 2.00 4.00 6.00 8.00 10.00 12.00

Discharge Capacity (Ah) Discharge Energy (Wh)

* Discharge capacity (Ah)(A) and discharge energy (Wh)(B) of LG Chem MJ1 and Moli ICR-M Li-lon
18650-size cells at 20°C using C/5 charge and discharge rates over the voltage range of 3.0V to

4.10V.
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NASA's Planned Europa Mission: @

Lithium-Ion 18650 Cell Chemistry Assessment

Q Initial cell characteristics: Discharge capacity and energy at 0°C

Cell Voltage (V)

Initial Discharge Capacity (Ah) at 0°C

3.00

4.2
LG Chem 18650MJ1 Cell E-One Moli ICR-18650M
k Graphite - LiNiCoMnO, (NMC) Li-ion Cell Graphite - LiCoO,Cell
4.0 - 2 —
3.8
3.6
0.250 Amp Charge Current (C/10) to 410V
0.050 Amp taper current cut-off (C/50)
34 Discharge to 3.00 V
CI20, C10, Ci5, Ci3, Ci2, and 1.0C Discharge Rates
Chamber Temperature = 0°C \
3.2
4 E-One Moli ICRM Cell \ \
3.0 —
e LG Chem MJ1 Cell
2-8 T T T T T
0.00 0.50 1.00 1.50 2.00 2.50
Discharge Capacity (Ah)

Cell Voltage (V)

Watt Hours Delivered (Wh) at 0°C

4.2
LG Chem 18650MJ1 Cell E-One Moli ICR-18650M
L\ Graphite - LINICoMn0, Graphite - LiCoO, Cell
4.0 (NMC) Li-ion Cell | 2
3.8 -
3.6
0.250 Amp Charge Current (C/10) to 4.10 V \
0.050 Amp taper current cut-off (C/50)
3.4 Discharge to 3.00 V
CI20, CM0, CI5, CI3, CI2, and 1.0C Discharge Rates
Chamber Temperature = 0°C \\
3.2
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Discharge Energy (Wh)

* Discharge capacity (Ah)(A) and discharge energy (Wh)(B) of LG Chem MJ1 and Moli ICR-M Li-

lon 18650-size cells at 0°C using C/5 charge and discharge rates over the voltage range of 3.0V
to 4.10V.
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NASA's Planned Europa Mission:
Li-Ion Cell Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +30°C

Discharge Capacity (Ah)
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Graphite - LiCoO,(LCO)

LG Chem 18650MJ1 Li-lon Cells
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Graphite - LiNiMnCoO, (NMC)
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Moli ICR-18650M Li-lon Cells
Europa Clipper Flight Lot Cells
Graphite - LiCoO, (LCO)

LG Chem 18650MJ1 Li-lon Cells
Europa Clipper Backup Cell Type
Graphite - LiNiMnCoO, (NMC)

6.00
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0.50 Amp Charge Current (C/5) to 4.1V
0.050 Amp taper current cut-off (C/50)
0.50 Amp Discharge Current (C/5) to 3.00 V
Temperature =+30°C
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0.00

—o=— Cell CB-C001

-100% DOD Cycle Life at +30C
-100% DOD Cycle Life at +30C
-100% DOD Cycle Life at +30C

—+— Cell CB-C020 - 100% DOD Cycle Life at +30C

100 200

300 400

Cycle Number
Cycle life performance (100% Depth of Discharge) of LG Chem MJ1 and Moli ICR-M Li-lon 18650-size
cells at 30°C using C/5 charge and discharge rates over the voltage range of 3.0V to 4.10V, expressed
in terms of the discharge capacity (Ah) (A) and discharge energy (Wh) (B).

500
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NASA's Planned Europa Mission:
Li-Ion Cell Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +30°C: Impedance Characteristics
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. Graphite - LICoO, Cell Graphite - LiCoO, Cell
Cell ICRM-07 Cell ICRM-08
130.00 A 130.00 B
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* E-One Moli cells displayed a lower amount of permanent capacity fade compared to Panasonic.
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NASA's Planned Europa Mission:

Li-Ion Cell Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing 0°C

Discharge Capacity (Ah)
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12.00 — Europa Clipper Flight Lot Cells Europa Clipper Backup Cell Type —
Graphite - LiCoO, (LCO) Graphite - LiNiMnCoO, (NMC)
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size cells at 0°C using C/5 charge and discharge rates over the voltage range of 3.0V to 4.10V,
expressed in terms of the discharge capacity (Ah) (A) and discharge energy (Wh) (B).

300
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NASA's Planned Europa Mission:

Li-Ton Module Level Testing: Cycle Life Performance

O Summary of String Level Cycle Life Testing :

a

a
a
a

11

Two different cell designs: (i) NCR-A, and (ii) Moli ICR-M
(NCR-B is completed)
Modules fabricated by ABSL (8s1p modules)
Validate cell dispersion characteristics (up to 300 cycles)
Cycling performed at +20°C (100 % DOD, 24V to 32.80V)
U A total of 300 cycles should be completed to establish
dispersion characteristics
Strings characterized for capacity and impedance
U At 20° and 0°C every 100 cycles
This testing has been completed on Panasonic NCR-B strings

110
Panasonic and E-One Moli 8-Cell Li-lon Battery Modules
Cycle Life Performance at+20°C
105 +—
T ko
T 100 -y
g‘ °
8
s o
: \—\ R
2,
5 9% ‘-\—-N
£
= \'\—-\_\
bS] o Panasonic NCR-B 8s1p Module
§ 90 1 8 E-One Moli ICRM 8s1p Module
8 4 Panasonic NCR-A 8s1p Module
gs | 100%DOD Cyclingat+20°C
Charge Current = C/5 Rates
Charge Voltage = 32.80 V (C/50 Taper)
Discharge Current = C/5 Rate
Discharge Cut-off = 24.0V
80

0 25 50 75 100 125 150 175 200 225 250 275 300
Cycle Number

Cell Voltage (V)

4.20

4.18

4.08

4.00
0

E-One Moli 8-Cell Li-lon Battery Module

ICR-18650M Cells

Disch

ischarge Currel
Discharge Cut-off

100% DOD Cycle Life at +20°C

=240V (3.0 V percell)

s Aux#1
s Aux#2
= Aux#3
«Aux#4
e Aux#5
«Aux#6
+Aux#7
+Aux#8

T
50

T
100

T
150
Cycle Number

T
200

T
250

300

Minimal cell voltage dispersion observed on charge
(EOCV) after completing 300 cycles (< 15 mV)
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O Results of 100% DOD Cycle Life Testing +20°C: 8-Cell Strings (8s1p)

Capacity (Ah)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

NASA's Planned Europa Mission:
Li-Ton Module Level Testing: Cycle Life Performance

Discharge Capacity (Ah) at +20°C

Panasonic NCR-18650A and E-One Molicel ICR-
18650M 8-Cell Li-lon Battery Modules

. ° °
0°C * 0°C o 0°C

+ Panasonic NCR-A 8-Cell Module

o E-One Molicel ICR-M 8-Cell Module

100% DOD Cycle Life at +20°C
Charge Current = C/5 Rate(0.500 or 0.520A)
Charge Voltage =32.80 V (4.1 V percell)

Discharge Current=C/5 Rate(0.500 or 0.520A)

Discharge Cut-off=24.0 V (3.0 V percell)

100 150 200 250 300 350 400

Cycle Number

Discharge Energy (Wh)

100.0

90.0

80.0

70.0

60.0

30.0

20.0

10.0

0.0

Discharge Energy (Wh) at +20°C

&

Panasonic NCR-18650A and E-One Molicel ICR-
18650M 8-Cell Li-lon Battery Modules

e o °
-
-
b 0°C o°c ®
*P ic NCR-A 8-Cell Module

o E-One Molicel ICR-M 8-Cell Module

100% DOD Cycle Life at +20°C

Charge Current = C/5 Rate(0.500 or 0.520A)
Charge Voltage =32.80 V (4.1 V percell)
Discharge Current = C/5 Rate(0.500 or 0.520A)

Discharge Cut-off=24.0 V (3.0 V per cell)

100 150 200 250 300 350
Cycle Number

450

Cycle life performance (100% Depth of Discharge) of Panasonic NCR-A and Moli ICR-M Li-lon 8-
cell strings at +20°C using C/5 charge and discharge rates over the voltage range of 24.0V to
32.80V, expressed in terms of the discharge capacity (Ah) (A) and discharge energy (Wh) (B).
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NASA's Planned Europa Mission: @

Li-Ton Module Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +20°C: 8-Cell Strings (8s1p)

Cell Voltage (V)

Discharge Capacity (Ah) at 0°C Discharge Energy (Wh) at 0°C
36.00 36.00
Panasonic NCR-A and E-One Moli ICR-M Panasonic NCR-A and E-One Moli ICR-M
34.00 8-Cell Li-lon Battery Modules 34.00 8-Cell Li-lon Battery Modules
18650-Size Cells 18650-Size Cells
32.00 32.00 ' |
Temperature = 0°C A ' Temperature = 0°C B
30.00 30.00
s
@
28.00 2 2s.00
3
>
26.00 3 26.00
o
; C/5 Charge Current to 32.80V
S T
24.00 /5 Discharge Current o 24.0V > 2400 — CI5 Discharge Current to 24.0V
2.072 2.257 56.920 65.129
] Wi Wh
22.00 || == Moli ICR-M 8-Cell Module = Cycle # 430 Ah Ah 22.00 1] -+ Moli ICR-M 8-Cell Module = Cycle # 430 h
~+—Panasonic NCR-A 8-Cell Module = Cycle # 430 —=-Panasonic NCR-A 8-Cell Module = Cycle # 430
20.00 : , , , 20,00 : : : : .
0.00 0.50 1.00 1.50 2.00 25 0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00
Discharge Capacity (Ah) Discharge Energy (Wh)

The discharge curves of cycle #430 of Panasonic NCR-A and Moli ICR-M Li-lon 8-cell strings at 0°C
subjected to 100% cycle life testing at +20°C using C/5 charge and discharge rates over the
voltage range of 24.0V to 32.80V, expressed in terms of the discharge capacity (Ah) (A) and
discharge energy (Wh) (B).
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Battery Impedance (Ohms)

NASA's Planned Europa Mission: @

Li-Ton Module Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +20°C: 8-Cell Strings (8s1p)

O Current-Interrupt Impedance Results (1A discharge pulse for 5 seconds)

1.80 1.80
Panasonic NCR-A 8-Cell Li-lon Battery Module E-One Moli 8-Cell Li-lon Battery Module
1.60 NCR-18650A Cells 1.60 ICR-18650M Cells
1.40 1.40
= ° Temperature = +20°C
Temperature = +20°C A - p B
1.20 E 12
g | <
\ v o
1.00 - : 2 1.00 M
5 .
-
g
0.80 E 0.80
’—\-_’——.\»/,. -
7]
0.60 E 0.60
==—Cycle Number = 3 . ~==Cycle Number =3
0.40 —a~Cycle Number = 109 100% DOD Cycle Life at +20°C 0.40 =~Cycle Number = 109 100% DOD Cycle Life at +20°C
Charge Current = 0.520 A (C/5 Rate) ) = Charge Current=0.050 A (C/5 Rate)
~#~Cycle Number = 215 Charge Voltage = 32.80 V (4.1 V per cell) ~6=Cycle Number = 215 Charge Voltage = 32.80 V (4.1 V per cell)
0.20 ——Cycle Number = 321 L Discharge Current = 0.520 A (C/5 Rate) 020 —+—Cycle Number =321 DpiSﬁhamecCr;r:fnt;‘Dbusnl ; o{c‘.;w Rate;“
" . - . - ischarge Cu =24, i ar cel
< CVC'E Number = 427 Discharge Cut-off = 24.0 V (3.0 V per cell) L - Cvcle Number = 427 g p
0.00
| Imnad — 0.00
mpedance at 100%  Impedance at 80% P 1ce at 60% P at40% Impedance at 20%
Impedance at 1003  Imped atB0%  Imped at60%  Imped at40% Impedance at 20%

SOC (Ohms) SOC (Ohms) SOC (Ohms) SOC (Ohms) SOC (Ohms) 50C (Ohms) S0C (Ohms) SOC (Ohms) S0C (Ohms) SoC (Ohms)

* The battery impedance characteristics at +20°C as a function of life of Panasonic NCR-A (A) and
Moli ICR-M (B) Li-lon 8-cell strings cycled at 100% DOD at +20°C using C/5 charge and
discharge rates over the voltage range of 24.0V to 32.80V.
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NASA's Planned Europa Mission: @/

Li-Ton Module Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +20°C: 8-Cell Strings (8s1p)

0.220

B
8

e
8

0.120

Cell Impedance {Ohms)

0.100

0.080

0.060

O Current-Interrupt Impedance Results at 20°C (1A discharge pulse for 5§ seconds)

0.220
E-One Moli 8-Cell Li-lon Battery Module B
Panasonic NCR-A 8-Cell Li-lon Battery Module 0.200 ICR-18650M Cells
NCR-18650A Cells
—+—Cell #1 (Ohms)
/ 0.180 100% DOD Cycle Life at +20°C | =#—Cell #2 (Ohms)
= o Charge Current=0.050 A (C/5 Rate) —o—Cell #3 (Ohms)
Temperature = +20°C / - Charge Voltage =32.80 V (4.1 V per cell) ——Cell #4 (Ohms)
Disch C t=0.050 A (C/5 Rat,
_ £ 010 | Discharge Cutoff= 240V (20 V percel) | Cell #5 (Ohms)
100% SOC : L=} —4~Cell #6 (Ohms)
- ] ——Cell #7 (Ohms)
5 0.140 & Cell #8 (Ohms)
——Cell #1 (Ohms) “E’.
—a—Cell #2 (Ohms) = 0.120 -
—e—Cell #3 (Ohms) 3 j
—+—Cell #4 (Ohms) 0.100
100% DOD Cycle Life at +20°C Cell #5 (Ohms) )
]:.‘I]mrgp tiurn-nt =0.520 A (C/5 Rare]" —i—Cell #6 (Ohms) 100% SOC
C Volt: =3280V (41V
Di:crﬁ:rg‘; Current = n.szg A (C;Pse:z::e]l —+—Cell #7 (Ohms) 0.080
Discharge Cut-off = 24.0 V (3.0 V per cell
rge Cut (3.0vp ) ~aCell #8 (Ohms) Temperature = +20°C
0.060
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450

Cycle Number Cycle Number

The battery impedance characteristics of individual Panasonic NCR-A (A) and Moli ICR-M (B)
cells in 8-cell strings at 100% SOC at +20°C as a function of life cycled at 100% DOD at +20°C
using C/5 charge and discharge rates over the voltage range of 24.0V to 32.80V.
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NASA's Planned Europa Mission: @
Li-Ton Module Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +20°C: 8-Cell Strings (8s1p)

Battery Impedance (Ohms)

5.50

2.50

150 -

1.00

0.50

0.00

O Current-Interrupt Impedance Results at 0°C (1A discharge pulse for 5 seconds)

6.00
Panasonic NCR-A 8-Cell Li-lon Battery Module A 550 | E-One Moli 8-Cell Li-lon Battery Module |
NCR-18650ACells ICR-18650M Cells B
- 5.00
Temperature= 0°C Temperature= 0°C
4.50
—=—Cycle Number =6 4.00 —=—Cycle Number =6
—&—Cycle Number =112 1250 —&—Cycle Number =112
+EV":3 :um:er - ;ij . —#~Cycle Number = 218
—_— =
yele Number 3.00 —+—Cycle Number =324

~ Cycle Number =430

- . <=Cycle Number =430 |
: 250 —
200 =
"\__\\/ 150 |

Battery Impedance (Ohms)

1.00 -
0.50
0.00
Impedance at 100% | at 80% | at60% ! at 40% Impedance at 20% Imped atl100% Imped at80%  Imped at&0% Imped: at 40% Imped at20%
soC (Ohms) SOC (Ohms) SOC (Ohms) s0C (Ohms) soc (Ohms) SOC (Ohms) SOC (Ohms) SOC (Ohms) SOC (Ohms) SOC (Ohms)

The battery impedance characteristics at 0°C as a function of life of Panasonic NCR-A (A) and
Moli ICR-M (B) Li-lon 8-cell strings cycled at 100% DOD at +20°C using C/5 charge and
discharge rates over the voltage range of 24.0V to 32.80V
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NASA's Planned Europa Mission: @

Li-Ton Module Level Testing: Cycle Life Performance

O Results of 100% DOD Cycle Life Testing +20°C: 8-Cell Strings (8s1p)

17

Cell Voltage (V)

O Cell voltage dispersion as a function of cycling

4.20 ‘_20
218 | Panasonic NCR-A 8-Cell Li-lon Battery Module | A ] 418 E-One Moli 8-Cell Li-lon Battery Module ]
NCR-18650A Cells ICR-18650MCells B
416 4.16
End of Charge Rest Voltage End of Charge Rest Voltage
414 414
412 412
=
i — R i s i &
I 2
4.08 s Aux#1 S 408
* Aux # 2 s Aux#1
4.06 | 100% DOD Cycle Life at +20°C = Aux#3 4.06 * Aux# 2
Charge Current = 0.520 A (C/5 Rate) s Aux# 4 =Aux#3
Charge Voltage = 32.80 V (4.1 V per cell) Aux#5 100% DOD Cycle Life at +20°C s Aux# 4
404 -— | Discharge Current = 0.520 A (C/5 Rate) ¢ Aux 4.04 - —r Charge Current = 0.050 A (C/5 Rate) | «Aux#S
Discharge Cut-off = 24.0 V (3.0 V per cell) s AuxX#6 Charge Voltage = 32.80 V (4.1 V percell)
Discharge Current =0.050 A (C/5 Rate) *Aux#6
402 *Aux#7 402 ————  Discharge Cut-off=240V (3.0 Vpercell | LAUX#7
+Aux#8 +AuUxX#8
4.00 : . . . . . , . 4.00 , . . . . ; :
0 50 100 150 200 250 300 350 400 450 o 50 100 150 200 250 300 350 400 460
Cycle Number Cycle Number

* The cell voltage dispersion at +20°C at rest after charge as a function of life of Panasonic NCR-A
(A) and Moli ICR-M (B) Li-lon 8-cell strings subjected to cycle life testing at 100% DOD at +20°C
using C/5 charge and discharge rates over the voltage range of 24.0V to 32.80V.
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NASA's Planned Europa Mission:
Li-Ton Module Level Testing: Calendar Life Performance

O Summary of String Level, Long Term Storage Life Testing:
O Three different module designs: (i) NCR-A, (ii) NCR-B, (iii) Moli ICR-M (Supplied by ABSL)
O Validate cell dispersion characteristics; Modules do not contain pre-matched cells
U Strings characterized for capacity and impedance (at 20° and 0°C) periodically

Panasonic NCR-A Module Moli ICR-M Module

40 T I 120

. . E-One Moli 8-Cell Li-lon Batt Modul
- 7 Panasonic sh%il_hé_ggloir::gflsttery Module 1 oo ] Temperature| | ne ol S oo 2 rery Module 1 100 ) )
AN PaN % e All modules display little

: 7 \/ \/ i 5 5 L i é increase in voltage dispersion

2" 7 A e ¢ with storage and cycling.

I B B S SRR 2 e Maximum voltage dispersion
® » : is observed at the end of

i | 0 “quuuwm”

0 5 10 15 20 25 30 10 0 5 10 15 20 25 300 dlSChaI'gC .

4.25 _ 34.0 425 40 11 1 d I I
e Cell voltage dispersion is
‘ Panasonic 8-Cell Li-lon Battery Module E-One Moli 8-Cell Li-lon Battery Module
NCR-18650A Cells ICR-18650M Cells . M
being monitored and tracked
_ T _ . .
_ Tenmparure $ 3 with time.
S 415 / = 0G5 415 e 320
] - S
s 8 ¢ * Modules have completed 24
2 410 555-0-o0 31.o§ g L0l fftog 1 310 g
8 & = months of storage on the bus
L 4,087V (Cell #6)
4.05 — e Charge Current = 0.052 A (C/5 Rate) # 30.0 4.05 300 OOC O(V SOC
: et s Char arge e Current = 0050A(C/5Rl) at a't ~ 7 0 .
Charge =3280V (4.1 V per cell
...... g ent = DD50A(C/5R()
4.00 29.0 - Discharge Cut-of « 240V(30Vp cell)
17.00 17.50 18.00 18.50 19.00 19.50 4.00 +—& T 29.0
16.00 16.50 17.00 1750 18.00

Time Hours )
Time Hours
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NASA's Planned Europa Mission:
Li-Ton Module Level Testing: Calendar Life Performance

O Summarv of Strina Level. Lona Term Storage Life at 0°C:

Cell Voltage (V)

104 104
Panasonic NCR-A, NCR'B, and MoliICR-M 18650-SizeLi-lon Cells Panasonic NCR-A, NCR-B, and Moli ICR-M 18650-Size Li-lon Cells
102 8-Cell String Modules "8-Cell String Modules
Long Term Storageat 0°C 102 Long Term Storageat 0°C
< _
N X
= 100 &
= 100
-g 98 E A
-1 =]
o
8 g 98 pS
s b ¢
£ o e 8
§ © Panasonic NCR-A 8-Cell String £ 96 ¢ Panasonic NCR-A 8-Cell String
€ 4 Panasonic NCR-B 8-Cell String E 4 Panasonic NCR-B 8-Cell String
9 H . .
s 9 o E-One Moli ICRM 8-Cell String g o4 o E-One Moli ICRM 8-Cell String
-9 d
(-9
C/5 Charge Current(to 4.10V) C/5 Charge Current(to 4.10V)
92 C/50 Taper current cut-off0.52 Amp 92 C/50 Taper current cut-off 0.52 Amp
C/5 Discharge Currentto 3.00 V C/5 Discharge Currentto 3.00 V
Temperature= 20°C Temperature = 0°C
90 T T T T T
90 T T T T
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 200
Storage Duration (Days) Storage Duration (Days)
6.0 45 % 20 3805 50
E-One Moli 8-Cell Li-lon Batt Moduls — . . ] E-One Moli 8-Cell Li-lon Battery Module |
55 4‘ e O aasom e, ery Module }— 40 Temperature| | E-One Mol 8-Cell Li-lon Battery Module 3804 4{ erAsssomeene Y }7 45
2 3541 =pc ICR-18650M Cells L1 200 250 w0
50 35<
= 8th Month of Storage at 0°C
5 AN s ‘ %
45 £ 30 e - 160 E
3 g L H i £ s ss0
40 2 ® o 2 5 a0
: e ColET S 2 e Curent =0 050 A (IS Rae) i Z 3 ol 20
30 i o cell#2 158 g » 1 Decharge Corrent <0050 Ao raie) (180 & 8 Py
X ] 1 - ge:: :j g 3 Discharge Cut-oft = 240V (3.0 V per cell) § 3.798 e Cell#4 15
: Z z +CZM5 T t
2.5 7 Charge Current = 0.050 A (C/5 Rate) 291132 - 10 E 15 0 3 3.797 { é-rzrr;g\'/l;ﬁzg igg%?e%tvse?;ﬁ) P gaurs 10
avarge Carrer 2 0.050 A (G/2 Rste) canes g n " J I a706 < Bty
2.0 1| Discharge Gutoff =240V (30 V percel) —| o B:m,y(v) 5 @ m Y : :7/3:2?”\/; 5
O 1o y ‘ ‘ ‘ ° 379 - ‘ ‘ ‘ ‘ : —+ o0
15 P ——p—— 0 0 10 20 30 40 50 60 70 0 100 200 200 400 500 600 700
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 Time Hours oo
ime Hours

Time Hours

Battery Voltage (V) and Current (A)
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NASA's Planned Europa Mission:
Li-Ion Cell Level Testing: Discharge Rate Performance

O Summary of discharge rate testing at different temperatures (2.50V to 4.10V)

Discharge Capacity (Ah) at 20°C Discharge Capacity (Ah) at 20°C

4.4 4.4
4.2 E-One Moli ICR-18650M 42 LG ChtEam 18g|£'?OMJC‘1 I:._il_-lon Cells
. ite - Li . uropa Clipper Cell Type
Graphite - LiICoO, Cell by Graphite - LiNiMnCoO, (NMC)
4.0 7 4.0 £
1 - Cell CF-B117 Cell CB-C009
3.8 3.8 -
3.6 3.6
> s
: 3
g 34 g 34
o 0.250 Amp Charge Current (C/10) to 4.10 V o 0.250 Amp Charge Current (C/10) to 410V
> 0.050 Amp taper current cut-off (C/50) > 0.050 Amp taper current cut-off (C/50)
3z 32 Discharge to 3.00 V 3 32 Discharge to 3.00 V.
o CI20, C10, CI5, CI3, Ci2, and 1.0C Discharge Rates o Ci20, C110, CI5, Ci3, C/2, and 1.0C Discharge Rates
Chamber Temperature = 20°C Chamber Temperature = 20°C
3.0 3.0
+ Discharge Rate = C/20 (0.125 A) + Discharge Rate - C/20(0.125A)
2.8 4 Discharge Rate = C/10 (0.250 A) 28 11 A Dfscharge Rate = C/10 (0.250 A)
. Discharge Rate = C/5 (0.500 A) . D!scharge Rate = C/5 (0.500 A)
2.6 o D!scharge Rate : C/3 (0.833 A) 26 1| o Dfscharge Rate = C/3 (0.833 A)
¢ Discharge Rate = C/2 (1.250 A) + Discharge Rate = C/2 (1.250 A)
04 ¢ Discharge Rate = 1.00C (2.500 A) + Discharge Rate = 1.00C (2.500 A)
- T T v T T T T T T T 2.4 T T T T T T T T T T T
0.00 025 050 075 1.00 125 150 175 200 225 250 275 0.00 025 050 075 1.00 125 1.50 175 2.00 225 250 275 3.00
Discharge Capacity (Ah) Discharge Capacity (Ah)

* Discharge Capacity (Ah) of E-One Molicel ICR-M cells and LG Chem cells at various discharge rates at
20°C. Cells were charged at the specified temperatures.
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NASA's Planned Europa Mission:
Li-Ion Cell Level Testing: Discharge Rate Performance

O Summary of discharge rate testing at different temperatures (2.50V to 4.10V)

Cell Voltage (V)

Discharge Capacity (Ah) at 0°C Discharge Capacity (Ah) at 0°C

4.4 44
E-One Moli ICR-18650M LG Chem 18650MJ1 Li-lon Cells
42 Graphite - LiCoO, Cell 42 Europa Clipper Cell Type
Graphite - LINIMnCoO, (NMC)
4.0 4.0 Sy
Cell CF-B117 Cell CB-C009
3.8 5 3.8
3.6 - 3.6 -
3.4 3.4

T~

0.250 Amp Charge Current (C/10) to 410V
0.050 Amp taper current cut-off (C/50) 3.2 0.250 Amp Charge Current (C/10) to 410V
< T 0.050 Amp taper current cut-off (C/50)

3.2 Discharge to 3.00 V .
CI20, C110, CI5, CI3, C/2, and 1.0C Discharge Rates Discharge to 3.00 V
Chamber Temperature = 0°C CI20, C10, CI5, CI3, CI2, and 1.0C Discharge Rates
3.0 3.0 H Chamber Temperature = 0°C

+ Discharge Rate = C/20 (0.125A)
2.8 — 4 Discharge Rate = C/10 (0.250 A)

Cell Voltage (V)

+ Discharge Rate = C/20 (0.125 A)

2.8 — 4 Discharge Rate = C/10 (0.250 A) i =
e Discharge Rate = C/5 (0.500 A) © Discharge Rate = C/5 (0.500 A)

26 1|  © Discharge Rate =C/3(0.833 A) 26 | | O Discharge Rate=C/3(0.833 A)
- ¢ Discharge Rate = C/2 (1.250 A)

¢ Discharge Rate = C/2 (1.250 A)
+ Discharge Rate = 1.00C (2.500 A)

+ Discharge Rate = 1.00C (2.500 A)

2.4 T T T T T T T T T T T
0.00 025 050 075 1.00 125 150 175 200 225 250 275 3.00

24 T T T T T T T T T T
000 025 050 075 100 125 150 175 200 225 250 275

Discharge Capacity (Ah) Discharge Capacity (Ah)

Discharge Capacity (Ah) of E-One Molicel ICR-M cells and LG Chem cells at various discharge rates
at 0°C. Cells were charged at the specified temperatures.
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NASA's Planned Europa Mission:
Li-Ion Cell Level Testing: Radiation Tolerance

O Summary of discharge rate testing at different temperatures (2.50V to 4.20V)

Impact of 18 Mrad of °Co y-ray irradiation Cycle life after 18 Mrad of °Co y-ray irradiation

Moli ICR-M Cell (ICRM-13) Moli ICR-M Cell (ICRM-14) S0
a— P Panasonic NCR-A, NCR-B and Moli | | Post-Radiation (18 MRad) Cycle Life
AR |Percentof| . [Percentof| mOhms | Incresein | . |Percentof| ). |Percentof| mOhms | Incresein ICR-18650M Li-lon Cells 100% DOD Cycle Life at +20°C
Initial (%) Initial (%) | (80% SOC) |Impedance| Initial (%) Initial (%) | (80% SOC) (Impedance| 3.00 Graphite - LCO and Graphite- NCA Cells M C/2 Charge and Discharge Rates
(%) (%)
Initial Perf t
nitialperformance & 26100 | 100 | 9.8368 | 100 | 9354 | 0.00 | 25031 | 100 | 9.4525 | 100 | 85.60 | 0.00 —_ Ci2 Charge Current to4.1 V
+20°C C/50 taper current cut-off
i 2.50 C/2 Discharge Currentto 3.00 V [
° Temperature = +20C
Performance at+20°C | , 533 | 9975 | 9.8135 | 99.76 | 92.93 | -0.65 | 2.4682 | ©8.60 | 9.3131 | 9852 | 89.11 | 4.10 ; P
After 4 Mrad Radiation -
o
°
2.00
Performance at+20°C | , 5595 | 9616 | 9.4708 | 96.28 | 97.20 | 3.92 | 2.4647 | 98.47 | 0.3046 | 98.43 | 89.57 | 4.63 &
After 8 Mrad Radiation ©
rf ° =4
Performance at+20°C | , 4o35 | o554 | 9.4129 | 9569 | 94.91 | 1.47 | 2.4555 | 98.10 | 9.2730 | 98.10 | 86.06 | 0.53 [ 1.50 A
After 18 Mrad Radiation E) .
deTem ©
100% DOD Cycle Life Testing at = +_ Cell ICRM-13 - 100% DOD Cycle Life at +20C
+20°C (C/2 Rates) After 18 Mrad | 2.4576 | 94.16 | 8.9690 | 91.18 2.4218 | 96.75 | 8.8608 | 93.74 T}
Radiation: Cycle #1 @ = Cell ICRM-14 - 100% DOD Cycle Life at +20C
100% DOD Cycle Life Testing at a 1.00 ~e— Cell NCR-10A - 100% DOD Cycle Life at +20C (50% SOC During Irradiation)
+20°C (C/2 Rates) After 18 Mrad | 2.4071 | 92.23 | 87928 | 89.39 | 92.47 | -1.14 | 2.3781 | 95.00 | 87107 | 92.15 | 8179 | -4.46 —+— Cell NCR-18A - 100% DOD Cycle Life at +20C (75% SOC During Irradiation)
Radiation: Cycle #100 Cell NCR-19A - 100% DOD Cycle Life at +20C (100% SOC During Irradiation)
100% DOD Cycle Life Testing at 0.50 4+~ Cell NCR-05B - 100% DOD Cycle Life at +20C (50% SOC During Irradiation)
+20°C (C/2 Rates) After 18 Mrad | 2.3445 | 89.83 | 8.5424 | 86.84 | 97.20 | 3.92 | 2.3340 | 93.24 | 8.5412 | 90.36 | 86.06 | 0.53 . ) ) -
Radiation: Cycle #200 —#— Cell NCR-12B - 100% DOD Cycle Life at +20C (75% SOC During Irradiation)
100% DOD Cycle Life Testing at =4 Cell NCR-144B - 100% DOD Cycle Life at +20C (100% SOC During Irradiation)
+20°C (C/2 Rates) After 18 Mrad | 2.2088 | 88.08 | 8.3552 | 84.94 | 100.56 | 7.50 | 2.2761 | 90.93 | 8.3136 | 87.95 | 88.50 | 3.39
Radiation: Cycle #300 0.00 T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

Cycle Number

* Cycle life performance (100% Depth of Discharge) of Panasonic NCR-A, NCR-B and Moli ICR-M Li-
lon 18650-size cells at 20°C using C/2 charge and discharge rates over the voltage range of 3.0V to
4.10V, after being subjected to 18 Mrad radiation from a Co®° source.

* The E-One Moli ICR-M cells still provided over 90% of the initial capacity (33A) and over 8 Wh per
cell (33B) after completing 400 cycles.
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NASA's Planned Europa Mission:

Li-Ion Cell Level Testing:
Radiation Tolerance (Moli ICRM Cell vs LG Chem MJ1 Cell)

o Impact of ¢°Co y-irradiation upon capacity and impedance:
=  Minimal performance degradation of Moli ICRM cell and LG Chem cells after being exposed to radiation.
=  Less than 1% capacity loss observed after 20 Mrad with both types of cells when evaluated at 0°C.
=  We obtained 50 Moli ICRM cells for evaluation (25 cells exposed to 12 Mrad, and 25 cells exposed to 20 Mrad).
=  We obtained 10 LG Chem cells for evaluation (5 exposed to 12 Mrad, and 5 exposed to 20 Mrad).
=  ABSL/Sandia has irradiated an additional 100 LG Chem cell (20 Mrad) for evaluation (40 go to JPL).
E-One Moli ICRM Cells LG Chem MI1 Cells
Non-lrradiated | Cells Exposed | .~ |CellsExposed| . Non-Irradiated Cells Exposed Pefce"t CellsExposed| . ¢
Flight Batch | to 12 Mrad . to 20 Mrad . to 12 Mrad | Capacity Loss | to 20 Mrad -
Capacity Loss Capacity Loss Batch Cells o o Capacity Loss
Cells Irradiation (%) Irradiation (%) (50 Cells) Irradiation |or Impedance| |Irradiation (%)
(50 Cells) (25 Cells) ° (25 Cells) ° (5 Cells) Increase (%) (5 Cells)
Average Average
. . . . . o | 2.8526 2.8475 0.18 2.8412 0.40
Capacityat20°c | 26196 2.5833 1.39 2.5734 1.76 Capacity at 20°C
Average Average
Impedance at 20°C|  74.40 75.78 1.85 75.31 1.23 Impedance at 41.46 42.69 2.97 43.03 3.79
(80% SOC) 20°C (80% SOC)
A
Average | 53811 | 2.3605 0.86 2.3607 0.86 vereBe | 2.6011 | 2.5986 0.10 2.5846 0.63
Capacity at 0°C Capacity at 0°C
Average Average
Impedance at 0°C | 178.44 177.68 -0.43 174.17 -2.39 Impedance at 0°C|  71.22 73.67 3.44 75.75 6.36

(80% SOC)

(80% SOC)

= Both cell types display good tolerance to radiation

= The LG Chem cell displays less than 1% capacity loss after 20 Mrad of radiation.

23
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NASA's Planned Europa Mission:
Li-Ion Cell Level Testing:
Radiation Tolerance (Moli ICRM Cell vs LG Chem MJ1 Cell)

o Impact of ¢°Co y-irradiation upon capacity and impedance:

3.50

3.00

2.50

2.00

1.50

1.00

Discharge Capacity (Ah)

0.50

0.00

24

Minimal performance impact of irradiation upon cycle life performance observed with Moli ICRM cells.
Comparable performance obtained at +30°C and 0°C after 12-20 Mrad exposure.

Testing of LG Chem MIJ1 cells is underway.

String level testing of both chemistry is planned as well.

3.50
Moli ICR-18650M Li-lon Cells Moli ICR-18650M Li-lon Cells
Europa Clipper Flight Lot Cells Europa Clipper Flight Lot Cells
Graphite - LiCoO, 3.00 Graphite - LiCoO,

‘*‘——""—W'

—_
=
<
~
>
-
0.50 Amp Charge Current (C/5) to 4.1V ) 2.00
0.050 Amp taper current cut-off (C/50) © "
0.50 Amp [)Tischarge Curren;O(CICS) to 3.00V % .50 Amo Ch c ((C9) 041V
emperature = +30 ° .50 Amp Charge Curren 0 4.
(@] 0.050 Amp taper current cut-off (C/50)
Q 1.50 0.50 Amp Discharge Current (C/5) to 3.00 V
9 : Temperature = 0°C
—&— Cell CF-A060 - 100% DOD Cycle Life at +30C g
—— Cell CF-B056 - 100% DOD Cycle Life at +30C 8 1.00 —o— Cell CF-B040 - 100% DOD Cycle Life at 0C
—e— Cell C12-M044 - 100% DOD Cycle Life at +30C (12 Mrad) a —+— Cell CF-E073 - 100% DOD Cycle Life at 0C
- - % i
—— Cell C12-5028 - 100% DOD Cycle Life at +30C (12 Mrad) == Cell C12-S058 - 100% DOD Cycle Life at 0C (12 Mrad)
. ) 0.50 == Cell C12-W088 - 100% DOD Cycle Life at 0C (12 Mrad)
=—o= Cell C12-E062 - 100% DOD Cycle Life at +30C (20 Mrad) . Cell C20-5128 - 100% DOD Cycle Life at 0C (20 Mrad)
. —+— Cel - - o ycle Life a ra
~a— Cell C12-T010 - 100% DOD Cycle Life at +30C (20 Mrad) —— Cell G20-V108 - 100% DOD Cycle Life at 0C (20 Mrad)
j j ' ' ' 0.00 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Cycle Number Cycle Number
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Mars Helicopter Planned
Technology Developmen

Expand Exploration using Aerial Mobility

— N B —

&
Capable of flight in thin Mars

atmosphere (10 millibar or ~1% of
Earth)

“Co-axial” Helicopter
Blades 1.2-meter tip-to-tip
Mass 1.8 Kg

Solar powered - up to one 90-
second flight per day

Flight Range up to 300 m
Heights up to 10 m
Autonomous flight & landing

Able to survive cold Martian nights
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Description of Current Planned Li-Ion Battery for Mars @

> Description of Current Baseline Li-Ion Battery for MHL:
> Baseline consists of six (6) Sony SE US18650 VTC4 Li-ion Cells
> Cell Nameplate Capacity = 2.00 Ah
> Cell Maximum Discharge Rate = >25 Amps

> Cell Manufacturer Maximum Charge Voltage = 4.25V
> Architecture consists of 6 cells connected in series
(nominal 15.00V - 25.20V)

>

YV V.V V VYV V VY

Helicopter Leonardo Technology Demonstration

Continuous power load capability= 60 W x 6 cells = 360 W
Peak power capability= 85 W x 6 cells = 510 W

Estimated BOL battery energy at 25°C = 44.4 Wh
Estimated BOL battery energy at 0°C = 38.8 Wh
Maximum Charge Voltage = 25.20V (or 4.20V per cell)
Estimated cell mass = 45.5g x 6 cells = 273g

Cell balancing charge management present in architecture

Operational Allowable Flight Temperature (AFT) Range = 0°C to 25°C

> Temperature of the interface prior to discharge

> Operational Allowable Survival Temperature (AFT) Range = - 10°C to 25°C
Non-Operational Allowable Flight Temperature (AFT) Range = - 10°C to 45°C

> Temperature range applies to cruise period
> Cells will be maintained at a low SOC during cruise (20-50% SOC)
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Performance of Sony SE US18650 VTC4 Li-ion Cells
High Power Test: 10°C, 187 Seconds, 80% SOC, 72 Pulses

34.0 850
32.0 | SonyHigh Power 18650 Li-lon Cells 800
300 | SEUS18650VTC4DesignCells W 750
_ 280 —WW 700
< 2.0 650
T 240 devees 600
Temp = 10°C 5 20 N 550
SOC = 80% g 200 TS O T TR ITT "Mﬁ Ve
° § 8.0 0 e O i i I o o 0=
72 x 510W pulses 19071 power ) [MUIHIAVEEERFRCHCRT RO CTRAETAT 0
g 14.0 350 ©
151 Second ﬂight % 12.0 Cell MHR-02970 Projected 6-Cell String Performance 300 o
Z 100 Peak power discharge ~ 510 W L 250
187 Seconds total 5 go | Cye#6 o S L N I s
operational time & 60 f 150

- .

4.0 Cell at 80% SOC - 2 100
. . Total Discharged

2.0 o Priorto Discharge [ energy=18.87 wh 50

0.0 4assset Jo

119.5 120.0 120.5 121.0 121.5 122.0 122.5 123.0 123.5
Time (Minutes)

*  The Sony VTC4 cell design is capable of supporting 187 seconds of high power operation under an
aggressive load profile, corresponding to 5S10W peak and 370W nominal power levels at the string level

*  Initial Cell Temperature = 10°C

*  Maximum cell discharge current observed = 30.159A

*  Minimum battery voltage projected = 16.905 V

More recent testing has demonstrated that the battery can support 510W peak and
370W nominal power loads at +10°C. (Initial SOC = 80).
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Battery Voltage (V)
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35 2.50
Mars Helicopter EM-1 Battery
SonyVTC418650 Li-lonCells
6s1p Battery Design
30 Charge Current=0.400 A (C/5 Rate) 2.00
——Volts Charge Voltage = 24.90 V (4.15V per cell) Chamber
Charge Taper Current=0.040 A (C/50) Temperature
—+— Amps Discharge Current= 0.400 A (C/5 Rate) = 25°C
Discharge Cut-off = 15.00 V (2.5 V per cell)
25 1.50
20 ~ 1.00
15 - 0.50
10 - 0.00
0 20 40 60 80 100
Time Hours

Current (A)

Cell Voltage (V)
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Summary of MHS Li-Ion EM-1 Technology Demonstration

Battery Acceptance Testing
» (A) Capacity and Impedance Characterization Measurement at + 25°C

33.0

Mars Helicopter EM-1 Battery [ _c 2N 32.0
Sony VTC4 18650 Li-lon Cells . o) 310
6s1p Battery Design te) [ 70
t 30.0
— —
: 2::::; / | Temperature [ 290 s
e Cell#4 - =25C 280 o
o Col# 4 g
M cel#6 / N 270 £
—— Battery (V) y >
y 26.0 >
y 3
= 250 £
e - N\ N 240 9
X y < .
~
// // \\ =0
— T 220
21.0
- - : : : : : - - 20.0
4 5 6 7 8 9 10 11 12 13

Time Hours

Minimal cell voltage dispersion observed

amongst the cells of the 6-cell string.

Battery level performance demonstrated to correlate well with individual cell testing. ]
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MHL Li-Ion EM-1 Battery High Power Profile Test
Mars Helicopter 6s1p Battery High Power Test (S10W Peak)

40 800
—e—Volts (V) Mars Helicopter EM-1 Battery
35 —— —*Amps(A) L Sony VTC418650 Li-lon Cells 700
o-Power (W) 6s1p Battery Design
30 600

106 Seconds of Operation

e
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N
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o

o
Discharge Power (Watts)

Battery Voltage (V) and Current (Amps)

20 LRIy
1
MH EM-1 Battery Performance
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10 — ) { =10°C = 200
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Time (Minutes)
Prototype battery demonstrate to support peak power demands. ]
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Background: Mission Concept Needs

Potential Future Ocean Worlds Power System Needs

Power: ~100 W

Voltage ~ 28 V

Operational Life on Surface: 7-14 days
(2 - 4 Europa days)

Mission Survivability/Shelf Life: 15 years

Operating Temperature: - 60°C to 40°C

Radiation Tolerance: > 2-4 Mrad

Planetary Protection: Required

A potential future mission to Europa, or other Ocean World, could benefit significantly
from a low temperature rechargeable battery with full operational capability when
coupled with solar arrays, enabling a means to meet a 14 day requirement:

« If RHU’s or RTG’s were not selected to provide heat, low temperature batteries would be desired

» Improved low temperature performance (down to -60°C) would reduce thermal power loads

* Results in lower power sub-system and thermal power sub-system mass

» Extended mission durations are possible (> 14 days)

Pre-Decisional Information -- For Planning and Discussion Purposes Only
ELECTROCHEMICAL TECHNOLOGIES GROUP
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Performance of E-One Moli Custom Prototype 18650 Cells at Room Temperature:
Characteristization at - 40°C (€/200 Discharge to 2.0V)

C/200 Discharge C/5 Discharge

5.00 5.00
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>  With charging at room temperature, excellent specific energy can be observed at low rate (C/200) at -40°C.
» Over 200 Wh/kg was observed for many electrolyte variations.
> At these low rates, the all carbonate-based electrolyte systems provided the highest specific energy.

M. C. Smart, F. C. Krause, J. —P. Jones, L. D. Whitcanack, B. V. Ratnakumar, E. J. Brandon, and M. Shoesmith, “Low Temperature Electrolytes in High Specific Energy
18650 Li-Ion Cells for Future NASA Missions”, 2016 Prime Pacific Rim Meeting on Electrochemical and Solid-State Science, Honolulu, HI, October 2-7, 2016.
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Cell Voltage (V)

Performance of E-One Moli Custom Prototype 18650 Cells at Room Temperature:
Characteristization at - 60°C (€/200 Discharge to 2.0V)

Discharge Capacity (Ah) Discharge Energy (Wh/Kg)
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>  With charging at room temperature, excellent specific energy can be observed at low rate (C/200) at -60°C .
» Over 150 Wh/kg was observed for many electrolyte variations.

M. C. Smart, F. C. Krause, J. —P. Jones, L. D. Whitcanack, B. V. Ratnakumar, E. J. Brandon, and M. Shoesmith, “Low Temperature Electrolytes in High Specific Energy
18650 Li-Ion Cells for Future NASA Missions”, 2016 Prime Pacific Rim Meeting on Electrochemical and Solid-State Science, Honolulu, HI, October 2-7, 2016.
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Performance of E-One Moli Custom Prototype 18650 Cells

Charge and Discharge at -40°C (C/100 Rates) )(Charge Voltage = 4.20V)
JPL Electrolyte “C” = 1.0M LiPFg in EC+EMC+MP (20:60:20 vol %) [InSight Electrolyte]

Continuous cycling at -40°C (4.20V Charge) Specific Energy (Wh/kg) at -40°C
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> Excellent specific energy at -40°C observed using a low rate charge and discharge (C/100) (i.e., 167 Wh/kg).
> No lithium plating observed when charging to 4.20V at -40°C using low rate charge.

»  The custom E-One Moli cells with JPL electrolytes display improved cycling performance at -40°C compared
to the baseline. A number custom JPL electrolytes have been demonstrated to meet programmatic target of
>100 Wh/kg (both charge and discharge at -40°C).

ELECTROCHEMICAL TECHNOLOGIES GROUP
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Performance of E-One Moli Custom Prototype 18650 Cells

Charge and Discharge at -40°C (C/100 Rates) )(Charge Voltage = 4.20V)
Baseline Commercial Off-the-Shelf Cell (COTS)

Continuous cycling at -40°C (4.20V Charge) Specific Energy (Wh/kg) at -40°C
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Although good specific energy at -40°C is observed with the baseline commercial cell when charging to 4.20V
at -40 (C/100) (i.e., > 124Wh/kg), there is evidence of lithium plating which leads to cell degradation.

» The custom E-One Moli prototype cells with JPL electrolytes display improved cycling performance at -40°C

compared to the baseline. A number of cells containing JPL electrolytes have been demonstrated to meet
programmatic target of >100 Wh/kg (both charge and discharge at -40°C).
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Performance of E-One Moli Custom Prototype 18650 Cells
Continuous cycling at -40°C: Effect of charge voltage and charge rate
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> Excellent specific energy at -40°C observed using a low rate charge and discharge (C/100) (i.e., > 167 Wh/kg).

> At higher charge rates and charge voltage, there may be some lithium plating occurring, which may account for
the higher capacity fade observed.

>

The custom E-One Moli prototype cells with JPL electrolytes display improved cycling performance at -40°C
compared to the baseline. A number of cells containing JPL electrolytes have been demonstrated to meet
programmatic target of >100 Wh/kg (both charge and discharge at -40°C).
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Performance of E-One Moli Custom Prototype 18650 Cells
Continuous cycling at -40°C: Effect of charge voltage and charge rate
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> Excellent specific energy at -40°C observed using a low rate charge and discharge (C/100) (i.e., > 167 Wh/kg).

» Cells containing all-carbonate-based electrolytes appear to display very stable performance and high specific

energy when cycled at low rates.

M. C. Smart, F. C. Krause, J. —P. Jones, L. D. Whitcanack, B. V. Ratnakumar, E. J. Brandon, and M. Shoesmith, “Low Temperature Electrolytes in High Specific Energy
18650 Li-Ion Cells for Future NASA Missions”, 2016 Prime Pacific Rim Meeting on Electrochemical and Solid-State Science, Honolulu, HI, October 2-7, 2016.

ELECTROCHEMICAL TECHNOLOGIES GROUP




37

Summary and Conclusions

* Planned Europa Mission :

When cells were when subjected to 100% DOD cycling at +30°C and at 0°C, and successfully the E-
One Moli ICR-M cell and the LG Chem MIJ1 cells displayed good life characteristics.

When subjected to 100% DOD cycling at 0°C, the E-One Moli ICR-M cells displayed the most stable
performance and delivered the highest capacity after completing 300 cycles.

The E-One Moli ICR-M and the LG Chem MJ1 cells displayed excellent discharge rate capability
over a range of temperatures, exceeding mission requirements.

Both the LG Chem MJ1 and the E-One Moli ICR-M have been demonstrated to have excellent
resilience to radiation.

The LG Chem MJ1 and the E-One Moli ICR-M cell have been identified as being the most viable
options for the Europa Clipper mission, based upon a number of performance characteristics.

* Planned Mars Helicopter Technology Demonstration:

Sony VTC4 cells have been demonstrated to have excellent power capability, being able to support
30A discharge currents, while still providing good specific energy.

Prototype 6-cell modules have been demonstrated to support the high power requirements
(510W peak and 360W continuous), enabling flight.

* Potential Future Ocean Worlds Applications:

Custom Moli 18650 cells with JPL electrolytes display improved cycling performance at -40°C
compared to the baseline. A number of cells containing JPL electrolytes have been demonstrated
to deliver >150 Wh/kg (both charge and discharge at -40°C).

At - 60°C, over 150 Wh/kg was delivered with many permutations at low rate.

ELECTROCHEMICAL TECHNOLOGIES GROUP
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