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Balloon Business Fundamentals

We have competing objectives:
e Highest service availability to end user
e Lowest cost vehicle
e Fewest vehicles needed (lowest fleet cost)

But these can be traded against each other. Examples:
® More expensive vehicles can navigate better ==> fewer vehicles
needed
e Higheravailability requires better navigation ==> more expensive
vehicles, or more vehicles



Major Design Variables

Navigation-affecting design variables: For all, “better station-keeping” = “higher
cost”
e Altitude Floor: how low during normal operations
Altitude Ceiling : how high
Speed of altitude variation : how fast up and down
Amount of altitude variation / day : how far down per day
Average (sustained) lateral speed : how fast horizontally

Important Performance Metrics
e TWR:time-within-range
o How well vehicle can “station-keep” within a certain service distance?

e Availability vs Fleet-Size (Over-Provisioning)
o How many extra balloons needed to hit specific availability? Includes blown-away + return time.

e And, of course: Cost
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Architecture and Sizing Objective

Vehicle Design Objective: Minimum cost/month/footprint =
Cost per month to cover a specific spot of ground
= num_vehicles * vehicle cost / vehicle_lifetime months

How:
e We have built a full Hammerhead design parameter and sizing optimizer that optimizes for:
o lowest cost / month / footprint
e We have spreadsheets and other tools for maximizing fleet-wide cost / GB



Valuing Altitude Range

Altitude Range Impacts
e Higher ceiling = much larger balloons = higher cost = slower horizontally, but,
e Higher ceiling = more wind directions to choose from = better altitude steering
e Higher ceiling = better altitude steering but worse lateral steering

Following slides are a small part of our analysis of min wind speed layers for several regions:
e Inputs: different locations, vehicle floor and ceiling
e Outputs: what is minimum wind speed, for different percentiles of time
o Eg: Atindicated speed, what percentage of time could we station-keep for that
floor+ceiling+location?



How to Read

Red block covers our existing vehicles:

V1.3/vN1 assumed values:

v1.4 assumed values:

Blue box is raising ceiling to

v1.6 = upper left corner
v1.4 = lower right corner

15.3 to 21 km (50.2 to 69 kft)
11,500 to 4,700 Pa (115 to 47 hPa)

15.8km to 20km (50.8 to 65.6kft)
10,700 to 5,500 Pa

22.9km (75kft) = 3,500 Pa (mv left)

and lowering floor down (to

So,
o

13.7km (45kft) = 14,700 Pa (move up)

Lower left of Blue box is ceiling raise only
vs v1.6 (most possible)

Upper right is floor drop only (vs v1.4)
Upper left corner is both extensions

Floor
is lower

is hi

BEBBUUWIO NN 00
QLN DWW
USROS 500
NFULLOVBNOO 00 W
‘|lIII|4l|Illl

9839 -
10369 -

10922 -

11499 -

12103 SR
12732 -

13389 -

14074

3016 -
1985—' 1 RERER G S 2 20 M 6 B 1
WD AT RO O0M W O M o™
o — [ T s A S AL o
S R FENRACERERZB R o
=
Top Float Altitude
24832 4 1 INE NN W SE S0 R Y ?Sth qrcqnqlle

19733 -

Botom Float Altitude [Pa]
[
w
w
=]
o
- |
my

= | L I I I

n W0 DM M

© ~ i< 00 < M M

o —LNOY M 0O M O

- m F~~r~00 0 O &Y
P

Ceiling
is higher

Diagonal is floor=ceiling divider.
This indicates a vehicle with no
altitude variability (during

operation).

715531 -

1]

19733 -

10922 -
11499 -
12103 -
12732 -
13389 -

o
w
-~
>

14074 ——+——+1d
14788 -
15531 -

Ceiling
is lower

19733 -

Ititude [Pa]

_—

24832 -

-

Illlllilllllllllllllllll|

24832

Bottom Float Altitude [Pa)

24832

19733

[

B 5 £
] (3igans
R eI
== .::‘:.‘.

o7 | lllllllli
w o N=ATOOU IO 00
O RO
2 R SSSAEAREE
2 ] (IR EN]

——————

2

>

5

s pla i

B | rrrren

N O AT

© - USROS
o oMo

2 m SEEEAANNOW

Loon is a trademark of Loon LLC.
Copyright © 2021 Loon LLC. All rights reserved



[43:174 .

£€L6T -
: / \
0.
Srer | LT
4t B T W BT
vnovﬂmm u //‘ A//r AI/MW/L“”mmm
68EET g ... i TS TR e s TS
smg S
B6YTT - N N e
- N N 4
s S~ N
= ey o
. =
R
9950 — — ShEa s ohE
( §rer e ~
H 011/ . \
%. 219 = — B PANN
Ty Ty ~— 5
- — 7 ]
A VAN -8 lﬁﬁm.n,lu Ky
N C— N
\ 9T0€ U NN
RN PN TN NN
RN 5961 i
MOONCUNIM-N O 10 a N m HO SO NMONODMOOMOOOCUTIIIN-N O
<t (=] m m MO~ MO NW MM SO (=l
RGBS R 8 g 5 DR SRE 22 RRANPRTINES R
(- [ed] 3pmnjy Je0}4 woxog
143:174 K .
Loy
r
€EL6T M -
g /
e o R Iy
8Ty T <
10T 2 N\ /1 t //m e
conkis - ) IR TR
gy B4 A NN B
66YTT o // /V/// ELW
22601 6 ~—T1
69£0T ~ ST
6£96 — ~— g e
e 2
988 AR =SER
£v6L o — —
1 915l — S \
i 0TTL B 5 &W
A W) e \
] R ﬂ. \
il E;Q —J A!V
gw! /I
, \ Gt 9T0E § // //
2
N
\ W seer _ ™ VAN
MNOOMOUTIH-N O 1n N m 0O NMO N DMAOMOCOCUTRIIN-N O
o s (=] m m mom ™~ mMO o NWMM SO e (=]
REREER R 8 2 g PERERERREEE Ll
[ed] apnmnjy 3e0|4 Wwonog

1985

1985

[4:}74

EELET

9T0E
5861

[4:} 74

EELET

9T0€E
S86T



11— —F

2

1

T
MNOONOUTNO-N O 10
e 4 4
AN R 3

N

f

T
MOOMOUTHMIH-N O 1
e & 8
I R 3

2E81T

EEL6T

S861

4174

EELGT

9T0€
5861

de

rcencie

a
h P

ICa

2E81T

EEL6T

~—

o]
1esst
88LYT 5
bLOBT m
6BEET
ey
€121 ©
6641
72601 &
s9c0r F

24832

. South Afr

¥

Pretoria

19733

15531

4788
14074
13389
12732

d
rcentile

95th P

43174

EELGT

24832

19733

<
~ o
g
-~

15531
14788

[ed] apmn|y 20

E]

o
aQ
<
~
~
w

0nog

™ S861

1985



=

o

g3 -

1985

et |

z6847
[43:174 .
€161
€161 -
tesr & N Te55T &
s \ 88LYT 5
i - // R T pLOYT 2
iy - L 686ET &
A & S Lz =
Eag o ~_psy it g
e S e 66711
66VTT L W T BTl
cocor - o ™ 2 \ 69¢01
69E0T ~— Yo \ ot
eeee —is = ££66
£EE6 — = geee
Shee L 98£8
£he S . Eb6L
e % 818/
GO/ 8 it
§tls N %, 55 y 81/9
"o M \ ?
a ._ P— I LIL
[ — —)
& s N ;
™\ 910¢
9106 K \
-+ b 5861
o (o 2.3: do o Bazsﬂnmwumﬂgﬁg.z © @
m m MOM~SOMOOND &
©: 3 EERREERIEE G
(@) [ed] 3pmp|y Je0l4 Wonog
3 ze867
z5847
£EL6T
£EL6T -
tesar & / TessT &
- v
= 88L4T
seutg 3 // /////,/- siioi g
rae Bl S S Moy 68E€T
6BEET g k S SHT—- s
tal 8 = £0T21 9
G 8 66TT
Mwmm & // u_?m AH 22601 8
69£01
69501 F % S TR - 6£86
& : EE£6
££E6 = g
3 988
98£8 . 38t
§1er & 815/
818l \ it
0TTL el
Hop -\ Vs
1
—J) -
—_ 41 \ Aﬂu
\ \ ; 910¢
e h NN
5861 | o N 86T
N m - WO N MO NGO O MAOOMOOOOUTHIIIN-N m ﬁ
m m Mmoo~ OMOONYMM BNl_.I
NOMMNHAsOMOM U= m (4]
[ed] 3pn3n|y Jeoj4 wonog



=P

v AR S8 I LY =uREE s

L

3016

1985

L

3016
1985

[43:174 . [43:174

€EL6T - €EL6T
T /
st E TR \ 1e551 S
[ - \
98T B n 281415
PLOYTE BN N — s pLOYT
69EETS BT Shrg 69EET S
ez SN = S TELTT
A e s S 3
£0121 0 —_— T R 0121
66VTT = ge. > 66PTT
72601 © oAy ——— ~= 72601 ©
69c0t = — e T 69£0T
s ————m— s
e ——— g
699 —— — o 699
9g¢8 t— — 9g¢8
EP6L — — 3 £96L
a1s[ ~_ ~C { a15/
011z ~_ \ 011z
219 ~ o, a1/9
. .MNI \l
B 3 |
N 2] [y |
N |
) -
., N N @ A
e W - D .ﬂ_
// - , .x.
9t0e — 07— ~ NN 910€
o bwv—. Il.ll.l’/l”lll// f \
5861 - R 5861
(W m MR NN AmT R & 8
~ NMNOoOMM~HSTOMOM LN 4]
DI [ed] 3pMAY 1e0}4 Woxog
L
[43:174 Q [43:174
@)
r
EEL6T a EEL6T
= /
wsTE TESSTS
WY T \ \ \ ] 28/bT 3
it -] W Wi = L08T 2
- e e T
69EET ~ Surg 69EET
s ° D e T L
prreed: I -1 N T £0T21 9
GITTE B N P S 66VTL =
72601 © T N <), 72601 ©
69c0T = — — PSS 69c0T =
e e e
O — —— =
£h6l — R > £h6l
815l ~_ % 815l
011z ——— SRR 011z
15
R o O 1Y,
B \ &m \ 1
S s | —4 —4
gm i 4
60,
N TN \ \ 2|
970¢ NN 970¢
- NONONRNM
5861 e N : 5861
N m H 0O SONMONODMNAOMOOOOUTHIION-N O I1n
m m MoO™~OMOONOMM BN11I =
© ~ NN oOMN~AHSOMBOM L o
[ed] apn3njy Jeoj4 wonog



N 1y

A
%

el B 47, 4 AP D
T
_—

7945
7518
711§

= Y|

X

LT L1y e DT

7.4l

3016

1985

[4:} 74

€EL6T

9T0€

[4%:} 74

€ELET

9T0E
5861

-
S86T O
§e

-

-

| =

L
|1

i1

rcentie

/
/

/

//

/
/

/

/
//
f
/

/V

/
/
P

S

[/

1=

/

P
> 4
7

19733

4788
14074

-
m
un
a3

[ed] apniy

-

)

rcentie

=

13389

1e0}4

95th P

o
a
<
~
=]
w

0n0g

\q/

D=

/

- \

24832

19733

15531
14788

[ed] 3pnin|v 1804

o
a
<+
~
~
w

0308

3016

1985

3016

1985

[4:} 74

EEL6T

9T0E
5861

[4:}74

EEL6T

9T0E
S86T



1ot o +-

o i 4

150 s

3016 —
1985

L iA |

IR IR _ dSEP Role

1985 ~

b43:174 s 143:174

€EL6T -+ €EL6T
© ©
TESSTE 1essT &
g B 88LHT
bLoviE 8 — PLOVT 2
] D ————— e chuleile- =
GBEETE T 69EET
way S Erm m,:q._T ZeLaL
oure B s £01z1 2
66vTTI, O 2 66¢TT '
72601 0 % c 72601 0
s9c0r F —Sfw0 17 s9c0r F
6£86 6£86
n == a
gges 56! gges
Eb6L = Eb6L
915/ —— = p a15/
011L 011L
a1/9 - a1/9
N L8 /
e \2 — t
ava > =
o 1
)
. \ g
9T0E == 910¢
86T | I S86T
N m HOSFTONMONDDMAOMOOOOUTITIM-N O
m mm ™~ MO o NW MM SO e = w0
-t 5 [ 8 SRER 2O RRBERLOMNGE R 8
S.. - oA HAA
u [ed] 3pn3i|V Je0|4 Woyog
143:174 A 143:174
-
r
£EL6T C. £EL6T
© T
SIS essT &
SEm = _ e m
PLOVT 2 —_—— vLOVT 2
=) v el
68EET g et 68E€T
e S Ju e I
fQrIe ¥ tHE ST £0121 ©
66YILY. O SwiTHe 66VTL
72601 6 A 72601 6
69¢01 : 69¢01
6586 1t 6596
o o
99¢€g e 9g¢€g
§re % 81
0TTL w7 A 01Tz
— ~ . | Wi
— A
. &l‘l 3]
% ] He
4\!-’ = Al c
d u-
s
|1712
910¢ / , \ 910¢
86T | | Y sg6T
N m H OO NMONDDMAOMNOOOOUTIIMN-N O n
m m M~ MO0 NW MM ST e - 0
2 5 hESRRSSonRREniiEnAeee | 9
N - R e I e R R R ]
[ed] apni|y 3e0|4 Wwonog



[43:174 .

EELET T

[ed] 3pnin|v 1804

01109

[4:}74

EELET

tess & TessT &
s = 88415
Soer 3 — pLOYT 2
pLovTE G et ;
£ R 6BEET
D Bte
way S e e g
S ? 66bTT
66VTT 2 g6rIL g
e < 69€01
69E0T : okt
6£86 = 6E%
£EE6 s Ect
3 sfuoet 98£8
9868 93¢0
grer 875/
875/ 011L
011/ 81/9
sis O :
7
O ===r £
= CInah,
o
9T0¢ _ 9T0¢
5861 -m ' S86T
m m Mmoo~ MO o NWMM SO e
DO: 3 £ 5 8 A RRIS0AABOOCDIAERS R 2
) [ed] 3pmjy 1804 wWoyog
% [43:174
e
C £EL6T
£EL6T -
£ TessT
resstE o
i m £ — bL0bT 2
nong  S——— =t o
SHEERS e shuls e s
NMNNH &m h w?: .\m moHNH m
nE @ - gy 66011 =
ML z 22601 6
22601 © : 46t o
69£0T - ; £an
b _ £E56
mwmm n}r 6788
: 9868
i - i
818/ -3y 0T1L
011z mECm \
Yo 1
[
Vo J
m . oo
9T0¢
9T0¢ #
_ S86T - 5861
Ll 3
COOU TN ~N m ~ 0 4923929939%3“R§
e : : AR et
RS L % 3 53 $0NNS8S
w



[43:174 .

EELET .

i1

—
5

rcentie

RY

th P

2

0 mfs-

0O
e
R
l j b ;

9T0€

5861

1985

EEL6T

@)
o

()

1

143174 AL
>

(O

m
LL-

7))

19733
15531

B
~
=
de

rcentcie

m

o

-

~

—

lo
95th P

9T0€

3016 -
1985

 S86T

1985
24832

19733
15531
4788

[ed] 3pnin|v 1804

£ 11499

[4:} 74

EELET

9T0E
5861

[42:}74

EELET



MinWind Analysis

Conclusions
e High variability of required lateral speed across regions
e High variability of required lateral speed across altitude ranges
e Assuming medium altitude range of vehicle:
o Africa, South America, tropics

m “OK” availability: ~2-5m/s

m  “Good” availability: ~5-8 m/s

m  “Excellent” availability: ~8-12 m/s
o Australia

m “OK” availability: ~6 m/s

m  “Good” availability: ~10 m/s

m  “Excellent” availability: ~15 m/s

e We will not need ~25 m/s (common for HAPS/HALE vehicles) to reach Excellent availability
o Flexible altitude range vehicle can save large cost



Lateral Propulsion



Lateral Propulsion Impact

Two primary types of navigation:
e Station-Seeking
o Balloon stays close to target
e Fly-Around
o Balloon gets blown away from target but flies around loop to get back to target

Improving lateral propulsion improves both:
e Station-Seeking
o Better able to stay closer to target, higher percentage of time
e Fly-Around
o Can get back to target more quickly



Station Seeking vs. Lateral Gontrol

Percentage of Time Station Seeking Is Possible vs. Lateral Control

~25% increase in Station Seeking with
only 1.5 m/s lateral control
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Faster Return Time To Region




Return Time To Region - 0 m/s

~30 day loop




~20 day loop

Return Time To Region - 1 m/s

n LLC.



~12 day loop

Return Time To Region - 2 m/s




~6 day loop

Return Time To Region - 3 m/s




Reduced Fly-Around Time (vs Time in service region)

~2-3x reduction in fleet size
with 1.5 m/s prop’n
(in Kenya for QBO_bad
periods)




Hammerhead Design Process



Sysk

Process Overview

Some Top Level Metrics:

‘ i Availability
/C;st / GB

OP, Fleet
Utilization

>

>
v

v

Pareto Optimized
‘ Design Point

GB / $Cost

Availability

» 4

[ Subsystem Requirements ] [ Subsystem Requirements ] [ Subsystem Requirements ]
1 |

Rerun sizing if sim used MC design or

adjust sizing based on trade studies WA l Sim Core ]_

BalloonStateVector
Fleet Config

L RoboEval

Fleet Simulations
“Economic Viability/Profitability” /

T

Feasible Vehicle Designs [ Experimental Design ]

[ Preliminary Design and Detailed Design ]




S . .
PRD Review _— Detailed Design & .
Roadmap and COS:;Z?:BI Pr;l:ar:ig:ry Testing and Pg:)g::;g:s&
Agreement Verification

Vehicle sizing optimizes the many design parameters of the vehicle and estimates cost and performance.

Sizing tool is organized into modules. A module contains all relevant equations/data to estimate the size of a
particular subsystem. (e.g. the battery module estimates all parameters relevant to batteries)

— o e e M M e Mmm mmm M e Mmm mmm M e Mmm M M e Rmm mmm M e Rmm M e e

i
=

The tool uses modules to construct a nonlinear I
I
I
|
I
I
: Solar
I
I
I
|
|

system of equations with inequalities

- Inequalities represent constraints that must

be met
Sizing tool iterates to converge on a vehicle Wweight
design:
- lterates to meet inequality constraints

- Iterates to minimize user-defined objective . .
Sizing Environment

function (e.g. max altitude, lateral speed, etc.)



Tradespace Exploration - Envelope Length (Comms “a’) - Updated - 4/28/2020

System envelope length (m) vs. Time within radius

100
—— Africa Mozambique
90 — —— Australia Cairns
s Caribbean
g ——USA Albuquerque

——USA Jacksonville
—— USA San Diego

o WIP

70

60 —

50

40

Time within radius

30
20
10

0 | | | | |
30 40 50 60 70 80 90

System envelope length (m)

Loon is a trademark of Loon LLC.



Tradespace Exploration - Speed (Comms ‘a’) - Updated 4/28/2020

Time within radius

100 — System average lateral speed (m/s) vs. Time within radius

— Africa Mozambique
90 - —— Australia Cairns
Caribbean
/ —USA Albugquerque
oor WlP ——USA Jacksonville
——USA San Diego
70

60 —

50
40
30
20
10

0 | | | | | |
3 4 5 6 7 8 9 10

System average lateral speed (m/s)

Loon is a trademark of Loon LLC.
on LLC. All rights reserved



Example Analysis Outputs

Experiments Q, Search for studies, experiments, reports... ®

Experiments spec @
44405589:station_seeker_Set_2_Peru_Tarapoto_FWB_SD_Ip_0_ceil_20000,44405614:station_seeker_Set_2_Peru_Tarapoto_FWB_SD_Ip_2_ceil_20000,

F

Analysis Manage
@
Date range Metric system Metrics
Last 7 days v Loon VSFEI Trials RASTA metrics v Num Universes, Vehicle
w
Analyzers findings = @ Metric Expiration Validator
y 9
]
Queried time ranges: 2020/09/05 00:00 ~ 2020/09/11 23:59
® : 1
Num Vehicle Power Ratio of days Balloons In Balloons In E
Universes Availability at Availability at with service Air Service Area
@ Romers (v0) Romers (v1)
-~ E;aog‘;;‘;'f:[zz‘:i‘:\to‘ce"‘20000 3,744.000 0.626 0.000 0.891 1.000 0785 . e
- _ Increasing lateral d: better availabilit
Tarapoto_FWB_SD_Ip_2_ceil_20000 3,744.000| 0%1 eas g a Oeqzza S 1 % e " 0. 89 e a a a y
~ 4440‘;615_ Details L—\r\:_s o 0.00% 2162% e e o e
[6.31,6.31] [17.27,2597) % [2.16,4.75] % 0.00, 0.00] % [5.76,10.96] %
@ 3,744.000 0.844 0.947 1.000 0.898
Tarapoto_FWB_SD_Ip_4_ceil_20000 2
P i 0.00% 34.92% 0.000 6.21% 0.00% 14.48%
T [-7.98,7.98] [30.55,39.28] % [4.80,7.63] % [0.00, 0.00] % [11.50,17.45] %
T
3,744.000| 0.904 0.969 1.000 0.937
Tarapoto_FWB_SD_Ip_6_ceil_20000 =
OO PP ST ool 0.00% 44.50% 0.000 8.73% 0.00% 19.43%
44405644 Details Links
q [-5.28,5.28] [39.49, 49.50] % [7.16,10.31] % [0.00, 0.00] % [16.11,22.75] %
3,744.000| 0.947 0.983 1.000 0.967
Tarapoto_FWB_SD_|| ceil_2000! 2
a o gl L-m"k-ss- -20000 0.00% 51.34% 0.000 10.30% 0.00% 23.21%
- h [-7.22,7.22) [47.15,55.52] % [9.03,11.56] % [0.00, 0.00] % [20.30, 26.12] %
3,744.000 0.974 0.992 1.000 0.984
10_ceil ;
Arapoto_F WS, SDIp-10.0ell 20000 0.00% Y 55.57% 0.000 11.35% 0.00% 25.37%
[-5.51,5.51] % [50.72, 60.42] % [10.10,12.59] % [0.00, 0.00] % [22.39, 28.34] %
3,744.000 0.702 0.917 1.000 0.828
o d :Zii't:\"k;“-”"-ns‘)" 0.00% 12.14% 0.000 2.91% 0.00% 5.58%
; [6.55,6.55]%  [7.61,16.68] % [1.24,4.58] % 0.00, 0.00] % [2.54,8.63] %
3,744.000 0.818 0.945 1.000 0.887
EL:Z?;‘;'FD\’:%:%:\D@LWILZZSOO 0.00% 30.75% 0.000 6.06% 0.00% 13.08%
[6.05,605]%  [26.32,3519]% 14.34,7.78] % [0.00, 0.00] % [9.81,16.36] %
3,744.000 0.886 0.964 1.000 0.928
Thhon TR ShiR el e | “oldok 41.55% 0000 8.19% 0.00% 18.23%
A [8.18,8.18]%  [36.89,46.21] % [6.92,9.47] % 0.0, 0.00] % [15.48, 20.98] % Loon is a trademark of Loon LLC.
3,744.000 0.932 0.980 1.000 0.957 Copyright © 2020 Loon LLC. All rights reserved

Taranatn FWR SD In & ceil 22800



Hammerhead Design - Conclusions

Tools and Process
e We’'ve built tools to simulate, analyze and optimize future flight systems.
e With these, we can forecast the nominal and rare performance of these vehicles for all
of-interest markets around the world
e We are narrowing down the size and capabilities of each evolution of Hammerhead, starting
with the prototypes, then first commercial vehicle, then even higher performance variants
following.
Current Expectation
e Initial prototype vehicle sizing works for our current markets (tropical, Africa, Central+South
America).
e First commercial vehicle extends beyond current markets.
e Subsequent vehicles can reach high revenue markets with higher winds.

Loon is a trademark of Loon LLC.
Copyright © 2020 Loon LLC. All rights reserved



