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Flaring associated gas is a big global problem IGU 9019
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o Asia
m Morth America

o Africa \
Re-injected o Middle East Flared
14 TCF m Central & S America 6 TCF |
= Europe
m Russia
~4 TCF = 27%
Not used to enhance of annual US gas
oil recovery consumption !

> 10 TCF (= 4.6 mmboe per day)

Source: International Energy Annual 2005 World Bank GGFR 2006,2007

Satellite image of
gas flaring in Nigeria

250 km .
————— . X

Image courtesy of Chris Elvidge, National Geophysical Data Centre, Bouder, CO, USA




Why GTL?
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* Large spread between crude oil and natural gas princes

* Converting crude 1 bbl at 5.8 million btu:

Crude price @ $100/bbl corresponds to $17/million btu;
Current US gas price (Henry-rub) is $4/million btu;

*  Crude oil have a premium value (S13/million btu) over the gas since it is liquid

(.

US oil and gas price forecast by EIA \

=== Crude oil

=== Natural gas

ource:
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\ Source: Toyo Engineering Corporation, 2011 /
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Pre-Salt Province Formation 4|GU 2017
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*  Reservoir pre-salt formation when Latin
American e African continents were separated;

2000

Huge oil and natural gas reserves;

Reservoirs located between 5,000 and 7,000 m
under sea level;

Deep Water (more than 2,000 m);

Under Salt layer (may present more than 2,000
depth).

I000m




S

Brazilian Pre-Salt Province in Numbers f GU 801D
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, " Total area of the Province: 149,000 km2 T i
Area under concession: 41,772 km? (28%) BAL &y
~ Area not under concession: 107.228 km? (71%) e
Area with Petrobras interest: 35,739 km? (24%)
SAOPAULOD RIO DE JANEIRO
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L|ght Oil | . : ; Irgads s . Pocos Testados
High gas to oil ratio : B e y . [ | campos de HC
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 New Exploratory Frontier
 Extended Well Tests (EWT)
e Reducing technical and geological risks
* 6to 12 months duration
e Powerful tool to character the reservoir .‘

Reservoir Production along the time b FFRTIR;
: . : : (1 b
Checking Damage mechanisms and reservoir o R
hydraulic communications Flf‘i )1 =4i
Sampling rocks and fluids i } i
Flow assurance B A
2 : mivme
economic potential ! & {8 R
. : -7 Y »)’
* Long Distances from the cost 2 el
*  Fields located in deep and ultra-deep water o4 &)

* No access to infrastructure for associated natural gas re-
injection or transportation during EWT

* Avoid flaring the associated natural gas (legal and
environmental constrains)

*  Processing natural gas with high CO, contents

11
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Modular GTL Demonstration Plant
Aracaju/SE (CompactGTL Technology)
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Mini-channel SMR reactor

o
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High heat transfer from
Combustion stream into
SMR process stream

MW\ SMR catatyst foil inserts

Combustion catalyst foll inserts

SMR Stream
Combustion Stream
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Gni-channel FT reactor

i

High heat transfer from
FT process stream into
coolant stream

MWW\ FT catalyst foil Inserts

'¢

n‘

Vel

,,.*.m

-“LL\ BA\ \‘

Source: CompactGTL Plc.

 Dec/2010 - Final
comissioning;

* Jan/2011 - First syncrude;

* Nov/2011 - Tests with high
CO, content and
Technology Qualified;
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Modular GTL Demonstration Plant @.ﬁu
Fortaleza/CE (Velocys Technology) ficu 2017

INTE RNATIDHAL GAS UNIDN
UMK |KTERRATICRALE DU GAZ WORLD Dl COHFERENCE

[Velocys Fischer-Tropsch \
Velocys Microchannel SMR Reactor Concept Ciose integration-of exothermic
Technology Module Fischer-Tropach synthesis and

Close integration of
combustion and steam
reforming processes

steam genaration

—_—r
r— Baiting West Transfor
|

Water/Steam

Pi= |+ -50 me SR>
CH, + H,0 e

CO+2H, lU-sc—-
L 4CH,)n-+H,0
) £ \
Fuel + Air o el Exhaust | Migh Heat Fux

UimniNPw st hus
A vty rmarey

PSP AIYS \_—/ > OXFORD CATALYSTS :
N =) \&= -,

Source: Velocys, Zeus 2011 Modular GTL Seminar

» Under Qualification
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Limitation of space and weight in an offshore
production facility

Needing of intensified processes of mass and
heat transfer

Production of natural gas falls along the time

Modules can be removed as production falls

Modules can go on-line and off-line to
accommodate production variability (turndown
flexibility)

G.

Why Compact and Modular Reactors Use? ‘IGU 2017
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convencional GTL
gas supply requirement

associated gas
production profile
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Roadmap Toward Modular GTL Plant

Development Stage

Joint Test
Agreement
(Compact GTL)

GTL Conceptual Study
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World’s first
small scale
microchannel
GTL

World’s first
small scale
milichannel GTL

Milichannel and
Microchannel GTL
Commercial Plant
Conceptual Design

Joint Demonstration Testing
Agreement
(Modec/Toyo/Velocys)

2004 2005 2006 2007

BN — [orwoe] —

>
2008 2009 2010 2011 2012
o — e — — &3
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Offshore GTL Process

Offshore GTL:

Water Natural Gas Convert the associated gas into syncrude

Demineralized

Mix and transport with the natural crude

e —> (C5+and LPG

pre-treatment H,S, H,O and other contaminants

Syngas
production

Utilities, Power, Fuel, etc
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Modular GTL Concepts

Source: MODEC, Toyo and Velocys
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e Steam Methane Reforming

CH, + H,0 ¢ CO + 3H, (Steam Methane Reforming)
CO +H,0 <> CO, + H, (Water Gas Shift Reaction)

CO, content makes the “dry reforming” reaction compete with the SMR reaction.
CO, + CH, <> 2CO + 2H, (Dry Reforming)

* Fischer-Tropsch Synthesis
nCO + (2n+1)H, <> H—-(CH,)n —H + nH,O

* Polymerization of H, and CO into alkanes
* Exothermic (AH-)
* Requires efficient temperature control

20
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6) Results with variable CO, levels
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Results — Steam Methane Reformer

/3,20

GTL Balance \

H2/CO Ref —<&— H2/CO Ref —B—

3,00 | Sog - - -

2,80 f-nommonii

2,60 F---omm oo

2,40 [&

2,20 -------

2,00

L e b Lo L __L

\0 10

20 30 40 50
% vol. Co,NG /

CH, + H,0 <> CO + 3H,
CO +H,0 ¢> CO, + H,

(Dry Reforming)

(Steam Methane Reforming)
(Water Gas Shift Reaction)
H, + CO, <> CO + H,O(Reverse Water Gas Shift - RWGS)

CO, + CH, <> 2CO + 2H,

G.
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The raise of CO, in the natural gas
feedstock leads to a reduction in the H, /
CO ratio due to RWGS reaction.

Prevent coking via:
e Steam/carbon>1.5
* H,/CO>2.40

22




1,6% CO2 15% CO2 35% CO2
%CO2 (volume) Natural Gas Feed
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110
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< 90 = Improving CH, conversion and CO selectivity
S 80 . .
2 70 = Reduction of hydrocarbons content in the natural fe
GJ .
z 2 as a consequence of the CO, raise, does not reduce
@) . . .
= 40 yield in the same magnitude
O 30
20 = Partial conversion of the CO, into CO (RWGS)
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100
90 -
80 - . .
g 5. * The CO conversion and methane selectivity are not
S 60 - highly affected by the CO,
g 50 -
[=4
S 40 -
S 30 - * Negative impact on the overall production due to
20 - lower CO yield in the SMR
10 A
O _
1,6% CO2 15% CO2 35% CO2
%CO02 (volume) Natural Gas Feed
100 - 100 1
90 5 90 -
—~ 80 - é.. 80 -
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S 50 2 50 -
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1,6% CO2 15% CO2 35% CO2 1,6% CO2 15% CO2 35% CO2

%CO02 (volume) Natural Gas Feed %C02 (volume) Natural Gas Feed
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* The FT section shows a neutral behavior

e The SMR section is a CO, consumer due to the RWGS reaction

* The pre-reformer and catalytic combustion are CO, producers

e The overall process is a CO, producer

*  Opportunity to optimize pre-reformer and SMR catalytical combustion

200 -

180 |
5 160 -
2 140
= [] Delta CO2 Reformer
r 120
£ [[] Delta CO2 Pre-reformer
~ 100
8 80 [l Delta CO2 Combustion
©
2
a 60 - [ Net CO2 Produced
o 40 -
N
(5]
£ 20
3 0

20 3 3 3

o O O
-40 X X X
k! i =
-60 -

%C02 (volume) Natural Gas Feed
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120
110 -
100
90 |
80 * Carbon Efficiency takes into consideration

70 the rate of hydrocarbon in the feed
60

50
a0 | * The raise of CO, in the natural gas causes
30 - an increasing in the Carbon Efficiency due
20 1 to the partial conversion of CO, into CO via
ol RWGS reaction

Carbon Efficiency (%)

1,6% CO2 15% CO2 35% CO2

%C02 (volume) Natural Gas Feed

Min. ©
Global Carbon E, _ YN - 100

Efficiency (%)
Z(Fj.PR * Fj.FUEL) 'an

j=HC.CO
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* The GTL process can accommodate variable CO, content in the natural gas
feed stock (tested in demonstration plant up to 35% mol). It did not
reduce the process efficiency

* CO, is consumed in the steam methane reactor to form CO as a
consequence of an equilibrium change in the steam methane and water-
gas-shift reactions. Nevertheless, the GTL overall process cannot be
considered a CO, sequestration process, since the net CO, process balance
is positive

e The results show that there are optimization opportunities to develop
more efficient catalyst to improve the process in order to increase the
overall carbon efficiency and reduce CO, emission

e Petrobras has been successful in the GTL modular small scale technologies
gualification tests and studies for offshore use
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It is time to unlock the full potential of Natural Gas!
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