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j‘\\ Carbon Dioxide and the Petroleum Sector

v' 29 Petroleum Refineries
v' 4.7 MM bbl/day crude
v 30% Total U.S. refining

o | CH+2H,0- CO,+4H,
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CO, Treatment Technologies:

v" Sequestration Technology — CO, Capture & storage
v" Conversion — CO, to usable compounds
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Electricity in the United States

Transmission Lines 2.9 billion tons CO, annually
Carry Electricity

Power Plant
Generates Electricity

Distribution Lines
Carry Electricity
To Houses ;

Transformer Neighborhood
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For Transmission Steps Down Voltage Down Electricity Before It
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\J‘ Greenhouse Gases & Their Sources

® Carbon Dioxide
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¥2%  Tri-Reforming: Turning CO, into a Fuel

CH, + CO, > 2CO + 2H, AH = +247 kJ/mol

CH, + H,0 > CO + 3H, AH = +206 kJ/mol Tri-Reforming

CH, +7%20, > CO + 2H, AH = - 36 kdJ/mol 9 Separate Reactions

CH, + 20, > CO, + 2H,0 AH = - 880 kJ/mol

CH, = C + 2H, AH = + 75 kJ/mol

2CO > C +CO, AH = =172 kJ/mol H¢ Exchange l

C +CO, - +2CO AH = +172 kJ/mol .

C+H,0> CO+H, AH = +131 kJ/mol E

CcC +0, 2 CO, AH = -394 kJ/mol l

SYNGAS

Conversion: >70% CO,, 98% CH, I T

Chemicats  Methano R
H,/CO =1.5-2.0

» Conversion and utilization of CO, without CO, separation from power plant

> Effective production of syngas with desired H,/CO ratio for methanol synthesis

» Reducing the possibility of carbon formation compared with dry reforming

Song, C. and W. Pan, Catalysis Today, 2004. 98(4): p. 463-484
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é@?\ Framework for Methanol Production via Tri-Reforming

Preparation of tri-reforming flowsheet n . n
l G = Y nG!+R(T+273.15 Y n,In
i=1

i=1

f

0

l

Determining the optimum conditions for the production of
syngas from thermodynamic analysis

A 4
Simulation of methanol production from syngas

LP Transshipment Model

A 4
Heat integration with objective of minimizing
utility and capital cost

l MINLP Model

Calculation of operating profit after heat integration

l Aspen Energy Analyzer

Results analysis and conclusion
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2 Tri-Reforming Process Flowsheet
M1 R-1
H-1
o— CH4
— MIX-GAS —)@— TO-REACT SYN —o
o— FLUEGAS
CO,:H,0:0,:N, =0.1:0.2:0.03:0.67 . . .
Basis of 1,000 kmol/hr Tr1 reforming reactions

CH,+CO0,> 2CO+2H, AH =+247 kJ/mol
Objective CH,+H,0> CO+3H, AH=+206 kJ/mol
> Converting as much CO, as possible CH,+% 0,2 CO+2H,  AH= - 36 kJ/mol
» Obtaining the ideal ratio of H,/CO = 2. CH,+20,2CO,+2H,0  AH =-880 ki/mol
CH,> C+2H, AH = +75 kJ/mol
2C0 > C +CO, AH = -172 kJ/mol
Conditions? C +C0,> +2CO AH = +172 kJ/mol
> Reaction Temperature C+H,0-> CO+H, AH = +131 kJ/mol

»Ratio of CH,/Flue gas



Composition vs Temperature

Molar Fraction

0.25 -

0.20 4
0.15

0.10

0.05 -

0.00

v I v I v J
400 500 600 700 800 900 1000 1100 1200

Temperature (°C)

Conditions: CH,/Flue Gas=0.4 and pressure =1 atm.



\i}\\ Composition vs CH, /Flue Gas ratio
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H2 Molar Fraction

CO Molar Fraction

Composition vs Pressure
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Optimum Conditions

Pressure: 1 atm Temperature: 850 °C

M1

o—1 CH4

o— FLUEGAS

TO-REACT

>0

LAl

SYN

CH,/Flue gas: 0.4

CH; FLUEGAS MIX-GAS TO-REACT SYN
Temperature, °C 25 850 850
Vapor Frac 1 1 1
Mole Fll‘:zv kmol/ 499 1400 2080
Mole Frac
CH, 1 0.29 0.02
CO, 0 0.07 0
CO 0 0 0.22
H, 0 0 0.44




\ﬁ\ Combined Methanol Synthesis and Tri-
/4

Reforming

{Tom2 |
SPLIT
M2 .
v < TO-SPLIT R-eqml Reactor
RECYCLE % :

. SEP1

o |svnz

v

v COPRES

EXTIRY . —

Peng — Robinson EOS

[p4]
V2
" (e—
Flowsheet Element Parameter Value
methanol reactor temperature (°C) 220
pressure (bar) 50
sepl temperature (°C) 25
pressure (bar) 24
CO + 2H, > CH,OH AH = - 91 kJ/mol sep? temperature (°C) 5
CO, + 3H; » CH;0OH + H,O AH = - 50 kJ/mol pressure (bar) 10
CO + 2H,0 - CO, + H, AH = -41 kd/mol S3 (Radfrac) Number of stages 19
Feed stage 11
Reflux ratio 1.5
Distillate to feed 0.988

ratio




GASIFIER M2

COPRES H-2

RECYCLE

Variables for heat and cold streams

Blocks Stream Tin(°C)  Tout(°C) Fep(kW/°C)

H-1 Cl1 110 850 16
H-2 C2 125 220 154
Reboiler C3 137 139 4806
C-1 H1 850 60 18
C-2 H2 219 25 170

Conderser H3 135 96 249

—ts

(PLIT
|
¢ ~ -
7] 0

Variables for utilities selected in heat integration

SEP1

Utility Temperature(°C) Cost ($/kW-yr)
Cooling water 20 6.7
Refrigerant 1 -25 86.3

Fired heat 1000 134




~f\\‘ Heat Integration strategies

1. Minimizing Utility Cost
2.Minimizing Capital Cost




é‘;::“\ Transshipment model (Utility Cost) Objective Function:

_______________________________________ , min E C Qi + E Cp QW
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Heat Flows in interval k ..
Boundary conditions:

Rip=Rig=10

Constraints:
RiklRka Q:’jkl Qmij Q:’nlegv ?L’V =0

N.V. Sahinidis and I.E. Grossman, Transshipment LP model for minimizing the utility cost in a heat exchanger network 1983



Transshipment Model

Energy usage before heat integration Energy usase gfter heat
Integration
streams Amount (kW) streams Amount (kW)
C1 12047 Cl 1331
C2 14660 C2 8766
C3 10574 C3 0
H1 14208 HI 1550
H2 32975 H2 18697
H3 9637 H3 9396
% energy savings 57.8




ot or 1 Stage k=1 Stage k=2 Stage k=3
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Yee, TF. and L.E. Grossmann, Comput. Chem. Eng. 1990;14:1165-1184



MINLP Model

Energy usage before heat integration Energy usage after heat integration
streams Amount (kW) streams Amount (kW)

Cl 12047 Cl 11448
C2 14660 C2 0
C3 10574 C3 0
H1 14208 H1 2911
H2 32975 H2 18455
H3 9637 H3 9637

% energy savings 54.9




\@“\ Comparison of energy consumption before and after heat
integration for the whole process

Energy usage before heat integration

Energy usage after heat integration

Minimizing utility cost

Minimizing capital cost

Block T Amount Amount (kWh) Amount (kWh)
oc ype (KWh) moun moun
GASIFIER Reactor 19061 19061 19061
MEOHRXT Reactor 10762 10762 10762
C-1 Cooler 14209 1550 2912
C-2 Cooler 32975 18697 18456
H-1 Heater 12047 1331 11448
H-2 Heater 14659 8766 0
SEP1 Flash 0 0 0
SEP2 Flash 0 0 0
COMP Compressor 14255 14255 14255
CONDENSER RADFRAC 9637 9396 9637
REBOILER RADFRAC 10574 0 0
Total utility 127605 83818 86531
@ergy per kg CO, 29 19 19.7>
% Energy savings 34.3 32.2
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3, Economic Analysis

» Operating hours — 8,000 hr/year

» Flue gas was not considered into the overall costs calculation as it is a waste stream

» Catalyst in the reactions are not considered

» Due to the lack of info for fixed capital cost, depreciation, taxes, operating profit was defined as follows:

PROFIT = INCOME - FCOST — UCOST

Comparison between steam CO, reforming and tri-reforming

) Energy
CO, treatment Methanol production )
consumption
method
(kg/kg CO,) (kWh/kg CO,)
St -CO
eam - = 131 115
reforming
Tri-reforming 2.75 19.0

Aresta, M., Carbon dioxide recovery and utilization. 2003: Springer.
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¥ Developing Nanoparticle Catalyst

v’ Synergism between active metal and support

» Oxygen vacancies within support
» Adsorption of hydrogen by active metal

v’ Reverse Micelles for nanoparticle formation

» Increased active sites per unit mass
» Intimate contact between reacting species

H

|
H-C-H
|
| 6



\if\\‘ Nanoparticle Catalyst Concept

Reverse Micelles
(water in oil micro-emulsions)

Cyclohexane

‘*W‘

Water AOT

(dioctyl sodium succinate)

O

Complete Ni Mo \/K/\/
Reverse Micelle O 0
. ..S7¥ 0
Na™ O \b

\ Ni(NO,), 6H,0
/\/jﬂ S(O O l Reduce using NaBH,
Nlo O \O g




éif\\\ Nickel Nanoparticle Catalysts

From Reverse Micelles to
Nanoparticle Catalysts

Triple Solvent washing

+ ‘

- — — —
Calcine (650°C)

- S G Factors Affecting RM’S
¢ NS ZwoE » Water Pool Size
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SEM Ni-TiO, Support

Wet Impregnation Reverse Micelle

15.0kV 4.0mm x10.0k BSECOMP 1/5/2011

30 — 50 nm sized Ni particle

Micron sized Ni particles

*» Nickel nitrate solution, drying, calcination (650°C)
¢ Narrow particle size range in RM system
% Inconsistent surface converages for Ni (5% # 5%)

2Cu,+ + 4BH- + 12H,0 > 2 Cu +14H,0 + B(OH), Standard

Reduction
2Niy*+ + 4BH- + 12H,0 > 2 Ni +14H,0 + B(OH);  potential



SEM micrograph of (a)5%, (b)10%, (c)15% and (d) 20% Ni/TiO, (scale:
2pm)

Ni Particle Sizes, nm

Preliminary Results (Ni/Ti0O2)

(b)

111 200 220
16.94 19.17 24.75
11.25 17.32
23.16 19.17 19.91
18.66 21.64 24.75
AVG 17.50 19.99 21.68
St Dev  4.92 1.43 3.70

Ni Content (SEM-EDX)

@) 5% (7%)
(b) 10% (11%)
(©) 15% (13%)
(d)20% (21%)
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Photocatalyst Theory

Carbon Nanotubes on Titanium Nanotubes
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3, Photocatalyst Development
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Band Gap Determination

%2 Kubelka-Munk Plot .,
5 ——TI02 NT/SWCNT UV TREATED
——T102 NT/SWCNT SDS
) 15 ——TI02 NT/SWCNT SIMPLPE MIXING
E ——Ti0o2 NTTL
£ .
et TIO2 NT/SWCNT SIMPLE MIXING
05 - TIO2 NT/SWCNT SDS
TIO2 NT/SWCNT UV TREATED
0 T T T T T T T T T T T T T 1
1 12141618 2 22242628 3 32343638 4 4244 — — ~Linear(Tio2NTTL)
E(ev)
Material Band Gap Energy,
\Y)
TiO,-NT 3.1
TiO,-NT/SWCNT (simple mix) 2.85
TiO,-NT/SWCNT (uv treated) 2.75
TiO,-NT/SWCNT (SDS) 2.1




- Moving Forward — Photocatalytic Reactions

€ CO, Conversion (competing rxn)
€ Photon Flux

& Carbon Balance

€ Energy Required/mole CO, r+Ar

Photon Balance: In — Out - absorbed =0

E = Photon Flux
A = Absorbance property of fluid + catalyst

21Th[(Er), — (Er),,,,] — 2IThrEA,, =0
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¢  Key Closing Thoughts

» Process modeling (equilibrium)
»Optimum T = 850°C
»Optimum CH,/Flue Gas is 0.4

» CO, conv 99% and H,/CO =2

» Catalyst optimization and kinetic evaluation

» Sustainable Carbon Management Strategies
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