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Direct Liquefaction of Coal

Defunct Kohleoel Oil/Solvent -
process _ Slurry Mix Hydrotreating
Commercial Scale in Hydrocracking 350-420°C, 300 bar
Germany until end of Hydrogen " ‘\\ Hyldflogen Recycle /I
Wwil Cheap Iron_ €2t S ‘ Methane, Ethane,
) i Gases
Catalyst ¢qa : . ‘ » Butane, Propane
11l ; ‘g %7 - 19% of yield
P ; Liquefied Petroleum
E £ Lpg ©ases
< A ——— Optional Cut
‘ \-f/ — 2 . A\ Light Oil
3:‘:::‘ S|UI’I’y Integrated E-_'_;"
e Coal is Hydrogenation g'f_;' C5 to "’C11
dissolved <a Convert to gasoline
25% of yield
_ Middle
Vacaue \T/ oit C,,to ~C,
Distillation > 12 9 .
Recycle Solvent Convert to diesel
( 33% of yield

Carbon Solids & Pitch ~ Vacuum
But lots of iron and metals. 22% of yield ~ Bettoms




Coal Pyrolysis

Defunct Encol Cyclone f:ii‘i
prOCGSS Coal > =1 Caustic Scrubber [r————

oa
Used lower Mostly Water Vapor

value coals

Water
Cyel Removal Dryer
T Y Combus tor ==
Pyrolvser
Pyrolyser Combus tor -y
Long Heat ~540C 1 ki
Similar to biomass PDF
L (Char)
Char Deactivation *1 Rotary Cooler >
—1 High value solids
Coal char suitable for burning
| Condensation > Esp instead of pulverized coal
| CDL
(Liguids)
-
~No. 6 Fuel QOil

Marine engine fuel
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Fischer-Tropsch Synthesis

= Basic Premise: Use CO and H, as fundamental building block.
Full reaction: 2n+1)H, + nCO - C,H;,,, + nHO
Generally predisposed to straight alkyl chains.

In conjunction with water gas shift: H,O + CO - H, + CO,
« Promoted by Iron-based catalysts (for low H, syngas. “"High Temperature”)
 Avoided by Cobalt-based catalysts (use Co for high H, syngas "Low Temperature”)

5a. Reacts with Another

2. Dissociates 4a. Reacts with Adsorbed H Branch with CH. terminus
. ope 2
{GCI}:,,I —  (C)a + (O)a Very rugh probability 70-90% Probability
' ‘ +(H)a (+H)a (+R)a

g (CH), —» (CHz)a —» (R-CHg)a
1: CO adsorbs (+H)
onto catalyst j > R-CH, 5b. Terminates and desorbs

3. Reacts with 10-30% Probability

(+R)

a

Adsorbed H

4b. Pre-branching

> (R-CH), Generally low probability




(Anderson-)Schulz-Flory Kinetics

Start with Schulz-Flory Models (no branching) CO PROBABILITY
o |s.the probab|l|ty that a chain with a CH, CH, - CH, 1—a
radical will grow by one carbon - a 1—a
81 -Q) pro1bab|I|ty that it will terminate C,Hg '1 = C,Hyg a(l—a) -
<A< { —a Probability of each product is product
100, FODUCT, %w a of probabilities of each step in getting
C4+C, FUEL GAS ‘ there

8O e, Lpﬁﬁﬁfﬁ seanns n""2n+1 1—a n'n+2 aﬂ 1 “ —ﬂ}
" ':'-;.1.'}‘.5.,‘ ‘;b%&;ﬁ?{: e ! lﬂ_
S Thus with one parameter alpha we
THA C = 1-a n can describe the probability
n a
¢ distribution of all straight chains
1-a We then select a catalyst and

l0g Cn = log ¢ tnloga operating conditions that achieve

the a of our choosing.
We want very high o for most real
applications. Why?

0.75 0.80 0.85 0.90 0.95
a=PROBABILITY OF CHAIN GROWTH

CLASSICAL CATALYST

A = - |:> Anderson added probabilities of branching to this model
U NEW CATALYST SHELL _ ASF is actually the most commonly used.
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DEVELOPMENT CATALYST



Some History

» FT-Process originally developed in Germany.

= Used in WWII since petroleum supplies cut off
 Early version provided 9% of Nazi supply. Low temperature, Co.
« Good for blending (increased the cetane value from petroleum) but otherwise not that great.

= Other Major FT Processing: Sasol in South Africa
* Only Coal-to-liquid fuels in commercial existence today
* Now gas-to-liquids has been added (in Secunda, South Africa)
 Catalysts made to promote olefins (non-fuel products)

* Blends ~50% petroleum refining products with FT products to make final saleable
transportation fuels.

New (2009) GTL (34,000 barrels/day) in Las Raffan, Qatar




Sources: Ghosh 2009 — Ch 6.

° ° Eilers et al. Catalysis Letters 7 (1990) 253-270.
Leckel D. Energy & Fuels 2009, 23, 2342-2358

Shell Middle Distillate Synthesis Co-based FT Synthesis Hydrocracking (“Heavy Parrafin Conversion”)
“Heavy Parrafin Synthesis” : :
Online in Bintuli, Malaysia since 1993. Mostl;’heavy Stra%ght Break down long waxes into desired hydrocarbon ranges
alkanes (wax). 50 bar Want long waxes because have the highest reactivity, least
Air N, \ likely to break into undesired light gases. 30-50 bar
| Ajr Separation = ' ,
\ 7 4 ac
' Flash Recycled Hydrqgén EHelGas
0, \ h
Natural Gas g " Flash mtha
- Xldation & *
2CH, + O, > 4H, + 2CO .-~ 2 : Equivalent to
~80% thermal efficiency 2 s 22| Straight Run
~half the capital cost to produce 2z 2 g [e---
) s - s Kerosene
syngas than coal E 8 [0
70 bar, 1300-1500°C \_/ : = i
v___I"
Cleaned Synthesis Gas T ! . o Diesel
CH4 + Hzo 9 3H2 + CO H2/CO > 3 _ \ R A (N S e L
. H,/CO=2.1 : To finichi
CO + H,0 > H, + CO, Eliminate most CO \ : T fofinshing,
v CO N ) uel I1s high quality in en
M) \  Steam co, > \ le Heavy Oils product, lower combustion
Natural Gas R Re‘;‘:;?;‘:gg& 5| Removal “.‘1;’2““ "y ,'/ emissions than petroleum!
e H Balance between reaction and hydrocrackin
McMaster 3 1o, Ha ? y J
University &5 S 2 CO Can tune depending on desired product distribution
ENGINEERING ‘;*jég‘ MCC 2 p g p

Choose appropriate catalyst, etc.



Shell Process Pt. 2

Product Distributions

PRODUCT COMPOSITION, %w : :
10 Depending on config
— catalysts
e B e P o ":\'"‘.:-t“‘k'.ERfOIbSE.ﬁET:i':': s
~~~~~~~~~~~~~ TOPS/NAPHTHASIE: 25553
sl HIGH-SEVERITY HYDROCRACKING - : s ol i
- mp o \\\
G- TYPICAL GAS OIL MODE )
MEDIUM-SEVERITY
B HYDROCRACKING
4 /
5 FISCHER-TROPSCH Raw FT Product
~~ PRODUCT too broad for
S/ / GO | Wk S specific fuel use
_ Thus have to
: narrow the peaks
0
0 10 20 30 40

CARBON NUMBER

Process Efficiency: 63% in
practice

urations and

'''''
.........

'\_ TYPICAL KEROSENE MODE

Note: “Gas Oil" is diesel

In French West Africa, gasoil is the
word for diesel (“gaz-wole”).

Its gazole in other parts of the
world.



Sources: T.A. Adams II, P.I:'Barton / Fuel Processing Technology 92 (2011) 639-655

Coal-To-Liquids

(A) Gasifier (A) Water Gas Shift for Liquids Production
Coal,

Gasification i
0., H,0 Zone COS Hydrolysis

Radiant
Cooler
|
Sﬁeam\ /:y/r(’:g;} i Hard to get exact conversicln in
b WGS so partial bypass to cgntrol
CLH
Slag |—> e cogms | Proper blend.
Removal |
Reduce I_Ig ht GaseS by Flash Drum CO, Absorbers HeatX To GT Ct Naphtha
Recycling and Reforming o 5Ci1
CH, + H,0 - 3H, + CO 38°C| > Syngas
....... {— - H,-PSA Hydrocracker
I H,0
2 Lights o - Steam @
” H,O I S ’
- ‘% ' ] Heavies 100°c 2=
. > T
FT 404°C C12-Ce4

n— AC

3 Phase Separators Stea Refinery Column

Reactor



Alternative Syngas from Nat Gas.

Steam Reforming: Frtc;]m some
CH4 + HZO — 3H2 + CO  (Endothermic) From OHNET PTOCess

steam CH, ! /
Water Gas Shift : generators < CH.O
CO + HZO — H2 + COZ (Mildly exothermic) H,O

CO, Reforming:
CO, + CH, —» 2CO + 2H, (Highly endothermic)

H,/CO =2 Flue
Also, H,O Gas

McMaster
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ClVie )
University f’?ﬂ -
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Coal & Nat. Gas Syngas production

Traditional  (A) _ Gasifier co, (B) Gasifier solar  Renewables Integration
Coal, Gasification Coal, Panels
Oz, H:0 Zone Oz, H20 0,
co, E; % T
Water Removal ~A Electro-
—- Radiant o lysis
Cooler Syngas Water——p
— Steam H,/CO=2
Water
%eam Syngas Gas Steam Syngas Gas
—P Gas 49
\  {H,cO=1| Cleanup Shift \  /H,/c0=1| Cleanup

Low H,

(D) coal, Natural : (E) |coal
Gas,0n oo Mixed Coal O3, H;0
and Natural ggtsl"a'
Cleanup ( SGnags Steam Syngas
9 H,/CO=2
. H./CO=2 Syngas ?
H|gh Metha ne Steam Syngas H./CO=3
Gasifiers High | H,/CO=2 Heat-Integrated Coal
( T ) g‘ethane Syngas | Gas s and Natural Gas
especia I0Mass Steam yngas Steam _ as
P y ie ) > Reforming Cleanup \ )W Cleanup
H,/CO=1
Cl, Hg, Cl, Hg,
Slag S, CO2. Slag S, CO,.




Biomass and Gas to Fuels

BGTL/FT process
ot > Make-up Colling water Steam T
] 2 water
Air —> Cooling Heat Flue-gas
——=p|  ASU H,0 Tower -—- HRSG -9
r—--
0, A Flue-gas
I ,
I | NH; Removal —#{ H,S Removal > WGS GT
Biomass : . : A
+ T Biomass HZO’ } ¢ QpEOEal_ | T()ff-gas :
syngas H/CO | 1 Gasoline
Steam Biomass Sy‘nigas ~2.01 co, 4_—; FT | -m
Gasification Mixing | Removal | Synthesis |
Natural gas A I CcO
Natural sas ( —zb
8 Integrated | ¢ syngas . — — — —
I Reforming
H,O
S
Steam >

T



Biomass, Gas, and Nuclear to Fuels!

BGNTL/FT process The most profitable
Mater? Colling water SteamT process without
A. ’ -~ . ""'.::"} =.
- -II’ ASU _c,*z COOllﬂg Heat Fl“e_gas £ |ncentlveS
Biomass l 2 p H-O Tower - HRSG F-» \
. 150 \
v * Flue-gas
S—bteam Biomass | f N al el | HS _VHZO . 100
Gasification 3 Temova Removal GT %
. ‘ E -_\-:\5_
l:liil;g : l Optional : TOff—gas E = 5
v Hy/CO [ ——— | o Gasoline o ¢
—> T
—— - lntegrated L__p Syngas ~2.01 CO; . Dicsel o S
Natural gas i Mixi . Removal | Synthesis | Diese 20 9
Reforming IXing - S o — 5
—P> | CO | o= i o
Steam L —Zp 3 = o 5
- T ~ -50 = n
) o—
Nuclear Heat \ | > O
(from HTGR) qo0 b N S
. . m g
When CCSUsed 5 g
-150

BGTLFT
BGNTLIFT
GNTLFT




Biomass, Gas, and Nuclear to Fuels!

Cool GT flue gas

Return Plant

Cool depleted Cooling Water"r
air 0.1 bar

Steam Steam | Cooling

I o l H20 Turbines "| Tower | Plant
ik H:O
I - SOFC | Oxidation |Hot depleted air Steam ___# Make-up H:0 4
= éiacks Unit | qpont soFc el | HRSG
I r y — Heat fru:n * 3 l Cool spent SOFC fuel
I ! Air Exchangers !
[ ] 1 ‘, ————————— ]
Biomass ! !
(Wood) : l - Gas Hot flue gas
1 ! Turbine
('“r'u:;ﬁng Ai I !
g i - S A SN NP LM CT (1T ST LS S S P e T S e e e
and — - CAMZI 5 Syngas to I Off-Gas | O
Feeding ( .sfle 3) Power : to Power :
- — . i
! :Oz Steam § E E CO./H.0 Flash |Sequestered
: | Biomass > WGS | — N (:‘uscadc and —CU—P
( Biomass ' | Syngas > NH;/H0 | s | ICG} ! (.?nl[‘)::ssmn
Prrs*.;_l: rizing 'L‘asificatins ? Condens. : | : I : (CCS Cases)
: a ! A 4 i X
Natural Gas TN T Natural Gas = I NHy/H:0 1 — " Diesel
(Case 1,2) mer:'[ 1 zmw Syngas h.'"Ga! ~=-» Syngas e L
----- — v L ———=—=p] Syngas |=mmmmme e L=p|  CO: =P FT Synth | noon
Steam Generator (Case 2 Mixing g ! K aphtha
Steam 34) Cleanup Removal :
wo + Steam | 10 Hz From CuCl 4 A : | el
(Case 3,4) {Case 3,4) Cycle (Case 1,3) 1 P .. MeOH & | MeOH ;
> e » DME
ATR Matural Svynthesis DME
Gas (Case 1,2) ATR e - —
--------- b2 0 ]
H:
H:0 | cuCl Cyele f——> Steam |

(Casel3) | O
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Course Evaluations!

= Time for Course Evaluations!
= Go to

»https://evals.mcmaster.ca/

University B58 ’E>MACC
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