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CO, EMISSION REDUCTION!

Non-CO, emissions relative to 2010

Emissions of non-CO- forcers are also reduced
- or limited in pathways limiting global warming
Billion tonnes of CO,/yr to 1.5°C with no or limited overshoot, but

so they do not reach sro global ) CCS (up to 1218 GtCO, until 2100)

Methane emissions

b ariotes gl emingts 1 1 » Fuels, chemicals, materials:
CO, & energy

pathways with a high overshoot, CO2 emissions
) CCS & CCUS & CCU — joint development

are reduced to net zero globally around 2050.
Black carbon emissions

Global total net CO2 emissions

1

ATMOSPHERE: - 2 GtCO, /yr

0
= w0 b a0 200 2w DIRECT AIR CAPTURE: 2 GtCO,/yr @ EMISSIONS: 8 GtCO,/yr
|~ BIOMASS: 8 GtCO,/yr

Nitrous oxide emissions

STORAGE: 4 GtCO,/yr

1 (>100 years in products)

RECYCLING: 2 GtCO,/yr
(plastics and waste)

CAPTURE UTILIZATION

Pa

0
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2040 2060 2080 2100

FOSSIL FUELS & INDUSTRY: 2 GtCO,/yr
Timing of net zero COz

Line widths depict the 5-95th

percentile and the 25-75th - Pathwayslimiting global warming below 2°C
percentile of scenarios (Not shown above)

IPCC, 2018

Pathways limiting global warming to 1.5°C with no or low overshoot

—— ———-—  Pathways with high overshoot

CONVERSION

Detz and van der Zwaan (2019), Energy Policy.
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CO, AND H, TO PRODUCTS

waste water, other wastes &
energy recovery

‘- secondary chemicals:
Og, air, N2, other

Mass flows within the chemical industry (2030) @

€O, + 3H, & CH,0H + H,0

20, + 6H, < CH30CHs + 3H,0

DME as simple, available, sustainable, low-
emission, infrastructure compatible fuel
https://www.aboutdme.org/

. -
L " acefone & phenol

acrylonitrile, propylene oxide, cumene

Wammmc chemicals
Brep ic aci —

ammonia
carbon dioxide
ind wate
methane for heat
International DME Association
DME: 215t Century Ener . . . .
e Katelhon et al. (2019), Proceedings of the National

Separation enhanced reactor systems for high carbon efficiencies Academy Of SC|ences’ 116(23)’ 11187-11194 30 October 2019
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DIRECT SYNTHESIS FROM CO,

) Steam separation enhancement: 1 -
process intensification for CO, utilisation £ 11 2
45 i 4
S o -
. T 5 i 3
) Reactions from CO,: o £
1. Reverse water-gas shift g' =
2. DME synthesis 2 5
O 35
3. Methanol synthesis S 7
G
4. Methanation o 2
®)
. . . . 2 0.1 I I I I ]
) Reducing the steam partial pressure in situ 0.0001 0001 0.01 0.1 1 10

) Adsorbents

Residual steam partial pressure (bar)
) Membranes

van Kampen et al. (2019), Chemical Engineering Journal.
https://doi.org/10.1016/j.cej].2019.06.031

Separation enhanced reactor systems for high carbon efficiencies
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FEYD

co, o,
— - 9
o H

=]
2

SORPTION-ENHANCED
GASIFICATION

DME FINAL USE

WATER
SORPTION

GASIFIER COMBUSTOR

BIOMASS

SORPTION-ENHANCED
DME SYNTESIS www.fledged.eu
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CONVENTIONAL DME SYNTHESIS

2002+ 6Hy N 2CH;OH +2Hp0

)Methanol synthesis: COy + 3Hy = CH30H + Hy0 @,

CuZnAl
yReverse water-gas shift: Hy + COy = CO + HyO

2CH;0H + 2H,0 \ A CH;0CH3 + 3H50
» Methanol dehydration: 2 CH30H = CH30CH3 + Hy0 :

y-Al

H,/CO/CO; recycle Methanol recycle

v | v I

Synthesis Methanol Methanol

—> —> —> is > ion =
gas synthesis epETETST DME synthesis = DME separation DME

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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SORPTION ENHANCED DME SYNTHESIS (SEDMES)

) Direct DME: 2 COy + 6 Hy - CH30CH3 + 3 HJO
) Direct DME: 2 CO + 4 Hy —» CH30CH3 + H40 "\
»Adsorption: H>O (g) » H5O (ads) -l

LTA

Optional CO recycle

v I

5V”§Q§5'5—> SEDMES [—» DME separation —> DME

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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FEED FLEXIBILITY
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SEDMES FEED FLEXIBILITY

) Direct DME synthesis
» 275 °C & 40 bar(a), incl. 30% inert

» Carbon is found in CO/ CO, /
MeOH / DME

» Sorption enhanced DME synthesis
» 275 °C & 40 bar(a), incl. 30% inert

» Carbon is found in CO /-6Q+#
MeQH- DME

Separation enhanced reactor systems for high carbon efficiencies

Product C-distribution (mol%)

100%

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

van Kampen et al., Chemical Engineering Journal 374 (2019) 1286-1303.

%

Z
»CO
mCO2
CH30H
m DME
"5\/

o ) IS
3
v &

A\

2

V i
v
Cb'\
O

o o
& &

C
%,
S
. co
%,
96}
2.

Direct DME Sorption enhanced DME

(Thermodynamic calculation) (Experimental observation)
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SEDMES BREAKTHROUGH MODEL

Gaaafeet BU sEtieenit al Edgimeeling Gatelyses4B5( §HH)&1B8.3195.

Tco ¥ K M&Z{S{GPC%%}(¢HZO%DYM]ZOZ‘PH2)]
s KCO&)J;O-I-KKQQQI@@A@F{Z@ : IRtz P Y00

K302 0ol { E14 83D P aponimtol/teopon:’)]
(1 +Q%63S5(&J(@HHQ({WZT[¢WS@ 'H(kngé(VKifﬁj §0H20]

s
EN
L.

-
N
PO

Concentration (mol%)
3

o N £ (o) o
B B e By X b o)

eSS

T T T T T 1 3/2 3/2
0 20 40 60 80 100 120 140 160 180 200 k3Kco> [‘Pcoz‘ﬂyz —<PCH30H<PH20/(<PH2 Kp3)]

o . r =
s frrtd CH30H,2
(min) (1 + Kcopco + Keoz@co2) [‘P;yz (KHZO/Kl 2) <.0H20]
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SEDMES BREAKTHROUGH MODEL

”0 . —— DME
& ——CO
18 g —CO,
16 - MeOH . . .
§ . * DME Graaf et al., Chemical Engineering Science 43 (1988) 3185-3195.
© e CO
E ] e CO, k2Kcoz [‘Pcoz‘PHz — ®H20 ‘Pco/sz]
S e MeOH 'CO= 1/2 1/2
5 107 (1+ Kco@co + KeozPco2) [‘PHZ + (KHZO/KHZ )<PH20]
E g
(0]
= 6 3/2 1/2
8 . kiKco [QOCO‘PHz - ‘PCH30H/(<PH2 Kpl)]
4- TcH30H1 = 1/2 1/2
el a (1 + Kco®co + Kco2¥co2) [QDHZ + (KHzo/KHz )§0Hzo]
[ ]
0 T — T T T T — 3/2 3/2
0 20 40 60 80 100 120 140 160 180 200 ksKcoz [‘PCOZ‘PHé — QcH30H <PH20/(<PHé sz)]
time (min) TcH3oH,2 =

Separation enhanced reactor systems for high carbon efficiencies

(1 + Kco®@co + Kco2¥co2) [‘Pééz + (KHzo/KI.lléz) ‘PHzo]
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CYCLE DESIGN oM

) 3 column continuous process

c
.0
=
a
2
[=]
(]
©
<

) 4 step TPSA cycle:
) Adsorption
) Depressurization (Blowdown)
) Purge
) Repressurization

Syngas

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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Feed 1008
C0O,:.CO=2:1
M=2 80
S -,
Product é = ;ggE
64% conversion (unoptimized)-% I co,
Thermodynamically only 26% -§ ‘0. I VieOH
Q I H.0
Purge product: N,+H,0 S N,
recycle 209
0

. . .
Syngas feed Purge feed

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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)

) Working capacity 3.5 -

) adsorption - '

) regeneration | -
) Determines conversion & yield =

» Limitation 2 204 g T, start adsorption

_g £ onethird adsorption

) Depends on = 154 N ~-— twothird adsorption

--end adsorption

) Process conditions |w _ e - - —end purge

1.0
) Regeneration
0.5 1

0.0 g T T T

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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CATALYST VS. SORBENT

> Working capacity limited 100 4 - 100
) Increasing adsorbent beneficial
) Penalty reducing catalyst

=

= )

= & W7 co

8 Y Il co,

0 o [ CH,0H

5 s [ DVE

£ B max. DME
@)
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SELECTIVITY VS. PRODUCTIVITY
) Lower GHSV, lower steam content 100 - 0.05
) Trade-off
) Higher conversion & selectivity 804 ™
) Lower productivity < 2
S 60 L 0.03 .c v/ CO
8 2
3 z
g B - § =2r"\g§uctivity
© o
S S
20 + -0.01 O
0- - 0.00

Separation enhanced reactor systems for high carbon efficiencies

380

GHSV (m?

760

syngas

"
hr' mz2,)

1520
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REGENERATION STRATEGY

~0
) Temperature swing A
— 3\
- Flm
) Pressure swing S 257
) Faster cycling E ,
. - . > N
) Higher productivity S
©
§1.5\
) Window for PSA? e 1.
£
(2}
3 05.
125

AT (°C) 0 o -AP (bar)
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CONCLUSION

) Sorption enhanced DME synthesis (SEDMES):
) Proof-of-concept
> High DME vyield
) Feed flexibility
) CO, not as product but as reactant

» 3 column cycle design (TPSA)

) Temperature swing regeneration to 400 °C
) Improves DME vyield pre and post steam breakthrough
) Adsorbent capacity increases

> Window for pressure swing regeneration?
) Increased productivity

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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OUTLOOK

> Methanol route (indirect)

» Thermodynamic limitations result in:

Syngas recycle in Methanol recycle
methanol part in DME synthesis

Avoidable fuel gas production

Separation enhanced reactor systems for high carbon efficiencies 30 October 2019
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FLEXIBLE DIMETHYL ETHER PRODUCTION FROM BIOMASS
L E GASIFICATION WITH SORPTION ENHANCED PROCESSES

THANK YOU FOR YOUR
ATTENTION

L Stwaas =
g FLEDGED
z FLEDGED GASIFICATION
H GASIFICATION
ED . o
g 5 ; ey i
-4 - - and carbon manakds (CO1, carban
H . p B i cocum ade E4D] racts i
=2 o - . -.> . carbonate
" of the. 3

@ http://www.fledged.eu/ - N
W @FledgedProject : i S
@ https://youtu.be/JEN39Zi aCqg e

) Jasper van Kampen
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