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[1] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO, hydrogenation

! [2] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed., p. 395.
. I 4 / | \ -'_i“ - -~ ~ ‘r I._ 1] - " ' " L' A‘ /]




DLR.de * Chart50 > Techno-economic analysis of the green methanol production > Yoga Rahmat, Moritz Raab, Ralph-Uwe Dietrich « ProcessNet Conference EVT > 1 April 2022

Synthesis process — Models HPS
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[1] Metallgesellschaft AG (1996) — EP 0 790 226 B1

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO, hydrogenation

[3] Vanden Bussche and Froment (1996) A Steady-State Kinetic Model for Methanol Synthesis and Water Gas Shift Reaction I__’ RaW M eo H
DLR [4] Mignard and Pritchard (2008) On the use of electrolytic hydrogen from variable renewable energies for the enhanced conversion of biomass to fuels

[5] Graaf et al. (1986) Chemical equilibria in methanol synthesis _ __
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Simulation — Process Flow Diagram

Configuration with 2 Reactors (Configuration 1)
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[1] Metallgesellschaft AG (1996) — EP 0 790 226 B1

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO, hydrogenation

[3] Doraiswamy and Sharma (1984) Heterogenous reactions: Analysis examples and reactor design
[4] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed.
[5] Serth and Lestina (2014) Process Heat Transfer: Principles, Applications and Rules of Thumb

[6] Graaf et al. (1986) Chemical equilibria in methanol synthesis

[7] Bertau et al. (2014) Methanol: The Basic Chemical and Energy Feedstock of the Future
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Simulation — Process Flow Diagram
Configuration with 2 Reactors (Configuration 1)
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[3] Doraiswamy and Sharma (1984) Heterogenous reactions: Analysis examples and reactor design

[4] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed.

[5] Serth and Lestina (2014) Process Heat Transfer: Principles, Applications and Rules of Thumb

[6] Graaf et al. (1986) Chemical equilibria in methanol synthesis

[7] Bertau et al. (2014) Methanol: The Basic Chemical and Energy Feedstock of the Future
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Simulation — Process Flow Diagram
Configuration with 1 Reactor (Configuration 2)

CcO . Color coding:
2 ./ Recycle Blue - taken from literature
25 °C ¢c1 Green - own assumptions

3 bar .ﬂ‘ c3 — | Purge ratio = 1% @

W
BEW > Purge . A

= @/ HEX Ai
Prehea;| HE3
| Raw MeOH
[6] HE1
i@ IDEAL " CON1 . —

50 °C & Two-Columns Configuration
50 bar o

Tep =69 °C F2 : CON2

= ° e .
Ap=0 i HE2 K1 - MeOH

[1] Metallgesellschaft AG (1996) — EP 0 790 226 B1

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO, hydrogenation
[3] Doraiswamy and Sharma (1984) Heterogenous reactions: Analysis examples and reactor design

[4] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed. REB2

[5] Serth and Lestina (2014) Process Heat Transfer: Principles, Applications and Rules of Thumb
[6] Graaf et al. (1986) Chemical equilibria in methanol synthesis
[7] Bertau et al. (2014) Methanol: The Basic Chemical and Energy Feedstock of the Future
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Simulation — Synthesis loop
Reactors

AspenPlus® model: RPlug

HPS Pressure dropl?: Ergun’s equation Catalyst!?l Cu/ZnO/Al, O,
Tnrt =230°C Bulk density!?] = 1065 kg/m3
=R _ _
, Dot = 120 in. Diameterl!?] =5.5mm
BFW :
— Lipeld = 5m Lifespanl = 3 years
== Niupel® = F(N,cactor Piube) Dilution Factorl3l =15 %

pltl = 80 bar & 50 bar

Dl =2in. 0D & 1% in. OD
Nieactor = 3, 0 & 10 (R1 in parallel)
Size ratio R2/R1 =2 & 1

Assumptions:

* No side reactions
* No impurities

[1] Metallgesellschaft AG (1996) — EP 0 790 226 B1

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO, hydrogenation
[3] Doraiswamy and Sharma (1984) Heterogenous reactions: Analysis examples and reactor design

[4] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed.

[5] Serth and Lestina (2014) Process Heat Transfer: Principles, Applications and Rules of Thumb

[6] Rase (1990) Fixed-Bed Reactor Design and Diagnostics: Principles, Applications and Rules of Thumb
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Simulation — Purification sector
Columns

AspenPlus® model: RadFrac
J\_% Number of stages 10 28

Feed stage 5 14
CON2
. MeOH Reflux ratio 1.5 0.9
e Assumptions:
« Cooling water for cooling down all condensers
; REB2 - Estimation of the number of stages and feed stage

« Stabilizer column (K1):

* Number of stages ~2.1 min. stages
* MeOH/Water column (K2):

* Number of stages ~1.1 min. stages

Water




BEniVer
TeC h No-econom | C Aan aIyS | S Begleitforschung Energiewende im Verkehr
Economic assumptions & equipment cost functions

Economic assumptions Taken values Costs of raw materials!®! m

Basis year 2020 CO, [€,4,4/t] 67.2
Full load hours!?! [h/a] 8000 H, [€,0,5/t] 4758
Plant operation timel# [a] 20 Electricity [€,5,s/MWh,|] 55.7
Interest ratel4! 5%

« Other assumptions, e.g. Lang-factors, labor
costs and other operating costs — [4]

Cost functions:
« Standard equipment — [1]

» Heat exchanger (incl. condensers & reboilers), compressors, pumps, flash drums, furnace
» Other equipment

« Distillation columns — [2] with sizing of [3]

* Lurgi reactors — [1] with own reformulation

[1] Peters, Timmerhaus and West (2002) Plant Design and Economics for Chemical Engineers
[2] Woods (2007) rules of Thumb in Engineering Practice

[3] Towler (2008) Chemical Engineering Design

[4] BEniVer Rahmenannahmen v3.0

I i DLR
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Techno-economic analysis
Reactor cost function

Cost function!l:

' » Costs of the multi-tubular reactor — Costs of Floating Head HEX = f(Aex)
' « Reformulation — Costs of the reactor = f(N,,.); for the specified D, und L, .

(1) for Dype = 2 in. OD, BWG 14

ECLurgi[$2002] — 15603 X Ntube + 11910

(2) for Dy, = 1% in. OD, BWG 16
ECLuTgi[$2002] = 83.83 X Ntube + 8532

[1] Peters, Timmerhaus and West (2002) Plant Design and Economics for Chemical Engineers
/ [2] Woods (2007) rules of Thumb in Engineering Practice
DLR / [3] Towler (2008) Chemical Engineering Design

[4] BEniVer Rahmenannahmen v3.0
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Techno-economic analysis
TEPET

(waspentech

Process simulation

heat & utility integration

<Plant and unit sizes> Material and energy
‘ balance

Capital costs (CAPEX) Operatlonal costs (OPEX)

* Equipment costs » Raw materials

 Supplementary factors » Operating materials
Net production costs (NPC)

in €/1; €/kg; € MJ
4 [1] AIbrecht et al. (2016), A standardized methodology for the techno -economic evaluation of aIternatlve fuels.
| DLR
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Techno-economic analysis
CAPEX (Configuration 1, Base Case)

M R2 Lurgi Reactor
M R1 Lurgi Reactor

M Furnace

Total CAPEX
112.5 million €,,,

W Hydrogen Compressor

i Carbon Dioxide Compressor

1 Recycle Compressor

m K1 Stabilizer Column

M F1 Flash Drum - Synthesis Loop
1 K2 MeOH/Water Column

Specific (in thousand €,,,,) 1 F2 Flash Drum - Purification Sector
*  per kgyeon/h 4.3

s per tyeon/d 1 179.6

| i DLR

M All Heat Exchanger

W All Pumps
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Techno-economic analysis

NPC (Configuration 1, Base Case)
_ 7 4% W Hydrogen (generic)
NPC = 1297 €2020/ t o MW Carbon Dioxide (generic)
234 €,,,/MWh = 3%
65 €2020/GJ m Other raw materials and utilities
2020 1 Annuity
' RM-UT / Expenses Spec M Operating labor [OL]
Annuity in million | Expenses in M Insurances and taxes
' €3020/2 €2020/ tmeon 1 Plant overhead costs
219:8 10527 1 Maintenance labor

22.7 108.7

1 Maintenance material

Other 6.8 32.6 1 Administrative costs
RM-UT

- 1 Laboratory charges
Annuity 10.0 47.9

m Operating supervision

Operating supplies
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Techno-economic analysis
Sensitivity analysis (Configuration 1)

Costs of CO, [€/t]

NPC [€/t]
20, 40 60| 80 100 120/ 140 160

1.0
1.5 MeOH price (Feb 2022)[]

£ { (¢
o

;gf_ﬁ 2.0 202 834| 400—600 USD/t
EN 2.5 816 848 881 913 945
T 3.0 798 830 862 895 927 959 992 1024 1056
; 3.5/ 909 941 974 1006 1038 1070 1103 1135 1167
§ 4.0/ 1020 1052 1085 1117 1149
4.5/ 1131 1163

[1] Methanol Price | Methanol Institute | www.methanol.org

Pl Nl 4
- *_ i AT
e N
» L 37
S
r (.

| i DLR

£


https://www.methanol.org/methanol-price-supply-demand/
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Techno-economic analysis
Sensitivity analysis (Configuration 1)

Costs of CO, [€/t]

20 40 60 80| 100 120| 140 160
1.0 80 612

1.5 562 594 626 MeOH price (Feb 2022)[]

NPC [€/t]

£ { (¢
o

;%f 200 576 608 802 834| 400-600 USD/t
EN 2.5 784 816 848 881 913 945
T 3.0/ 798 830 862 895 927 959 992 1024 1056
; 3.5/ 909 941 974 1006 1038 1070 1103 1135 1167
§ 4.0/ 1020 1052 1085 1117
4.5/ 1131 1163

NPCBaseCase = 1297 €2020/t [1] Methanol Price | Methanol Institute | www.methanol.org
: i o, ; T S W 5 "
DLR : ' : _ﬂr‘ ’ b ey



https://www.methanol.org/methanol-price-supply-demand/
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Techno-economic analysis
Case Studies with the specified variations

Total 36 cases - 8 cases represent the best scenarios

Base Case_1
Case Al 2 5 ,
Case B1 50
10
Case C1 1%
Base Case_2 80 3
Case A2 2 5 N/A
Case B2 50
10

Case C2 1%
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Techno-economic analysis

Case Studies with the specified variations
1500 _ LHVyeon X Nyeon
NptL = :
Ptotal
' 1450 [
1400 @® Base Case_1
i)
~ PN ® Case Al
S 1350
X ® Case B1
il @®Case C1
O 1300 o ase
Z e ‘. ® Base Case_2
° Py ® Case A2
1200 [ @ Case B2
@ Case C2
1150

47.0% 47.5% 48.0% 48.5% 49.0% 49.5% 50.0% 50.5%

Npt

=
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Techno-economic analysis
Case Studies with the specified variations

1500 LHVyeon X Nyeon

NptL =

Ptotal
1450 o

1400 ®Base Case 1 | Best technical KPI np, =50.2%
E ® Case Al Configuration 1 with
S 1350 [~ - TTTTTTT ST ® o Case B p = 50 bar
- ! as€ Dipe = 21N,
:' 1300 (o] [ ® Case C1 Nreactor =10
o | ®Base Case 2 pizeratio =2
< 1250 09
® ) I ® Case A2
I
1200 o l @ Case B2
: @ Case C2
1150

47.0% 47.5% 48.0% 48.5% 49.0% 49.5% 50.0% 50.5%

Npt

| i DLR
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Techno-economic analysis
Case Studies with the specified variations

1500 LHVpMeon X Nyeon

NptL =

Ptotal
1450 o

1400 ®Base Case 1 | Best technical KPI np, =50.2%
=) ~ |Configuration 1 with
D= A A e S IR R e @ Case Al —c0b
g 1350 ® Case B1 P l
) : Diype  =2in.
:' 1300 ‘ I @ Case C1 Nreactor =10
o | ® Base Case 2 izeratio =2
< 1250 09 -
P I ® Case A2
I -
) - Best NPC = 1206 €,,,,/t
1200 -~~~ ] ? : ®Case Configuration 2 with
| | @ Case C2 D - 50 bar
1150 D =2in
tube - :
47.0% 47.5% 48.0% 48.5% 49.0% 49.5% 50.0% 50.5% _
Nreactor =5
NpeL
| %:{ £ 7 ‘
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Conclusion & Outlook

Conclusion

» Standardized NPC of the green MeOH for “Energiewende im Verkehr” delivered

» Green MeOH would be competitive to fossil-based MeOH at H, costs < 2 €,,,,/kg and CO, costs < 80 €,,,,/t
» Design recommendation — one Lurgi reactor operated at 50 bar with tube diameter 2 in. OD (BWG 14)

Outlook

» Analysis of the other process configurations (equimolar MeOH)

* Proof of potential of another kinetic model for the simulation

« Update of the renewable electricity and green H, basis costs using the tool developed by Moritz Raabl!!
« Merit order for alternative fuels — least efforts to decarbonize the transport sector (BEniVer)

y and constant H, demand

[1] Raab (2022) Challenges of intermittent H, suppl
DLR f ./ # (130 5 B o B G o
il , hid s S F SN VBN - %

'y ol - s . frnp e
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Simulation — Synthesis loop

Reactors (Configuration 1, Base Case)
High-Pressure Steam  *2 Reactors(!]

AspenPlus® model: RPlug | O = 10 MW
Operating conditionst*: == i th
T X = 23?) °C Catalystl?l Cu/ZnO/Al,O, = T M = 245°C
o Bulk densityl? = 1065 kg/m?3 BFW

p =80 bar Diameter!? = 5.5 mm

Pressure dropl?: Ergun’s equation  Lifespanl4 = 3 years

—=R2— | =

Assumptions: Dilution FactorBl =15 % Preheater Qr, = 18.8 MW,

* No side reactions
* No impurities

*Reactor size ratiolll R2/R1 =2 Technical results

*Tube diameter® = 0,046584 m (21n. OD, BWG 14) Carbon conversion in the reactors 37.3%
Tube lengthl* =5 m =70
*Number of tubes = 5154 (3 x Max. NTUBE for DREAC 120 in.) HPS production of R1 19.4 t/h

% . . [1] Metallgesellschaft AG (1996) — EP 0 790 226 B1
varied for the Case Studies [2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO, hydrogenation

[3] Doraiswamy and Sharma (1984) Heterogenous reactions: Analysis examples and reactor design
I i DLR

[4] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed.
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Simulation — Purification sector
' Columns (Configuration 1, Base Case)

AspenPlus® model: RadFrac

g k| Kk  MeOH
Number of stages 10 28
' Feed stage 5 14 i
REB1 P2
Reflux ratio 1.5 0.9
Technical results Dﬂ£ REB2
" :
MeOH purity 99.85 wt.% Assumplions. Water
MeOH yield 91.5% ) ) _
 Cooling water for cooling down all condensers
Cooling demand [MW,, ] 15.0

- Estimation of the number of stages and feed stage
Heating demand [MW ] 1.8 « Stabilizer column (K1):
* Number of stages ~2.1 min. stages

* MeOH/Water column (K2):
*varied for the Case Studies « Number of stages ~1.1 min. stages
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Techno-economic analysis
Reactor sizing & cost function

TEMA Standards'” m

Reactor diameter (D) 120 in. Max. 120in.
Tube length (L, ) 5m Max. 240 in. (6.096 m) [2]

' Tube diameter (D) Standards (1) 2 in. OD, BWG 14 [3], [4]

(2) 1% in. OD, BWG 16

Max. number of tubes (N pe max) (1) 1718 Own preliminary study
(2) 3086 based on [2], [4]

Cost function!:
« Costs of the multi-tubular reactor — Costs of Floating Head HEX = f(A,zy)
« Reformulation — Costs of the reactor = f(N,,,.); for the specified D, und L0

(1) ECLurgi[$2002] — 15603 X Ntube + 11910
(2) ECrurgil$2002] = 83.83 X Niype + 8532

[3] Doraiswamy and Sharma (1984) Heterogenous reactions: Analysis examples and reactor design
[4] Rase (1990) Fixed-Bed Reactor Design and Diagnostics: Principles, Applications and Rules of Thumb

[1] Serth and Lestina (2014) Process Heat Transfer Principles and Applications. Appendix C.
5 [2] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed.
DLR . . : . .
[5] Peters, Timmerhaus and West (2002) Plant Design and Economics for Chemical Engineers




Techno-economic analysis
Direct OPEX (Configuration 1, Base Case)

Plant capacity 208.8 kta

Raw / Expenses in
operating million
materials €,020/2

H, 219.8
co, 22.7
Catalyst 7.9
Electricity 3.2
Waste water 0.5
Cooling water 0.3

BFW 0.04

Spec. Expenses in

€2020/ tMeOH
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£ 0.02%

H 3.12%

8.91% W Hydrogen (generic)

M Carbon Dioxide (generic)

B Cu/ZnO/AI203 (MeOH Cat)

M Electricity

1052.7
W Waste water

108.7 m Cooling water

37.8 @ Boiler Feed Water (BFW)

15.3

86.40%
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Techno-economic analysis
Temperature profile — 80 bar

Block 40-30-R1: Temperature
250

249 =@~ Process stream Substream: MIXED

248
247
246 |

245

244 |

243 -

242 bR A AL Ll i T Ve,

241 L

Temperature €
i [
a8

fa
&
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30

o0 01 02 03 04 05 06 07 08 09 10 141 12 13 14 15 16 17 1.8 1% 20 21 22 23 24 25 26 27 28 2% 30 341 32 33 34 35 36 37 38 3% 40 41 42 43 44 45 46 47 48 49 50
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Techno-economic analysis
Temperature profile — 50 bar

Block 40-30-R1: Temperature
250

249 | =@= Process stream Substream: MIXED
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Techno-economic analysis
Composition profile — 80 bar

Block 40-30-R1: Co it
0115 - mposition

' o110 - -&= CO2
- H20
0,105 -$= CO
== CH3IOH
0.100 -
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0.085
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o
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o
tn
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cactor molar composition [mole frac)
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Techno-economic analysis
Composition profile — 50 bar
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