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Background & Motivation

• Alternative fuel for marine transport

• Raw material for MtG & MtK

• Carbon neutral cycle

• Potential raw materials: 

• Captured CO2

• H2 from “green” water electrolysis

• Methanol economy

• Formic acid

• DME

• DMC

• Biodiesel

• Olefins, etc.
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Vol. energy density is 

around 50% of gasoline

Basic chemical

(157 million t/a)[6]

Raw material for DME, 

OME, MtG, MtK, etc.

Cold start problem in ICE

Water soluble
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Objectives of this study:

- Examining the standardized NPC of the green MeOH

- Identifying achievable NPC of green MeOH depending on H2

and CO2 costs

- Design recommendation based on technical and economical KPIs

https://web.archive.org/web/20150509012952/http:/www.dwv-info.de/wissen/tabellen/wiss_enr.html
https://www.statista.com/statistics/1065891/global-methanol-production-capacity/
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Quench[2]

ICI
Adiabatic [2]
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Synthesis process – Overview

Reactor configurations[2]

High pressure: 

• BASF

Low pressure: 

• ICI, Lurgi, Kellog, Haldor-Topsøe, 
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Reactions[1]

CO2 + 3H2 ⇌ CH3OH + H2O ∆𝐻𝑜= −49.8
kJ

mol
(1)

CO2 + H2 ⇌ CO + H2O ∆𝐻𝑜= +41.2
kJ

mol
(2)

CO + 2H2 ⇌ CH3OH ∆𝐻𝑜= −91.0
kJ

mol
(3)

[1] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 hydrogenation

[2] Bartholomew and Farrauto (2006) Fundamentals of Industrial Catalytic Processes, 2. Ed., p. 395.



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

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 hydrogenation

[3] Vanden Bussche and Froment (1996) A Steady-State Kinetic Model for Methanol Synthesis and Water Gas Shift Reaction

[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

Synthesis process – Models

DLR.de  •  Chart 50 > Techno-economic analysis of the green methanol production > Yoga Rahmat, Moritz Raab, Ralph-Uwe Dietrich  •  ProcessNet Conference EVT > 1 April 2022

Configuration : Lurgi → own illustration based on the patent [1]

Kinetic model : LHHW[2] based on [3]

*parameters and equilibrium constants from [4], [5]

kmol

kgcat. s

kmol

kgcat. s
𝑟𝑅𝑊𝐺𝑆

𝑟𝑀𝑒𝑂𝐻

Color coding:

Blue → taken from literature

Green → own assumptions

Raw MeOH



Simulation – Boundary conditions
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*simplified scheme

Color coding:

Blue → taken from literature

Green → own assumptions
[1] BEniVer Rahmenannahmen v3.0
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Total electricity demand[1] ≈ 300 MWel

*simplified scheme

Color coding:

Blue → taken from literature

Green → own assumptions
[1] BEniVer Rahmenannahmen v3.0
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26.1 t/h

144.6 MW5.8 t/h

42.2 t/h

Total electricity demand[1] ≈ 300 MWel

*simplified scheme
21.6 t/h

Color coding:

Blue → taken from literature

Green → own assumptions
[1] BEniVer Rahmenannahmen v3.0
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Focus of the study

26.1 t/h

144.6 MW5.8 t/h

42.2 t/h

Total electricity demand[1] ≈ 300 MWel

*simplified scheme
21.6 t/h

Color coding:

Blue → taken from literature

Green → own assumptions
[1] BEniVer Rahmenannahmen v3.0



Simulation – Process Flow Diagram

Configuration with 2 Reactors (Configuration 1)
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IDEAL[6] 

NRTL 

25 °C

3 bar

50 °C

50 bar

Color coding:

Blue → taken from literature

Green → own assumptions

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

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 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

Two-Columns Configuration[7]
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TFD = 69 °C 

∆p = 0

Purge ratio = 1%

IDEAL[6] 

NRTL 

25 °C

3 bar

50 °C

50 bar

Color coding:

Blue → taken from literature

Green → own assumptions

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

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 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

Two-Columns Configuration[7]



Simulation – Process Flow Diagram

Configuration with 1 Reactor (Configuration 2)
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Color coding:

Blue → taken from literature

Green → own assumptions

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

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 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

Two-Columns Configuration[7]

IDEAL[6] 

NRTL 

25 °C

3 bar

50 °C

50 bar

Purge ratio = 1%

TFD = 69 °C 

∆p = 0



Simulation – Synthesis loop

Reactors
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AspenPlus® model: RPlug.

Catalyst[2] Cu/ZnO/Al2O3

Bulk density[2] = 1065 kg/m3

Diameter[2] = 5.5 mm

Lifespan[4] = 3 years

Dilution Factor[3] = 15 %

Assumptions:

• No side reactions

• No impurities

Pressure drop[2]: Ergun’s equation

Tin,R1 = 230 °C

Dshell
[5] = 120 in.

Ltube
[4] = 5 m

Ntube
[6] = f(Nreactor, Dtube)

p[1] = 80 bar & 50 bar

Dtube
[3] = 2 in. OD & 1½ in. OD

Nreactor
[4] = 3, 5 & 10 (R1 in parallel)

Size ratio R2/R1[1]  = 2 & 1

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

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 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



Simulation – Purification sector

Columns
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Assumptions:

• Cooling water for cooling down all condensers

• 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

AspenPlus® model: RadFrac
Column design K1 K2

Number of stages 10 28

Feed stage 5 14

Reflux ratio 1.5 0.9



Techno-economic analysis

Economic assumptions & equipment cost functions
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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

• Other assumptions, e.g. Lang-factors, labor 

costs and other operating costs → [4]

Costs of raw materials[4] 2018 (min.)

CO2 [€2018/t] 67.2

H2 [€2018/t] 4758

Electricity [€2018/MWhel] 55.7

[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

Economic assumptions Taken values

Basis year 2020

Full load hours[4] [h/a] 8000

Plant operation time[4] [a] 20

Interest rate[4] 5 %



Techno-economic analysis

Reactor cost function
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Cost function[1]:

• Costs of the multi-tubular reactor → Costs of Floating Head HEX = f(AHEX)

• Reformulation → Costs of the reactor = f(Ntube); for the specified Dtube und Ltube

𝐸𝐶𝐿𝑢𝑟𝑔𝑖 $2002 = 156.03 × 𝑁𝑡𝑢𝑏𝑒 + 11910

𝐸𝐶𝐿𝑢𝑟𝑔𝑖 $2002 = 83.83 × 𝑁𝑡𝑢𝑏𝑒 + 8532

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

(2) for Dtube = 1½  in. OD, BWG 16

[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



Techno-economic analysis

TEPET
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Net production costs (NPC) 

in €/l; €/kg; €/MJ

Capital costs (CAPEX)

• Equipment costs

• Supplementary factors 

Process simulation

Operational costs (OPEX)

• Raw materials

• Operating materials

Material and energy 
balance

Plant and unit sizes

heat & utility integration

[1]

[1] Albrecht et al. (2016), A standardized methodology for the techno-economic evaluation of alternative fuels.



Techno-economic analysis

CAPEX (Configuration 1, Base Case)
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Specific (in thousand €2020)

• per kgMeOH/h : 4.3

• per tMeOH/d : 179.6

Total CAPEX

112.5 million €2020
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NPC = 1297 €2020/t

234 €2020/MWh

65 €2020/GJ

Techno-economic analysis

NPC (Configuration 1, Base Case)

RM-UT / 
Annuity

Expenses 
in million 

€2020/a

Spec. 
Expenses in 
€2020/tMeOH

H2 219.8 1052.7

CO2 22.7 108.7

Other 
RM-UT

6.8 32.6

Annuity 10.0 47.9



Techno-economic analysis

Sensitivity analysis (Configuration 1)
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MeOH price (Feb 2022)[1]

400 – 600 USD/t

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

https://www.methanol.org/methanol-price-supply-demand/


Techno-economic analysis

Sensitivity analysis (Configuration 1)
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NPCBaseCase = 1297 €2020/t

MeOH price (Feb 2022)[1]

400 – 600 USD/t

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

https://www.methanol.org/methanol-price-supply-demand/


Techno-economic analysis

Case Studies with the specified variations
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Total 36 cases → 8 cases represent the best scenarios

Configuration Cases Pressure [bar] Dtube [in.] Nreactor Size ratio R2/R1

1

Base Case_1 80

2

3

2
Case A1

50

5

Case B1
10

Case C1 1½ 

2

Base Case_2 80

2

3

N/A
Case A2

50
5

Case B2
10

Case C2 1½ 



Techno-economic analysis

Case Studies with the specified variations
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Case Studies with the specified variations

> Techno-economic analysis of the green methanol production > Yoga Rahmat, Moritz Raab, Ralph-Uwe Dietrich  •  ProcessNet Conference EVT > 1 April 2022DLR.de  •  Chart 69

1150

1200

1250

1300

1350

1400

1450

1500

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

N
P

C
 [

€
2

0
2

0
/t

]

ηPtL

Base Case_1

Case A1

Case B1

Case C1

Base Case_2

Case A2

Case B2

Case C2

η𝑃𝑡𝐿 =
𝐿𝐻𝑉𝑀𝑒𝑂𝐻 × ሶ𝑛𝑀𝑒𝑂𝐻

ሶ𝑃𝑡𝑜𝑡𝑎𝑙

Best technical KPI ηPtL = 50.2%

Configuration 1 with 
p = 50 bar 
Dtube = 2 in. 
Nreactor = 10

Size ratio = 2



Techno-economic analysis

Case Studies with the specified variations
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Best technical KPI ηPtL = 50.2%

Configuration 1 with 
p = 50 bar 
Dtube = 2 in. 
Nreactor = 10

Size ratio = 2

Best NPC = 1206 €2020/t

Configuration 2 with
p = 50 bar
Dtube = 2 in.
Nreactor = 5



Conclusion & Outlook

Conclusion

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

• Green MeOH would be competitive to fossil-based MeOH at H2 costs ≤ 2 €2020/kg and CO2 costs ≤ 80 €2020/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 H2 basis costs using the tool developed by Moritz Raab[1]

• Merit order for alternative fuels – least efforts to decarbonize the transport sector (BEniVer)
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[1] Raab (2022) Challenges of intermittent H2 supply and constant H2 demand
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Simulation – Synthesis loop

Reactors (Configuration 1, Base Case)
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AspenPlus® model: RPlug.

Operating conditions[1]:

Tin     = 230 oC

*p    = 80 bar

Pressure drop[2]: Ergun’s equation

Assumptions:

• No side reactions

• No impurities

Technical results

Carbon conversion in the reactors 37.3%

HPS production of R1 19.4 t/h

QR1 = 10 MWth

TR1
[1] ≈ 245°C

QR2 = 18.8 MWth

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

[2] Van-Dal and Bouallou (2013) Design and simulation of a methanol plant plant from CO2 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. 

*Reactor size ratio[1] R2/R1 = 2

*Tube diameter[3] = 0,046584 m (2 in. OD, BWG 14)

Tube length[4] = 5 m

*Number of tubes = 5154 (3 x Max. NTUBE for DREAC 120 in.)

Catalyst[2] Cu/ZnO/Al2O3

Bulk density[2] = 1065 kg/m3

Diameter[2] = 5.5 mm

Lifespan[4] = 3 years

Dilution Factor[3] = 15 %

*2 Reactors[1]

*varied for the Case Studies



Simulation – Purification sector

Columns (Configuration 1, Base Case)
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Column design K1 K2

Number of stages 10 28

Feed stage 5 14

Reflux ratio 1.5 0.9

Technical results

*MeOH purity 99.85 wt.%

MeOH yield 91.5%

Cooling demand [MWth] 15.0

Heating demand [MWth] 1.8

Assumptions:

• Cooling water for cooling down all condensers

• 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

AspenPlus® model: RadFrac

*varied for the Case Studies



Techno-economic analysis

Reactor sizing & cost function
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Dimensioning Value TEMA Standards[1] Source

Reactor diameter (Dshell) 120 in. Max. 120 in. [1]

Tube length (Ltube) 5 m Max. 240 in. (6.096 m) [2]

Tube diameter (Dtube) Standards (1) 2 in. OD, BWG 14
(2) 1½ in. OD, BWG 16

[3], [4]

Max. number of tubes (Ntube,max) (1) 1718
(2) 3086

Own preliminary study 
based on [2], [4]

[1] Serth and Lestina (2014) Process Heat Transfer Principles and Applications. Appendix C.

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

[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

[5] Peters, Timmerhaus and West (2002) Plant Design and Economics for Chemical Engineers 

Cost function[5]:

• Costs of the multi-tubular reactor → Costs of Floating Head HEX = f(AHEX)

• Reformulation → Costs of the reactor = f(Ntube); for the specified Dtube und Ltube

1 𝐸𝐶𝐿𝑢𝑟𝑔𝑖 $2002 = 156.03 × 𝑁𝑡𝑢𝑏𝑒 + 11910

2 𝐸𝐶𝐿𝑢𝑟𝑔𝑖 $2002 = 83.83 × 𝑁𝑡𝑢𝑏𝑒 + 8532



Techno-economic analysis

Direct OPEX (Configuration 1, Base Case)
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Raw / 
operating 
materials

Expenses in 
million 
€2020/a

Spec. Expenses in 
€2020/tMeOH

H2 219.8 1052.7

CO2 22.7 108.7

Catalyst 7.9 37.8

Electricity 3.2 15.3

Waste water 0.5 2.4

Cooling water 0.3 1.4

BFW 0.04 0.2

Plant capacity 208.8 kta

HPS-sell 5.2 million €2020/a 



Techno-economic analysis

Temperature profile – 80 bar
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Techno-economic analysis

Temperature profile – 50 bar
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Techno-economic analysis

Composition profile – 80 bar
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Techno-economic analysis

Composition profile – 50 bar
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