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Introduction: C123-project

Modular scale : 10 – 30 kt/yr.
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Scenario A : Biogas _ Modular scale

• Large quantities of CO2 
present in the fresh Feed.

• 99 % of CO2 is captured 
• X-CH4 : 35% per pass
• PBC is used to a convert 

ethane to H2 and ethylene
• Water gas shift reactor adjust 

the C2H4:CO to 1:1
• Process water removed is 

sufficient to supply water 
demand for electrolysis. 

58 kt/yr.
CO2: 27 wt%
CH4: 73 wt%

11.5 kt/yr.
< 99% wt

800 C, 6 bar

120 C, 10 bar

34 kt/yr
< 95 wt%

0.5 kt/yr
100 wt%

C2H4:CO:H2= 1:1:1
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Scenario B1: Marginal gas _ Modular scale 

• Considerable quantities of 
Ethane is present in the feed.

• Marginal gas is fed directly to 
PBC ➔ ethane cracking

• The OCOM reactor feed is the 
recycle stream leaving the 
CO2 wash unit

• X-CH4 : 35% per pass
• PBC is used to a convert 

ethane to H2 and ethylene
• Water gas shift reactor adjust 

the C2H4:CO to 1:1
• Process water removed is 

sufficient to supply water 
demand for electrolysis. 

10.5 kt/yr
< 99% wt

800 C, 6 bar

120 C, 10 bar

22.2 kt/yr
< 95% wt

0.5 kt/yr
< 100% wt

C2H4:CO:H2= 1:1:1

18 kt/yr.
CH4:  51 wt%
CO2:  32 wt%
C2H6:17 wt% 
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Scenario B2: Associated gas _ Modular scale 

10 kt/yr.
CH4: 41 wt%
CO2: 4 wt%
C2H6: 55 wt% 

• Large quantities of Ethane is 
present in the feed.

• Marginal gas is fed directly to 
PBC ➔ ethane cracking

• Excess H2 is selectively 
oxidized.

• Partial oxidation of C1 & C2+ is 
used to adjust the ratio of 
C2H4:CO: H2 to 1:1:1

• The OCOM reactor feed is the 
recycle stream leaving the 
partial oxidation reactor.

• X-CH4 : 35% per pass
• PBC is used to a convert ethane 

to H2 and ethylene
• Process water removed is 

sufficient to supply water 
demand for electrolysis. 

• No additional H2 is needed for 
Hydroformylation.

10.6 kt/yr
< 99% wt

14 kt/yr
< 95% wt

0.4 kt/yr
< 100% wt

800 C, 6 bar

120 C, 10 bar

C2H4:CO:H2= 1:1:1
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Modular Scale Plant

• What is Modular plant?
• Smaller, standardized, and pre-fabricated modules that 

can be easily assembled, transported, and 
interconnected at the site of installation.

• Why Modular scale Plant?
• Efficient use of resources ➔ Utilizing smaller 

feedstocks. 
• Difficulty to build onsite ➔ very remote locations such 

as scenarios B1 & B2
• Economy of scale is a challenge ➔ resolved by 

implementing number-up approach. 
• Flexibility ➔ Easier to modify and expand the plant as 

needed.
• Reduced construction time and cost ➔ pre-fabrication 

off-site reduce construction time and plant site is 
significantly reduced, leading cost savings. 

• Safety ➔ minimizes on-site work, reducing the 
potential for accidents and injuries.

• Transport ➔ Pre-fabricated modules are containerized 
which makes it easier transport. 

• Easier maintenance and repair ➔ exchange of 
damaged equipment with new ones

https://www.prweb.com/releases/2013/5/prweb10705036.htm
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Modular scale plant : Design considerations 

• Production scale 10 -30 kt/yr.

• Modules should fit in container ➔limited 
to the following maximum dimensions:
• Length: 12.2 m

• Height:  2.39 m

• Width:  2.35

• Maximum gross weight : 30.5 tonne

• Maximize the selectivity and conversions 
of the reactors 

• Minimize the intermediate separation 
steps.   

• Cost-effectiveness ➔ optimizing the 
process design for maximum efficiency 
and productivity.

• Portability ➔ designed to be easily 
transported and installed on site.

• Integration ➔ designed to be integrated 
with other process equipment and 
systems to ensure smooth operation and 
efficient production
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• Costing tool : PROSYN® costing 
• Basic data

• Cost date September  2021
• Currency US Dollar
• Location details

Scenario A : Germany       Location factor : 0.81 (vs. USGC)
Scenario B : US Midwest  Location factor : 1.02 (vs. USGC)

• General
• Utilities ISBL

• Natural gas

• Utilities OSBL
• Cooling water
• MP steam (and LPS return)
• Power generation
• Electrolysis + PSA
• Waste water treatment
• Hydrogen Production 

Preliminary Techno-Economic Assessment

• Assumptions and considerations 

• Space velocities / residence times from 
literature were used to size OCoM section 
reactors, Hydroformylation reactor and 
propanal hydrogenation reactor.

• Catalysts and catalysts regenerations 
were not considered in this study. 
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Process economics estimation approach  
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Capital cost

Scenario
A

Scenario
B1/B2
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Scenario A: Utilities, raw materials, co-products and wastes

Natural gas
16%

cooling water
37%

Hot oil
5%

Refrigerant 
8%

electricity
34%

Total utilities costs break down _ Scenario A

Natural gas cooling water Hot oil Refrigerant electricity

bio gas 
85%

O2 -PSA
14%

Water
0%

MEA make-up
1%

Raw materials costs break down _ 
Scenario A

bio gas  O2 -PSA Water MEA make-up
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Scenario B1/B2: Utilities, raw materials, co-products and wastes 

Cooling water
38%

Hot oil
7%Refrigerant 

11%

Electricity
44%

Total utilities costs break down _ Scenario 
B1/B2 

Cooling water Hot oil Refrigerant Electricity

Natural gas, 
0.0%

O2 -PSA, 99.1%

Water, 0.0%MEA make-up, 
0.9%

Raw materials costs break down _ Scenario 
B1/B2

Natural gas  O2 -PSA Water MEA make-up
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Manufacturing expenses Scenario
A

Scenario
B1/B2
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Summary of results

Case 1a Case 2a Case 1b Case 2b

Scenario A : 
10bar + PSA

Scenario A: 
10bar + PSA

Scenario B1/B2 : 
10bar + PSA

Scenario B1/B2 
: 10bar + PSA

Production capacity 
(kt/yr)

13 30 12 30

Total capital 
investment (M$)

16.2 28.3 22.7 39.6

Manufacturing 
expenses (M$)

21.7 44.1 12.1 21.9

Product cost 
(k$/tonne)

1.61 1.47 1.00 0.73

Market price 
(k$/tonne)

1.68

Notes
• Case 2a has the lowest manufacturing product cost prices due to the effect of economy of scale.
• Heat integration is not fully considered.
• Economy of scale is very prominent.  
• Catalyst and catalyst regeneration costs were not considered.
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Life Cycle analysis

Jordy Motte
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Methodology

Environmental performance assessment Resource efficiency analysis
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Methodology: Environmental performance assessment

For more details:  https://doi.org/10.1021/acs.iecr.2c00808

https://doi.org/10.1021/acs.iecr.2c00808
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Methodology: Resource efficiency analysis

19For more details:  https://doi.org/10.1016/j.jclepro.2022.134843

At process and plant level:At life cycle level: 

Exergy calculations, Exergy = useful part of energyCEENE method (Dewulf et al., 2007)

CDP = cumulative degree of perfection
CEENE = cumulative exergy extraction from the natural environment

𝜂𝑟 =
σ𝐸𝑥𝑢𝑠𝑒𝑓𝑢𝑙 𝑜𝑢𝑡𝑝𝑢𝑡𝑠

σ𝐸𝑥𝑖𝑛𝑝𝑢𝑡𝑠
𝐶𝐷𝑃 =

𝐸𝑥𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐸𝑥𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝐶𝐸𝐸𝑁𝐸

https://doi.org/10.1016/j.jclepro.2022.134843
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Preliminary results environmental performance assessment

Including avoided flaring

Comparsion with 1-propanol not fair at this moment due to different technology readiness level!

Main contributors:

Only for scenario A:

- Biogas production & upgrading

For all scenarios:

- Oxygen production for oxidative
conversion of methane (OCoM)

- Electricity production (for compression, 
hydrogen production) 

- Direct CO2 emission in CO2 reduction stage 
(except scenario BG)

- Heat production for preheating (e.g., OCoM)(Scenario A) (Scenario B1) (Scenario B2)
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Preliminary results environmental performance assessment

(Scenario A) (Scenario B1) (Scenario B2)
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Preliminary results resource efficiency analysis
Scenario A:

All C123 production steps have a high exergetic efficiency

Low exergetic efficiency for biogas production

Low methane conversion into propanol per pass due to high exergy content of recycling stream
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Preliminary results resource efficiency analysis
Scenario B2:

Higher CDP than scenario A

However, scenario A uses more renewable resources and can be part of a circular economy (open loop)
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Preliminary conclusions

• Modular scale plants can utilize widely 
available and wasted resources
• Easier to design and build ➔ Cost 

reductions and easier to modify and 
transport 

• Economy of scale is the main challenge  ➔
resolved by number-up approach

• Environmental assessment:
• The lowest impact on climate change ➔

Scenario B2

• The highest exergetic efficiency on life 
cycle level ➔ Scenario B2

24
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THANK YOU

Contacts: 

Mahmoud@process-design-center.com

Jordy.motte@ugent,be
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