
Re-Designing Metabolic Infrastructure for
Carbon Management

James C. Liao

Academia Sinica

Taipei, Taiwan

1



2

IPCC Climate Change 2014 Synthesis Report
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IPCC Climate Change 2014 Synthesis Report

Risk from climate change depends on cumulative CO2 emissions 
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Photovoltaic Price Trend

Wp = Watt peak capacity

Learning or experience curves of 

photovoltaic (PV) modules made from 

crystalline-Si and CdTe (IRENA, 

2012).

Cost of nuclear plants 

($/kW) in the US and 

France (Grubler,

2010)

SEAB CO2 Utilization Task Force 2016 



UK auction reveals offshore wind cheaper than new gas

Nuclear

Gas

Offshore wind

Solar

Onshore wind
Wholesale price

https://www.carbonbrief.org/analysis-uk-
auction-offshore-wind-cheaper-than-new-gas
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Shell SKY Scenarios



Biological Carbon Capture and 
Utilization

• Avoid CO2 release during fermentation

• Increase CO2 fixation by photosynthesis

Yu et al. Nature Comm. 2018

• Develop non-photosynthetic CO2 fixation
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Bogorad et al. Nature 2013, Lin et al. PNAS 2018

Li et al. Science 2012

Conventional Fermentation:               Sugar  alcohol + CO2
Reductive Fermentation:         Sugar + Reducing agent  alcohol 



Acetyl-CoA

Ribulose5P

Ribulose1,5BP

3PGA

1,3BPGA

G3P

DHAP

F1,6BP

F6P

Xylulose5PE4P

S1,7BP

S7P

Xylulose5PRibose5P

G3P

G3P

CO2

ATP

ATP

NADPH

G3P

H2O O2

Fdox Fdred

NADPH

Pc-Cu2+

Pc-Cu+

PQ

PQH2

Lumen

Cytoplasm

Photosystem II Photosystem I

Cytochrome 
b6f complex

hν
hν

Glucose

Pyruvate

Cellulose

Fatty acid Amino acids

9

Alcohol

ATP
e-

ATP
e-

Calvin cycle (CBB pathway)

Glycolysis (EMP pathway)
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Pathways to Life

TCA Cycle

CO2 CO2



10

C6H12O6  2C2H6O +  2 CO2

2 C6H12O6  C7H16 +  4CO2  +  CO

Theoretical Energy and Mass Yields

2540            2 x 1235 kJ/mol 97.24%         51% 

C6H12O6  C4H10O +  2 CO2

2x 2540           4543 kJ/mol 89.4%         27%        

2540              2455  kJ/mol 96.6%          41%

mass %energy %

Jet fuel



Oxidative Glycolysis
Embden-Meyerhof-Parnas (EMP) pathway
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http://en.wikipedia.org/wiki/File:Pyruvic-acid-2D-skeletal.png
http://en.wikipedia.org/wiki/File:Pyruvic-acid-2D-skeletal.png


Glucose

Carbon yield = 100%

F6P

Non-oxidative Glycolysis (NOG)

1113 AcP

3 F6P

3 E4P 2 F6P
Carbon

Rearrangement

3 AcCoA

Phosphoketolase

Bifidobacterium breve. 

F6P AcP + E4P 

Ethanol
Butanol

Acetate

X5P  AcP + G3P 12

(C2) (C4)

(C6)
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Two Modes of Non-Oxidative Glycolysis (NOG)

F6P phosphoketolase
F6P AcP + E4P

X5P phosphoketolase
X5P AcP + G3P

Net reaction:  F6P  3 AcP

Bogorad et al. Nature 2013
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Construction and Evolution of an NOG E. coli strain



Construction and Evolution of an NOG E. coli strain

15
Lin et al. PNAS 2018



Lin et al. PNAS 2018

Improved
growth16



Economy of oxidative and non-oxidative 
glycolysis for making ethanol
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1.5 C6H12O6  3C2H6O + 3 CO2
Traditional

fermentation

sugar price  =  $0.4/Kg 

http://www.nasdaq.com/markets/sugar.aspx

ethanol price  =  $0.75/Kg 

C6H12O6 + 6 “H2”   3 C2H6O  +  3 H2ONOG

1.5 CH4 + 3 H2O 1.5CO2 +  6 H2

Then it makes  sense to use NOG + H2.  

When 
sugar price

H2 price
> 

12

90
(= 0.133)

H2 price < $3/Kg

(Formate)



Reductive Fermentation
(H2-assisted CO2 fixation)
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C6H12O6 + 6 H2  3 C2H5OH  +  3 H2O
NOG:  Reductive
fermentation

C6H12O6  2C2H5OH  +  2 CO2

Traditional fermentation

6 H2 + 2CO2  C2H5OH  +  3 H2O+



CO2 Saving
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1.5 C6H12O6  3 C2H5OH  +  3 CO2

C6H12O6 + 6 H2  3 C2H5OH +  3 H2O
Non-oxidative

(NOG)

1.5 CH4 + 3 H2O 1.5CO2 +  6 H2

C6H12O6 + 1.5 CH4  3 C2H5OH  + 1.5 CO2

Methane 
steam reforming

Traditional 
Fermentation



Methane upgrading
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C6H12O6  2 C2H5OH  +  2 CO2

NOG
+

Steam 
Reforming

0.5 CO2+ 1.5 CH4  C2H5OH Methane 
upgrading

Traditional 
Fermentation

+

C6H12O6 + 1.5 CH4  3 C2H5OH  + 1.5 CO2

Natural gas price ~ $3/mmBTU, Ethanol price ~$0.8/Kg

Price of 1 mol of C2H5OH
Price of 1.5 mol of CH4

= 9.6



Reactions
DGo

(kJ/mole)
Energy* 

efficiency
Carbon#

yield
Comment

1)        C6H12O6 --> 2 C2H6O + 2 CO2 -228.4 0.97 66.70% Current fermentation

2) 0.5 CO2 + 1.5 CH4 --> C2H6O 100.05 1.03 133%
Proposed Methane 
upgrading (DGo >0)

3) = 1)+2) C6H12O6 + 1.5 CH4 --> 3 C2H6O + 1.5 CO2 -128.35 0.99 80%
Proposed reductive 

fermentation

4)                2CH4 + O2--> C2H6O+ H2O -309.1 0.77 100% REMOTE

*Energy efficiency is calculated from the lower heating value (LHV) of combustion of 
products divided by the LHV of the reactants.
! DGf

o and DHo
LHV values were taken from Table 2

# Carbon yield calculation does not include CO2.

Methane upgrading
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Augmented CO2 fixation

3 CO2 C2H5OH  + CO2

3 H2O

6 “H2” CBB

H2O
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New pathway



3CO2 →1 pyruvate  
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3CO2 →1 Acetyl-CoA + CO2

CO2 fixation by Calvin-Benson-Bassham (CBB) cycle
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Photorespiration

From Wikipedia

2 Glycolate
Acetyl-CoA   + 2 CO2

?2



MCG augments CBB pathway
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MCG in S. elongates increased CO2

fixation
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Challenges of Algae and cyanobacteria:
Photobioreactor is expensive
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H2 and CO2 Formate and CO2

Li et al. Science 2012



Cathode:      CO2+2e-+2H+               HCOOH

Anode:        H2O                     ½ O2+2e-+2H+

Electricity-powered CO2 fixation for 

Isobutanol synthesis

CO2

NADH

Isobutanol

3MB

Ralstonia eutropha

Li et al. Science 2012

In

Pt



Integrated Electro-microbial fuel Production

CO2

Gasoline substitutes

OR



Thank you.
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