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Value Chain Maturity

Biomass → Anaerobic Digestion + Biological Methanation → bioCH4 TRL 5-8

CO2/CO streams + Fermentation  + HEFA → e-SAF
CO2/CO streams + Fermentation  + ATJ → e-SAF TRL 5-8

Biomass →Gasification → syngas → FT  + Hydrocracking → bioSAF/e-SAF TRL 5-8

CO2/CO streams + H2 → e-MeOH TRL 5-8

CO2/CO streams  + H2 → syngas → FT → e-fuels TRL 5-8

Main value chains for biochemical/thermochemical 
utilization of CO2, CO, H2 gases
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In: IEA Bioenergy Task 37 (2020)

Green H2 is directly added to the AD to increase the methane 
production (IN-SITU Biological Methanation)

Anaerobic Digestion + Biological Methanation → bioCH4
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In: IEA Bioenergy Task 37 (2020)

Green H2 and Carbon Dioxide (from biogas) are added to an external 
biomethanation reactor which can be located adjacent to the biogas 

system  (EX-SITU Biological Methanation)

Anaerobic Digestion + Biological Methanation → bioCH4

EX-SITU reactor requires 

nutrient supply for the 

microbial population to thrive..
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Source: IEA Bioenergy: Task 37 (2021)

Integrated Biorefinery for bioSAF/e-SAF
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CO2/CO + H2 streams + Fermentation  + HEFA → SAF
Or CO2/CO + H2 streams + Fermentation  + ATJ → SAF

Adapted Ukpong et al. 2012 (Biotechnol. Bioeng., 109, pp. 

2721)

➢ Biological conversion of CO, CO2 and H2:

Wood-Ljungdahl Pathway

➢Carboxydotrophic acetogens are 
microorganisms that can reduce 
carbon monoxide (CO) and/or carbon 
dioxide (CO2) using hydrogen (H2) as 
energy source via the Wood-
Ljungdahl pathway.

➢Acetyl-CoA can then be used for the 
synthesis of cell carbon or can serve 
as intermediate to produce acids and 
alcohols, e.g., acetate, ethanol, 
butyrate, butanol.



❑Thermochemical transformation of recalcitrant carbon sources 
into syngas (Gasification, Pyrolysis, Hydrothermal Liquefaction )

❑Flue gases rich in CO, CO 2 and H2

▪ Examples: steel and cement industrial off -gases

❑Biological process

❑Fixation of gaseous carbon into liquid products and 

biomass

❑Contributes for carbon circularity

❑Produces substitutes for fossil -based chemicals

Syngas fermentation: Fundaments



Syngas fermentation

Gasification

Syngas

Syngas Fermentation

Adapted from Lowe et al. 1993 (DOI: 

10.1128/MMBR.57.2.451-509.1993)Mesophilic

Thermophilic

▪ G ra m - p o s i t i v e ,  n o n - m o t i l e ,  
s p o r u l a t i n g  b a c t e r i a .

▪ U s e s  s i n g l e  c a r b o n  
c o m p o u n d s ,  s u c h  a s  C O,  
C O 2 a n d  m e t h a n o l ,  a s  
c a r b o n  a n d  e n e r g y  s o u r c e s

▪ M a i n  f e r m e n t a t i o n  p r o d u c t :
▪ B u t y r i c  a c i d

▪ B u t  a l s o  p r o d u c e s :
➢ A c e t i c  a c i d
➢ E t h a n o l

B u t y r i b a c t e r i u m m e t hy l o t r o p h i c u m ( B B M )

Source: Pacheco, Silva and Moura (2024), Biotechniques, July.



In: Pinto, F., et al. 2019. https://doi.org/10.3303/CET1976234

Product: Ethanol

Product: Acetate

CO CO2 H2 N2 H2/CO CO:CO2:H2

Commercial 

Syngas I 
30 20 30 20 1.0 1:0.7:1

Commercial 

Syngas II 
26 19 18 37 0.7 1:0.7:0.7

Influence of Syngas composition on Final Products

Adapted Ukpong et al. 2012 (Biotechnol. Bioeng., 109, pp. 

2721)

https://doi.org/10.3303/CET1976234


Syngas fermentation (on-demand)

Maximize carbon f ixat ion by the 
system

Syngas feeding mode:

BBM c ons umes  CO 

and  H 2+CO 2

Pres s ur e  
dec r e as es  ins ide  

t he  b io r e ac t o r  
v es s e l

F res h  s y ngas  i s  p u l led  
f rom t he  gas  bag

T h e  r e a c t o r  h e a d s p a c e  w a s  c l e a n s e d  
w i t h  f r e s h  s y n g a s  e v e r y  2 4  h o u r s ,  t o  

a v o i d  a c c u m u l a t i o n  o f  C H 4 a n d  u n u s e d  
C O 2

6

Syngas composit ion:
29%vol.  CO, 31%vol.  H 2,  

23%vol.  CO 2,  16%vol.  CH 4

Source: Pacheco, Silva and Moura (2024), Biotechniques, July.
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23.4 L of syngas consumed

Biological  consumption rate:  
112 mL/h

1 s t s t a g e  – S y n g a s  c o n s u m p t i o n  r a t e  i n c r e a s e s  r a p i d l y  w i t h  b i o m a s s  i n c r e a s e
2 n d s t a g e  – S y n g a s  c o n s u m p t i o n  r a t e  i s  d e c o u p l e d  f r o m  b i o m a s s  i n c r e a s e  – p r o b a b l y  
l i m i t e d  b y  g a s  m a s s  t r a n s f e r e n c e  
3 r d s t a g e  – S y n g a s  c o n s u m p t i o n  r a t e  s t a r t s  d e c r e a s i n g  e v e n  t h o u g h  b i o m a s s  i s  s t i l l  

i n c r e a s i n g

Source: Pacheco, Silva and Moura 

(2024), Biotechniques, July.

Syngas fermentation (on-demand)
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Syngas fermentation (on-demand)
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CO2/CO + H2 streams + Fermentation  + HEFA → SAF



Value Chain Maturity
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Gasification → syngas → FT  + Hydrocracking → SAF
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Thermochemical utilization of gases

▪Definition: thermochemical conversion of biomass using oxidant agents for 
partial oxidation at high temperature, generating a product gas for energy 
applications.

▪General schematic, reactions and products:

Gasification

(≈700-1000 ºC)

Biomass

Oxidant agent

(air, O2, H2O, CO2)

Product gas

Tars

Biochars & ashes

Reactions

Oxidation Reduction

C + O2 → CO2

2C + O2 → 2CO

C + 2H2  CH4 (hydrogasification)

CO + H2O  CO2 + H2 (water-gas 
shift)

C + CO2  2CO (Boudouard) Tar Char & ash
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Gasification concepts and relevance (cont.)

▪Product properties and applications:

Product Properties Applications

Product gas • High CO content (5-26 vol.%).

• High H2 content (13-27 vol.%).

• Significant lower heating value

(7-16 MJ/m3).

• Energy generation (thermal and electric).

• Renewable gases (biomethane and hydrogen).

• Liquid biofuels (methanol, ethanol, dimethyl 
ether, Fischer-Tropsch diesel and gasoline).

(Bio)chars • High carbon and ash contents. • Catalysts.

• Construction materials.

• Remediation of effluents.

Tar • Mixture of liquid hydrocarbons (e.g., 
naphtalene, benzene, toluene).

• Recovery of chemical products.

• Liquid fuels (through regeneration).

• Recirculation to the gasifier.

(Basu, 2013; Molino et al., 2018)
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Gasification concepts and relevance (cont.)

▪Reactor configurations:

Pyrolysis 

zone

Gasification 

zone

Air Air

Feedstock

Product 

gas & tars
Chars

Fixed-bed downdraft

(10 kW - 1 MW)

Characteristics:

• less tars;

• lower startup time;

• small-scale implementation;

• demanding requirements for feedstocks.

Fixed-bed updraft

(1 MW - 30 MW)

Feedstock

Air

Product 

gas & tars

Chars

Pyrolysis 

zone

Gasification 

zone

Characteristics:

• admits wetter feedstocks;

• high tar amounts;

• reduced process flexibility.

Bubbling fluidised-bed

(3 MW - 200 MW)

Air

Chars

Product gas & tars

Feedstock
Inert or 

catalytic bed

Characteristics:

• greater tolerance to feedstock variability;

• constant temperature;

• implementation at larger scales.
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Gasification concepts and relevance (cont.)

▪ Reactor configurations (cont.):

Characteristics:

• minimal tar production;

• high feedstock conversion rates;

• demanding feedstock pre-treatment 

(grains/powder, ≈250-1000 µm).

Entrained flow

(100 MW - 5000 MW)

Granulated biomass

Oxidant agent

Chars

Product 

gas
1300-1500 ºC

20-70 bar

Characteristics:

• large-scale implementation;

• separation of CO2-rich flue gas;

• high H2 and CO contents in product gas;

• high calorific value (12-20 MJ/Nm3).

Dual fluidised-bed

(200 kW - 200 MW)
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Gasification concepts and relevance (cont.)

▪Product gas characteristics:

Reactor Conditions
Syngas composition (vol.%) LHV

(MJ/m3)H2 CO CO2 CH4

Fluidised bed • Pine sawdust.
• 700-900 ºC.
• Air-steam.

21-39 35-43 18-20 6-10 7.4-8.6

Updraft • Woodchips.
• 900 ºC.
• Air.

18 14 14 2 4,4

Downdraft • Wooden cubes.
• 800-850 ºC.
• Air

11-20 17-24 7-11 1-2 4-5

Dual fluidised bed • Bark.
• 850ºC.
• Steam.

45 23 18 8 10.6

Entrained flow • Corn cobs.
• Oxygen.

25-28 34-36 26-35 2-5 7.7-9.4

(Molino et al., 2018; Hanchate et al., 2021; Kremling et al., 2017; Hsi et al., 2008; Dogru & Erdem, 2020)
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Gasification concepts and relevance (cont.)

Gasification pros and cons (compared to combustion)

Pros Cons

• Lower emissions of pollutants (NOx, SO2, 
dioxins and furans).

• Implementation at smaller scales (<100 kW).

• Higher energy efficiency during syngas 
combustion.

• Flexibility of gas applications (energy and 
fuels).

• Autothermal operation is possible.

• Possible valorisation of by-products (chars 
and tars).

• Pre-treatment of feedstocks may be demanding.

• Lower technological maturity.

• Higher precision of oxidant agent injection.

• Instability of temperature.

• Less silent and odorless process.

(Grande et al., 2021)



RESEARCH OBJECTIVES

o Understanding Economic Parameters: Gain
insights into capital expenditures (CAPEX) and
operational expenditures (OPEX) associated
with gasification technologies.

o Trend Analysis: Examine historical data to
identify trends that influence technology
selection and investment decisions.

o Strategic Planning: Leverage trend knowledge
for strategic planning and future forecasting in
energy technology investments

TECHNOECONOMIC ASPECTS OF GASIFICATION 

FOR ENERGY AND FUEL PRODUCTION

doi:10.3390/recycling8030049 
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DATA COLLECTION

o Several sources were considered for data
collection including institutional reports,
databases, and scientific articles and the
temporal period considered for this survey
was between 1996 and 2021.

o The specific investment of each plant were
calculated considering the ratio of total
CAPEX and the output capacity (expressed in
mass or energy units, as appropriate) and
updated through to EUR 2020.

METHODOLOGY

doi:10.3390/recycling8030049 



PLANT CLASSIFICATION

o A classification for the different gasification
plants based on the final product to
differentiate between production technologies
according to process complexities, and capital
investments required.

o The list of gasification plants was classified in
three product classes and eight product
subclasses.

o Products obtained from energy generation
(electricity, heat, and CHP), from renewable
gases generation (SNG), and from liquid fuels
generation (ethanol, methanol, gasoline, and
FT fuels).

METHODOLOGY

doi:10.3390/recycling8030049 



o Feedstock Analysis: Plants 
processing diverse 
feedstocks like forestry and 
wood wastes, municipal 
solid wastes (MSW), 
sewage sludge, and others.

o Investment Trends: A 
demonstrated decrease in 
specific investments over 
time, especially for 
electricity, CHP, and liquid 
biofuel production plants

EVOLUTIONARY TRENDS - TIME

LIQUID BIOFUELS

ELECTRICITY CHP

doi:10.3390/recycling8030049 



o Specific Investment Costs: High specific

costs for liquid or gaseous fuel plants,

ranging from €1,800 to €34,000 per t/year,

reflecting the complexity of production

processes and technological development.

o Liquid Fuel Plant Flexibility: A wide

product range including ethanol,

methanol, gasoline, and various Fischer-

Tropsch (FT) fuels, with plant scales from

140 kW to 190 MW for energy production

and 250 to 92,000 tons/year for fuel

production

o Economies of Scale: More pronounced

for CHP and liquid biofuel plants,

showing a downward exponential pattern

in investment costs as output increases.

EVOLUTIONARY TRENDS - OUTPUT

LIQUID BIOFUELS

ELECTRICITY CHP

doi:10.3390/recycling8030049 
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