
Biomass 
Part 2 – conversion

Tuong-Van Nguyen 
EPFL – IPESE

Lausanne – 18/11/2019
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Use for food and heating

Biomass conversion
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MARINE 
BIOMASS

Biomass conversion

DRY 
BIOMASS 

WET 
BIOMASS

HEAT 

POWER 

BIOFUELS 

CHEMICALS 

RESOURCES DEMANDSCONVERSION

https://farm-energy.extension.org/sites/default/files/w/1/14/Switchgrass.jpg
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• Identify the suitable conversion routes 
for various types of biomass 

• Describe and compare the various 
conversion pathways 

• Mention the advantages, drawbacks and 
challenges related to biofuels 

Goals
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Introduction

The food vs fuel dilemma
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The use of biomass for bioenergy competes with food supply ?
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 Competition food/energy

Theoretically harvestable 
2900 EJ/yr

= 5.4 times the primary 
energy demand

Sustainably exploitable 
270 EJ/yr

= 0.5 times the primary 
energy demand
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 Competition food/energy

END-USE

DIRECT INDIRECT 

ORIGIN

BIOMASS RESOURCE LAND USE 

FOOD BIOFUEL/BIOENERGY
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MARINE BIOMASS 

▪ Algae 

Competition food/energy : only for edible ressources

DRY BIOMASS 

• Wood  

• Agricultural co-products 

• Energy crops

WET BIOMASS 

• Agricultural products 
• Industry co-products  

• Organic waste 

EDIBLE

M
E-

40
9 

EN
ER

GY
 C

O
N

VE
RS

IO
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
GY

https://farm-energy.extension.org/sites/default/files/w/1/14/Switchgrass.jpg
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Biomass conversion
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Biomass conversion

WET BIOMASS 

• Edible products 
• Starch 
• Sugar 
• Animal fats 

BIOFUELS 

RESOURCES DEMANDSCONVERSION

FIRST GENERATION
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Ethanol fuel production in Brazilian 
biorefineries

Biomass 
conversion
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▪ Biomass

Biomass conversion

DRY BIOMASS 

• Wood  

• Agricultural co-products 
• Energy crops 
WET BIOMASS 
• Industry co-products 
• Organic waste 

BIOFUELS 

RESOURCES DEMANDSCONVERSION

SECOND GENERATION

https://farm-energy.extension.org/sites/default/files/w/1/14/Switchgrass.jpg
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Dimethylether (DME) production

Biomass 
conversion
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MARINE BIOMASS 
▪ Algae 

Biomass conversion

BIOFUELS 

RESOURCES DEMANDSCONVERSION

THIRD GENERATION
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Combustion 
- biomass to heat/power 
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▪ Biomass
DRY BIOMASS 

• Wood  

• Agricultural co-products 
• Energy crops 

HEAT 

POWER 

RESOURCES DEMANDS

COMBUSTION

Combustion
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▪ The “old” way (prehistoric times)

Combustion 
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▪ The “modern” way

Combustion 
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𝜂𝐼 = 30−45%

POWER GENERATION:  
RANKINE CYCLE ( )η = 40 %

HEAT SUPPLY:  
COMBUSTION 

η = 85 %
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▪ Air pollution issues

Combustion
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SO2 

HCl 
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Gasification 
- biomass to heat, power, fuels 
and chemicals
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Gasification 

A North-Korean truck with gasification 
(2014)

A German car with gasification (1946)
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▪ Biomass

Gasification 

DRY 
BIOMASS 
WET 
BIOMASS

HEAT 

POWER 

BIOFUELS 

CHEMICALS 

RESOURCES DEMANDS

GASIFICATION
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▪ Gasification = “staged” oxidation

Gasification depends on the temperature

Oxidation (λ > 1)

Gasification  
(0 < λ < 1)

Drying

λ = O2/C

Temperature

100 200 400 1200 2400
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Gasification 

“Dry” + “wet” 
biomass Gasification

Syngas 
(CO+H2+CH4)

Gas combustion

Biofuel/heat 
(transportation)

▪ The “old” way
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https://notrehistoire.imgix.net/photos/K/f/KfwK8V8LS3zwjbK3C35gg4ynVWBcEnZAufQQFLTg.jpeg?dpr=3&fm=jpg&sharp=9&w=770&s=541a5d467ff6226e805c8085e96e82fa


Tu
on

g-
Va

n 
N

gu
ye

n 
– 

tu
on

g-
va

n.
ng

uy
en

@e
pf

l.c
h 

 

▪ The Guessing power plant (Austria)

Gasification 
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POWER GENERATION:  
RANKINE CYCLE

GAS GENERATION:  
GASIFICATION

https://sites.google.com/site/accessbiomasscleanpower/insurance-products/biomass-gasification-technology/%EB%B0%94%EC%9D%B4%EC%98%A4%EB%A7%A4%EC%8A%A4%20%EA%B0%80%EC%8A%A4%ED%99%94_600.png?attredirects=0


Production of synthetic natural gas (SNG) 27

LENI Systems

Plant integration

Thermochemical reforming of biomass into fuel are highly
integrated processes. Common process layouts to SNG,
DME, FT-fuels include

energy-intense feed preparation (drying)

endothermal high temperature gasification

exothermal producer gas reforming

Example: Common wood to SNG route

CH1.35O0.63 + 0.3475H2O
∆H0=−10.5 kJ/molwood→ 0.51125CH4 + 0.48875CO2

Wood

Air drying

Steam drying

Torrefaction

Pyrolysis

Drying Thermal pretreatment

Indirectly heated,
steam-blown
gasification

Directly heated,
steam/oxygen-
blown gasification

Gasification

Cold gas cleaning
(cyclone, filter,
scrubber, guard bed)

Hot gas cleaning
(cyclone, filter,
catalytic treatment)

Gas cleaning
Synthesis preparation

Physical absorption
(Selexol wash)

Pressure swing
absorption

Stepwise fixed bed
methanation

Internally cooled
fluidised bed
methanation

Methane synthesis

Water-gas shift

Stoichiometry adjustment

CO2-removal

Physical absorption
(Selexol wash)

Pressure swing
absorption

Polymeric
membranes

SNG-
upgrading

volatiles

Compression

Compression

SNG
treatment

CO2treatment

Electrolysis
CO2

SNG

H2O(v) Q+
Q+H2O(v)

residuals and condensates CO2 and condensates

H2O(v) Q-

condensates

Q+

H2O2

H2O(l)O2-import or cryogenic
production on-site

combustion

Q

Utility and heat recovery system

Boiler,
steam network and turbines

Q- Q+Q-

O2

Q+

Process superstructure



Synthetic Natural Gas Production efficiency 28

LENI Systems

Process performance
conventional SNG

Some (non-optimised) scenarios for conventional SNG
production:

Gasification
Wood Methane

synthesis

Q+ (800-900°C)

SNG
upgrading

fumes

Combustion
depleted streams
(CO2, CH4, H2, ...)

SNG

air

100% 98% 69% 68%

1%

18%

80%

(only the chemical energy flow of the main product conversion is shown)

indirectly heated gasification & PSA

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

T 
[K

]

Q [MW]

Process streams
Steam network

Mech. power

gasi!cation

producer gas
& fumes

combustion

methanation

steam (meth.)

steam (gas.)
drying

cooling waterpower

process pinch point

input: 20 MWth,wood

FICFB CFB
(base) (torr) (pM) (pM, SA) (pGM) (pGM, hot)

Consumption Wood 100% 100% 100% 100% 100% 100%
Biodiesel 1.8% 1.6% 1.8% 1.8% 0.1% -
Electricity - 0.5% - - 0.9% -

Production SNG 67.7% 72.1% 67.5% 67.8% 74.0% 74.0%
Electricity 2.9% - 2.6% 3.3% - 1.6%

Overall efficiency 69.4% 70.7& 68.8% 69.8% 73.2% 75.6%

57 / 87



Long term electricity storage by converting electricity to fuel 29

⌘c =
�CH4�

LHV

�E+
= 85%

WOOD Natural Gas CO2 (pure)

+ 4 H2 + CH4 - CO2

Electricity form the grid 
4.7 TWhe = 13 PJSNG 
max 0.50kWe/kWSNG

Storage as transportation fuel

Gassner, M., and F. Maréchal. Energy 33, no. 2 (2008) 189–198.

+ 2 H2O

+ 2 O2

CO2 H2O

SUN

NUTRIENTS

TREES

Carbon source

�E+ + 4H2O

Power to gas concept

100 PJ

72-85 PJ 
+18%

CO2 + 4H2 → CH4 + 2H2O



©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Production 
SNG  

WOOD 
100 MWth, dry 170 MW SNG

37 MW Waste heat

Electricity 
145 MWth, dry

H2 
123 MWth, dry

38  MW Useful heat Industry

Fuel

Su
m

m
er

Combined heat, fuel and sequestration from biomass

SNG 
production

WOOD 
100 MWth, dry

67.5 MW SNG

 

16.8 MW Waste heat

Sequestration/storage 
Negative emissions : 108 kg CO2 avoided / MWh wood

1.4 MW net electricity

Industry

City

Fuel

W
in

te
r

CO2

Excess in summer

Swiss Energy System

2C(H2O) -> CH4 + CO2

2C(H2O) + 4H2 -> 2CH4 + 2H2O

CO2 + 4H2 -> CH4 + 2H2O
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Pyrolysis 
- biomass to fuels
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▪ Biomass

Pyrolysis 

DRY 
BIOMASS 

WET 
BIOMASS 

HEAT 

POWER 

BIOFUELS 

CHEMICALS 

RESOURCES DEMANDS

PYROLYSIS

https://farm-energy.extension.org/sites/default/files/w/1/14/Switchgrass.jpg
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Pyrolysis

Plenty of tires to treat (2019)A modern oven with a pyrolytic mode 
(2019)M
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Thermal decomposition 
• Inert environment 

(no H2O, no O2) 
• Fast (s to hr) 
High heating rate

Pyrolysis 

Oxidation (λ > 1)

Gasification  
(0 < λ < 1)

Drying

λ = O2/C

Temperature

100     200           400             1200                   
2400

Pyrolysis 
(λ = 0)
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Pyrolysis 
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OIL FORMATION 
PYROLYSIS



Typical pyrolysis process

Figure 5. Fast Pyrolysis Block Flow Diagram 

Exhaust Gas Exhaust  Net Electricity 

Recycle 
Carrier Gas 

Gas Clean­Up and 
Oil Recovery 

Process 
Electricity 

Feed Handling and  
Drying  Steam Cycle Pyrolysis 

Wood  Bio­Oil 

Char Combustion 

Char 

Combustion Air 
Ash 

32  

Table 5. Design Basis 

Parameter  Value  Source 

Oil Representative Components 
(lb/100 lb wood)

 C2H4O2
 C3H6O2
 C7H8O2
 C8H10O3
 CH2O2
 C10H12O3
 C6H6O 

C7H8
 C5H4O2
 C6H6 

Projected Overall bio-oil 
composition (wt%)

  Carbon

  Hydrogen 

  Oxygen 

Target Overall bio-oil composition 
(wt%) 

  Carbon

  Hydrogen 

  Oxygen 

5.93 

7.31 

0.61 

3.80 

3.41 

16.36 

0.46 

2.27 

18.98 

0.77 

59.27 

6.03 

34.69 

55­58% 

5.5­7.0% 

35­40% 

Estimated values 

Spreadsheet results 

[67/68] 

Gas Composition (lb/100 lb dry wood)
 CO2
 CO

 CH4
 C2H4
 H2
 C3H6
 NH3 

5.42 

6.56 

0.035 

0.142 

0.588 

0.152 

0.0121 

Elemental balance 

From the ratios of the earlier 
model 

Material balance – all N in 
feed 
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13kg

16kg

59.9kg100 GJ

67 GJ

2 GJ

Heat : 21 GJ

11kg

100 kg
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Biomethanation

WET 
BIOMASS 

HEAT 

POWER 

BIOFUELS 

CHEMICALS 

RESOURCES DEMANDSCONVERSION

BIOMETHANATION
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Biomethanation

Biogastaaget Amanda (2019)A Swiss Cattle (2019)
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▪ A “well-observed” phenomenon – the classic use “small-scale”  
• Developing countries (1-5 kg per day)

Biomethanation

“Wet” 
biomass

50%

Anaerobic reactor 
(biomethanation)

Biogas 
(50% CO2+ 50%CH4)

Electricity/heat

Fertilizers or gasification
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Digestate + H2O50%

https://www.climatetechwiki.org/sites/climatetechwiki.org/files/images/teaser/biogas_for_cooking_teaser.jpg
http://1.bp.blogspot.com/-XkxaE9hVpoU/TjIdb2qXKCI/AAAAAAAADF8/0R3BNSLn054/s1600/IMG_2503.JPG
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▪ The “more advanced” use 
• The Swedish case – a success story? 

Biomethanation
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ADDITIONAL 
PROCESSES

BIOMETHANATION 
Biogas formation



= Transformation by micro-organisms 
• Anaerobic environment (no O2) 
• Slow (weeks) 
• pH = 6.5-7.5

Biomethanation

Oxidation (λ > 1)

Gasification

λ = O2/C

Temperature

20                                        60                   2400

Pyrolysis

Biomethanation
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▪ Biomass

Fermentation

WET 
BIOMASS 

HEAT 

POWER 

BIOFUELS 

CHEMICALS 

RESOURCES DEMANDSCONVERSION

FERMENTATION 
 

Ethanol : 26.8 MJ/kg
3CH2O → 2 C2H5OH + 2 CO2

DRY 
BIOMASS 

Residues ( ) 
15-20 MJ/kg

CH2O
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Fermentation

Ethanol samples (2019)Beers in the sun (2019)
C2H5OH
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Fermentation

Pretreatment 
(1)

Fermentation 
(2)
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Pretreatment = breaking down big molecules

Fermentation

Barley grains 
(type of biomass)

Malted barley  
(with 

enzymes)
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(C6H10O5)n + H2O → (C12H22O11) and other sugars
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Fermentation = converting maltose and other sugars into ethanol

Fermentation

Wort

C6H12O6 → 2 C2H5OH + 2 CO2

Fermentation

maltose

“Beer”

C12H22O11 + H2O + invertase → 2 C6H12O6
glucose

glucose ethanol

Yeast
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Fermentation
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FERMENTATION 
Generating ethanol

PRETREATMENT 
Breaking down biomass

(30-40%)

CO2 for negative emissions ?

Go to gasification ?



Biorefineries 50

Introduction

sugars platform

syngas platform

combined heat & power
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Biomass and energy 
systems
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▪ Biomass

Life cycle performance
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Controversial uses
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Conclusion
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▪ Two main types of biomass conversion: thermochemical, biological 

▪ Products: electricity, heat, fuels, chemicals and sequestrated CO2 (negative 
emissions) 

▪ Combustion = conventional way (dry); Gasification & pyrolysis (dry/wet) = 
well-known, but need improvement 

▪ Biomethanation & Fermentation = well-known, but technological/scale limits 

▪ Biomass challenges – food, biogenic carbon, technologies, environmental impact

Take-home message
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Questions
?

Tuong-Van 
Nguyen


