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Methanol

Innovation Outlook: Renewable Methanol (2021), International 

Renewable Energy Agency (IRENA)

GHG emission for methanol production from various feedstocks
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❖ Around 102 Mt of methanol were produced in 2020 
with expectations of increasing to 500 Mt/year by 
2050.
❖ If sourced from fossil fuels, this would 

correspond to releasing 1.5 Gt CO2 per year
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➢It is necessary to develop efficient processes for the 
conversion of low-value biogenic residues and waste to 

biomethanol

❖ To meet the increasing global demand for methanol …

❖ To meet the net zero emission by 2050 …

❖ To reduce the cost of biomethanol to facilitate the adoption and 
large-scale investments …
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❖ No Nitrogen Dilution Compared to Air Gasification 
❖ → Higher calorific value of the syngas, and less CAPEX and OPEX for syngas cleaning.
❖ → The produced CO2 in the syngas is concentrated, CO2 can be removed with low 

energy penalty

Bio-MeGaFuel project

❖ Oxygen carrier (OC) in fluidized beds: 

 𝑀𝑒𝑥𝑂𝑦−1 +
1

2
𝑂2  𝑀𝑒𝑥𝑂𝑦 (∆𝐻 < 0)

❖ 𝑀𝑒𝑥𝑂𝑦: Metal (such as Fe, Mn, Cu or Ni) 
oxides. Particles in the range of 100–500 µm

❖ Natural ores such as ilmenite
❖ Industrial waste materials such steel slag 

convertor and cupper slag 
❖ Synthetic material such as perovskites

❖ No Need for Pure Oxygen
❖ → No ASU → Less energy penalty and CAPEX, 

and higher energy efficiency CLG

Unconverted gases
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❖ Improved Syngas Quality
❖ CLG typically produces syngas with a higher H₂/CO ratio, 

• desirable for: Fischer–Tropsch synthesis, Methanol production, 
Hydrogen generation, etc.

❖ Lower Tar and Pollutant Formation

• The presence of oxygen carriers promotes tar cracking and reforming 
reactions → Lower tar content and reduced sulfur and nitrogen pollutants

• This simplifies downstream gas cleaning systems and lowers operational 
costs.

❖ Autothermal Operation
❖ The process is self-sustaining in heat balance:

• The oxidation of the metal oxide (in the air reactor) generates heat.

• That heat is transferred to the fuel reactor (endothermic), maintaining 
desired temperatures without external fuel combustion.

1 MW unit at 
TU Darmstadt

Chemical looping gasification
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❖ CLG provides a more controlled oxidation environment, improving:

❖ Carbon conversion efficiency (less unreacted char)
❖ Syngas yield (less unreacted char and tar)
❖ Fuel flexibility, allowing the use of difficult biomass, or waste-derived fuels as feedstock

CLARA H2020 “CHEMICAL LOOPING GASIFICATION FOR 
SUSTAINABLE PRODUCTION OF BIOFUEL”, www.clara-h2020.eu

Technology Gasifying Agent Cold Gas Efficiency 
(CGE)

Carbon Conversion Overall Energy 
Efficiency

Air Gasification Air 55–70% 85–95% 50–60%

Steam Gasification Steam 60–75% 85–98% 55–65%

Oxygen Gasification O₂ 70–80% 95–99% 60–70% 

Chemical Looping 
Gasification (CLG)

Metal oxide + Steam 80–90% 98–100% 70–85%

Chemical looping gasification
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Methanol synthesis via membrane reactors

❖ The methanol synthesis is an equilibrium system: 

CO + 2 H2  CH3OH  H = -90.7   kJ/mol     

CO2 + H2  CO + H2O  H= 41.19   kJ/mol     

CO2 + 3 H2  CH3OH + H2O H= -49.51  kJ/mol     

❖ Commercial Cu/ZnO/Al2O3 catalyst

Pham et al., Chem. Eng. J. 2024, 489, 151442
Takagawa et al., J. Catal. 1987, 107, 161-172
Graaf et al., Chem. Eng. Sci.  1988, 43, 3185-3195
Poto et al., Chem. Eng. J. 2022, 435, 134946

𝑃𝑅 < 40 𝑏𝑎𝑟

𝑇𝑅 < 250 °𝐶
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Project layout

❖ Coordinated by RISE
❖ Duration: 48 months
❖ Start date: September 2024
❖ Budget: Approximately 3.8 Million 

Euros (Funded by Horizon Europe) 
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Sister project: Bio-FlexCLC

❖ Coordinated by RISE
❖ Duration: 48 months
❖ Start date: June 2024
❖ Budget: About 3.95 Million Euros 

(Funded by Horizon Europe) 

❖ Utilising biogenic residues and waste for heat and electricity production and CO2 capture

❖ Concept based on dual Circulating Fluidized Bed (CFB) reactors, which can operate in 
Chemical Looping Combustion (CLC) mode while both reactors are in use or switch to 
conventional CFB operation when only one reactor is in use. 

❖ Operating in CLC mode enables CHP production with negative emissions at low-cost 
while the concept is flexible to switch to CFB boiler mode to produce CHP with net-zero 
emissions
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RISE Team: Sustainable processes and 
systems

Activities
❖ Process development
❖ Process simulation & evaluation
❖ Process integration & optimization, e.g. forest 

industries, CHP, waste-to-energy

Value chains include
❖ Biofuels, biochemicals
❖ Carbon capture, storage and utilization
❖Waste recycling, e.g. plastics, textile …
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Value chains: green highlighted tracks 
relevant for liquid biofuels

# Category Technology Description Product Feedstock 

1 Bioconversion AD Anaerobic digestion Biogas Sludge

2 AD Anaerobic digestion Biogas Manure + Food waste (FW&M)

3

Gasification
 

EFG Entrained flow gasification FT crude Black liquor, processed waste

4 EFG Entrained flow gasification MeOH Black liquor, processed waste

5 DFBG Dual fluidized bed gasification MeOH Forest residues, bark

6 DFBG Dual fluidized bed gasification FT crude Forest residues, bark

7 DFBG Dual fluidized bed gasification SNG Forest residues, bark

8 O2-FBG Fluidized bed gasification SNG Forest residues, bark

9 O2-FBG Fluidized bed gasification FT crude Forest residues, bark

10 O2-FBG Fluidized bed gasification MeOH Forest residues, bark 

11

Hydroprocessing

HVO Hydrotreated vegetable oil HVO (biodiesel) Tall oil

12 HVO Biodiesel from animal fat biodiesel Slaughterhouse waste

13 HEFA Hydrotreated esters & fatty acids HEFA Tall oil

14 HEFA Hydrotreated esters & fatty acids HEFA Slaughterhouse waste

15 RME Rapseed methyl ester RME Rapeseed oil

16

Liquefaction

HDO Hydrodeoxygination Hydrocarbons Lignin (kraft, organosolv etc)

17 FP + HDO fast pyrolysis & hydrodeoxygination Hydrocarbons Forest residues, bark, waste

18 IH2 Integrated hydropyrolysis & hydroconversion Hydrocarbons Forest residues, bark, waste

19 HTL + HDO hydrothermal liquefaction & hydrodeoxygination Hydrocarbons Forest residues, bark, waste

20

Fermentation
LC ethanol Ethanol Saw dust

21 starch ethanol Ethanol Wheat

22 Ethanol-to-jet SAF Ethanol
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Biofuel value chains  - carbon efficiency 
(product categorized)
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Feedstock

❖ Biomass a limited carbon source

❖ Biomass H/C atomic ratio 1-1.5 (fossil 
hydrocarbons H/C ~ 2)

❖ Biomass contains high oxygen, often removed 
as CO₂ or H₂O 
❖ CO₂ leads to carbon loss
❖ H₂O increases H/C atomic imbalance

❖ Many value chains, such as gasification, 
pyrolysis or steam reforming take place at high 
temperature often supplied from combustion of 
biogenic feedstock
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Biofuel value chains – carbon efficiency 
(technology category)

FermentationGasificationAnaerobic digestion
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Role of electricity and H2

Hydrogen
❖ External H₂ benefits tracks with conc. 

CO₂ by-product
❖ H2 sources

❖ Electrolysis
❖ Reforming byproduct gases

Heat
❖ Electrical resistance heated reactors

❖ E.g. e-SMR
❖ Electric boiler for high-pressure 

process steam
❖ Heat pump for low-pressure process 

steam
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Technology tracks – Nordic context

Fig.: Reference case configurations of the conversion pathways studied in detail
WGS—water gas shift, AGR—acid gas removal, MSY—methanol synthesis, FTS—Fischer–Tropsch synthesis,

SMR—steam reformer, PRE—premethanation, SNGSYN—synthetic natural gas synthesis.

BioMeGaFuel 
concept 
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Evaluation methodology
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Evaluation methodology
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Process performance

Bio Methanol Production via Chemical Looping Gasification 
Coupled with Membrane Reactors



Carbon conversion efficiency to liquid fuels

❖ Indirect electrification can dramatically 
increase biomass resource efficiency

❖ Highest potential on gasification tacks
❖ Electricity accounts for up to 70% 

of total energy input 
❖ Carbon efficiency can almost triple 

to reach 80+% 

• (100+% including avoided falling bark 
combustion for black liquor gasification 
pulp mill integrated cases)
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Carbon efficiencies, with avoided bio-based 
heat

Biorefinery

Forest residue, waste etc

Biofuels
Chemicals

Material etc. CO2

Excess
heat

CHP

Same
heat

Displaced
biomass

Net feedstock
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Energy efficiency

❖ Energy efficiency, i.e. ratio of liquid biofuel 
to sum of feedstock & el., remains fairly at 
the same level

❖ Increased production countered by 
electricity addition
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Economic performance

Bio Methanol Production via Chemical Looping Gasification 
Coupled with Membrane Reactors



Cost parameters

Parameter Unit Value Remarks

Feedstock EUR/MWh 17 Average market price for woodchips, sawdust and forest residue

Electricity EUR/MWh 50
Based on electricity system scenarios from Svenska Kraftnät (Swedish grid 

operator)

Oxygen EUR/ton 60
Same value used for purchase of oxygen and sales of excess oxygen from 

electrolysis

Scrubbing oil EUR/MWh 106 For tar scrubbing in DFB configurations, Rapeseed oil methyl ester (RME)

Biogas EUR/MWh 90 HTL, FP tracks

Lignin pellets EUR/MWh 20
Lignocellulosic ethanol, pellet 12% moisture. Recalculated from, i.e., 25 

EUR/MWh for 10% moisture.

Char EUR/MWh 20 HTL byproduct, price assumed same as for lignin pellets.
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Production cost of liquid fuels [€/MWh]

Figure: Production cost of bio-electrofuels 
DFB—dual fluidized bed, BLG—black liquor gasification, MeOH—methanol, FT—Fischer–Tropsch,

EtOH—ethanol, HTL—hydrothermal liquefaction, FP—fast pyrolysis, ATJ—alcohol to jet

Production cost
Methanol value chains
- Scale difference 

- biomass, 100 MW
- Black liquor, >300 MW

- Multiple points for 
electrified configurations 
refer to PEM or SOEC 
electrolysis process
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Production cost of liquid fuels [€/ton]

Figure: Production cost of bio-electrofuels 
DFB—dual fluidized bed, BLG—black liquor gasification, MeOH—methanol, FT—Fischer–Tropsch,

EtOH—ethanol, HTL—hydrothermal liquefaction, FP—fast pyrolysis, ATJ—alcohol to jet

Production cost per 
tonne of liquid fuel 
produced
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Biofuel production cost ranges

Brown A, et al. Advanced Biofuels – Potential for Cost Reduction, 
IEA Bioenergy: Task 41: 2020:01.; 2020.

Bioelectrofuel production cost. DFB—dual fluidized bed, BLG—black liquor 
gasification, MeOH—methanol, FT—Fischer–Tropsch, EtOH—ethanol, HTL—
hydrothermal liquefaction, FP—fast pyrolysis, ATJ—alcohol to jet.
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GHG performance

Bio Methanol Production via Chemical Looping Gasification 
Coupled with Membrane Reactors



GHG emission factors for reference fossil 
fuels

Parameter Factors Unit Technology Track

Feedstock 45 kg CO2-eq/ODt

Electricity 7–13 kg CO2-eq/GJ

Jet A
94 kg CO2-eq/GJ LHV

ATJ, FTJ
82.5 kg CO2-eq/GJ HHV

Natural gas
67.0 kg CO2-eq/GJ LHV

SNG
60.9 kg CO2-eq/GJ HHV

Diesel
95.5 kg CO2-eq/GJ LHV

HTL, FP, FT
89.4 kg CO2-eq/GJ HHV

Gasoline 
93.5 kg CO2-eq/GJ LHV 

EtOH, MeOH
87.4 kg CO2-eq/GJ HHV
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GHG reduction performance

RFNBO: Thresh-hold el. mix
Hybrid gasification for methanol allows the 
use of electricity mix with higher emissions 
(~21 gCO2eq/MJ) compared e-methanol (~ 14 
gCO2eq/MJ)

All tracks, but e-methane, achieve 
over 90% GHG reduction under 
Swedish el. mix
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Concluding remarks

➢Electrification boosts liquid fuel production by 2–3×
➢All technology pathways achieve:

• >90% GHG reduction (Swedish electricity mix)
• >70% GHG reduction (meets RED II/III threshold of 18 

gCO₂/MJ grid intensity)

➢At electricity price of 50 €/MWh, production costs 
(80–160 €/MWh) are comparable to IEA estimates. 
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QUESTIONS/COMMENTS?

THANK YOU 

“Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union or CINEA. Neither the European Union nor 

the granting authority can be held responsible for them.”

Contact name: Sennai A. Mesfun

Email: sennai.asmelash.mesfun@ri.se

Follow us on LinkedIn to keep up with the project!
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Participant organisation name Country

1 RISE RESEARCH INSTITUTE OF SWEDEN Sweden

2 GIDARA ENERGY Netherlands

3 G.I. Dynamics (Affiliated to GID) Netherlands

4 TECHNISCHE UNIVERSITÄT DARMSTADT Germany

5 EINDHOVEN UNIVERSITY OF TECHNOLOGY Netherlands

6 SPANISH NATIONAL RESEARCH COUNCIL Spain

7 IVL SWEDISH ENVIRONMENTAL RESEARCH 
INSTITUTE

Sweden

8 PERPETUAL NEXT BIOCARBON Netherlands

9 1CUBE Netherlands

10 BLUE WORLD TECHNOLOGY Denmark

❖ Duration: 48 months
❖ Start date: September 2024
❖ Budget: Approximately 3.8 Million Euros (Funded by EU) 

Bio-MeGaFuel Consortium
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Activity Bio-MeGaFuel TRL Verification

CLG of low-value waste 
and biogenic residues 
to produce syngas

5 Gasification of 50-70 tons of low-value biogenic residues 
and waste in a 1 MW unit with: 

• >100 h autothermal CLG operation ,

• mixing using CO2 and steam as the fluidizing and 
gasification agent, 

• 80% gasifier cold gas efficiency,

• 98% carbon conversion in gasifier,

• <10% of reactive ash species released in air reactor.

Technology development activities

Methanol synthesis 
from syngas using a 
membrane reactor

5 Production of 3 kg/day of biomethanol with a double yield 
of methanol production from syngas compared to packed 
beds and with in-situ CO2 separation.
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