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Abstract. This chapter describes syngas production for methanol synthesis by biomass 

thermochemical conversion. The focus of the chapter is on the biomass gasification process 

and gasification island design for methanol production. Synthesis of methanol requires syngas 

with a certain composition of CO, CO2 and H2 gases. The correct syngas feed composition for 

the synthesis reactor is essential for the process's high performance. Biomass gasification 

produces syngas enriched with CO and H2 gases. The gas composition is close to the required 

composition by the methanol synthesis and can be modified to match the requirements. The 

overall process design of a methanol synthesis plant depends on the selected gasification 

technology. This chapter describes the biomass gasification process and reviews biomass 

gasification processes suitable for methanol synthesis. Reactor measurement data from the 

gasification processes are used to evaluate the design of the gasification island for the biomass-

to-methanol process with steam-oxygen blown gasification and dual fluidised bed steam 

gasification. The different process options are described. 
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1 Introduction 

Biomass gasification is a thermochemical conversion process producing syngas suitable as 

feedstock for various chemical and fuel synthesis processes. Biomass-based products produced 

via biomass thermochemical conversion path can directly substitute chemicals and fuels refined 

from fossil-based raw materials. The role of biochemicals and biofuels is essential to lower 

fossil carbon emissions from the use of chemicals and fuels. Production of various chemicals 

and fuels is possible from biomass-based syngas produced with gasification. Some of the 

possible products are described in Fig. 1. 



 

 
Fig. 1. Chemicals and fuels from syngas. Adapted from [1]. 

Methanol is a crucial commodity in the chemical sector today, predominantly used in 

producing other chemicals (e.g., formaldehyde, acetic acid, and various types of plastics) [2]. 

Global methanol consumption reached 98.3 Mt in 2019 [2]. The methanol use is expected to 

reach more than 120 Mt by 2025 [2]. The methanol production in the present day is mainly 

based on fossil raw materials (natural gas and coal). Therefore, the development of alternative 

low-carbon emission methanol production technologies is essential to mitigate emissions from 

methanol production. Methanol can be produced using biomass-to-liquid (BtL) processes. In 

the process, biomass is first gasified, the syngas is purified and modified to be suitable for 

methanol synthesis and finally, methanol is synthesised from the syngas. Methanol is the 

largest product manufactured by synthesis [3]. Other production routes, e.g. biochemical 

conversion, are also possible [4]. Gasification is currently the main technology for syngas 

generation to produce second-generation biofuels, such as methanol, from non-edible biomass 

sources on a large scale. The methanol is synthesised from syngas containing CO, CO2 and H2 

gases. Methanol synthesis requires a certain stoichiometric gas composition to operate the 

synthesis effectively. When the feed is according to stoichiometry, the gasses are fully 

consumed without a slip of reactive gasses out from the reactor. The slip lowers the overall 

performance of the methanol synthesis reactor, and can lead to a larger reactor design than is 

necessary. For CO, CO2 and H2-based streams, stoichiometric compositions of H2/CO = 2 or 

M=
H2-CO2

CO+CO2
=2 are preferred [3].  

Syngas composition from a gasifier rarely satisfies the stoichiometric composition. Therefore, 

gas modification after the gasifier is required to obtain a suitable stoichiometric ratio for 



 

syngas. Depending on the gasifier type and overall process configuration H2/CO or M=
H2-CO2

CO+CO2
 

is selected as the target composition. Typically, gas composition from biomass gasifiers is not 

very close to M=2 ratio. Therefore, H2/CO = 2 is a more common goal for gas modification 

after the gasifier. Catalytic gas conditioning processes and methanol synthesis require ultra-

pure syngas. The impurities in syngas cause the deactivation of many catalysts. The impurities 

must be removed from the syngas before catalytic reactors. Gas purification steps must lower 

the concentration of impurities, such as sulphur compounds, to < 0.1 ppm level [3]. Syngas 

purification is a multi-stage process where dedicated cleaning processes are used to remove 

impurities, such as the sulphur compounds.  

This chapter aims to describe the biomass gasification-based biomass-to-methanol process with 

a focus on the gasification island of the synthesis plant. The gasification island includes process 

equipment for biomass gasification, biomass feedstock handling and syngas preparation for 

methanol synthesis. Gasification reactor measurement data from the literature are reviewed, 

and based on the data, a gasification island design is proposed for a methanol synthesis plant. 

Steam-oxygen blown gasification and dual fluidised bed steam gasification data are reviewed. 

Common process options are described to clean and modify syngas suitable for methanol 

synthesis with gasification technologies. Influence on the overall design is discussed. 

2 Biomass Gasification Process 

Biomass gasification converts carbonaceous material into gas species CO, CO2, CH4, H2, 

various hydrocarbons and sulphur and nitrogen species. Gasification is a high-temperature 

process. The gasifier is typically operated in between 700-900°C temperatures. The operation 

temperature varies by the gasifier type. Biomass gasification generally uses air, pure O2, CO2 

and H2O as gasification agents. Air is a typical gasification agent for power generation 

applications. However, it is not used with the BtL processes suitable gasifiers since N2 

concentration in syngas must be minimised. The gases released from the biomass and formed 

react with a gasification agent, which results in high CO and H2 concentrations for syngas. The 

gasification of biomass is a complex biomass conversion process. A simplified stepwise 

description of the process is shown in Fig. 2. When biomass is introduced in the gasifier, the 

biomass first dries. While heating up, pyrolysis products are released from the dried biomass. 

The main pyrolysis products are permanent gases (CO, CO2, H2, CH4, C2-C4 hydrocarbons), 

char and tars (higher condensable hydrocarbons) [5]. The pyrolysis products are further 

converted by char gasification reactions, different reforming reactions and oxidation reactions. 



 

In reality, all the chemical reactions mentioned before are competitive and do not occur in steps 

as the description is given for the sake of simplicity. The main chemical reactions of biomass 

gasification are described in Table 1. The table is a simplistic presentation of a complex 

chemical phenomenon. 

 

Fig. 2. Biomass conversion in gasifier. 

Table 1. Chemical reactions in biomass gasification [6, 7]. 

Stoichiometry   

Biomass pyrolysis   

Biomass (CHONS)→char+tar+CO+CO2+H2+CH4+C2++NH3+H2S+... 

Combustion reactions   

C+O2→CO2 

C+0.5O2→CO 

CO+0.5O2→CO2 

H2+0.5O2→H2O 

CH4+2O2→CO2+2H2O 

CxHy+xO2→xCO2+(y/2)H2O 

  

Char gasification reactions   

C+H2O→CO+H2 

C+CO2→2CO 

C+2H2→CH4 

  

Reforming reactions   



 

H2O+CO↔CO+H2 

CH4+H2O↔CO+3H2 

CxHy+xCO2→2xCO+(y/2)H2 

CxHy+xH2O→xCO+(y/2+x)H2 

CxHy+CO2→Cx-1H-2+2CO+H2 

CxHy+H2O→Cx-1H-2+CO+2H2 

CxHy→C+CH4+H2 

  

 

Various types of biomass gasifiers have been proposed based on gas-solid contacting mode and 

gasifying agent [8]. Based on the gas-solid contacting mode, the gasifiers can be categorised 

broadly into three main categories: 

• Fixed bed (updraft and downdraft) 

• Entrained flow, and 

• Fluidised bed. 

The processes are shown in Fig. 3. The applicable thermal power range for each gasifier type 

varies. In general, the fixed bed gasifiers are mainly suitable for small-scale applications (< 

10MW), fluidised beds to intermediate scales (1 MW – 100 MW) and entrainment flow 

gasifiers for large capacities (>50 MW) [8]. A more detailed description of gasification reactor 

types is available in [9]. 



 

 

Fig. 3. Gasifier types. Adapted from [10] 



 

Fluidised bed gasifiers are often used for biomass gasification. The fluidised bed gasifier has a 

high tolerance for variation in fuel quality. The efficiency of the gasifier is higher than that of 

a fixed-bed gasifier [8]. The entrainment flow gasifier is not often considered for biomass 

gasification since the gasifier requires a small fuel particle size [11]. The entrainment gasifier 

is more typical for coal gasification, where fuel is more homogeneous, and the coal can be 

more easily milled to smaller particle sizes than biomass. Fluidised bed gasifiers can be 

bubbling fluidised bed (BFB) or circulating fluidised bed (CFB) hydrodynamics (see Fig. 4). 

The type of fluidisation depends on operating conditions, such as gas velocity within the 

gasifier (see more details from [12]). Biomass, by nature, is a commonly heterogeneous fuel, 

which makes the fluidised bed a good technological option. The fluidised bed allows easy 

scalability of the gasification by a specific output requirement.  

 

Fig. 4. Fluidised bed gasifiers.  

The fluidised bed gasifiers can be designed as an autothermal or an allothermal. The 

autothermal gasifier uses air or O2 as a gasification agent to partially oxidate the fuel in the 

reactor to produce the heat the gasifier requires to operate. The autothermal gasifier can be a 

BFB or a CFB gasifier. The allothermal gasifier produces heat required by the gasifier 



 

externally from the gasification reactor. Usually, interconnected fluidised beds are used where 

one reactor operates as a gasifier and the second as a combustor. The heat required by the 

gasifier is produced in the combustor and transported to the gasifier by bed material circulating 

between the reactors. The bed material circulation transports a char produced in the gasifier 

into the combustor, where it is combusted to produce heat. Typically, char alone is not enough 

to produce the heat required by the gasifier, and therefore, a support fuel is fed into the 

combustor. The support fuel can be fresh biomass or even off-gases from a refinery process. 

The allothermal gasifier can be constructed by connecting BFB and CFB reactors together. The 

BFB is often operated as the gasifier [13]. However, there is an example of applying a CFB 

reactor as a gasifier as well [14].  

3 Fluidised Bed Gasifiers For BtL Processes 

Fluidised bed gasifiers are currently employed with biomass gasification for power and heat 

generation [15, 16]. The biofuel or chemical synthesis requires N2-free syngas for which 

various fluidised bed gasifier types are available. N2 does not typically participate in chemical 

reactions to produce the synthesis product, and therefore, N2 is an inert gas in most of the 

synthesis processes. Consequently, it only increases the size of the equipment and produces 

additional costs operationally and from an equipment design perspective. The common 

fluidised bed gasifiers proposed for the BtL process are steam-oxygen blown gasifiers and 

allothermal dual fluidised bed gasifiers [17, 18]. Each gasifier type has its own characteristics, 

and the syngas produced by each have different properties. The characteristics of each process 

should be accounted for when the BtL process is designed. The following section reviews 

different gasifiers for BtL processes. 

3.1 Steam-Oxygen Blown Gasification 

Steam-oxygen blown gasification is a prominent gasification technology for BtL processes. 

The gasifier uses steam and pure oxygen as gasification agents. The gasifier design can be CFB 

or BFB. The CFB gasification has received most of the interest in past decades [17, 19–21]. A 

limited number of studies are available for the BFB process [22, 23]. A CFB pilot gasifier 

situated in Bioruukki is shown in Fig. 5 as an example of the gasification process.  



 

 
Fig. 5. Steam-oxygen blown gasifier situated in Bioruukki, VTT. Adapted from [3]. 

Experimental data for the gas composition from pilot-scale CFB gasifiers is shown in Fig. 6 

[17, 19–21]. The experimental data shows (see Fig. 7) when biomass is used as the fuel, an 

H2/CO ratio of the gas is mainly between 0.6 and 1.8 for typical bed materials. Depending on 

the bed material used, reactor design, and other process parameters, such as steam-to-carbon 

ratio, temperature, and pressurising, the gas composition can vary significantly. Experimental 

data for BFB gasification is shown in Fig. 6, which includes data from CFB gasifiers. The 

H2/CO ratio from BFB gasifier [22] varies between 0.3 and 0.8 in Fig. 7. The ratio is generally 

lower than in the CFB experiments. However, other experimental data show that the ratio can 

be even between 1.5 and 1.8 [23]. Directly comparing all experiments is challenging since 

process conditions and reactor design vary significantly.   



 

 

 
Fig. 6. Gas composition from steam-oxygen blown gasification. Legend: ♦ VTT 500 kW 

CFB pilot steam-oxygen blown, 0.25 MPa, ● VTT 500 kW CFB pilot steam-oxygen blown, 

0.2 – 0.6 MPa, ─ Delft 100 kW CFB pilot steam-oxygen blown, ■ VTT 500 kW CFB pilot 

steam-oxygen blown, 0.25 MPa, ▲ Saragossa BFB pilot steam-oxygen blown [17, 19–22].  
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Fig. 7. H2/CO composition of steam-oxygen blown gasifier. Legend: ♦ VTT 500 kW CFB pilot 

steam-oxygen blown, 0.25 MPa, ● VTT 500 kW CFB pilot steam-oxygen blown, 0.2 – 0.6 

MPa, ─ Delft 100 kW CFB pilot steam-oxygen blown, ■ VTT 500 kW CFB pilot steam-oxygen 

blown, 0.25 MPa, ▲ Saragossa BFB pilot steam-oxygen blown [17, 19–22] . 

Besides the main gas species, various gas species considered impurities from the downstream 

processes' perspective are produced. The impurities are typically harmful to the downstream 

processes, and therefore, they must be removed from the gas. The impurities can cause catalyst 

deactivation in catalytic downstream processes. Tars are typical impurities which must be 

removed from the gas. Tar concentrations typically measured from steam-oxygen blown CFB 

pilot reactors are in the range of 10 – 40 g/Nm3 [17, 19, 20]. Using limestone as a bed material, 

the concentration can be even below 20 g/Nm3(dry) is observed [17, 19]. The main component 

in tars is benzene, which accounts for 70% of all measured tars. In BFB gasification 

experiments, tar concentration varies from a few grams up to 40 g/Nm3(dry) when the operation 

temperature is above 800°C [22, 23]. Biomass gasification produces small concentrations of 

NH3, HCN, alkali and heavy metals, chlorine, COS, H2S and other sulphur species. The level 

of impurities is for CFB gasification, according to Table 2.  

Table 2. Impurities measured from CFB gasification [17, 19]. 

Specie   

H2S ppm 100 - 200 

COS ppm < 5 

NH3 ppm 2000 - 5000 

HCN ppm < 20 
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3.2 Dual Fluidised Bed Gasification 

Dual fluidised bed (DFB) gasification is an oxygen-free alternative for steam-oxygen blown 

gasification for the BtL processes. The process consists of an interconnected gasifier and 

combustor. The gasifier is typically steam-blown, and the combustor is air-blown. Various 

concepts have been proposed for the system in past years [24]. The reactor configurations can 

be broadly divided into connected BFB-CFB and CFB-CFB reactors. The operation principles 

of both BFB-CFB and CFB-CFB reactors are, in principle, similar. The gasifier concepts are 

illustrated in Fig. 8. Experimental data for both gasifier types can be found in the literature [14, 

18, 25]. A comparison of measurements from the pilot gasifiers is shown in Fig. 9. The data is 

for various biomasses, and it does not distinguish the influences of different operating 

parameters. The comparison shows that the CFB gasifier has smaller CO and higher CO2 

concentrations than the BFB gasifier. The H2 concentrations are quite equal. When H2/CO ratio 

is plotted (Fig. 10), it can be observed that the CFB produces a higher H2/CO ratio than BFB, 

which could cause a higher water-gas shift conversion in the gasifier. The difference in CO2 

concentrations also supports the observation. 

 

Fig. 8. Dual fluidised bed gasifiers.  

 

 



 

 

 
Fig. 9. Gas composition from DFB gasification experiments. Legend: ♦ TUW classic gasifier, 

● TUW advanced gasifier, ▲ VTT CFB gasifier [14, 18, 25]. 
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Fig. 10. H2/CO ratio from DFB gasification experiments. Legend: ♦ TUW classic gasifier, ● 

TUW advanced gasifier, ▲ VTT CFB gasifier [14, 18, 25]. 

Overall measured tar concentrations from the pilot gasifiers [14, 18, 25] are shown in Fig. 11. 

VTT (Technical Research Centre of Finland) CFB gasifier and TUW (Technische Universität 

Wien) advanced gasifier produces quite similar total tar concentrations. Very low tar 

concentrations are achieved with the classic TUW gasifier. In each facility, the gasifier design 

is different. Also, the used bed material is different. A mixture of dolomite and sand was used 

in the VTT gasifier, while the TUW gasifier used olivine as the bed material. The dolomite 

catalytic activity for tar reforming is quite similar to olivine [26]. The experiments with Classic 

TUW gasifier were conducted with used olivine, which has enchanted catalytic properties 

compared to fresh olivine [25]. This could be one possible explanation for the low tar 

concentrations in the TUW classic gasifier. Generally, the tar concentrations from the DFB 

gasifier are similar to steam-oxygen blown gasification.  

DFB gasifiers show H2S, NH3 and COS forming during the gasification process [14, 27]. The 

concentrations are similar to measurements from steam-oxygen blown gasification 

experiments shown earlier. The data shows concentrations to be dependent on the used 

biomass. NH3 concentration for the CFB gasifier varied from 311 to 2242 mg/Nm3 (dry). The 

use of bark as fuel produced higher NH3 concentration crushed wood pellets. H2S and COS 

concentrations were 140-180 ppm and 3-5 ppm for bark, respectively. For crushed wood 

pellets, H2S concentration was 20 ppm and COS 0.5 ppm. For the Gussing 8 MW BFB gasifier 

[14] using wood chips as fuel, the concentration of 130-170 ppm(dry) H2S and 1100-1700 
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ppm(dry) NH3 have been measured. The COS measurements are not available. The COS levels 

can still be expected to be similar to those measured in the other gasification processes with 

similar fuel. 

 

Fig. 11. Tar measurements from DFB gasifiers. Legend: ♦ TUW classic gasifier, ● TUW 

advanced gasifier, ▲ VTT CFB gasifier [14, 18, 25]. 

3.3 Comparison Of Gasification Technologies 

Data presented in previous chapters is summarised in Table 3. The data shows DFB gasifiers 

to have an overall higher H2/CO ratio for raw gas. The ratio can be around 2.0 or higher. The 

ratio around 2.0 is beneficial since the need for syngas modification is lowered for many 

synthesis processes. The DFB gasifier, in general, is a more complex process than the steam-

oxygen blown gasifier. Controlling solids flow efficiently in DFB is a significant design 

challenge. The DFB process requires fuel for the combustor and gasifier. The fuel feed in the 

combustor lowers the overall carbon utilisation of the process compared to the steam-oxygen 

blown gasifier. Typically, the DFB is designed oxygen-free which is the greatest benefit of the 

process. The cost of oxygen production on-site is a significant additional operating cost. Tar 

production in steam-oxygen blown CFB gasifiers can be lower than the DFBs. The temperature 

of the steam-oxygen blown CFB gasifier can be the main reason for the difference. The reactor 

is operated at higher temperatures than the DFB. Lower tar concentrations are observed in the 

BFB gasifier than in CFBs.  
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Table 3. Comparison of fluidised bed gasification reactor data. 

 Steam-oxygen blown 

gasification 

Dual fluidised bed 

gasification 

Temperature 800 – 900°C < 850°C 

Pressure > 1 bara 1 bara 

O2 use Used in gasifier Can be used in combustor 

Reactor gasification reactor gasification reactor + 

combustion reactor 

Raw gas H2/CO ratio CFB: 0.6 – 1.8 

BFB < 1.0 

0.6 – 2.8  

Raw gas tar concentration CFB: 10 – 40 g/Nm3(dry) 

BFB: 5 – 40 g/Nm3(dry) 

5 – 40 g/Nm3(dry) 

CFB: > 20 g/Nm3(dry) 

Impurities Similar 

 

4 Biomass Gasification Island Of Methanol Synthesis Plant 

Production of synthetic fuels and chemicals requires a complex multi-stage process to produce 

the synthesis product. The gasification island is the main production line for preparing 

synthesis gas for the synthesis process. The gasification island's aim is to produce syngas with 

gas composition and quality criteria, such as concentration impurities, are satisfied according 

to the requirements of the synthesis process. A general overview of the synthesis plant is shown 

in Fig. 12. The overall process consists of a gasification island, power island, synthesis island 

and auxiliary equipment. The gasification island includes a feedstock dryer, gasifier, tar 

removal section, filtration, gas cooler, gas modification (e.g. water-gas shift reactor, syngas 

hydrolysis reactors), acid-gas removal, syngas compression and various heat exchangers. The 

power island of the plant includes a steam cycle with a possible axillary boiler and steam 

turbine. The synthesis island includes a synthesis reactor and equipment related to finalising 

the synthesis product based on the quality criteria for the product. Auxiliary equipment required 

by the synthesis plant can be an air separation unit to produce oxygen, electrolyser, feedstock 

handling, etc., depending on the system's overall configuration. Synthesis island design 

depends significantly on the selected gasification technology and the desired main equipment.   



 

 

Fig. 12. BtL synthesis plant. 

Synthesis of methanol occurs by hydrogenation of CO and CO2:  

𝐶𝑂 + 2𝐻2 ↔ 𝐶𝐻3𝑂𝐻  (1) 

𝐶𝑂2 + 3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 (2) 

The reactions take place in the presence of a copper oxide catalyst at 250 – 280°C temperature 

and 60 – 80 bars [3]. All commercially available modern catalyst systems are based on Cu-

ZnO-Al2O3 or Cr2O3 with different additives and promoters. The modern catalyst allows over 

99.9% selectivity for methanol. The process is the so-called low-pressure methanol synthesis, 

which is the main route for methanol synthesis. The syngas for the synthesis requires 𝑀 = 2 

or 𝐻2/𝐶𝑂 = 2 composition based on stoichiometry (Eq. 1 and 2), and it must be free of sulphur 

(H2S < 0.1ppm) [3]. Methane, argon and nitrogen are inert gases in the synthesis [3].  

The economics of a large steam-oxygen gasification technology-based synthesis plant for 

methanol production was investigated previously for a plant with a 300 MWth gasification unit 

[3]. The investigation found the total investment in the synthesis plant was 450 M€ (2013). The 

gasification island without oxygen production and biomass pretreatment equipment was 45% 

(150 M€) of the total capital investment costs of the synthesis plant. The share of synthesis 

island was 17%. The rest was from auxiliary equipment and power island. The oxygen 

production was alone 15% of the total investment costs. The levelized cost of fuel production 



 

(accounting for lifetime production costs) for methanol was around 380 €/ton (60 €/MWh). 

The newer study of methanol-derived gasoline (MTG process) with a smaller 100 MW gasifier 

design (gasification island investment cost 59 M€) shows the production cost of gasoline to be 

without electrolyser, 623 €/ton (gasoline) [28]. The prices of the previous examples will vary 

with the cost of biomass feedstock. For CO2-based methanol production, the price of the 

methanol is estimated to be around 700-1100 €/ton with various process configurations and 

CO2 sources [29–31]. The production cost of CO2-based methanol varies with the electricity 

price. Production of methane with autothermal reforming of methane is estimated as 269 €/ton 

[32]. With the given examples, it can be stated that improvements in the overall efficiency of 

production processes are required for bio-methanol to be competitive with fossil-based 

methanol production.  

The efficiency of the synthesis plant can be evaluated by the conversion of energy from 

feedstock into the final product and the carbon efficiency of the system (i.e. how much of the 

feedstocks’ carbon is converted into the final product). Typically, not all energy can be 

converted into the final product. A part of the energy is lost and can be used to produce utilities 

(heat and electricity) for the process itself or external consumers. Carbon conversion to the 

final product is an important parameter. Carbon efficiency often deteriorates if CO2 produced 

by the gasifier is purged from the system. This is typically done when CO2 cannot be utilised 

in the synthesis of the final product. Methanol synthesis can utilise CO2 directly in the 

hydrogenation reaction (Eq. 2). It is therefore beneficial to set a goal to obtain an M=2 ratio for 

the syngas where all carbon is used to produce the methanol. The following chapters will 

describe the typical gas modification options and design of a gasification island based on 

gasifier performance.  

4.1 Process Design Alternatives For Gas Modification And Purification 

The design of the downstream process for gas modification and purification depends on the 

gasification technology and synthesis product. Generally, most of the synthesis processes have 

the same requirements for syngas purity. However, modification is done based on the 

requirements of the synthesis. Heat integration should be considered when designing 

downstream processes. The process equipment of the downstream process has different 

requirements for process temperature, which can allow heat extraction from the process for the 

power island. After cleaning, the syngas should be ultra-pure. Where the concentrations of 

impurities are <0.1 ppm and syngas must be particle-free.  



 

The syngas is filtered after the gasifier to remove particles from it. High-temperature filtering 

also removes alkali- and heavy metals and chlorides from the gas. The filtration temperature is 

typically 300-500°C [33]. The temperature is chosen based on the tar-loading of the gas. Low 

filtration temperature can cause tar condensation and lead to a sticky dust cake that is difficult 

to clean. 

The syngas tar concentration must be <0.1 ppm. A catalytic reformer or oil washing could be 

employed to remove tars from syngas. The catalytic reformer allows tars to be removed at the 

ppm level in syngas. An absorbent reactor or equal is still needed to make the syngas virtually 

tar-free. The benefit of the catalytic reformer is that it could increase the H2/CO ratio of syngas 

after the gasifier. Therefore, the catalytic reformer is a particularly suitable tar clean-up system 

for synthesis gas applications [14, 33]. The reformer can convert organic sulphur species to 

hydrogen sulphide (H2S), which is a form of sulphur that is easy to remove downstream from 

syngas. Ammonia (NH3) concentration of syngas is decreased by the reformer [14, 33]. The 

reformer also reforms 100% of C2+-hydrocarbons that are likely to cause coking of the synthesis 

catalysts later in the process if not removed [14, 33]. The reformer reforms a part of the methane 

in syngas, which is an inert gas in most of the synthesis process. Catalytic reformers allow for 

the reduction of syngas methane concentration to even 70%. High operating temperatures are 

required for the reformer. Therefore, it is often an autothermal reformer (ATR) using oxygen. 

The operating temperature of the reformer using nickel catalyst requires operating temperatures 

>900°C to avoid catalyst deactivation [33]. A catalytic reformer can be placed before the hot-

gas filter, allowing the filter to operate at lower temperatures. The concept has been 

demonstrated in commercial operation in the Skive gasification plant [15]. In this case, the 

catalysts must be monolithic type to avoid clogging by the fly ash and dust. Placing the 

reformer before the filter has a positive effect from a heat integration perspective. The design 

eliminates the temperature swing between the gasifier and the reformer caused by the syngas 

filtration. An option for catalytic reforming is oil washing of the syngas. Washing of syngas is 

conducted using oil, such as rapeseed methyl ester (RME) and equivalents. The washing was 

used in the GoBiGas demonstration plant [34]. The use of washing requires processing steps 

for olefines in syngas downstream to washing, for example, by hydrogenation [34]. 

In a conventional gasification island design, a water-gas shift reactor adjusts the H2/CO ratio 

to 2.0. The water-gas shift reactor used can be a so-called sour shift reactor where sulphur-

tolerant catalysts are used or a sweet shift reactor. The sour shift reactor can convert carbonyl 

sulphide (COS) and other organic sulphur compounds to hydrogen sulphide (H2S) [3]. 



 

Therefore, a separate COS hydrolysis reactor is not required before the sour shift reactor. The 

temperature of the sour shift reactor is 400°C. When the sweet water-gas shift reactor is used, 

sulphur species removal from syngas is required before the reactor. The COS hydrolysis reactor 

and acid gas removal (AGR) unit are basically required before the sweet water-gas shift reactor. 

The AGR is used to remove H2S and other sulphur species from syngas. Commercially, 

desulphurisation uses a regenerative absorber where solvents are used to separate H2S from 

syngas. The commercially available AGR process, for example, is the Rectisol unit, which uses 

methanol as a solvent [35]. Where H2S, trace contaminants (tar, NH3, and HCN), CO2 and COS 

(trace concentrations) can be removed from syngas. Sulphur species can be removed to 0.1 

ppm level and CO2 to ppm level. The process design options are summarised in Fig. 13. 

 

Fig. 13. Various process design options with the main unit processes. 

The development of water electrolysis in recent years and the growth of the availability of 

renewable electricity have made combining electrolysers with synthesis plants an interesting 

alternative. The H2 produced by the electrolyser can be used to adjust the H2/CO ratio 

downstream to the gasifier. The use of an electrolyser makes the water-gas shift reactor 

needless. However, the electrolyser requires an external supply of electricity (higher than 

cryogenic separation of air [28]), which negatively affects the overall balance of the synthesis 

plant. Carbon utilisation from biomass to synthesis products can be enhanced [28]. When the 

plant is designed, the availability and prices of biomass and renewable electricity must be 

considered.   

4.2 BtL Process with Steam-Oxygen Blown Gasification 

The design of the BTL process for methanol production applying steam-oxygen blown 

gasification follows the principles shown in Fig. 12. The system includes a gasification island, 
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synthesis island and power island. Oxygen on site can be produced via cryogenic air separation 

or electrolysis. Traditionally, a design with cryogenic separation has been the main choice. 

However, due to late developments in electrolysis, power-biomass-to-liquid (PBtL) has 

become an intriguing option.  

A gasification island of the conventional BtL process is described in Fig. 14 a). Steam-oxygen 

blown gasifier processes H2/CO ratio and module (M) below the requirements of the synthesis. 

The H2/CO ratio is typically below 1.3, and M is very small. Therefore, syngas modification is 

required to adjust the composition suitable for the synthesis. The main unit processes of the 

BtL process with steam-oxygen blown gasifier are (1) Dryer, (2) Gasifier, (3) High-temperature 

filter, (4) Reformer, (5) Syngas cooler, (6) Sour shift, (7) Water scrubber, (8) Compressor, (9) 

Acid gas removal unit. Impurities are cleaned with process steps 3, 4, 6, 7 and 9. 

In the PBtL concept (see Fig. 14 b)), the H2/CO ratio is adjusted to a suitable level using the 

electrolyser. The electrolyser replaces the water-gas shift reactor and cryogenic air separation 

unit. The PBtL concept on the main parts is similar to the BtL process. In principle H2/CO ratio 

can be adjusted to 2.0, or even significant quantities of H2 could be produced to match the 𝑀 =

2 ratio, which enhances carbon utilisation in methanol synthesis. However, the 𝑀 = 2 ratio for 

syngas might require a significant size electrolyser. 

The conversion of energy to methanol for conventional gasification island is around 60% of 

feedstock LHV (lower heating value) [3]. The efficiency stays similar if an electrolyser is 

included in the process [28]. The CO-based methanol production can utilise 40% of the input 

carbon [28]. However, a high carbon utilisation from feedstock to methanol is obtained with 

electrolyser when 𝑀 = 2 is the goal composition for syngas. The utilisation can be as high as 

92% [28]. 



 

 

Fig. 14. A generalised a) BtL and b) PBtL processes with steam-oxygen blown gasifier. 

4.3 BtL Process with DFB Gasification 

Methanol production employing a DFB process allows for the simplification of the gasification 

island. The gasifier does not require pure oxygen production for combustion. The DFB 

produces syngas with a higher H2/CO ratio than steam-oxygen blown gasification. The gasifier 

with both CFB and BFB hydrodynamics can produce syngas with H2/CO ratio over 2.0 at 800 

– 900°C temperatures. Usually, a module (M) of the gas remains low. A generalised BtL 

process with DFB is shown in Fig. 15. The main unit processes of BtL process are (1) Dryer, 

(2) Gasifier, (3) High-temperature filter, (4) Reformer, (5) Syngas cooler, (6) Sour shift + COS 

hydrogenator, (7) Water scrubber, (8) Compressor, (9) Acid gas removal. The design of the 

gasification island can be much simplified compared to steam-oxygen blown gasification when 



 

oxygen production is not required. The H2/CO ratio is often close to 2.0 but not significantly 

above. Therefore, a sour water-gas shift reactor might be required to make the final adjustment 

for the gas composition if required. Impurities are cleaned with steps similar to steam-oxygen 

blown gasification. A separate COS hydrogenator is required for the by-pass of the sour shift 

reactor if the source shift is not required for the gas. 

DFB gasifiers can have lower carbon efficiency than steam-oxygen-blown gasifiers because 

part of the carbon supplied for the process is lost in the combustor flue gas. The carbon 

efficiency still around 30 – 40 % can be expected [28]. The energy conversion can be expected 

to be around 60%, similar to that of the steam-oxygen blown gasifier. 

 

Fig. 15. A generalised BtL process with a DFB gasifier. 

5 Conclusions 

Methanol is an important intermediate chemical for the production of other chemicals. 

Synthetic methanol production is in the presented day mainly based on fossil-based raw 

materials (i.e. coal and natural gas). Methanol production via a thermochemical route with 

biomass gasification allows the production of a low-carbon emission methanol. The application 

of different gasification technologies for methanol production was reviewed in this chapter. 

The review concerned data from pilot-scale biomass fluidised bed gasification reactors. The 

fluidised bed is the most prominent gasifier type for biomass gasification in medium and large-

scale applications. The review included steam-oxygen blown gasification and DFB gasifiers. 



 

The data from the gasifiers shows the H2/CO ratio of DFB gasifiers to be higher than steam-

oxygen blown gasifiers. Greater syngas modification for steam-oxygen blown gasifiers is 

required to make syngas suitable for methanol synthesis than for the DFB gasifiers. 

Requirements for gas purification are similar in both gasifier types.  

The design of the gasification island of the methanol synthesis plant was assessed based on the 

gasification technologies and available performance data. The design of a gasification island 

with DFB gasifier produces a more simplified overall design of the system. However, the 

gasifier design itself is more complex than the steam-oxygen blown gasifier. Steam-oxygen 

blown gasification requires significant syngas modification and on-site oxygen production. 

Separate unit-processes are required to both or alternatively, an electrolyser is required. A price 

range of methanol production with steam-oxygen blown gasification has been previously 

estimated for a 300 MWth large-scale system without electrolyser. The price of the methanol 

was around 400 €/ton. The production price of the methanol with the electrolyser on the site 

depend on the consumed electricity to produce the H2 and the price and performance of the 

electrolysers in the future. Estimates for methanol price with a DFB gasification are not 

available. However, the price can be estimated to be similar to steam-oxygen blown 

gasification. DFB gasification for methanol production can be recommended based on the 

systems' overall complexity. The principles of design and operation of the DFB gasifier as part 

of methanol synthesis should be investigated to lift off the uncertainty regarding the gasifier. 
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