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Abstract 
Thermochemical conversion of biomass is a promising option to produce energy-dense liquid biofuels, 
aiming to phase out fossil fuels from the transportation sector. Integration of renewable electricity 
boosts biofuel yield and carbon conversion from the scarce biomass resource, creating an indirect 
electrification of the transportation sector. Coupling biomass gasification and solid oxide cells (SOC), 
able to run in both electrolysis and fuel cell mode, constitutes the framework for flexible biofuel 
production. This paper compares the performance of five novel plant configurations for flexible 
biomass conversion to methanol and power. The plant performance is evaluated at five different 
operation modes: high production of methanol at low/intermediate electricity prices, co-production of 
electricity and methanol at high prices, and production of electricity without methanol co-production at 
price peaks. A TwoStage gasifier, a bubbling fluidized bed and an entrained flow gasifier are chosen 
as gasification technologies. The systems are thermodynamically modeled, and analyzed in terms of 
efficiency and carbon conversion. The highest efficiencies are achieved with the systems based on 
TwoStage Electro-gasifier (71%) and entrained flow gasification with pyrolysis as fuel pre-treatment 
(72%). The flexibility achieved by this technology combination enables high capacity factors, 
important for an accelerated commercialization of thermochemical biomass conversion. 

Keywords: Gasification; Biomass; Solid Oxide Cells; Flexible systems; Bio-methanol; Indirect electrification. 

    
Nomenclature     
Symbols  Abbreviations  
����  Active area of SOC [m2] AC High-frequency alternating current 
���  Area specific resistance [Ω∙cm2] AGR Acid gas removal 
��  Specific heat capacity [kJ/kg K] ASU Air separation unit 
	
����,��  Average Nernst potential [V] BFB Bubbling fluidized bed 
�/�  Hydrogen to carbon ratio [-] BOP Balance of plant 
���  Higher heating value [kJ/kg] CFB Circulating fluidized bed 
����  Current density SOC [A/cm2] CHP Combined heat and power 
����  Total current SOC [A] DC Distillation column 
���  Lower heating value [kJ/kg] DME Dimethyl ether 
�  Mass [kg] DTU Technical University of Denmark 
��   Mass flow rate [kg/s] EFG Entrained flow gasifier/gasification 
�  Pressure [bar] FICFB Fast internally circulating fluidized bed 
��  Partial pressure i-species [bar] FT Fischer Tropsch 
��   Heat flow rate [MW] GDC Gadolinum doped Ceria 
�  Temperature [°C] MEA Monoethanolamine 
 !  Utilization factor [-] MeOH Methanol 
��"#,���  Operating voltage SRU SOC [V] Ni Nickel 
$�   Electric power [MW] POX Partial oxidation 
%�  Molar fraction i-species [-] SOC Solid oxide cell 
Χ  Conversion [-] SOEC Solid oxide electrolysis cell 
Δ�  Pressure difference [bar] SOFC Solid oxide fuel cell 
Δ�  Temperature difference [°C] TC Topping column 
(  Efficiency [-] TUM Technical University of Munich 
(��  Isentropic efficiency [-] WGS Water gas shift 
()�*+  Mechanical efficiency [-]   
(�,  Cold Gas efficiency [-]   
    
 

 

 

  



1. Introduction 
A direct electrification of the transportation sector by battery electric vehicles is very important to 
reduce the emissions of fossil-based CO2 [1]. However, application of batteries in heavy 
transportation (air, marine and land) seems unfeasible and this sector will likely rely on the 
supplement of energy-dense liquid fuels. Biomass-based fuels can serve as substitutes for fossil-
based fuels, to reduce the carbon footprint within this sector. Thermochemical conversion of biomass 
by gasification produces a syngas that can be converted to liquid fuel by chemical synthesis. The 
biofuel production can be boosted with renewable electricity by adding electrolytic hydrogen to the 
syngas. Such a fuel is often referred to as an electrofuel. Methanol (MeOH) can be produced as an 
electrofuel. Methanol is a basic chemical feedstock but also an attractive versatile fuel, as it can feed 
internal combustion engines [2], can efficiently be converted to dimethyl ether (DME) [3] to be used in 
diesel engines, or serve as a building block used for the production of jet-fuels [4–8].  
Several modeling studies have been carried out to investigate the potential of methanol production 
from wood biomass via thermochemical conversion [9–16].  
Hamelinck et al. performed a techno-economic analysis of methanol production systems based on 
biomass gasification via (1) a pressurized directly oxygen-blown bubbling fluidized gasifier and (2) an 
atmospheric indirectly heated fast fluidized gasifier, showing input-output efficiencies in the range 50-
57% (based on higher heating value) [9]. 
Isaksson et al. [10] and Holmgren et al. [11,12] proposed different systems based on a pressurized 
circulating fluidized bed (CFB), achieving a maximum efficiency of ~52% and a carbon conversion of 
~44%. 
Tock et al. [13] investigated different plants based on a fast internally circulating fluidized bed (FICFB) 
or a CFB gasifier at atmospheric pressure, with an efficiency up to ~54% and overall carbon 
conversion up to ~34%. Clausen [14,15] analyzed methanol synthesis via a pressurized entrained 
flow gasifier, maximizing the efficiency (up to ~62%) and the overall carbon conversion (~96%) of the 
process by injecting electrolytic H2 in the produced syngas. 
Zhang et al. proposed a techno-economic optimization of three methanol production facilities based 
on entrained flow gasification combined with WGS or solid oxide cells (SOC) units to condition the 
syngas [16]. Zhang et al. showed that the unit based on WGS ensures lower methanol production 
costs despite lower efficiency (~53%) and carbon conversion (~37%), while production units featuring 
steam electrolysis via SOC have higher efficiency (~66%), carbon conversion (~71%), and higher fuel 
production costs.  
When utilizing renewable electricity from wind and solar, the electrolysis operation will vary greatly 
over time. To enable a high capacity factor of the remaining production plant you need either gas 
storages for hydrogen and oxygen or you need a flexible plant that has a range of operating modes, 
rather than a single mode. Sigurjonsson et al. [17] showed the importance of having flexible poly-
generation plants able to adapt the operation to the dynamic electricity prices, to maximize the 
capacity factor.  
In this context, previous studies by the authors [18,19] investigated a novel integration of the 
TwoStage gasifier and solid oxide cells to produce methanol, with either a consumption or production 
of electricity depending on the electricity price. This deeper coupling enabled carbon conversion up to 
92% and efficiencies within the range 37-71%, depending on the operating mode. The integration 
features the operation of the SOC on cleaned pyrolysis gas, where tars were converted on the highly 
reactive nickel-percolated electrode of the SOC. Operation on tar-laden pyrolysis gas is a big issue for 
the SOC lifetime and new materials, such as e.g. Nickel gadolinium-doped-ceria (Ni-GDC), might be 
needed for the electrodes to withstand the high tar load. A safer solution entails the use of a pre-
reformer upstream of the SOC, to fully or partly convert the tars and avoid carbon formation and 
deposition within the channels of the SOC. 
To the knowledge of the authors, no other relevant research study in the literature treated 
thermodynamic analysis of flexible methanol production units. It is necessary to investigate other 
novel biofuel production systems based on thermal gasification and SOC that are able to adapt the 
operation to the electricity price. Since the SOC is sensitive to carbon formation, it is relevant to 
investigate solutions involving SOC operating on H2O/H2 mixtures or tar-lean gas. This paper aims to 
fill this knowledge gap by proposing the conceptual design and analysis of four novel large-scale 
(~100 MW th input) alternatives to the system presented by Butera et al. [18]. All the proposed 
technologies are able to operate at different electricity prices, by adjusting the operation of one or 



more components. Each solution is able to maximize the capacity factor, producing methanol at 
low/intermediate electricity prices, co-producing electricity at high electricity prices and prioritizing 
electric power production during electricity price peaks. The overall concept is shown in Figure 1. 
 

 
Figure 1: Concept for the operation of the flexible plants at different electricity prices. Figure modified from [18]. 
The systems gradually changes operation from one mode to another, meaning that there are no discontinuities 
when changing operation to match the current electricity price. 

Among the available thermochemical conversion routes for biomass conversion, it was decided to 
focus on (1) the TwoStage gasifier, (2) a bubbling fluidized bed (BFB), and (3) a pressurized 
entrained flow gasifier (EFG). 
The TwoStage gasifier is a well-established technology developed at the Biomass Gasification Group 
at the Technical University of Denmark (DTU), enabling biomass conversion to syngas with cold gas 
efficiency above 90% and high carbon conversion [20–23]. The key strength of the TwoStage gasifier 
is the production of a syngas free of tars, perfect for power production in e.g. a gas engine [23–25]. 
However, the high content of nitrogen, injected via the partial oxidation (POX), hinders the 
downstream production of biofuel. Substituting the POX step of the conventional Viking TwoStage 
gasifier enables a higher quality syngas and a higher yield of MeOH. A first solution – mentioned 
above – was proposed by the authors in [18,19] and is described further in section 2.1. A second 
solution, proposed in section 2.2, involves the use of an electrically heated fixed bed char gasifier – 
where electricity provides heat for the gasification reactions and char acts as active carbon to convert 
pyrolysis tars [26]. An SOC placed downstream, operating as solid oxide electrolysis cell (SOEC), 
solid oxide fuel cell (SOFC) or at high frequency alternating current (AC) [18,27] – thus reforming CH4 
and other light hydrocarbons – adapts the whole system to the electricity price by either consuming or 
producing electric power. 
The fluidized bed gasifier guarantees some advantages in terms of scalability of the reactor [28],  
good carbon conversion up to ~90% [29] within a single reactor, and no particular fuel pretreatment. 
This paper focuses on a BFB developed at the Technical University of Munich [30,31], where heat for 
the gasification reactions is provided through heat pipes (see section 2.3). A downstream tar reformer 
converts tars in the product gas, whereas an SOC enables flexible operation by either consuming or 
producing electricity. These three solutions feature operation of the gasification section at 
atmospheric pressure, to limit CH4 formation in the SOEC [32].  
Pressurized EFG is employed on a commercial scale for coal gasification [33], producing a syngas 
rich in CO and H2, free of tars and hydrocarbons. Efficiency and carbon conversion approach ~79% 
and ~100%, respectively [34]. Such high carbon conversion is achieved by pulverizing biomass to 
small particle size and having a high reactor temperature of ~1400 °C [34]. Among the modeling 
studies about entrained flow gasifiers, Hillestad et al. proposed a solution converting wood biomass to 
Fischer-Tropsch (FT) fuels via integrating the entrained flow reactor with injections of electrolytic H2, 
achieving an efficiency of 70% and an overall carbon conversion up to 91% [35,36]. The present work 
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proposes two solutions to convert wood biomass to methanol via EFG. The first without fuel pre-
treatment before the milling process. The second with pyrolysis to reduce the power consumption of 
the biomass milling process. The plants are described in detail in sections 2.4 and 0.  
The analysis of the novel solutions is carried out from a thermodynamic perspective, focusing on the 
potential energy efficiency, carbon conversion and system complexity, under the important premise 
that the employed core technologies, such as e.g. SOC and gasification reactors, will be further 
developed and commercialized.  
  



2. Methods and systems design 
The systems have been thermodynamically modeled using Aspen Plus from AspenTech® [37]. 
Redlich-Kwong-Soave (RK-SOAVE) equation of states (EOS) have been used for solid processing, 
Peng-Robinson with Boston-Mathias modifications (PR-BM) EOS for gas processing, while 
Schwartzentruber-Renon (SR-POLAR) EOS were used for the methanol synthesis and distillation 
process. Table 1 reports assumptions valid for all of the proposed systems. Tables 2 – 4 describes 
thoroughly the modeling of each system, named after the type of gasifier used. 
 
Table 1: Common assumption used during the modeling in Aspen Plus for the five proposed plants. 
Woody biomass feed (Beech wood chips)  
Moisture content: 50 wt% 
Composition (dry basis) [wt%]: C 48.1; O 44.8; H 6.4; N 0.081; ash 0.619 a [38,39]. Dry biomass input 100 MWth. 

��,-�. 011-[kJ/kg 
K] 

1.35 ���-�. [kJ/kg] 19680 �2�1)���,� [°C] 25   

Steam dryer  
�����),�  [°C] 200 �����),13�  [°C] 120 ∆�-�.��  [mbar] 30 �2�1)���,13� [°C] 190 
Moisture out 

[wt%] 
2       

Gas cleaning  
∆������*5�6��)[mb

ar] 
5 (50b) ∆��3573�6��)  

[mbar] 
20 (200b)     

Turbomachinery  and ejector  
(��,*1)�� [-] 0.8 (��,*1)��.����651�- 

[-] 
0.4 ()�*+ [-] 0.98 (�9�*�1�  [-] 0.2 [18] 

(��,2510�� [-] 0.4       
Heat exchangers – Grand composite curves  
Pinch analysis is used to check whether any external heat source is needed. 

∆�:; [bar] 0.01 (0.1b, 0.8c) ��
51��,:;[MW] 0 ∆�/2=�� [°C] 25 ∆�/25�> [°C] 5 

∆�/2����6*1- 
[°C] 

2.5       

Acid Gas Removal ( AGR) with Monoethanolamine (MEA)  
All water is removed from the syngas at the outlet of the AGR section. 

∆�?," [mbar] 50 ���21�5�� [°C] 110 @��2  
[MJ/kgCO2captured]  

3.8 [40] %��A,�.=�� 13�  [-] 0.012 

AGR with Methanol (Rectisol ® Process – modified d) 
All water is removed from the syngas at the outlet of the AGR section. 

∆�?," [bar] 0.5 B�5,*115�= [MJel/kg
syngas] 

0.06 [41] %��A,�.=�� 13�  [-] 0.012   

Methanol synthesis  
Boiling water reactor (isothermal) [42]. ∆�����1�*+ of 15 °C for both methanol reaction and WGS reaction. SR-POLAR equations for the methanol loop. 
97% of the unconverted gas is recirculatede. %:C/%��A

 of 2 at the reactor inlet. 
Distillation  
SR-POLAR equations of states for the distillation process. 
Topping column (TC): 10 stages. Distillation column (DC): 35 stages. Feed stage positions optimized. 

�D� [bar] 8.0 �*1-,D� [°C] 30 %��A,21��1)6D� 
[ppm] 

1 �E� [bar] 1.013 

%:A�,�1�6E� [-] 0.001 %F��:,21��1)6E� [-
] 

0.03     

Burner  
∆�23���  [mbar] 10 �23���,13�  [°C] 950 ��

51��[MW]  0   
Power Production (Turbocharged Gas engine – Gas Turbine)  

ηgas engine [-] 0.38 �� [bar] 2.02 �13�  [°C] 400 ∆��=�� [mbar] 10 
���  [°C] 1300 (��,�3�2�� [-] 0.88     

Heat pump for condenser -reboiler of the distillation column  
��13�*� [°C] 64 ���G [°C] 95 �HI"��5/

�HI���1�  [-] 
0.5   

a Sulfur content is neglected as it is below 0.05 wt% [38]. 
b Intermediate pressures (considered up to 50 bar). 
c High pressures (considered above 50 bar). 
d Since Sulfur is removed in a ZnO/CuO fixed bed reactor, the heat consumption for the solvent regeneration of the conventional Rectisol® process is avoided. The 
solvent is regenerated for CO2 with flash tanks. Only power consumption for the cooling plant compressor is considered. 
e If N2 is present in the syngas to the methanol reactor (as in the TwoStage Electro-gasifier), recirculation is calculated by limiting the volume flow rate at the inlet of the 
methanol reactor to the highest value in the other operation modes (i.e. at very low electricity prices). 

 
All the proposed plants featured a steam drying system, using recirculated superheated steam to dry 
beech wood chips. This solution enabled to dry biomass to a very low moisture content (~1-2 wt%) in 
e.g. a fixed bed reactor. A ZnO/CuO fixed bed reactor operating at 250 °C was used to remove H2S, 
COS and organic compounds-bound sulfur, which would otherwise pollute the SOC or the methanol 
synthesis catalyst [43]. A chlorine guard might be needed to remove Chlorine-containing species and 
avoid catalyst poisoning [44]. Depending on the operating temperatures, ceramic or metallic candle 
filters were used to remove particles. Two solutions were adopted to perform the CO2 removal: at 
atmospheric pressure, chemical absorption using Monoethanolamine (MEA), while physical 
absorption with the Rectisol® process1 was used at high pressures. The captured CO2 can be 
recirculated or vented as explained below. Pinch analysis and grand composite curves were used for 
each case to evaluate whether external heat sources were needed. FactSageTM 7.3 was used to 

                                                      
1 Rectisol® process is preferred to the SelexolTM process, as methanol for the make-up was directly available in the plant. 



ensure that the SOC operating conditions did not result in operation within the carbon formation 
region. 
 
2.1.  TwoStage Electro-gasifier 
The novelty of the earlier work proposed by Butera et al. in [18,19] (Figure 2) is the ability of the plant 
to operate flexibly and continuously over a wide range of electricity prices, through a deep integration 
of the TwoStage gasifier and an SOC. The plant was based on a novel version of the TwoStage 
gasifier, consisting of an updraft fixed bed pyrolysis unit and a fluidized bed char gasification reactor. 
A preliminary experimental campaign showed the high potential for upscaling the novel pyrolysis unit 
presented by Gadsbøll et al. in [39]. The operation of the SOC on a carbonaceous gas limits the 
possible pressurization, as methane will form in the SOC [32], resulting in a lower methanol yield [19]. 
Downstream the atmospheric pressure gasification section, syngas is cleaned for particles, and CO2 
is removed with MEA. CO2 is recirculated ahead of the SOC when it operates in electrolysis mode – 
CO2 recirculation is beneficial to maximize the overall carbon conversion and the methanol yield [19]. 
When electricity production is prioritized, CO2 is vented, or not captured. At low/intermediate electricity 
price, electric heating provides the heat for char gasification reactions through resistance elements 
inside the fluidized bed gasifier. The SOC can switch operation from (1) SOEC to (2) reformer (AC) – 
to (3) SOFC, corresponding to very low, low and intermediate electricity prices. At high/very high 
electricity prices, the SOC works as SOFC, while air is injected in the fluidized bed to partially oxidize 
the gas and to provide the heat for the gasification reactions. At very high electricity prices, MeOH 
synthesis is avoided and syngas is sent directly to a gas engine for electricity production. It is 
expected that hydrodynamics and temperature profiles within the char gasifier change when switching 
from electric heating to air-blown operation.   
A more thorough description of the plant is found in [18,19]. Table 2 provides the assumptions used in 
the modeling. A fictive concentration of 50 g/Nm3

dry gas of naphthalene is assumed in the pyrolysis gas 
– in reality tars include several different molecules. The pre-reformer2, based on [45], partially reforms 
the tars – it is assumed that 50% of the tars are converted within this catalytic reactor [45], while the 
rest are converted on the highly reactive Ni-percolated electrode of the SOC. Operation of the SOC 
on tar-containing gas has not been proven on a long-term. Short-term experimental campaigns 
showed that SOC stands operation on a tar-containing stream (above 10 g/Nm3) at high temperatures 
(~800-850 °C) [46,47]. Conversely, other tests showed that SOC at lower temperatures (~700 °C) 
encounters difficulties [48,49]. In general, SOC operating temperature, SOC electrode composition 
and composition of the tars play an important role for the lifetime of the SOC operated on tar-laden 
gas.   
 
Table 2: Assumptions used for the TwoStage Electro-gasifier. 
Pyrolysis reactor (updraft fixed bed)  
Composition Char [wt%]: C 90.7; O 4.5; H 2.1; N 0.2; ash 2.5 [38,39]. 50 g/Nm3

dry gas Naphthalene, as model tar, in the volatiles. Light hydrocarbons modeled with 
C2H6. 

∆��.�15.��� [bar] 1 ��15���5��,13� [°C] 250 ��15���5��,� [°C] 750 �*+��,13� [°C] 740 
�*+�� �-�. 011-⁄ [

-] 
0.25 ���*+�� [kJ/kg] 33600 ��,*+�� [kJ/kg K] 1.276 ��

51��[MW]  1 

%��,-�. �15���5�� [-] 0.485 [50] %�:K,-�. �15���5�� [-] 0.096 [50]     
Pre-reformer  
The heat exchange reformer [51] working at 800 °C reforms 50% of the tars while CH4 and light hydrocarbons are not converted [45]. WGS reaction is at the 
equilibrium at the outlet.  
Solid Oxide Cell (TwoStage Electro -gasifier)  

���
a [Ω cm2] 0.6 ��15���5��,� [°C] 800 – 850  ∆���� [mbar] 30 ��

51��[MW] 0 
�73�5,13�  [°C] 850 ����,� [°C] 800 ����,13� [°C] 850 %�A,���,13� ��;�  [-] 0.5 

%�A,���,13� ��L� [-] 0.1       
Char gasifier (fluidized bed and updraft fixed bed)  
WGS reaction at the equilibrium at the outlet. Methane is assumed inert in the char gasifier. 

Carbon 
conversion 

0.95b ∆��+�� =���7��� 
[bar] 

0.15c ��
51��[MW] 1 �)�M,=�� � [°C] 900  

�=�� 13�  [°C] 850       
a The ASR of the SOC is intentionally increased from a state-of-the-art value of ~0.35 Ω cm2 [52,53], to produce the heat required for the 
conversion of tars into H2 and CO.  
b Total carbon conversion considering both the pyrolysis and gasification units. 
c A higher pressure drop occurs in the fluidized bed. 

                                                      
2
 The pre-reformer is used to avoid a high tar load to the SOC – which in this case operates at 850 °C. In case particular materials are used for 

the SOC – e.g. Ni-GDC electrode – enabling the operation of the SOC on tar-laden gas, the pre-reformer could be avoided. Refer to [6] for more 
information on how SOC handles tars. 



 
Figure 2: Superstructure describing the operating modes of the solution based on the TwoStage Electro-gasifier. 
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2.2. TwoStage electrically heated gasifier  
The first alternative to the system presented in section 2.1 and in [18] is the TwoStage electrically 
heated gasifier (Figure 3). This system features the same updraft fixed bed pyrolysis unit, while an 
updraft fixed bed is used as char gasification reactor instead of a fluidized bed. The main difference 
with the system based on the TwoStage Electro-gasifier is the placement of the SOC downstream the 
char gasifier, resulting in SOC operation on tar-free syngas (Figure 3). At temperatures around 800 
°C, the char in the updraft fixed bed unit converts pyrolysis tars [26]. Electric heating is used to 
provide the heat for the gasification reactions by heating the gas before injection to the updraft fixed 
bed char reactor. Recirculation of clean syngas is adopted to avoid an extremely high temperature at 
the inlet of the updraft fixed bed char reactor (950 °C is used). It is assumed that 50% of the tars are 
converted due to thermal reforming in the electric heater, while the remaining tars are converted in the 
char gasifier [26]. 
The absence of tar allows the SOC operation temperature to be reduced from 850 °C to 750 °C. The 
SOC operates either as SOEC, as a reformer to reform the light hydrocarbons, or as SOFC – similar 
to the Electro-gasifier. The remaining part of the system is identical to the Electro-gasifier; e.g. 
operation at atmospheric pressure to avoid CH4 formation in the SOC and CO2 capture by MEA. 
The system was conceived to operate in four modes – a fifth mode, co-producing electricity, would be 
possible, but that would require a parallel reactor to the electric heating where air injection could 
provide the needed heating for char gasification). Modeling assumptions used in Aspen Plus for this 
system are presented in Table 2 (pyrolysis unit) and Table 3. 

 
Figure 3: Superstructure describing the operating modes of the solution based on a TwoStage electrically heated 
gasifier. 
 
Table 3: Assumptions used for the TwoStage electrically heated gasifier 
Solid Oxide Cell  

��� [Ω cm2] 0.35 [52,53] ��.=��,� [°C] 675-700  ∆���� [mbar] 30 ��
51��[MW] 0 

�73�5,13�  [°C] 750 ����,� [°C] 700 ����,13� [°C] 750 %�A,���,13� ��;�  [-] 0.5 
%�A,���,13� ��L� [-] 0.1       

Char gasifier (Updraft fixed bed)  
WGS reaction at the equilibrium at the outlet. Methane is assumed inert in the char gasifier. 

Carbon 
conversiona 

0.99 ∆��+�� =���7��� 
[bar] 

0.03 ��
51��[MW] 1 �)�M,=�� � [°C] 950  

�=�� 13�  [°C] 800       
a Total carbon conversion considering both the pyrolysis and gasification units. The lower velocity of the gasifying media in the updraft fixed bed 
reactor enables higher residence time and carbon conversion (0.99) than in a fluidized bed reactor (0.95). 
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2.3.  Bubbling fluidized bed 
The system presented in this section features a gasification section based on the allothermal bubbling 
fluidized bed reactor, developed at the Technical University of Munich and presented in detail by 
Mayerhofer et al. in [30,31]. High temperature heat pipes using sodium as working fluidized are 
embedded in the BFB to provide the heat required for the endothermic gasification reactions. Electric 
heating provides heat to the heat pipes [30,31], while the reactor is able to operate at up to 850 °C 
and 5 bar.  
In this work, allothermal gasification is guaranteed assuming to provide heat for the gasification 
reactions through electric heating via resistances placed in the bed at low/intermediate electricity 
prices, while a fraction of the dried woodchips (12.5 wt%) is burned in a separate reactor to provide 
the heat via heat pipes when the electricity price is high. The design of the electric heating elements 
and the heat pipes system is beyond the scope of this work and is not treated further. Downstream 
the BFB reactor, a ceramic candle filter removes particles. A heat exchange tar reformer [51], 
operating at 850 °C, is assumed to fully convert the tars in the gas from the BFB (~4 g/Nm3

dry gas), 
while methane is only partly converted (30% conversion) [45]. Steam from the drying process is used 
as gasifying medium in the BFB, and the amount of steam used is adjusted for each operating mode 
to reach an H2/CO ratio of 2 at the inlet of the methanol reactor. Analogously to the system presented 
in section 2.2, the SOC operates on a tar-free gas. The SOC operates as SOEC, as reformer (AC) or 
as SOFC, depending on the operating mode. The remaining part of the system is identical to the two 
previous systems; e.g. operation at atmospheric pressure to limit CH4 formation in the SOC and CO2 
capture by MEA. 
The assumptions used to model the whole system in Aspen Plus are presented in Table 4. Five 
operating modes are modeled and analyzed for this system (Figure 4), and a schematic of the 
operations of the main components in the different operating modes is presented in Table 6.  

 
Table 4: Assumptions for the bubbling fluidized bed gasifier with heat pipes.  
Bubbling fluidized Bed  
Tar content in the gas according to [30], at 800 °C. Values of the tar contents for a steam/dry biomass weight ratio of 1. Benzene used to represent the unknown tars. 
∆��.�15.��� [mbar] 150 �����),� [°C] 800 �=��,13�  [°C] 800 Carbon 

Conversion  
0.9 [29] 

%:A,-�. =�� 13�  [-] 0.41 [31] %�:K,-�. =�� 13�  [-] 0.08 [31] ��
51��[MW]  1   

Tar-reformer  
The heat exchange tar-reformer reforms 100% of the tars and 30% of CH4 [45]. Outlet gas temperature 850 °C. WGS reaction at the equilibrium at the outlet of the 
reactor. 
Solid Oxide Cell  

��� [Ω cm2] 0.35 ∆���� [mbar] 30 ��
51��[MW]  0 ����,13� [°C] 750 

�73�5,� [°C] 700  �73�5,13�  [°C] 750 %�A,���,13� ��;�  [-] 0.5 ����,� [°C] 700 
%�A,���,13� ��L� [-] 0.1       

 



 
Figure 4: Superstructure describing the operating modes of the solution based on a bubbling fluidized bed. 
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2.4.  Pressurized entrained flow gasifier without f uel pre-treatment 
Pressurized entrained flow gasifiers are used worldwide on a commercial scale for coal gasification 
[34]. The major issues for EFG on biomass are fuel pre-treatment and ash behavior. The short 
residence time in the reactor requires very small biomass particle size to achieve high carbon 
conversion [34]. Before the grinding process, the dry biomass can be pre-treated with torrefaction, 
pyrolysis or hydrothermal carbonization. These processes lower the energy requirement to pulverize 
the biomass to the desired particle size [34,54], with the downside of adding complexity to the system. 
This section presents a system based on a pressurized entrained flow gasifier featuring no fuel pre-
treatment except drying, while the next section uses pyrolysis to pre-treat the biomass before 
pulverization. The EFG is an oxygen-blown, slagging reactor, operating at 1400 °C. The high 
operating temperature results in high carbon conversion (~100%), a syngas rich in H2 and CO, and 
practically free of tars and methane [55]. Pressurized operation of the EFG on non pre-treated wood 
might result in presence of tars. This issue could be handled by placing an activated carbon filter 
upstream the methanol synthesis process to capture residual tars [56]. The pulverized biomass is 
pressurized through lock hoppers and entrained using CO2 from the downstream CO2 removal. Gas 
quench and a chemical quench with hydrogen is used to cool the produced gas before the high 
temperature syngas cooler. Candle filters and a fixed bed with ZnO/CuO remove particles and sulfur, 
respectively. At very low electricity prices, the SOC operates as an SOEC on a H2O/H2 mixture, 
providing pure O2 for the gasification and H2 for syngas conversion. At intermediate or high electricity 
prices, the SOC is not used, and part of the syngas is used in a gas turbine to produce power. The 
system is designed to operate most of the time with the SOC in electrolysis configuration, set by the 
H2 requirement of the syngas. This operation results in an excess production of O2 that most likely 
can cover the consumption of the gasification process during the other operating modes – this avoids 
an air separation unit (ASU), but at the cost of oxygen storage. An H2/CO ratio of 2 at the inlet of the 
methanol synthesis reactor is reached in two ways. (1) When available from the SOEC, H2 is injected 
to chemically quench the hot gas from 1400 °C to 1100 °C. It is assumed that the water gas shift 
(WGS) reaction reaches equilibrium at 1100 °C [35,36], producing CO from CO2 and thereby 
increasing the methanol yield. The hydrogen injection is adjusted to leave enough CO2 in the syngas 
– to be captured by physical absorption – to cover the amount of CO2 required for entrainment of the 
pulverized biomass. (2) When H2 is not available from the SOEC because of a different operating 
mode, a high temperature adiabatic WGS reactor is used to convert CO and H2O to H2 and CO2. This 
decreases the heating value of the gas, as well as the methanol yield [57]. Depending on the 
operating mode, a fraction of the cleaned gas is sent to the gas turbine. The entrained flow reactor is 
operated at 40 bar, while the SOC operates at slightly higher pressure in SOEC mode [35,36], to 
allow H2 and O2 to enter the gasifier. Gasification pressure is constrained by technical limitation of the 
SOC when operating at high pressures. To the authors’ knowledge, operation of today’s SoA SOEC 
has not been proven experimentally at ~40 bar. In case pressurized operation at ~40 bar were not 
feasible, SOEC can operate at slightly pressurized conditions (Jensen et al. [32] successfully proved 
operation of SOC at ~19 bar on carbonaceous gas), and produced H2 and O2 could be pressurized to 
the gasification pressure. Five operating modes were modeled (assumptions in Table 5) and analyzed 
for this system (Figure 5). A description of the main differences between the operating modes is 
provided in Table 6. 

 

 

 

 

 

 

 

 



 
Figure 5: Superstructure describing the operating modes of the solution based on the EFG without fuel pre-
treatment. 
 
Table 5: Assumption used for the systems based on the entrained flow gasifier (sections 2.4 and 0).  
Milling  

B011- [kWhel/t] 250 [34] B*+�� [kWhel/t] 45 [34]     
Pressurization  
CO2 for pressurizing assumed to be reused (no net CO2 consumption) [15]. 
Entraining  
0.22 kgCO2/kgpulverized biomass is used for the entraining in the system with no fuel pre-treatment.  
Concerning the system with pyrolysis, all the CO2 available from the AGR process at very low price is used to entrain pulverized char. It is kept constant in the other 
operating modes. 
Pyrolysis reactor (updraft fixed bed)  
Composition Char [wt%]: C 90.7; O 4.5; H 2.1; N 0.2; ash 2.5 [38,39]. 50 g/Nm3

dry gas Naphthalene, as model tar, in the volatiles. Light hydrocarbons modeled with 
C2H6. 

∆��.�15.��� [bar] 1 ��15���5��,13� [°C] 400 ��15���5��,� [°C] 750 �*+��,13� [°C] 740 
�*+�� �-�. 011-⁄ [

-] 
0.25 ���*+�� [kJ/kg] 33600 ��,*+�� [kJ/kg K] 1.276 ��

51��[MW]  1 

%��,-�. �15���5�� [-] 0.485 [50] %�:K,-�. �15���5�� [-] 0.096 [50]     
Entrained flow reactor  
Thermodynamic equilibrium at the outlet of the reactor. 

∆� [bar] 2 �=��,13� [°C] 1400 ��
51��[MW] 2 ��

��+ )�5��=[MW] 1.5 
��A,� [°C] 800 Carbon 

Conversion [-] 
0.99 ��35����N�- 011-,� 

[°C] 
190 ��35����N�- *+��,� 

[°C] 
300 

��15���5��,� [°C] 750       
Quench  
Hydrogen quench: outlet temperature 1100 °C; WGS reaction at the equilibrium at the outlet [35]. Gas quench: outlet temperature 900 °C. 
Solid Oxide Electrolysis Cell  

��� [Ω cm2] 0.35 ∆����
a [mbar] 30 ��,��� [bar] 43.6  !��;�[-] 0.8  

�73�5,� [°C] 800  �73�5,13�  [°C] 800  ��A,13�  [°C] 800 ��
51��[MW] 0 

%�A,���,��;� 13� [-] 1       
a Jensen et al. showed that pressure drop across the SOC decreases increasing the operating pressure [58]. Fuel and air channel pressure drops 
are respectively proportional to �6O.PQ and �6O.RS. For simplicity, this behavior is neglected in this work.  
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2.5. Pressurized entrained flow gasifier with pyrol ysis 
Reduction of energy consumption for biomass milling is possible through pyrolysis [34,54,59], 
because (1) it changes the properties of the solid to be pulverized, lowering the specific energy 
requirement of the milling step and (2) reduces the mass of solid to be ground. This section presents 
an integration of pyrolysis and pressurized entrained flow gasification (Figure 6). The integration of 
these two reactors only impacts the gasification section, while the rest of the plant operates similarly 
to the system based on entrained flow gasification without fuel pre-treatment (section 2.4). The 
pressurization of the dried woodchips is done similarly to the pressurization of pulverized biomass in 
section 2.4. The updraft fixed bed pyrolysis unit releases the tar-laden volatiles, which are then pre-
heated with quenched gas, and sent to the entrained flow reactor. Operation of the pyrolysis unit at 
pressurized condition possibly produces more complex tar molecules. To avoid condensation of tars 
on the heat exchanger surfaces, recirculation of hot volatiles is increased to keep a higher 
temperature (400 °C) at the outlet of the pyrolysis unit. The pre-heating of volatiles reduces the O2 
needed for the gasification. The lower mass of pulverized char to be entrained required less CO2 from 
the Rectisol® process, compared to the system in section 2.4. This fact enabled injection of all the H2 
produced during SOEC operation through the chemical quench, achieving a higher conversion of CO2 
to CO. Five operating modes have been modeled (assumptions in Table 5) and analyzed for this 
solution. Table 6 shows an overview of the main differences among the operating modes. 

 
Figure 6: Superstructure describing the operating modes of the solution based on the EFG with integrated 
pyrolysis.  
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Table 6: Overview of the differences in system operation for each plant, for the five operating modes. 
Electricity price Very Low Price Low Price Intermed iate Price High Price Very High Price 
TwoStage Electro-gasifier a 
SOC      
Operation type SOEC Reformer SOFC SOFC SOFC 
Current through SOC DC AC DC DC DC 
Air side ejectorb No No Yes Yes Yes 
Char gasifier heat Electric heating Electric heating Electric heating Air injection Air Injection 
CO2 removal MEA MEA MEA MEA - 
TwoStage electrically heated gasifier  
SOC      
Operation type SOEC Reformer SOFC - SOFC 
Current through SOC DC AC DC - DC 
Air side ejectorb No No Yes - Yes 
CO2 removal MEA MEA MEA - - 
Bubbling fluidized bed  
SOC      
Operation type SOEC Reformer SOFC SOFC SOFC 
Current through SOC DC AC DC DC DC 
Air side ejectorb No No Yes Yes Yes 
Bed heating Electric heating Electric heating Electric heating Burner (heat pipes) Burner (heat pipes) 
CO2 removal MEA MEA MEA MEA - 
Pressurized entrained flow gasifier without fuel pr e-treatment 
Method for H2/CO ratio H2 quench  HT-WGS HT-WGS HT-WGS - 
SOC      
Operation type SOEC - - - - 
CO2 removal Rectisol® Rectisol® Rectisol® Rectisol® - 
Pressurized entrained flow gasifier with pyrolysis  
Method for H2/CO ratio H2 quench HT-WGS HT-WGS HT-WGS - 
SOC      
Operation type SOEC - - - - 
CO2 removal Rectisol® Rectisol® Rectisol® Rectisol® - 
a In [18] the operating modes for the TwoStage Electro-gasifier were presented with different names, derived from the particular operations of the 
SOC and hardware. To uniform the names of the operation modes with all the other solutions based on other gasification technologies, the 
Electricity Storage mode in [18] corresponds to the Very Low Price scenario, the Electricity Heated to the Low Price, the Electricity Minimum to 
the Intermediate Price, the Electricity Production to the High Price and the Electricity Production Plus to the Very High Price. 
b When the SOC operates in SOFC mode, the air recuperator will not be able to preheat air to a sufficiently high temperature before the SOFC. 
An ejector is then used to recycle hot air from the outlet of the SOFC to further preheat the inlet air. Using an ejector requires higher inlet air 
pressure as this is the motive flow of the ejector. This requires a compressor. The compressor will work in part-load when the ejector is not used. 

 

 

 

 

 

  



3. Results 
For each system, a detailed flowsheet for each operating mode is presented with main 
thermodynamic properties in the Supplementary Information. This section summarizes in Table 7 the 
results about the efficiency, the overall carbon conversion, biomass and electricity input, methanol, 
electricity output and biochar output for each mode. 
 
Table 7: Results for the five proposed plants, at different electricity prices. 
 Very Low Price Low Price Intermediate 

Price 
High Price Very High Price 

TwoStage Electro-gasifier a 
Efficiencyb [%] 71 68 63 48 37 
Carbon Conversionc [%] 92 65 53 26 0 
Biomass Input [MWdry]

 100 100 100 100 100 
Electricity Input [MWel] 83 32 18 0 0 
Methanol Output [MW th] 129 90 75 41 0 
Electricity Output [MWel] 0 0 0 7 37 
Biochar [MWth] 4.3 4.3 4.3 4.3 4.3 
TwoStage electrically heated gasifier 
Efficiency [%] 68 67 67 - 22 
Carbon Conversion [%] 94 66 60 - 0 
Biomass Input [MWdry]

 100 100 100 - 100 
Electricity Input [MWel] 92 37 25 - 0 
Methanol Output [MW th] 131 92 83 - 0 
Electricity Output [MWel] 0 0 0 - 22 
Biochar [MWth] 0.9 0.9 0.9 - 0.9 
Bubbling fluidized bed 
Efficiency [%] 64 62 61 62 36 
Carbon Conversion [%] 85 60 52 38 0 
Biomass Input [MWdry]

 100 100 100 100 100 
Electricity Input [MWel] 87 35 20 0 0 
Methanol Output [MW th] 119 84 73 62 0 
Electricity Output [MWel] 0 0 0 0 36 
Biochar [MWth] 8.6 8.6 8.6 0 0 
Pressurized entrained flow gasifier without fuel pr e-treatment 
Efficiency [%] 68 60 44 37 22 
Carbon Conversion [%] 96 43 32 21 0 
Biomass Input [MWdry]

 100 100 100 100 100 
Electricity Input [MWel] 99 0 1 0 0 
Methanol Output [MW th] 135 60 45 30 0 
Electricity Output [MWel] 0 0 0 7 22 
Biochar [MWth] 0 0 0 0 0 
Pressurized entrained flow gasifier with pyrolysis 
Efficiency [%] 72 65 54 46 29 
Carbon Conversion [%] 97 47 35 23 0 
Biomass Input [MWdry]

 100 100 100 100 100 
Electricity Input [MWel] 88 0 0 0 0 
Methanol Output [MW th] 135 65 49 33 0 
Electricity Output [MWel] 0 0 5 13 29 
Biochar [MWth] 0 0 0 0 0 
a Differences in the efficiencies with respect to [18] arise due to different moisture contents in the biomass feedstock. 
b Efficiency ( is defined as ( = (�� F��: ⋅ ���F��: + $�

13�)/(�� -�. 2�1)��� ⋅ ���-�. 2�1)��� + $�
�), where �� F��: and �� -�. 2�1)��� represent the 

mass flows of methanol and dry biomass, ���F��: and ���-�. 2�1)��� the LHV of methanol and dry biomass and $�
13� and $�

� the absolute value 
of electricity production or consumption. 
c The overall carbon conversion is defined as �� �,�:Y�:,F��:/�� �,2�1)���, where �� �,�:Y�:,F��: is the mass of carbon as CH3OH is the desired 
product, while �� �,2�1)��� is the mass of carbon in the wood biomass feedstock. 

  
The system featuring the TwoStage Electro-gasifier produced methanol, co-produced electricity or 
produces electric power with an efficiency ranging from 71% to 37%, and a carbon conversion up to 
92%. The TwoStage electrically heated gasifier showed a more stable efficiency when producing 
methanol (67-68 %), but at electricity price peaks the system produced electricity with an efficiency of 
only 22%, as part of the produced electricity was used to heat the gasifier. The plant based on the 
allothermal bubbling fluidized bed reactor with heat pipes achieved an efficiency ranging from 64% to 
36% with a maximum carbon conversion of 85%. The solution involving entrained flow gasification 
with no fuel pre-treatment operated with efficiencies ranging from 68% to 22%, and carbon conversion 
up to 96%, while the solution coupling entrained flow gasification and pyrolysis operated with 
efficiencies between 72% and 29%, with a maximum carbon conversion of 97%. 
 
  



4. Discussion  
The thermodynamic analysis in Aspen Plus showed that all the plants operate with highest efficiency 
and carbon conversion at very low electricity prices, with the SOC in electrolysis configuration. 
Production of electricity is associated with the lowest efficiency. The solutions were conceived to 
operate most of the time in the configuration for very low electricity prices, i.e. it is paramount to 
ensure high efficiency in this configuration. It is observed that among the proposed technologies, the 
solutions based on the TwoStage Electro-gasifier and the EFG with pyrolysis outperform the other 
plants, exceeding 70% efficiency. However, the EFG with pyrolysis as fuel pre-treatment offers higher 
overall carbon conversion (97% vs. 92%), taking advantage of more carbon in the biomass. Slightly 
lower efficiency and overall carbon conversion is achieved by the TwoStage gasifier electrically 
heated (68% and 93%) and the EFG without fuel pre-treatment (67% and 96%), whereas the BFB 
with heat pipes has a maximum efficiency of 64% and overall carbon conversion up to 85%. 
The key-strength of the solution based on the TwoStage Electro-gasifier is the operation with high 
efficiency in all the modes, making this system very suitable to maximize the capacity factor to 
amortize the investment cost. Biochar from the fluidized bed char gasifier is a valuable product, with a 
high content of carbon. It is evident that the main disadvantage of this solution is the operation of the 
SOC on tar-laden gas, which requires either particular materials for the SOC, or a pre-reformer 
upstream the SOC. 
It is observed that the plant based on the TwoStage gasifier electrically heated has a slightly higher 
carbon conversion than the TwoStage Electro-gasifier. This is due to the use of a fixed bed char 
gasifier instead of a fluidized bed char gasifier. However, the operation of the SOC at lower 
temperature than in the TwoStage Electro-gasifier (750 °C vs. 850 °C) results in a slightly higher 
content of CH4 in the gas to the methanol synthesis section, reducing the positive effect that the 
improved carbon conversion would have on the methanol yield. It is moreover evident that, at very 
high electricity prices the use of electricity for the gasification reactions penalizes the system. Despite 
no particular material is needed for the SOC, complexity of the plant represents an issue due to 
recirculation of hot and cold syngas to the char gasifier. Eventually, the improved carbon conversion 
offered by the fixed bed reduces the carbon content in the ash, which can not be used as biochar.  
From the analysis in Aspen Plus it is observed that the BFB gasifier with heat pipes offered the lowest 
efficiencies and overall carbon conversions over the spectrum of electricity prices (the highest 
efficiency at high electricity price is an exception due to the very low production of electricity). This is 
mainly due to the low carbon conversion of the gasifier. However, a low carbon conversion means 
that biochar is produced, which is a valuable product to be sold and used to enrich soils or capture 
CO2 [26]. 
It is noted that the solution based on the EFG with no fuel pre-treatment represents an effective 
solution, especially at very low electricity prices. Advantages of this system include (1) maturity of the 
pressurized slagging O2-blown entrained flow reactor, with relatively easy possibility to upscale the 
system, (2) the low energy requirement of the acid gas removal section and (3) the operation of the 
SOC on a H2O/H2 mixture, excluding the risk of carbon formation. Disadvantages include (1) the poor 
efficiency at intermediate/high electricity prices, when WGS is used to adjust the H2/CO ratio, (2) high 
energy-consuming milling process,(3) no production of biochar, and (4) a large SOC area to provide 
the needed H2 (see results about the SOC operating conditions in the Supplementary Information), 
which might considerably affect the total investment cost of the plant. In addition, the operation of the 
system at very low electricity prices builds upon the chemical quench via H2 injection. This 
assumption, proposed also by Hillestad et al. [35,36] needs to be verified experimentally.  
The solution featuring the EFG with pyrolysis follows the same behavior of the system without fuel 
pre-treatment over the range of electricity process, though offering increased efficiency and overall 
carbon conversion. The reasons for the enhanced performances include (1) the reduced energy 
consumption to pulverize the solid, (2) the reduced solid carbon to convert in the gasifier, (3) the 
reduced consumption of O2 for the gasification reactions – due to the preheating of the volatiles. In 
addition to the advantages offered by the solution with no fuel pre-treatment, when compared to other 
technologies, the main benefit of the system featuring entrained flow gasification with pyrolysis is the 
highest efficiency and carbon conversion at very high electricity prices. Compared to the work by 
Hillestad et al. [35,36], where the target was production of FT fuels, the novel solution integrating 
entrained flow gasification, pyrolysis and electrolysis offers higher efficiency (72% vs. 70%) and 
carbon conversions (97% vs. 91%).  



It is evident that the solutions based on the TwoStage Electro-gasifier and on the EFG with pyrolysis 
has the best performance when considering efficiency and carbon conversion, however an economic 
assessment is needed to evaluate the most attractive and viable solution. 
 

4.1. Comparison with alternative technologies 
Previous studies treated the production of methanol, co-production of electricity or production of 
electricity from woody biomass [10–15,25,60]. The main difference of the previous studies with the 
solutions proposed in this work is that those systems were conceived as single-mode units, i.e. they 
could adapt operation to the electricity price variation, only via part-load operation. To improve the 
comparison with the flexible production units treated in this work, the efficiency of the previous 
technologies is shown in Figure 7, against the overall carbon conversion of the plant. The flexible 
production units are represented with lines, as they are expected to operate on a range of operating 
conditions, while previous studies are shown as points as they are single operating modes. 
It is noted that at high and intermediate overall carbon conversion, the flexible production units 
presented within this study are slightly more efficient, having the system proposed by Clausen in [14] 
as the only exception. Conversely, production of electricity is more efficient via the systems proposed 
by Gadsbøll et al. in [60].  
In general, the flexible production units investigated in this study are more efficient than alternative 
technologies previously presented in other works. However, while the alternative technologies can 
adjust to the electricity price only by operating in part-load, the flexible production units operate 
continuously in full-load guaranteeing flexibility, the real key-advantage to maximize the capacity 
factor of bio-refineries. Figure 7 shows that flexible production units can adapt to electricity prices, 
changing the overall carbon conversion and efficiency. Depending on a particular yearly electricity 
price scenario, one of the flexible solutions guarantees the highest revenues. Assuming operation at 
very low electricity price most the year, the solutions featuring the TwoStage Electro-gasifier and the 
EFG with pyrolysis are expected to outperform the others in terms of revenues. 
  

 
Figure 7: Comparison among the flexible production units proposed within this work and previous systems for the 
production of methanol, co-production of electricity and production of electricity from woody biomass. The 
alternative technologies are described in the following works: Clausen 2015 [15], Clausen 2014 [14], Zhang et al. 
[16], Holmgren et al. 2012 [11], Holmgren et al. 2014 [12], Isaksson et al. [10], Tock et al. [13], Ahrenfeldt et al. 
[25] and Gadsbøll et al. [60]. 
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5. Conclusion 
Five systems are investigated, coupling solid oxide cells (SOC) and thermochemical wood conversion 
via different gasification technologies to produce methanol for the heavy transportation sector. Each 
solution is designed for flexible operation over a wide range of electricity prices with the main purpose 
of producing methanol from biomass and electricity. At higher electricity prices, the SOC could shift 
operation from SOEC mode to SOFC mode thereby having electricity as a by-product instead of an 
input. At electricity price peaks, methanol production could be stopped and electricity would be the 
only output. Plants are conceived to operate most of the time at very low electricity prices, with SOC 
running as electrolysis cells. Focusing on this configuration, the thermodynamic analysis in Aspen 
Plus showed that the highest efficiencies were offered by the solutions featuring the TwoStage 
Electro-gasifier and the entrained flow gasification with integrated pyrolysis as fuel pre-treatment. 
These ensured also high efficiencies over the whole range of electricity prices (in the range of 71-37% 
and 72-29%, respectively). The solution featuring the TwoStage Electro-gasifier guaranteed high 
carbon conversion (up to 92%), higher efficiencies at intermediate prices, as well as smaller SOC 
area and thereby lower SOC investment cost. Conversely, the need for specific materials for the SOC 
to handle tars add on to the complexity of the system. The system based on entrained flow 
gasification with integrated pyrolysis offered advantages in terms of maturity of the technology and 
ease of upscaling the plant. Additionally, it offered the high carbon conversion up to 97%. From a 
thermodynamic point of view, the other technologies based on the TwoStage gasifier, bubbling 
fluidized bed and entrained flow gasification with no fuel pre-treatment do not seem competitive with 
the solutions mentioned above. An economic analysis is needed to assess the most attractive 
solution. Compared with single-mode solutions from previous studies, all the systems proposed within 
this study offered higher efficiencies and carbon conversions, but perhaps more important: they 
offered flexibility, making it possible to have a high capacity factor and thereby better overall plant 
economics. 
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Highlights 

• Flexible methanol production units able to operate at different electricity 
prices. 

• Biomass gasification platforms coupled with solid oxide cells to produce 
methanol. 

• Highest input-output efficiency of 72% using entrained flow biomass 
gasification. 

• Highest carbon conversion of 97% using entrained flow biomass gasification. 
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