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1. Direct and indirect electrification technologies

In this section we present the processes which are not incorporated in the original paper. For the sake of
completeness, the technologies are presented here in short. The technologies are of very low maturity,
haven’t gained much attention, or are less important in an electrified BtX process.

1.1. Indirect electrification (PBtX)
The following indirect electrification options are not presented in the paper, or in the case of H, addition not
described in this level of detail provided here.

1.1.1. Hydrogen-heated metal alloy gasification
Another gasification concept (commercial technology HydroMax) is based on hot liquid metal alloys that
convert biomass into syngas in a batch process '. The liquid alloys can be heated by the combustion of H, .
Dietenberger and Anderson present some more options of adding H, to the gasification process '.

1.1.2. H, addition to synthesis

The available publications on indirectly electrified BtX processes by H, addition are chronologically
elaborated in the following. Oulette and Scott first proposed H, addition before the catalytic synthesis step in
1995 2. The authors argue that syngas from biomass gasification contains excess carbon to produce MeOH.
They proposed the addition of H, to biomass-based syngas for the production of MeOH 2. In 1999, Specht et
al. also investigated the MeOH production through allothermal steam gasification and the addition of H,
before the synthesis unit 3. Both early publications on PBtX processes use an estimation-based calculation
approach arguing that there are only two ways to adjust the desired SN of the produced synthesis gas: CO,
separation or H, addition. The latter enables almost complete utilization of the carbon contained in the
biomass while simultaneously making use of the O, as a gasification agent in the gasification step. Thus, the
carbon efficiency limitation of conventional BtX processes can be overcome, resulting in a high MeOH
production rate 23,

Based on Specht et al., Mignard and Pritchard modeled an oxygen-blown stratified downdraft fixed bed
gasification reactor using O, and H, from electrolysis in 2008 4. They confirmed their predecessors' estimates
of increased carbon efficiency and product yield with their calculation 4. Also in 2008, Gassner and Maréchal
investigated the integration of electrolysis in a wood-based BtX process to produce SNG °. They considered
an indirectly heated, steam-blown fluidized bed gasifier and a directly heated, oxygen-blown fluidized bed
gasifier as gasification technologies using a thermodynamic energy-flow model, coupled with an energy-
integration model °.

Multiple options for electrification of BtX processes were proposed by Agrawal and Sing in 2009 6. They
reasoned that since a stand-alone BtX process generally could not recover more than 50% of the carbon
from the biomass, additional energy in the form of heat, H,, or electricity is required 8. Using additional solar
energy in the form of heat, H,, or electricity two to three times more liquid fuel could be produced from a given
amount of biomass compared to a stand-alone BtX process ©. They also proposed an integrated process of
H, addition and biological fermentation, in which the heat of the gasification-based process is used to provide
process heat for the fermentation process and the CO, generated during fermentation is converted into liquid
fuel 7. Hertwich and Zhang also modelled the integration of solar energy in the form of heat and H, from
electrolysis into a biomass steam gasification process to produce MeOH 8. In 2010, Agrawal and Singh
presented an overview of the several BtX fuel conversion processes that treat biomass primarily as a carbon
source and significantly increase liquid fuel production by utilizing additional energy as heat, electricity, or H,
9. Using the principles of this proposed process, Baliban et al. modeled a PBtX process employing a CFB
gasifier with subsequent H, addition to a rWGS unit to obtain almost 100% carbon efficiency towards FT
fuels 1°,

In 2010, Seiler et al. investigated ‘Enhanced Biomass-to-Liquid’ (EBtL): BtX processes with external energy
inputs to increase fuel production significantly ''. They compare slow pyrolysis, fast pyrolysis, and torrefaction
with subsequent milling as pretreatment for the EFG. For the EFG four alternatives for energy input are
considered, including an oxygen-/air-blown autothermal reactor, and three allothermal reactor options
(plasma heating, co-combustion of H,, co-combustion of natural gas). For syngas cooling, a simple quench
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option is compared to a chemical quench and a heat recovery. In terms of gas conditioning, Tectisol and
water-amine cleaning are considered in combination with a WGS or H, from either water electrolysis or
natural gas reforming.

Clausen et al. conducted a detailed process simulation in 2010 comparing six MeOH production routes, each
with a different syngas production method, including one with a two-stage fluidized bed gasifier for biomass
conversion and H, addition '2. In 2011, the same group published a more advanced modeling approach on
MeOH plants based on combining water electrolysis and EFG of torrefied biomass 3. Here, part of the H, is
used as a chemical quench for the EFG, with the rest being mixed with the cleaned syngas before synthesis,
while the produced O, is used as gasification agent in the EFG.

Mallapragada et al. present a detailed systems analysis of the transportation sector with an energy efficiency
roadmap as requested in 2010 415, The analysis is based on using renewable carbon sources like biomass
and atmospheric CO,, solar energy in the form of H,, heat, and electricity, in conjunction with novel processes
for producing liquid fuels '°. In 2012, Bernical et al. published their first preliminary investigation of an H,
enhanced BtX process to produce FT fuels. Comparing high-temperature steam electrolysis (SOEL) and AEL
in a highly integrated process, they conclude that the use of SOEL almost doubles the product yield while
achieving significant electricity savings 1617,

Ridjan et al. also investigated an H,-enhanced BtX process with steam electrolysis using oxygen-blown
gasification to produce MeOH or steam gasification to produce SNG based on the CEESA project 8. They
also investigated a co-electrolysis option, which does not rely on syngas as feed and is therefore not included
in this review. In 2014, Clausen et al. investigated (P)BtX processes using torrefaction as pretreatment to an
EFG. Torrefaction is either done in decentralized plants or in a central plant '°. They found that the integration
of torrefaction benefits most from the integration of electrolysis compared to other process configurations2°.

Hannula compared the BtX route, to a pure PtX process and to a combined PBtX route 2'. Using an AEL and
a CFB they modelled the PBtX process pathways producing SNG or MeOH with the optional MeOH-to-
gasoline conversion 2'. In 2016, Hannula’s research focused more on the PBtX approach maximizing the
potential to increase fuel production 2. Process options include using oxygen-blown or steam-blown
gasification coupled with an AEL for SNG or gasoline production via the MeOH-to-Gasoline route ?2. In 2016,
Trop and Goricanec also simulatively compared the production of MeOH and SNG from torrefied biomass
via EFG and the addition of H, from electrolysis before the synthesis step 23. Konig et al. also conducted a
techno-economic case study on green FT fuels, including a PBtX process using a slurry-fed entrained flow
gasifier and PEMEL 2425, Furthermore, Nikparsa et al. proposed a process using the Gissing dual fluidized
bed steam gasifier, adding H, to reach the required SN of 2 before FT synthesis #’.

In 2017, Koponen and Hannula investigated the GHG emissions of the H, enhanced BtX process designs 28.
As mentioned above, Onarheim et al. investigated a pyrolysis-based process where the carbon conversion
was maximized by producing SNG from the bio-oil production process off-gases adding H, 2°. Catalytic
methanation of process off-gases using additional H, from water electrolysis boost the overall process
efficiency. Clausen modeled a PBtX using a generic biomass feedstock with varying ash and water content
to produce SNG 3°. The process is composed of an SOEL unit coupled with a two-stage gasifier. This so-
called “Viking” gasifier consists of a first stage where the biomass feedstock is pyrolyzed and partially oxidized
by adding air or O, to lower the tar content. In the second stage, the gas passes through a downdraft fixed
bed gasifier primarily gasifying the char from the pyrolysis stage 3'-33. In 2018, Sigurjonsson and Clausen
investigated a process design that enables SNG and heat production from biomass by integrating electricity
in the form of H, when operating in electricity storage mode in times of low electricity prices 34. With a rSOC

cell, the system can also generate electricity from biomass-derived syngas when electricity prices are high
34

Also, Firmansyah et al. conducted a simple mass and energy balance calculations for a MeOH producing
PBtX process 3°. The process design comprises of a fixed bed gasifier combined with a AEL unit and H,
addition before MeOH synthesis. In 2019, Anghilante et al. also modeled several PBt-SNG concepts using
fixed bed gasification of various biomasses coupled with either PEMEL or SOEL 36. In their work, SNG is
directly upgraded to either compressed SNG (CNG), or liquefied SNG (LNG).
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Using an EFG coupled with a SOEL, Hillestad et al. modeled a PBtX process in 2018 37. With their three-stage
FT reactor set up and H, addition to each stage, the rWGS reactor and the upgrading section, they enable a
high carbon efficiency of more than 90%. In 2019, Ostadi et al. conducted an exergy analysis on this PBtX
process, determining the exegetic efficiency to be 69% . In the same year, the authors published another
study investigating the impact of the H,/CO ratio to the FT reactors on the production and power consumption
concluding that optimum conditions in terms of power required per extra produced liter fuel are at a H,/CO
feed ratio significantly lower than 2 3°. Subsequently, Ostadi et al. conducted a parametric optimization of
their staged process in terms of H,/CO ratios, reactor volumes, and gasification conditions %°. In a recently
published study, Nielsen et al. investigated the same PBtX process redirecting the tail gas of the FT reactor
to the anode of an SOEL to serve as fuel 4'. Supplying fuel to an SOEL aims to lower the electrical work input
required for SOEL to increase energy efficiency of fuel production to more than 90%. Kurkela et al. also
investigated a PBtX process to flexibly produce heat, power and FT fuel from biomass gasification while
seasonally using H, addition from solar power 42. The experimental development will be carried out using a
1 MWy, pressurized, fixed-bed gasification pilot plant.

Zhang et al. also investigated a PBtX process producing MeOH employing an EFG coupled with a SOEL 4.
In 2020, Zhang et al. conducted a techno-economic optimization for this process 4. Subsequently, they
compared a PBtX process with H, addition from SOEL with a process design using the SOEL in co-
electrolysis mode both options featuring an EFG and producing either SNG, MeOH, DME or SAF via FT 45,
In 2021, Dossow et al. modeled a PBtX process using EFG coupled with H, and O, from water electrolysis,
comparing PEMEL and SOEL to produce FT fuels 46. The detailed process models show the high potential
for increasing carbon efficiency to up to 97% by integrating renewable power into the BtX process 46.

In 2020, Butera et al. introduced a gasification concept with a straw-based low-temperature CFB gasifier, a
POX unit and hot wood char bed unit to reduce the tar concentration, coupled with a SOEL unit 47. Based on
this work, Kofler and Clausen investigated two process options to produce SNG or DME combining the low-
temperature CFB with an AEL unit for H, addition before synthesis #8. Their concept includes the so-called
“PolyGas” approach, where part of the pyrolysis gas is not reformed and used for synthesis but is ejected as
byproduct, making a comparison with other processes impossible.

Also in 2020, Butera et al. investigated the coupling of gasification with SOEL, comparing an FB gasifier, a
BFB gasifier and an EFG for MeOH production 4°. The comparison comprises three system designs where
the SOEL operates in co-electrolysis in-line processing the biomass-derived syngas. They use their two-
stage electro-gasifier design, and two EFG options where H, is added to the syngas either as a chemical
quench or upstream of the MeOH synthesis. Based on this work, Butera et al. techno-economically compared
their two-stage electro-gasifier design with a PBtX process based on the more conventional two-stage gasifier
design adding H, to the syngas before synthesis .

Furthermore, Poluzzi et al. investigated different PBtX process options using either an oxygen-blown and
indirectly heated or an indirectly heated and sorption-enhanced fluidized bed gasifier with H, addition before
the synthesis 5'. They published another study comparing different CFB reactor designs to evaluate the
optimal design of a PBtX plant producing MeOH and operating both with and without H, addition 52.

In 2021, Giglio et al. investigated a PBtX process for SNG production %3. Woody biomass is converted in a
CFB gasification step and the product yield is enhanced using SOEL for H, production 3. Also, Henning and
Haase investigated a process producing gasoline via MeOH 5. They used a slurry-fed EFG and AEL to
produce MeOH and gasoline via the MeOH-to-gasoline process.

Also in 2021, Habermeyer et al. investigated a PBtX process using CFB and AEL similar to Hannula et al.’s
work 2255, The concept allows to switch operation modes from PBtX with H, addition to BtX %5. In 2022,
Fournas and Wei also published their techno-economic results investigating a H,-enhanced BtX process to
produce MeOH %6, Using torrefaction, EFG and PEMEL, they performed a techno-economic and GHG
emission-based analysis. In 2022, Pandey et al. assessed four different PBtX process concepts for small-
scale FT fuel production based on the integration of SOEL to BtX processes proposed by Hillestad et al.
(2018) 57. The proposed PBtX processes consider different SOEL integration options and points of H,
addition: in two of the investigated PBtX cases rWGS is included and part of the H, is added to the rWGS
reactor. Also, two of the cases include CO, removal via Selexol wash %7. In 2023, Ostadi et al. conducted a
techno-economic study, adding H, from either water electrolysis using SOEL or natural gas pyrolysis to
enhance a MeOH producing PBtX process %8.
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1.2. Direct electrification (eBtX)

In the following, we discuss technologies that are of very low maturity, haven’t gained much attention, or are
less important in an eBtX process. The section about co-electrolysis presents the cited studies from the paper
in more detail.

1.2.1. Infrared, microwave-assisted and induction drying

Infrared drying is typically employed in surface drying and drying of thin sheets like textiles, paper, or paints
59.60_ |t is also already commercialized for biomass drying ¢'. To reach an efficient drying process, the radiation
properties of the radiator and material for drying need to match . However, infrared dryers are only surface
dryers and unsuitable for the drying of thick beds '46. Therefore, the applicability of infrared dryers for biomass
drying is limited.

Microwave-assisted drying was experimentally tested for various biogenic feedstocks 62-64. The literature on
the energy consumption of microwave drying compared to conventional drying is contradictory 8567, The
effect of microwave-assisted drying on biomass properties are, for example, changes in surface structure,
surface area, pore volume, crystallinity, and more properties that would affect subsequent processes -7
Additionally, combustion characteristics of food waste are improved by microwave compared to conventional
drying "'. No specific studies on the influence of microwave drying on gasification characteristics were found.
Drying by induction was investigated by Xue et al. for sewage sludge using three different heat-dissipating
materials 72. This is the only publication on inductively-heated drying to the authors’ knowledge.

1.2.2. Microwave-assisted torrefaction

Microwave-assisted torrefaction was tested for various feedstocks 7. The energy yield is comparable to
conventional processes ¢7. Microwave-assisted torrefaction shows a processing time that is tremendously
shorter than with conventional heating 677374, Ho et al. compared the conventional torrefaction with
microwave-assisted torrefaction for coffee ground and microalga residues and concluded that microwave-
assisted torrefaction is more energy efficient in comparison 74. Mohd Fuad et al. state that microwave-assisted
torrefaction is economically promising due to reduced processing time and energy input 73. Additionally, fine
grinding can be avoided when using microwave-assisted torrefaction 73. First experiments on the gasification
properties of products from microwave-assisted torrefaction are reported. The steam gasification
performance of herb residues torrefied with microwave yielded a higher gas yield with a higher heating value
and a lower tar content than the non-treated substrate and conventionally torrefied herb residues 5. However,
the additional energy released in gasification was leveled out by the energy required for microwave-assisted
torrefaction.

1.2.3. Microwave-assisted HTC

In HTC, wet biomass is treated at elevated temperatures in a aqueous environment under elevated pressure
76, Several studies have been conducted on microwave-assisted HTC of different biomass 77. Like microwave-
assisted torrefaction, the processing time can be reduced compared to conventional heating methods 72.
Elaigwu and Greenway concluded from their comparative experiments that the same conversion level can
be reached after a processing time of 20 min for microwave-assisted HTC and 240 min for conventional HTC,
both in batch mode 7°. Zhang et al. confirm a 5 to 10-fold processing time reduction for cellulose in microwave-
assisted HTC 8, According to Zulkornain et al., the heating value of hydrochar from microwave-assisted HTC
is higher than in conventional processes 8'. Shao et al. compared microwave-assisted with HTC heated in
an oven and oil bath 82, They found an improvement in major properties (energy densification, carbon content,
fuel ratio, combustion characteristics, adsorption, and energy requirement for the process) compared to
conventional HTC. Nevertheless, there is still a lack of comparison of energy efficiency and economic
evaluation between microwave-assisted and conventional HTC. So far, the influence of hydrochar produced
by microwave-assisted HTC on the gasification process was not tested as it was already done for the
gasification of hydrochar from conventional HTC (for example 83-85).

For HTC and torrefaction, only lab experiments exist that use heating by induction due to simplicity and
feasibility, not because of the technology 86-88.
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1.2.4. Electron-assisted gasification

For process enhancement, electrons can be directly introduced to the gasifier. According to experimental
studies, feeding electrons into the gasifier has positive effects on the process. Yang et al. experimentally
investigated the impact of thermal electrons set free from a wire in fixed coal bed gasification 8%%. Results
show that thermal electrons increase carbon conversion at lower temperatures compared to a normal
gasification process. Furthermore, the concentration of CO in the syngas increases with increasing electrical
power input. Ismail et al. fed electrons to the biomass gasifier via the air feed °'. They found positive effects
like a faster thermal breakdown of the feedstock and accelerated H, and CO production. The efficiency and
economics of electron-assisted gasification of biomass has not yet been quantified due to the low technical
readiness and limited interest in this technology.

1.2.5. Microwave-assisted synthesis

In microwave-assisted synthesis, uniform and fast heating inside the reactor can be reached by applying
MWs. The effect of MWs is only attributed to the direct heating and not any other influences of the MWs on
the reaction. Most MW-assisted reactions occur in the liquid and solid phase °-°4. However, heterogeneous
catalyzed gas phase reactions like the oxidative coupling of methane, selective oxidation, reduction of SO,
and NO, %, and methane reforming ° are also investigated. Durka et al. give a good overview on MW-
assisted gas phase reactions . Since the syngas-based synthesis processes are exothermal, heat input to
the reactor is not required; therefore, heating via MWs is not helpful.

Additionally, heating syngas with MWs is not effective. CO,, CO, and H; exhibit weak or no dipole moments.
Consequently, they are not absorbing the MW energy efficiently 8 compared to liquids like water, for example
9, However, an absorption medium can efficiently transfer heat to the gas.

1.2.6. Direct reduction of CO

CO, and CO can be electrochemically reduced to molecules like ethylene, acetic acid, ethanol, or n-propanol.
As discussed in literature, using CO as feedstock is beneficial compared to CO, . Therefore, CO from
syngas might be an interesting option compared to the direct reduction of CO, or the two-step reduction via
CO, electrolysis as an intermediate process. Klih et al. investigate the direct electrochemical reduction of
CO to C, products from biomass syngas '°. Comparing this path to the conventional two-step process
connected to a biomass power plant with CO, capture, showed better energy efficiency and economics but
lower carbon efficiency for the gasification-based routes. The ER is in the range of 1.8 to 1.9. Further studies
in this field are not known.

1.2.7. Microbial electrosynthesis

In electro-biotechnological processes, syngas (CO as carbon and energy source being the most important
component) can be either used to generate electricity or to produce valuable products by the addition of
electrical energy (microbial electrosynthesis). Possible products include hydrogen, methane, acetate,
ethanol,1,3-propanediol, 3-hydroxypropionic acid, lactate, butanol, 2,3-butanediol, butyrate, and acetone
242,243 Microbial electrosynthesis comprises four major concepts of how electrical energy is delivered to the
microbes with a TRL between low 2 and 7 %', To the authors' knowledge, an engineering-based economic
or environmental evaluation with syngas as feedstock is unavailable in literature. However, first assessments
for CO, as feedstock show that electricity and anode cost are the main drivers in these processes 02,

1.2.8. Inductively heated synthesis

The advantages of induction-heated synthesis processes are the high heating rates and, consequently short
start-up times of the reactor when operated flexibly 193, The process concept is investigated for FT and
Methanation reaction 104,
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2. Meta-Analysis

This section explains the mathematical derivation of the meta-analysis performed in Section 6 in the paper.

2.1. General KPI definitions
The following equations show the KPls as already defined in Section 1 of the paper.

_ mC,product
Ne=——r (1)
mC,biomass
mC,product
m w W,
product C,product C,biomass,dry
PY=- - = 2)
m m w
biomass,dry C,biomass,dry Cproduct
WC,biomass,dry
mproduct ’ LHVproduct
: (BtX)
Mpiomass * LHY biomass
Myroduct * LHVproduct
. > (PtX)
EY = prod _ { electrolysis (3)
Efeed My oduct * LHVproduct
. (PBtX)
Mpiomass * LHVbiomass + Pelectrolysis
mproduct ’ LHVproduct
. (eBtX)
Mpiomass * LHVbiomass + Pel.direct
Pelectrolysis
p . (PBX)
ER = el ={ Mpiomass * LHY biomass 4
P, (4)
biomass : el.direct (EB['X)
Mpiomass * LHY biomass

2.2. Mathematical derivations
Equation (5) shows the linear relation of the BtX energy yield. The slope is represented by the energy yield

of the PtX process either with high or low temperature electrolysis (EYPU;.LT/HT). The intersection with the y-
axis is the energy yield of the BtX process (EYBtX).
mproductLH Vproduct

EYpix_ ppex = - =f(ER) =EYgx + EYM;’LT/HT * ER (5)
biomassLHVbiomass

With the definition of the EYpgx, Equation (6) represents the mathematical
equation for the product yield. EYpg is the substituted by Equation (5).

mproduct LHVbL’omass _ _
PYpixoppixy = —— = fIER) = 0 —— (Yo + EYppysryur * ER) (6)
mbiomass,dry product

The carbon efficiency can also be mathematically derived based on
Equation (2) and (6).

m w
C,product C,product
NMeptx-pBtx = 7 — PY -—————= f(ER)

C,biomass WC,biomass,dry (7)

_ LH Vbiomass WC,product
"~ LHV

" “(EYpx + EY pyx 1r/mt * ER)
product”’ C,biomass,dry
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mproductLHVproduct EthX—>PBtX - EthX
EY pixppex = P =f(ER) = " ER =E YPtX,LT/HT + “ER (8)
E electr.
EYPBtX _ mproductLH Vpradu'ct _ f (ER)
biomqssLHVbiomass + Eelectr. B _ (9)
mproductLHVproduct _ EYBtX—> PBtX EYBtX + EYPtX,LT/HT “ER
7.n'biomassLHVbiomass(1 + ER) 1+ER 1+ER

Table 1: KPIs of BtX and PtX processes as reference for meta-analytical evaluation of PBtX processes

KPI Unit SNG MeOH FT Ref.
EY iy MW proctuct MW pigmass 0.57 0.59 0.40 105
EY pex it MW roduce MW giecirotysis 0.52 0.55 0.45 106
EYpix nr MW et MW giocirotysis 0.84 0.75 0.59 107,108
EYPtX,co —_electrolysis MWproduct MWelect;ollysis 0.83 0.79 0.65 107,108
Nepex % 32% 40% 36% 105
M¢,pex— paex(ER = 0)a % 31% 34% 30%

PY g kyroduct K9piomass.dry 0.25 0.59 0.23 105
PY pex-, ppex(ER = 0) kG product K piomasssdry 0.21 0.53 0.17
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2.2.1. Supplementary Graphs
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Figure 1: Dependency of electrification ratio ER on a)-c) carbon efficiency and d)-e) product yield for PBtX
processes using H, addition to synthesis (and rWGS) to produce synthetic natural gas (SNG), Methanol (MeOH) or

Fischer-Tropsch (FT) products based on literature review including the derived equations for PYpex ppex (Equation (6))

and "lc.Btx— PBex (Equation (7)) based on high-temperature (HT) or low-temperature (LT) PtX reference processes. PBtX
studies using H, addition from water electrolysis include the use of alkaline (AEL), proton exchange membrane
(PEMEL), or solid oxide electrolysis (SOEL). For data basis see Section 2.3.
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Figure 2: Dependency of electrification ratio ER on a)-c) carbon efficiency and d)-f) product yield for PBtX

processes using H, addition to synthesis (and riWGS), and parallel (PBtX) and in-line (eBtX) integration of co-electrolysis
to produce synthetic natural gas (SNG), Methanol (MeOH) or Fischer-Tropsch (FT) products based on literature review

based on literature review including the derived equations for PYpex— poex (Equation (6)) and "c.Btx— PBex (Equation (7))
based on high-temperature (HT) or low-temperature (LT) or co-electrolysis (co-el.) PtX reference processes. PBtX
studies using H, addition from water electrolysis included use alkaline (AEL), proton exchange membrane (PEMEL), or
solid oxide electrolysis (SOEL). Studies that do not specify the used electrolysis technology are neglected. For data
basis see Section 2.3.
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electrolysis to produce synthetic natural gas (SNG), Methanol (MeOH) or Fischer-Tropsch (FT) products based on

literature review including the derived equations for PY pex— poex (Equation (6)) and "c.Btx— PBtx (Equation (7)) based on
high-temperature (HT), low-temperature (LT), or co-electrolysis (co-el.) PtX reference processes. PBtX studies using H,
addition from water electrolysis include the use of alkaline (AEL), proton exchange membrane (PEMEL), or solid oxide
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electrolysis (SOEL). Studies that do not specify the used electrolysis technology are neglected.
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2.3. Data Overview from Literature Research
The following tables show the data of available process simulations for hydrogasification (Table 2), electrically-heated gasification (Table Table ),H, addition to

the synthesis for SNG (Table ), MeOH (Table 5) and FT (Table 6). Some tables are similarly included in the paper. However, the tables here contain additional
information also for already included tables in the paper.

Table 2 provides an overview of available PBtX process simulation studies using hydrogasification via H, addition to produce SNG. KPIs such as EY, "Ic, and
PY are not included in the meta-analytic assessment in the main paper, due to the limited data availability. ER is shown in Figure 15 in the main paper.

Table 2: Summary of literature on Power-and-Biomass-to-SNG process simulation studies using hydrogasification including the used gasification and electrolysis technologies
used in Figure 15 in main paper. KPI values derived from the data in the papers.

Plant Size P ER PY 7, EY
. . ) Biomass - Syngas ¢
Reference Biomass |np;:te étil)?;;?scal power to Feedstock Pretreatment Gasifier cleaning Reformer Electrolyzer MW,/MW,, Kgsno/KGamary % %
. . .- low temp.
Mozaffarian et 20 MWin 1y willow fluidized Not - o o
al. 2002 10° 127.4 MW, wood Dryer bed o specified otspeciied 145 073 80% 63%
Barbuzza et al. 1.41/1.41/1.41 MWy, L1y woody . not Not o o o o o o
2019 10 /1.39/0.19/1.52 MW, biomass not specified specified  specified PSA? SOEL2 0.99/0.13/1.08 0.70/0.34/0.67 95%/45%/99% 83%/62%/66%

a: PSA: Pressure swing adsorption, SOEL: Solid oxide electrolysis

Table 3: Summary of literature on eBtX process simulation studies used in Figure 15 in main paper that employ electrically-heated gasification including the used gasification
technologies. KPI values derived from the data in the papers.

Plant Size ER
Reference Biomass input / Electrical power Biomass Feedstock Pretreatment Gasifier Product
MWe/MWy,
to heater
100/100 MW . -
49 th,LHV

Butera et al. 2020 /11.3/15.8 MW, woody biomass steam dryer + milling EFG? 0.113/0.158 MeOH

Song et al. 2022 " 109 MWy Wheat straw dryer not spec 0.284 SNG
/31 MW

a: EFG: Entrained flow gasification

The assessment of KPIs for the study by Putta et al. who carried out process simulations for the PBtX system with an electrically-heated EFG and H, addition
from SOEL ''2 was not possible because it shows only economic indicators of the plant.
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Table 4: Literature overview for Power-and-Biomass-to-SNG studies including the scope, plant size, the used pretreatment, gasification, syngas cleaning, reforming, and
electrolysis technologies. KPI values derived from the data in the respective literature.

Plant Size ER PY Ne EYpaix EYaix EYpix
Biomass input / Biomass P Syngas
Reference Scope? Electrical power to Feedstock Pretreatment Gasifier cleaning Reformer Electrolyzere MW./MW, kgsne/kGbiomass iy % % % %
electrolysis
Cold gas clean-
Gassner and 20 MWy 1y " . up (filter, steam . o o o o
Maréchal 2008 5 P 127.4 MW,y Wood chips steam drying CFB scrubber, guard reforming not specified 1.37 0.75 100% 75% 208% 116%
beds)
Ridjan et al. 2013 - Not . Not - Not o o, o o
18 E Not specified specified Not specified specified Not specified specified SOEL 1.26 0.64 95% 75% 178% 131%
filter, sour WGS,
Forest water scrubber,
100 MW, . . AGR catalytic
21 th,LHV
Hannula 2015 P 1 65.8 MW,y re;l](iiuses Belt drier CFB (MeOH/rectisol reformer AEL 0.66 0.39 56% 60% 108% 137%
P wash), guard
beds
filter , water
100 MW, Forest scrubber, AGR catalytic
Hannula 2016 22 P LAY residues Belt drier CFB (MeOH/Rectisol 4 AEL 252 0.79 98% 58% 221% 79%
/252 MWy ¢ reformer
chips wash), guard
beds
Trop and 600 MW v Torrefied ) R . o o, o o,
Goricanec 2016 23 P /13552 MW,y biomass Mill Dryer EFG AGR (Selexol) not specified 2.26 0.64 96% 54% 177% 78%
wood chips,
switch
Clausen 2017 % P 5.0 MWun v grass, steam drying + TSG - - SOEL 1.24 0.31 100% 74% 86% 532%
/6.2 MWy manure, pyrolysis
sewage
sludge etc.)
89 MWM‘LHV
Sigurjonsson and (100 MWj v to . steam drying + bag house filter R o, o, o, o,
Clausen 2018 3 P gasifier) Wood chips pyrolysis TSG + sulfur guard SOEL 1.52 0.64 100% 75% 178% 129%
/135.6 MW,
Wood,
Anghilante et al. 9.7/9.5/9.5 MWy, L1y straw, . . Hot gas & fine _ 98%/98%/ 64%165%/ 205%/205%/ 70%/95%/
2019 3 P 113/19113 MWy sewage air drying FB cleaning SOEL/SOEL/ PEMEL 1.35/1.38/ 1.96 0.72/0.74/ 0.74 98% 529% 201% 94%
sludge
Zhang et al. 2020 P 10 MW proady - EFG AGR (MEA) - SOEL 13 0.557 89% 63% 155% 106%
el
Poluzzi et al. 2020 . woody . CFB/DFB/ WGS + cleaning . 55%/55%/ 78%I78%/ 102%/102%/ 326%/326%/
51 P Not specified biomass Drying SEGY +AGR - not specified 0.39 (3) 0.37/0.37/ 0.33 50% 71% 93% 296%
hot gas filter +
Kofler and 50 MWip v . "catalytic ("catalytic o o o o
Clausen 202148 P /64 MWy Straw Pyrolysis CFB upgrading” + bio upgrading”) AEL 0.78 0.61 68% 53% 169% 76%
oil separation
Giglio et al. 20215 P 7.4 MWoniav woody Drying CcFB . . SOEL 153 067 100% 75% 187% 124%
} /11.2 MWy biomass 3 i

a: Scope: P: Process simulation, E: Estimation-based calculation approach
b: EFG: Entrained flow gasification, CFB: Circulating fluidized bed, FB: Fixed bed, TSG: Two-Stage gasifier (by Technical University of Denmark (DTU))
¢: AEL: Alkaline electrolysis, SOEL: Solid oxide electrolysis, PEMEL: Proton exchange membrane electrolysis
d: DFB: dual fluidized bed indirect gasifier, SEG: dual fluidized bed sorption-enhanced gasifier
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Table 5: Literature overview for Power-and-Biomass-to-MeOH studies including the scope, plant size, the used pretreatment, gasification, syngas cleaning, reforming, and
electrolysis technologies. KPI values derived from the data in the respective literature.

Reference Scope? Plant Size? Biomass Pretreatment Gasifier? Syngas cleaning Reformer Electrolyzerc ER PY Te EYeeux EYeu EYeux
Feedstock MWe/MWy, — kgmeon/KQab % % % %
Oulette and Scott 1995 E ~31207%3A1\\I/|V\;'\‘/'Q|HV p‘;{gﬁ/‘lgg'&ig& FB AGR (not specied) . not specified 1.29 1.21 100% 57% 134% 100%
Specht et al. 1999 3 E 1/01 QA;N;:ZWV Wood chips . not specified CO2 removal (not specife) . not specified 147 1.22 81% 51% 135% 82%
. el
Mignard and Fritchard E - 4?\1</|V\(/h\}:w Wood chips ; FB Washingand Dring (Tecn o ; PME® 1.39 1.27 87% 54% 140% 88%
He’“”'czr:)ggda Zhang E ~3;7f4g"‘,</|"{;'v¢*'v Wood pellets - not specified rot specifed cleaning technology + ot specified not specified 119 1.21 90% 58% 134% 104%
172 MW, o Removal of particles (cyclone or filter),
Clausen et al. 2010 12 P 1111 N;WHV Wood chips steam drying CFB o e T o0 - AEL 0.64 1.10 88% 72% 122% 179%
el cases CO2 (amine scrubber)
Clausen 2011 13 2?223'\3‘%%? T°"E2'ﬁ:t‘s”o°d milling EFG s Remoral of paticies oy - AEL 1.10 1.27 97% 61% 140% 107%
Ridjan et al. 2013 '8 not specified not specified not specified not specified not specified - SOEL 0.63 1.08 81% 74% 119% 193%
Hannula 2015 2! 1??5&%%:\/ F°resc‘hriffs'd“es Belt drier CFB e oSS, e seber Aok catalytio AEL 035 0.76 55% 58% 84% 185%
Clausen 2015 20 P 5(32)9’\;\’“\//"0(}-“‘/ Wood chips St?g?e?arga%)' EFG HWGS, AGR(Rectisol) R AEL 1.19 1.21 96% 62% 134% 116%
el
Hannula 2016 22 P 1037"6"1\"/'%:*“ FOrESJhriii'd“es Belt drier CFB or vt scrubber AR catalytic AEL 1.70 1.31 92% 58% 145% 98%
Trop aggggg'canec P ?%%QA;N,{ZWV Torrefied biomass Mill Dryer EFG AGR (Selexo) N not specified 1.48 1.17 88% 52% 129% 87%
- el
Firmansyah et al. 2018 E 2;” 3’\3me\/ Woody biomass Drying FB Washing and Drying Techm. Not - AEL 1.19 1.14 85% 57% 126% 103%
el
Zhang et al. 2019 4 P 4/9022"2"‘&%“V Wood (sawdust) - EFG Amine wash - SOEL 0.61 0.89 67% 60% 98% 153%
. el
Butera et al. 2020 47 P 1/02 1%VX;|WZV Straw Pyrolysis CFB Guard bed. WGS, AGR arine POX SOEL 0.42 0.70 58% 58% 7% 228%
100 MW v/ candle filter and sulfur removal (guard 137%/137
Butera et al. 2020 4. P 89.2/83.7 MW, woody biomass  steam dryer + Milling EFG e+ AGR (Rt and atona . SOEL 0.89/0.84 1241124  96%/97%  T1%/74% " 147%/161%
Zhang et al. 2020 4 P 6/5 4“3V|YAWHV woody biomass - EFG AGR (MEA) - SOEL 0.61 0.89 66% 60% 98% 155%
el
Zhang et al. 2020 4 P 1/03M5VX;1%HV woody biomass y EFG AGR (MEA) . SOEL 0.85 112 99% 63% 124% 127%
B el
) o . . " 0.39/0.39/0. 0.73/0.73/0. 55%/55%/ 62%/62%/ 81%/81%/ 268%/268%/
51 + ing +
Poluzzi et al. 2020 P not specified woody biomass Drying CFB, DFB, SEG® WGS + cleaning + AGR ATR not specified 39 67 50% 56% 74% 230%
H . dH 1177 MWy Lhv/
e””'g%g;‘ 0, aase P 1175 MWel Straw Drying + Pyrolysis EFG (slurry) AGR (MEA) - AEL 1.00 0.97 78% 55% 108% 114%
100 MWy 1/
Butera et al. 2021 5 P 40 MW,y woody biomass steam dryer TSG e AR (e oy (auard POX SOEL 0.40 0.95 74% 74% 105% 248%
50 MWipLiv/ .
Kofler and Clausen Y . - i " "catalytic
2021 4 P 12 MW, wheat straw Pyrolysis CFB o B e apracing u(pgra di‘ég,,) AEL 0.24 f f f
100 MWty SorubberLO-CAT (uid redox)guard 1.29/0.67/0. 1.24/0.93/0. 90%/68%/ 61%/62%/ 137%/103  110%/156%!
i 52 i crubber+LO- jiquid redox)+guart . . . X . X .
Poluzzi et al. 2022 P 1 129/67.5/63.3 MWy, woody biomass Belt dryer CFB bed ATR not specified 63 88 64% 61% %/ 97% 164%
27.9 MWy 1y v
Melin et al. 2022 113 P 1435 MW, forest residues Drying CFB badksvlombrans sopmmaton e AEL 1.56 o . o
Fournas and Wei 2022 P 50 MWinwiav forest residcues Torrefaction EFG AGR (Rectisol) - PEMEL 1.12 1.24 92% 62% 137% 115%
el
Ostadi et al. 2023 5 P 1?:7’\8":MHV woody biomass d'y'”gértiﬁgﬁfg""°"’ EFG AGR (Selexal) - SOEL 0.86 1.30 94% 73% 144% 148%
el
54.6/79.6 MWy L1y / , v
Anetjérvi et al. 2023 114 P 60.7/33.0 MW, woody biomass Steam Drying CFB B e+ AGR (Racsecn f:f;,fq:r AEL 1.11/0.41  1.28/0.88  90%/62%  64%/66% 142%/97% 117%/205%
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e; DFB: dual fluidized bed indirect gasifier, SEG: dual fluidized bed sorption-enhanced gasifier
f DME as main product with MeOH as intermediate. PY: 0.33 kgpme/kGbiomass,ary, DME-based Nc: 27%, DME-based EY: 32%. Not included in Figure 15 in main paper
9 Ethanol as main product with MeOH as intermediate. PY: 0.952 kgeton/KObiomass.ary, Ethanol-based Nc: 91%, Ethanol-based EY: 53%. Not included in Figure 15 in main paper

‘Scope: P: Process simulation, E: Estimation-based calculation approach (e.g. spreadsheet mass & energy balances). Plant size: Biomass input / Electrical power to electrolysis
: EFG: Entrained flow gasification, CFB: Circulating fluidized bed, FB: Fixed bed, TSG: Two-Stage gasifier (by DTU)
: AEL: Alkaline electrolysis, SOEL: Solid oxide electrolysis, PEMEL: Proton exchange membrane electrolysis

: Pressure Module Electrolyzer

Table 6: Literature overview for Power-and-Biomass-to-FT studies including the scope, plant size, the used pretreatment, gasification, syngas cleaning, reforming, and

electrolysis technologies. KPI values derived from the data in the respective literature.

Plant Size Biomass Syngas ER PY Nc¢ EY EYgix EYpix
a i i i ifiert C
Reference Scope Bu;’rgasesr ;gpel.:gi:tliljel;;rig:al Feedstock Pretreatment Gasifier cleaning Reformer Electrolyzer MW /MW, kg r/KGiomass.dry % % % %
Seiler et al. 500 MWip, L Hv Torrefied Hot air drying Rectisol/Amin not -
2010 ™ E 1 535 MW, wood + torrefaction EFG o specified not specified 1.07 0.50 100% 56% 117% 109%
Baliban et al. Herbaceou . Wes, - o o q q
2010 10 d P 400 MWy v/ ~205 MW s biomass Drying CFB AGR(R)ecusol ATR not specified 0.51 0.48 100% 79%
Chemical
. ) direct dryer + wash
Bernical et o Lignocellulo : (amines) or
al. 2012 16 P not specified sic biomass tor;ifra]git:?gn + EFG P?ysic:l Wal)sh - SOEL 0.84 0.36 61% 46% 84% 100%
methanol
(+WGS)
Chemical
Bernical et Woody direct dryer + wash steam
oL 201317 P not specified biomass torrefaction + EFG PE’YE'Q;S&;;h reforming SOEL 0.87 0.37 62% 46% 86% 98%
: residues grinding (methanol) of tail gas
(+WGS)
Albrecht et 109 MWy, L v Lignocellulo . EFG (NWGS + R
al. 2017 24 P 1171 MW, sic biomass Fast pyrolysis (slurry) Selexol wash PEMEL 1.57 0.50 98% 47% 117% 79%
. Steam drying
Hillestad et 435 MWih L Hv : : (rWGS), _ o o, o o,
al. 2018 37 P 1 215 MW, Wood chips + 1o;|;lerizlcr:|gon EFG Selexol wash SOEL 0.95 0.50 91% 65% 118% 148%
Kurkela 2019 23 MWip, LHv Woody : hot filtration + catalytic -
2a E 127 NiWe‘ biomass Drying FB gurad beds reformer not specified 117 0.49 85% 54% 115% 102%
Zhang et al. 10 MW L1y woody _ _ 0, o 0, o
2020 45 P /4.9 MW, biomass EFG SOEL 0.49 0.34 62% 50% 78% 138%
hot gas filter,
Habermeyer P 200 MWin Ly rosidos Dryin cFB sifi‘ié‘;'r ATR AEL 0.94 0.38 61% 50% 89% 112%
etal. 2021 5 /187.9 MW, ohips ying 200 quard : : ° o ° °
bed
. 134%/109%/93
200 MWip LHv Woddy Drying + sour WGS + o, 0, o, o, ) o o, o 9 9
aooie P [PEM1SOZ20S20MW,  bomass torefacion+  EFG : 'SOEL 1309006 057047040  Orrolerh  SwUSNASINL  1MWI00NISI  BB03A24%
’ SOEL: 120/180/260 MW, residues grinding cleaning -9 - - E 10
i rWGS,
Pandey et al. b 50 MWy Ly wood chins f‘g?p;fgg:gﬁ EFG Selexol i SOEL 1.04/0.71/1.02/  0.56/0.53/0.55/  96%/91%/96%/  62%/70%/62%/  130%/123%/ 119%/162%/119%/13
2022 57 1 52/35.5/51/40 MW, P + grinding 30'“3‘:)9"& 0.8 0.50 86% 62% 129%/116% 4%
guard be
H 50 MWih Ly Forest ) . 134% /69 0 1349 /519 9, /4/949
abermeyer 2 . adsorption- 0.84/0.63/1.17/ 0.35/0.20/0.40/ 60%/34%/69%/ 53%/34%/51%/ 82%/4/94%1/82 o/ /d o o,
et al. 2023 p 42131 3/58 yé 141546 MW ArersizI:CL{Jlljtife Drying FB based gas ref;';rar;er S’?)Eé‘l_ 1.09 0.35 57% 46% % 147%i 11017?,/“/2174
15 - . N . rgesidues cleaning 0.63 0.35 60% 59% 82% ©

el

a Scope: P: Process simulation, E: Estimation-based calculation approach
b: EFG: Entrained flow gasification, CFB: Circulating fluidized bed, FB: Fixed bed

¢: AEL: Alkaline electrolysis, SOEL.: Solid oxide electrolysis, PEMEL: Proton exchange membrane electrolysis

d: excluded in graphs due to implausibility of KPIs
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Table 7: Literature overview for PBtX process simulation studies using parallel co-electrolysis (SOEL: Solid oxide electrolysis) and entrained flow gasification (EFG) including
the plant size, the used pretreatment, gasification, syngas cleaning, reforming, and electrolysis technologies. KPI values derived from the data in the respective literature.

. Main Biomass o Syngas ER PY e EYpeux EYou EYeu

Reference Plant Size product  Feedstock Pretreatment  Gasifier cleaning Reformer MW,/MW; KgnerkGas % % % %

h
Zhang et al 10 MWip 1 1v/13.3 MWy SNG Wood 1.33 0.51 kgsna/KGan 75% 63% 142% 113%
2020%5 : 10 MWy, /8.7 MW, MeOH biomas}; Not specified EFG Not specified - 0.87 1.00 kgmeon/kQab 75% 61% 111% 136%
10 MWy /6.9 MWy, FT ’ 0.69 0.35 kgrr/kgap 60% 50% 80.7% 131%
200 MWth,LHV” 17.5 MWe| . 0.59 0.50 ngT/ kgdb 84% 64% 116% 145%
Steinriicken etal. 200 MWy, 1v/138.5 MW, - ooddy - Dimar 50‘;]:):’\’288 * ) 069  053Kkge/kge ~ 89%  65%  123%  137%
2023 116 200 MWthYLH\//148g MW9| . L g 0.74 0.54 ngT/ kgdb 92% 64% 126% 130%
residues grinding cleaning

200 MWth LHV/165-1 MWe|
aPlant size: Biomass input / Electrical power to electrolysis

0.83 0.56 kgrr/ KQan 94% 63% 130% 124%

Table 8: Literature overview for process simulation studies of in-line integration of co-electrolysis into BtX processes (eBtX) including the used gasification technologies. KPI
values derived from the data in the respective literature.

Reference Plant Size? PM‘;'" ¢ Biomass Feedstock Pretreatment Gasifier? Syngas cleaning Reformer ER PY Te EY EYex  EYex
roduc MWe/MWyy kGproduc/kgi day % % % %
;81222 St al. 1 MWjp 1 1v/0.81 MWg DME Woody biomass Steam drier TSG filter, cyclone, wet scrubber, AGR - 0.81 0.86 kgpme/KGbiomass,dry 91% 75% 138% 165%
Monaco etal. |2 MWin/13.7 MW DME 0.76 0.86 kgowme/KGbiomassry 90% 78%  139%  181%
’ 18 MW, /18.9 MW, SNG residual biomass - TSG (3) - - 1.05 0.59 kgsna/KGbiomass,d 89%  80% 164% 156%
2018 118 th,LHV/ el ry
18 MWy L11u/10.2 MWey FT 0.57 0.46 kgrr/KGbiomass,dry 80% 71% 107% 207%
g(';gssgg etal. 09 MW v/ 113.7 MW SNG Wood pellets - TSGP particle removal + sulfur guard POX 1.14 0.65 kgsno/KGbiomass,dry 99% 82%  181%  149%
Clausenetal.  51.5 MWy, 11/37.7 MW Manure (biogas plant) . " . 0.71 0.51 kgsna/KGbiomass,dry 54%  81% 143% 185%
2019 120 515 MW 10/35 MWy SNG Manure (pre-processed) Steam drier TSGe(2) particle removal + sulfur guard POX 0.65 0.42 Kgsno/KGbiomase iy 44% 65% 116% 148%
Butera et al. . . article removal + sulfur guard + AGR re-
20105 21 100 MWip /3.5 MWei+11.7MW,,  MeOH Wood chips Steam drier TSEG P MEA) e 045 1.02 Koweo/KQnomassy ~ 76%  77%  113%  240%
Butera et al. . ) candle filter and sulfur removal (guard pre-
2020 122 100 MWy, 111/55.3 MWe+12.5MWy, MeOH Wood chips Steam drier TSEG beds), + AGR (Amine wash/MEA) reformer 0.68 1.19 kgwmeon/KGbiomass.dry 89% 7% 131% 186%
100 MWin 1 1v/55.3 MWe+11.3MWy, TSEG pre- 0.67 1.19 Kgueon/KGbomass.ory ~ 89%  77%  131%  189%
Buteraetal 00 MWip 111553 MWo+18.5MW;,  MeOH woody biomass steam dryer TSEHG candle filter and sulfur removal (quard - reformer 0.74 1.20 KgueowkGnomaseay ~ 90%  75%  133%  174%
2020 . i beds), + AGR (Amine wash/MEA) - " o, o, o o,
100 MWy 1v/52.3 MW +3.5MWy, e-BFB SMR 0.72 1.10 kgwmeon/KGbiomass.dry 82% 70% 121% 163%
Steinriicken 200 MWin 1v/63 MW Drying + 0.32 0.36 kgrr/kGbiomass.dry 61% 57% 84.0% 177%
etal 2023 116 200 MWy 1v/114.4 MWe FT Woddy biomass residues torrefaction + EFG sour WGS + hot gas cleaning - 0.57 0.44 kgr1/KGbiomass,dry 74%  58% 103% 133%
. grinding 0.68 0.47 kgrr/KGbiomass,dry 79% 58% 110% 123%

200 MWy 111v/136.4 MW,

a: Plant size: Biomass input/ el. power to electrolysis + el. power to el. heated gasifier (LHVpye = 28.9 MJ/kg, LHVgiomass = 18 MJ/kg). TSG: Two-Stage gasifier (by DTU); TSEG:
two-stage electro-gasifier, gasifier is electrically-heated with heating elements in the bed; TSEHG: two-stage electrically-heated gasifier, gas to gasifier is electrically preheated,
e-BFB: bubbling fluidized bed gasifier heated via heat pipes; EFG: Entrained flow gasification

b new TSG design using two updraft fixed beds, one for pyrolysis and one for char gasification

¢ new TSG design using updraft fixed pyrolysis and fluid bed char gasification

d: case 1: biogas plant integrated, case 2: pre-processed manure as feedstock

e: in addition to co-electrolysis, electricity is used to heat gasifier. EY includes SOEL and el. heating requirements

Dossow and Klih et al. 2023 — Supplementary Information



3. GHG emission calculation

This section contains the calculations of GHG emissions for the transportation of biomass (Section
3.1) and for the supply of electricity (Section 0).

3.1. Transportation of biomass
This section presents the assumptions and results presented in Section 7.1.2. in the main paper.
Table 9 shows the assumptions for the calculations.

Table 9: Values and assumptions used for the calculation.

Value Unit Comment
Lower heating value MeOH 19.9 MJ/kg -
Molar mass MeOH 32.04 g/mol -
Molar mass Carbon 12.01 g/mol -
Plant capacity 100 MWih v Own assumption
Full load hours 8000 h Own assumption

Calculated with 224 Mt/a of
biomass residues 123 and a land
area of the European Union of
4.00 Mio km2 124

Biomass harvest density 56.0 temwet’km? a

Residual biomass moisture

30 wt% Own assumption
content
Carbon content biomass 50 wit% Own assumption
Truck load capacity 30 taMm,wet Own assumption
CO, emissions of truck Calculated with a fuel conSl_Jm_ption
0.81 kg COo/km of 30 1/100 km and an emission

transport factor for diesel of 2.7 kg CO,/I 125

The process was scaled to a constant output of methanol. The carbon efficiency of the process
was altered from 40 to 90 % to account for different degrees of electrification. Based on the altered
carbon efficiency, the biomass demand changes. Since the biomass supply area is assumed to be
a circle around the plant, the biomass demand leads to a maximum radius to cover the demand for
the plant. To calculate the transport distance of biomass, the mean radius 7 for transportation
weighted by the area is calculated according to the following equation:

_ 2
r= —frdA = —f 2nridr = —rO 3 T

T[T'O 0

Based on this mean radius which is the mean distance that biomass has to travel to reach the plant, the
yearly number of truck trips can be calculated and consequently the amount of traveled kilometers per year.
With the fuel consumption, the annual CO, emissions can be calculated. Figure 4 shows the required radius,
land area, and GHG emissions over carbon efficiency. The results as values are shown in

Table 10. The ER shown in graphs is derived from the relationship between carbon efficiency and ER as
shown in Equation (7) using EY pexir, EYpexnr and EY pex.co - etectrotysis from Table 1.
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Figure 4: Influence of carbon efficiency (degree of electrification) on a) required harvest radius and land area,
b) GHG emissions associated with biomass transportation and transportation cost.

Table 10: Results for transport distance calculation and GHG emissions

Carbon bf\Qn'lZi's Requied  Radiusin oo d'?‘s?tgﬁile Specific CO,

efficiency dgmand wet andkf;:?a n km rad‘ll;f " travelled in geéngslll\o/lﬂs n

in temwet/@ km 2/ MJmeoH
40% 145,249 2,591 28.7 19.1 185,406 0.052
45% 129,110 2,303 27.1 18.1 155,380 0.044
50% 116,199 2,073 25.7 171 132,666 0.037
55% 105,635 1,885 245 16.3 114,993 0.032
60% 96,832 1,728 235 15.6 100,922 0.028
65% 89,384 1,595 225 15.0 89,504 0.025
70% 82,999 1,481 21.7 14.5 80,088 0.023
75% 77,466 1,382 21.0 14.0 72,214 0.020
80% 72,624 1,296 20.3 13.5 65,551 0.018
85% 68,352 1,219 19.7 13.1 59,853 0.017
90% 64,555 1,152 19.1 12.8 54,935 0.015
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3.2. Indirect process emissions from electricity generation
The assumptions and calculations presented here are the basis for Figure 18 in Section 7.1.2. The
used emission factors for electricity shown in the Figure are presented in Table 11.

Nc(EY pey ERppey 17 = 1.3, ERpgyy yp = 1.0,ER =0.9) = 90%;

P - /eBtX,co - electrolysis

_ -1 -1

EYPtX, SNG,min — 1.06 MWSNG Mw el. FR=1.3 MWel. MWbiomass
-1 -1

EYPtX, SNGmax — 1.56 MWSNG Mw el. FR=1.1 MWel. MWbiomass

— -1 -1
EYPtX, MeOH,min — 111 MWMeOH mMw el. FR=1.2 MWel. MWbi

omass

_ -1 -1
EYPtX, MeOH,max — 1.83 MWMeOH Mw el. FR=0.7 MWel. MWbiomass

-1 -1
EY pry b1 min = 0.85 MW MW ER=1.2 MW, MW,

mass

_ -1 -1
EYPtX,FT,max =133 MWFT Mw el. FER=0.7 MWel. MWbiomass

-1
EYp,y =055 MWy, MW

_ -1 -1
EYBtX, SNG — 1.56 MWSNG mMw el. FR=1.1 MWel. MWbiomass

-1 -1
EYBtX, MeOH = 111 MWMeOH Mw el. FR=1.2 MWel. MWbiomass

_ -1 -1
EYBtX,FT =0.85 MWG Mw el. ER=1.2 MWel. MWbiomass

As reference, the emissions of conventional fossil fuels are used:
specific emissions natural gas: 55.8 g CO,/MJ 126
specific emissions natural gas derived methanol: 110.0 g CO,/MJ 1?7

specific emissions Gas-to-FT: 86.2 g CO,/MJ 128

Table 11. Emission factors of electricity '2°

Electricity emission

Country factor in g CO./kWhy
Norway 4.5

Canada 110.8

Brazil 129.5

UK 193.4
Germany/USA 377.6

1 ERpgey 17 = 1.3, ERppey yp = 1.0,ER 0.9

P - /eBtX,co - electrolysis =
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Japan 461.5
China 557.2
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4. Potential of e/PBtX

The calculations of the methanol production potential are based on the data supplied in Table 12.
The results are reported in the paper in section “7.1.2 Land use and greenhouse gas emissions”.
With the annual residual biomass potential and the water content it is possible to calculate the
annual production of methanol via BtX or e-/PBtX with the product yield.

Table 12. Reference values for the calculation of the potential of BtX and PBtX

Unit Value Ref. Comment
The biomass potential is based on
Annual residual biomass 123 crop residues, forestry residues,
L Mt/a 224 . I ;
potential in Europe (wet) fractions of the municipal solid

waste and used cooking oil.

Residual biomass moisture Wi% 30 ) Own assumption
content
Global methanol demand Mt/a 105.8 130 In 2022

Product yleld BtMeOH tMeOH/tbiomass,dry 0.53 105 -

Product y|e|d P-/eBtMeOH tMeOH/tbiomass,dry 1.2 - a
WC,biomass,dry WC,biomass,dry
PYp_jeprx=Mc"———=90% ———

a Weproduct Weproduet . On a dry and ash-free basis a carbon content of 50wt.% is used.

0.5 kg, kgBIVZ;Ty

-1
Wemeon = 0375 kgc kGyeopm PY ax = 09—~
MeOH MeOH max 0.375 kgC kgM;(}H

With
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