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Electrification of gasification-based
biomass-to-X processes — a critical
review and in-depth assessmentf

Marcel Dossow,*® Daniel Klih, €2 *° Kentaro Umeki, (2 2 Matthias Gaderer,”
Hartmut Spliethoff® and Sebastian Fendt > ?

To address the impacts of climate change, it is imperative to significantly decrease anthropogenic
greenhouse gas emissions. Biomass-based chemicals and fuels will play a crucial role in substituting
fossil-based feedstocks and reducing emissions. Gasification-based biomass conversion processes with
catalytic synthesis producing chemicals and fuels (Biomass-to-X, BtX) are an innovative and well-proven
process route. Since biomass is a scarce resource, its efficient utilization by maximizing product yield is
key. In this review, the electrification of BtX processes is presented and discussed as a technological
option to enhance chemical and fuel production from biomass. Electrified processes show many
advantages compared to BtX and electricity-based processes (Power-to-X, PtX). Electrification options
are classified into direct and indirect processes. While indirect electrification comprises mostly the
addition of H, from water electrolysis (Power-and-Biomass-to-X, PBtX), direct electrification refers to
power integration into specific processing steps by converting electricity into the required form of
energy such as heat, electrochemical energy or plasma used (eBtX). After the in-depth review of state-
of-the-art technologies, all technologies are discussed in terms of process performance, maturity,
feasibility, plant location, land requirement, and dynamic operation. H, addition in PBtX processes has
been widely investigated in the literature with process simulations showing significantly increased
carbon efficiency and product yield. Similar studies on direct electrification (eBtX) are limited in the
literature due to low technological maturity. Further research is required on both, equipment level
technology development, as well as process and system level, to compare process options and evaluate
performance, economics, environmental impact and future legislation.

To reduce GHG emissions and thus mitigate the consequences of climate change, all sectors need to be defossilized and decarbonized. Sustainable biomass

and residues are key renewable alternatives to substitute fossil resources, especially for sectors like transportation or the chemical industry, which still heavily
rely on fossil resources. The conversion of lignocellulosic biomass via gasification to syngas and further to fuels or chemicals like methane, methanol, dimethyl

ether, or Fischer-Tropsch syncrude is a promising technology option (Biomass-to-X, BtX). To exploit the biomass resources to their fullest potential while

reducing greenhouse gas emissions, the direct or indirect electrification of BtX processes using renewable electricity is discussed in this paper. Electricity can

be used, for example, to supply energy to individual process steps (direct electrification) or to produce green hydrogen to drive chemical reactions (indirect
electrification). These processes can show significantly higher economic, energetic, and environmental performances than conventional biomass-based (BtX)
or electricity-based (Power-to-X) processes. Therefore, the electrified BtX processes show great potential to accelerate the defossilization and decarbonization of
the chemical industry and transport sector.
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1. Introduction

The climate crisis is an imminent threat to life on Earth,
necessitating significant greenhouse gas (GHG) reductions by
2030. Fossil resources, excluding nuclear power, accounted for
more than 80% of the global primary energy supply in 2021 and
contributed significantly to anthropogenic GHG emissions."
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Besides reducing energy consumption by energy efficiency
measures or avoiding consumption, replacing fossil resources
with renewable alternatives is required. For defossilization,
renewable and sustainable carbon sources are needed to pro-
duce high-density fuels, materials, and chemicals. Biomass
and CO, are the main feedstock options. The hydrogenation
of CO,, so-called Power-to-X (PtX), is an emerging process
route towards renewable fuels and chemicals that requires
H, and CO, as educts. Biomass can be converted to sustain-
able products via various process routes. The annual

growth rate, however, limits the availability of sustainable
biomass. Therefore, biomass must be utilized as efficiently as
possible.
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Electrification of industrial processes has been identified
as a key technology by the IPCC (Intergovernmental Panel
on Climate Change) to meet climate targets.” Van Kranenburg
et al. developed a roadmap for the electrification of the
chemical industry.® They identified economic benefits,
improved sustainability, and the development of new
products as primary drivers for electrification. Moreover, the
electrification of industrial processes can provide a flexible load
in an energy system dominated by fluctuating renewable energy
sources,” and offers economic benefits during times of
low electricity prices.? Electrification can also reduce GHG
emissions if low-carbon electricity is used. However, current
regulatory ambiguity between biogenic and non-biogenic
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Fig. 1 Direct and indirect electrification options for BtX processes, including biomass pretreatment, gasification, syngas conditioning, and synthesis to
synthetic natural gas (SNG), methanol, Fischer—Tropsch (FT) products, and others.

alternative fuels hinders the potential contributions of electri-
fied process options to achieve ambitious goals.

Given the limited biomass availability, the maximized utili-
zation of carbon from biomass should be one of the main
priorities for developing new pathways toward sustainable
products. One promising approach is the electrification of the
thermochemical Biomass-to-X (BtX) process, which involves the
gasification of solid or liquid biomass and the conversion of
synthesis gas, also known as syngas, to products. Agrawal and
Sing reasoned that biomass is not only a source of energy but
primarily a carbon source.’ Since a stand-alone BtX process
generally could transfer less than 50% of the carbon from
biomass to final products, additional energy in as heat, H,, or
electricity is required to improve carbon utilization.”
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Electrification of BtX processes aims at increasing product
yield per biomass input, reducing carbon loss as CO,, possibly
enabling flexible electricity use, and supplying low carbon
products.® Thus, it will be essential in reaching net zero
emissions, especially in the industrial sector.”

1.1 Scope

This review paper focuses on converting solid lignocellulosic
biomass to 2nd generation fuels or chemicals via the
gasification-based BtX pathway. The term ‘“biomass” is used
consistently to refer to non-edible, sustainable lignocellulosic
biomass and its residues, such as crop residues, grasses,
sawdust, wood chips, solid waste, etc. Furthermore, the BtX
pathway via thermochemical conversion of biomass means the
process in Fig. 1, including biomass pretreatment, gasification,
syngas conditioning, and catalytic synthesis. Without any elec-
trification option, the central part (dark green arrows) from
biomass to products represents the BtX route. Final products
are primarily in liquid form, such as Fischer-Tropsch (FT)
products, methanol (MeOH), ethanol, and dimethyl ether
(DME). The only gaseous product considered is synthetic
natural gas (SNG).

Electrification refers to using electricity as feedstock to
produce fuels and chemicals or as a significant utility for such
a process. When electricity is used as conventional utility for
equipment operation such as compressors or pumps, it is not
considered electrification. In the following, the term electricity
refers to renewable and low-carbon electricity.

This paper differentiates between indirect and direct elec-
trification. Fig. 1 shows the directly (lower part) or indirectly
(upper part) electrified BtX process. We use the term, Power-
and-Biomass-to-X (PBtX), for indirect electrification (mostly H,
addition), and directly electrified BtX (eBtX), for directly elec-
trified process steps. In indirect electrification, electricity is

Energy Environ. Sci., 2024,17, 925-973 | 927
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used to produce H, via water electrolysis which can be fed to
different locations along the process chain. Direct electrifica-
tion means using electricity to provide energy to the process
directly, for example, in form of heat, electromagnetic waves or
plasma This work does not consider using H, as a substitute for
natural gas in fired heaters. Additionally, the electrification of
product purification and upgrading is excluded.

1.2 Outline

This work reviews possible electrification options for the
gasification-based BtX process. The paper starts with an intro-
duction followed by a technological background on conven-
tional BtX processes in Section 2 including biomass
pretreatment, gasification technologies, syngas conditioning
and cleaning, and synthesis. The technologies and concepts
for indirect and direct electrification are presented in Sections 3
and 4. Indirect electrification technologies comprise the addi-
tion of H, produced via water electrolysis and the addition of
syngas from parallel co-electrolysis of CO, and H,O. Indirect
electrification is presented along the process steps of the PBtX
process chain at points where H, can be added. Direct elec-
trification includes a variety of technologies and is grouped into
electrically-heated processes (Section 4.1), plasma-assisted pro-
cesses (Section 4.2), and co-electrolysis (Section 4.3). Among all
available technologies for electrifying BtX processes, those that
do not show relevance to this review are summarized in the
ESL

In Section 5, the discussed technologies are assessed con-
cerning feasibility for the integration into BtX processes and
maturity. Section 6 deals with the meta-analysis of literature
data focusing on indirect electrification. Furthermore, available
data from process simulations of direct and indirect electrifica-
tion options are compared. More general topics of electrified
BtX processes are discussed in Section 7 regarding the feed-
stock supply, production potentials, land use, GHG emissions,
economics, and dynamic operation.

1.3 Novelty

Poluzzi et al. recently published a review on PBtX processes
featuring an overview of selected indirectly electrified
processes.® Their review mainly considers the comparison
between conventional and indirectly electrified BtX with H,
addition before synthesis based on a limited number of litera-
ture sources. In contrast, our literature review covers multiple
process design options for direct and indirect electrification.
Additionally, our discussion quantitatively compares key per-
formance indicators between different electrification routes
and products. The goal is to holistically summarize and evalu-
ate the work as well as provide suggestions for the most
promising routes.

Reviews for direct electrification are already established for
microwave-based or electrically-heated process steps®™® and
plasma-based process steps.'*'” However, these reviews do not
discuss the applicability and impact of the electrified subpro-
cesses in the BtX process chain. Therefore, this review puts the
direct electrification options in perspective to the whole BtX

928 | Energy Environ. Sci., 2024,17, 925-973
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process. It merges and consolidates all possible technologies to
assess the most promising technologies for direct
electrification.

Considering both direct and indirect electrification of BtX
processes, we give an overarching picture of all available
technologies for electrification of the gasification-based BtX
process. This paper aims to provide a guideline on which
electrification options are most promising and beneficial in
terms of efficiency, technological readiness, flexibility, and
benefits of electrification.

1.4 Key performance indicators

Key performance indicators (KPI) evaluate and compare PtX,
BtX, eBtX, and PBtX process routes. Due to the different
definitions of efficiencies in literature, the direct comparison
of the literature values is misleading and should be treated
cautiously. For this reason, we unified the assumptions for the
KPI calculations to make the processes comparable.

The carbon efficiency ¢ is defined as the ratio between the
carbon mass flow rate in the product 7ic proqucc and in the input
biomass ¢ piomass as the sole carbon source:

e = ot )

MC biomass
The gravimetric product yield (PY) compares the product mass
flow rate 7,roquce to the mass flow rate of initial dry biomass
Mpiomass,dry- 1t is linked to #¢ when the carbon content (w¢) of
product and biomass are known:

mC,product

”hproduct WC product WC biomass,dry (2)

PY =

Mpiomass,dry M biomass,dry WC product

WC biomass,dry

Gross energy yield (EY) considers the output of the process
as the chemical energy flow of the product based on the lower
heating value (LHV) (Eprod = Mproduct LHVproduce): The inputs
are either the energy flow of biomass (Efeed,BtX = Mpiomass"
LHVpiomass), the electrical power requirement for electrolysis
(Efeechpg( = Pejectrolysis)y OF the sum of the energy flow of biomass
and the electric power requirement for electrolysis (E‘feed,thX =
Mpiomass'LHVbiomass + Pelectrolysis)y O direct electrification
(Efeed,eBtX mbiomass'LHvbiomass + Pel.direct) as shown in
eqn (3). In all cases, the electrical power demand of auxiliaries
like pumping or compression is neglected and only the elec-
trical energy to the electrolysis Pejectrolysis and direct electrifica-
tion processes Pej girect are considered.

EY = Eprod
Efee.d
Mproduct * LHVproducl (BtX)
”’:’lbiomass - LHViomass
Mproduct * product (th)
_ Pe.lectrolysis (3)
Mproduct * LHVproducl (PBtX)
’/hbioma_ss . LHVbiomass + Peleclrolysis
Mproduct * LHVproduct (GBIX)
”i’lbiomass . LHVbiomass + Pel.direct

This journal is © The Royal Society of Chemistry 2024
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To compare the degree of electrification of BtX processes, the
electrification ratio (ER) is introduced in eqn (4). It quantifies
the ratio between electricity and biomass input:

Pelectrolysis
mbiomass : LHVbiomass
el.direct

mbiomass . LHVbiomass

P, (PBtX)

ER=—_-9 -

Ebiomass

4

(eBtX)

2. Conventional gasification-based
biomass-to-X processes

The conventional thermochemical BtX process comprises biomass
pretreatment, gasification, syngas conditioning, and synthesis.
Compared to fossil feedstock, biomass faces feedstock-inherent
challenges mainly related to its low energy density, high moisture
content, hydrophilicity, and low heating value. To overcome these
challenges, pretreatment technologies can be either located off-site
or integrated into a BtX plant.'® The choice of biomass pretreat-
ment depends on the feedstock, gasifier technology, operating
parameters, and syngas quality requirements.’

Pretreatment technologies aim to increase energy density,
reduce moisture content, and increase the C/O ratio. Further-
more, pretreatment improves grindability and conveyability.
Usually, pretreatment processes operate between 50 °C and
300 °C, needing a heat source to supply the required low-
temperature thermal energy.”® Examples of pretreatment tech-
nologies are thermal drying, hydrothermal carbonization
(HTC), and torrefaction.””** If the pretreatment temperature
is further increased to 300-800 °C in the absence of an oxida-
tion agent, direct thermal decomposition of biomass occurs.>?
This so-called pyrolysis yields gaseous, liquid, and solid
products.** After the thermochemical pretreatment process,
the obtained solid fuel might need to be ground or milled,
depending on the gasifier technology.

In the subsequent gasification, the biomass is converted via
endothermic reactions into syngas which contains primarily
H,, CH4, CO, CO,, and H,O with smaller quantities of tar, char,
soot, and ash.”> A minimum temperature of 800-900 °C is
required for biomass gasification.”® Besides biomass as feed-
stock, the gasifier needs a gasification agent like air, O,, steam,

Table 1 Comparison of gasification technologies based on®>2°

View Article Online
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or CO,. O, is typically produced by a cryogenic air separation.””
Required heat for gasification can be supplied autothermally
(heat is generated within the gasifier from the exothermic
combustion reaction of the fuel and the gasification agent) or
allothermally (heat is externally provided to the gasifier).

The most characteristic feature of the gasification process is
the type of reactor (fixed bed, fluidized bed, or entrained flow),
which has the most substantial influence on product gas
composition and gasification efficiency.”” For the gasification
of biomass, available technologies include fluidized bed (bub-
bling (BFB) and circulating (CFB)) and fixed bed (FB) gasifiers
(co-current, counter-current).”>>” The entrained flow gasifica-
tion (EFG) of biomass is currently at the demonstration scale.>®
Table 1 provides an overview of gasifier technologies.

After the gasification, the syngas must be conditioned to suit
the synthesis. Depending on the gasification technology, typical
syngas conditioning processes for EFG include syngas quench-
ing with a downstream scrubber, which already removes most
of the HCl and NH;. Next steps include raw gas reforming for
tar removal, a (sour) water—gas shift (WGS) reactor to adjust the
stoichiometric number (SN), and the removal of sour gases in
the acid gas removal (AGR) followed by a purification for the
removal of other contaminants.>*° A typical syngas condition-
ing train for thermochemical BtX processes is shown in Fig. 2.
In addition to removing impurities from the raw synthesis gas,
the aim is to adjust the synthesis-specific SN.*°

SN — ’:le - ffcoz
nco + nco,

(5)
Critical contaminants in the raw syngas after biomass gasifica-
tion leading to erosion, corrosion, and deposits on process
components, include inorganic particles, tars, halide com-
pounds, N-species, and S-species.”® In addition, contaminants
can lead to catalyst poisoning in downstream processes like the
synthesis. Multiple options for separating impurities are avail-
able (for more detail, readers are referred t0®>*°). The focus is
removing hydrocarbons and adjusting SN since these processes
are the most relevant for electrification.

Hydrocarbons, such as tar, methane, and ethylene, present
in the syngas, must be either removed or converted to CO and
H, before the catalytic fuel synthesis.*’ Reforming the hydro-
carbons has, in comparison to scrubbing, the advantage of

Unit Fixed bed (FB) Fluidized bed (BFB, CFB) Entrained flow (EFG)
Particle size mm 5-100 1-20 <0.1
Outlet temperature °C 150-250 (600-800%) 800-950 1300-1700
Residence time min 10-30 1-10 <0.1
Carbon conversion % >95 (80-909) 88-95 >»>95
Cold gas efficiency Very high (medium®) High Medium
Capacity Low Medium High
Oxidizer requirement Low Medium High
Gas velocity Low High Very high
Tar content Very high (low®) High Very low
Typical operation mode Autothermal Allo-/autothermal Autothermal

% Co-current.

This journal is © The Royal Society of Chemistry 2024
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©) Typically including H,S and CO, removal. HCI and NH; are typically removed in water
quench. If not, all remains are removed in the purification step.

Fig. 2 Simplified flowsheet of syngas conditioning train for gasification-based BtX processes.

increasing the syngas yield.*" To remove tars, physical pro-
cesses like scrubbers or wet electrostatic precipitators, catalytic
reforming, or thermal reforming are available.>” Different
thermal reforming methods such as steam reforming, dry
reforming, partial oxidation reforming (POX), autothermal
reforming (ATR) exist.>> Catalytic reforming uses a catalyst to
lower the reforming temperature. Catalytic reforming is parti-
cularly suitable for syngas applications because it also handles
the non-condensable hydrocarbons and converts organic sulfur
species to H,S, a more readily removable form of sulfur in the
AGR.?® In all cases, a reforming agent like O, or H,O is used to
oxidize hydrocarbons to CO and H,.**

Since the syngas produced via biomass gasification often
has a H,/CO ratio below 1, a WGS reactor can be employed to
increase the ratio as required by the synthesis.>> The WGS
reaction takes place according to reaction (6). Depending on
the reaction temperature and catalyst, the concentration of H,
(forward WGS at 250-400 °C) or CO (reverse WGS at 400-500 °C)
can be increased.’®*® Excess CO, in the syngas is usually
separated in the AGR using a chemical or physical scrubber
which is also used to remove H,S.>¢

AHY = —41.2 k] mol ™!
(6)

The cleaned and conditioned syngas is converted in a catalytic
synthesis to products like SNG (reaction (7)), MeOH (reaction
(8)), or FT hydrocarbons (reaction (9)).

The reaction equations below are generally coupled via the
WGS reaction (reaction (6)). The SN for FT and MeOH is at
roughly 2, while SNG requires an SN of 3.

H;0¢g) + COrg) == Hagg) + COxg

AHY = — 206.2 k] mol™*

(7)

AHY = —90.6 k] mol™*
(8)

The formation of hydrocarbons in the FT process is depicted as
exemplary in producing alkanes in reaction (9).>” The process
yields a mixture of hydrocarbons of different chain lengths,
mainly alkanes, alkenes, and alcohols. The chain length dis-
tribution is described by the chain growth probability o, which

CO(g) + 3Hy(g) == CHyg) + HOfy

CO(g) + 2Hy) = CH30H(g)

930 | Energy Environ. Sci., 2024,17, 925-973

depends on factors like catalyst, temperature, pressure, and
syngas composition.

nCO(g) + 2nHy(g) — —(CHy)n(g) + nHO,
AHp (250 °C) = n(—158.5) k] mol " (9)

Most raw products, including SNG, MeOH, and FT products,
require further processing before they can be used as fuel or
chemicals. After the conversion in the synthesis, the separation
of unwanted by-products and unconverted reactants from the
final product is needed. Especially in the case of FT, the
hydrocarbons produced must be upgraded in a refinery. More
information on catalytic synthesis and raw product upgrading
can be found in literature.’*>®

The three main products identified in this paper are typi-
cally produced from fossil feedstock. The products are mainly
used in the chemical industry as feedstock and as transporta-
tion fuel. The MeOH production is based on the catalytic, low-
pressure conversion of syngas derived from different
feedstock.>® The majority of MeOH is used in the chemical
industry as feedstock (for example: formaldehyde, methyl tert-
butyl ether, acetic acid, dimethyl ether, propene or methyl
methacrylate) or as solvent.>® The utilization in the fuel and
energy sector is increasing.’® MeOH can be either used directly
as fuel or for blending. Additionally, it can be further converted
to methyl tert-butyl ether, DME or gasoline via the methanol-to-
gasoline route.

The FT process was discovered in 1923 and first commercial
plants were up running in 1936 in Germany.*>*' Today, the
technology is used in several plants in mostly South Africa and
Qatar based on natural gas and coal.*” The type and utilization
of the products depend on the process and operating condi-
tions. Typical applications are feedstock for the chemical
industry (for example olefins or naphtha) and transportation
fuels. SNG can have the same applications as natural gas which
is used as feedstock in the chemical industry, as transportation
fuel and for electricity or heat generation. However, SNG is not
widely produced today. In the oil crisis in the 1970s, SNG was
produced from syngas derived from coal gasification.”® FT
hydrocarbons and SNG will have the highest market potential
as these products replace crude oil and natural gas which
account for 31% and 24% of the worldwide primary energy

This journal is © The Royal Society of Chemistry 2024
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consumption.’ The methanol market showed a demand of 47
Mt in 2011.*°

3. Indirect electrification of BtX
processes (PBtX)

This section deals with the indirect electrification of the BtX
processes via H, addition from water electrolysis or parallel
integration of co-electrolysis. As shown in Fig. 3, H, can be
added at various locations along the process chain. The parallel
integration of co-electrolysis allows the addition of H, and CO.
The PBtX concept of adding H, from water electrolysis to BtX
processes is reviewed in Section 3.1. Parallel integration of co-
electrolysis is reviewed in Section 3.2, while the in-line co-
electrolysis integration is reviewed in Section 4.3.

3.1 H, addition

In this section, only the production of H, via water electrolysis
(eqn (10)) powered by renewable electricity is considered.

2H,0() = 2Hy() + Oyg AHR = 285.83 k] moly og) '
(10)

Water electrolysis technologies are grouped into high and low-
temperature processes. The already commercialized low-
temperature options are the alkaline (AEL) and the proton
exchange membrane electrolysis (PEMEL), both running below
100 °C.*** Low-temperature electrolyzers reach system effi-
ciencies of up to 67% based on the LHV of H,.** SOEL can
achieve efficiencies of 74%.**

Solid oxide electrolysis (SOEL) operates between 700 °C and
900 °C.** Operating with steam instead of water as the reactant,
SOEL can offer thermodynamic and kinetic advantages. For

electrolysis

o

=
—

Pretreatment  Gasification

Resources

Electricity
Biomass

electrolysis

—| -
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higher temperatures, the equilibrium voltage of the cell
decreases, leading to lower electricity demand, consequently
increasing the electrolysis efficiency.”> However, the pressurized
operation of SOEL remains challenging since the absolute pres-
sure difference between the half-cells should stay below
20 mbar.*® Compared to the extensive long-term degradation
investigations performed at atmospheric conditions,*” the current
state of research is insufficient to make statements about the
long-term effects of operating pressure on degradation behavior.

As a sweep gas on the O, side, air is typically used in SOEL.
The system can also be operated with O, as sweep gas. This way,
pure O, can be generated and potentially used in other process
steps, such as oxygen-blown gasification or reforming. While
this offers advantages in terms of overall process efficiency, it is
crucial to be aware of the significant technical challenges
associated with handling high-temperature pure O,.*® Another
challenge on the O, electrode in SOEL is the oxidation of the
metallic components. Therefore, all metals used have to form a
stable oxidation layer to avoid complete destruction of the
material by oxidation. It can be assumed that future SOEL cells
can operate on an industrial scale producing pure O,.*° For low-
temperature electrolyzers, pure O, production is state of the art.

PBtX processes have gained much attention in literature
recently. The first publications on the concept date back to the
90s.°>°! In general, the SN of biomass-based syngas needs to be
increased by either adding H, or removing carbon-containing
compounds for subsequent synthesis. If CO, is removed from
the syngas stream, it is vented and not contained in the
product. Thus, H, addition increases the product yield and
carbon utilization.

H, addition to the pretreatment step is not an option since
drying, torrefaction, and other thermochemical pretreatment
technologies use thermal effects rather than chemical

Syngas Synthesis Products
conditioning

] =

Fig. 3 Water and co-electrolysis integration options along the process chain for indirect BtX electrification (PBtX).

This journal is © The Royal Society of Chemistry 2024
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conversion. Only H,-enhanced pyrolysis (hydropyrolysis) is dis-
cussed in literature.”>** In hydropyrolysis, biomass pyrolysis
occurs under an H, atmosphere producing a stable bio-oil with
low O, content and high heating value. The process substitutes
the pathway via pyrolysis and bio-oil hydrogenation in a single
conversion step to yield bio-oils comparable to fossil fuels.>*
Hydropyrolysis is outside the scope of a pretreatment step for
gasification in this review as it aims to produce a higher-value
liquid bio-oil for direct utilization as fuels.

H, addition to gasification and syngas conditioning like gas
quenching, H, enhanced reforming, and WGS is relevant for
PBtX applications and is presented below. Due to the avail-
ability of process modeling studies, we extensively elaborate on
the H, addition to the synthesis step in Section 3.1.3.

3.1.1 H, addition to gasification. Two major concepts for
utilizing H, directly in the gasifier are shown in Fig. 4(b) and
(c). Hy combustion inside the gasification chamber can gen-
erate the required heat for biomass gasification.>® The combus-
tion of H, instead of biomass inside the gasifier (Fig. 4b) is an
option to operate the gasifier closer to allothermal mode and to
improve the product gas heating value. Water generated from
H, combustion is not only easily separated from the syngas but
highly reactive with biomass and char reversely producing H,.
Consequently, steam addition to the process to enhance the H,
content in the syngas can be reduced. Calculations show that
Hy-reactivity with O, is higher than that of CO, preventing
the conversion of CO to CO,.*>” Since H, is selectively oxidized,
it reduces the formation of CO,. The technology is probably
most suited for EFG. In fluidized bed gasifiers, high-
temperature steam generated by H, combustion can likely
cause bed agglomeration. In 2007, Agrawal et al. proposed the
H, addition to a not further specified biomass gasifier with a
subsequent FT synthesis step to produce liquid transportation
fuels.>®

As an alternative, gasification can occur in an H,-enriched
atmosphere to produce a methane-rich product gas (Fig. 4c).>”
This concept is called hydrogasification. The process was
developed in the 1930s for the hydrogasification of coal and

Conventional gasification

H, combustion

View Article Online
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follows the exothermic reaction of solid carbon and H,, as
shown in (Fig. 4c).”” Several simulative studies suggest a higher
energy yield for the production of SNG by hydrogasification
compared to conventional gasification with subsequent SNG
synthesis (see ESIT).””® Such a PBtX process using biomass
hydrogasification would require H, addition of 95 MWy for a
100 MW,, biomass input and outputs 154 MWy, SNG.%®
According to Barbuzza et al., a methane fraction in the product
gas from hydrogasification of up to 90 mol% on a dry basis can
be expected.>” With CH, as the main product of hydrogasifica-
tion, the production of SNG via such a PBtX process is most
reasonable. However, the gasification reaction rate in H, atmo-
sphere is significantly lower than that when gasifying in
CO, or H,0 atmosphere.*® Consequently, higher temperatures
and pressures are needed for hydrogasification than for
conventional gasification. Furthermore, some studies on
hydrogasification®”®® assume that hydrogen supply alone is
sufficient to reach the gasification temperatures and assume
that reaction temperatures are unreasonably low. However, the
slightly exothermic hydrogasification reaction itself does not
supply enough energy to the reactor to drive the gasification of
the solid biomass. Thus, an additional heat source is required
to reach gasification temperatures. Such an external heat
source allows for a combination of direct electrification of the
gasification reactor and H, addition. At very high temperatures
reached, especially in EFG, the thermodynamic equilibrium of
the exothermic reaction prevents hydrogasification from play-
ing a major role.

3.1.2 H, addition to syngas conditioning. Fig. 5 shows
possible points for indirect electrification along the syngas
conditioning train, including H, addition to syngas cooling or
quenching, to syngas reforming or to sour (r)WGS. When
adding the H, before an optional rWGS reactor, CO, can be
converted into CO according to the reverse WGS reaction (see
reaction (6)). This is particularly necessary when aiming at
maximizing carbon efficiency when CO, cannot be converted
in the synthesis, e.g., in the FT synthesis. Since studies often
add H, to both the rWGS and the synthesis itself, the respective

Hydrogasification

Raw syngas Raw syngas Raw syngas
Gasification H,
Feedstock D agent Feedstock Feedstock H,
SR
Gasification ~ “IL____
agent
0.505() + Cis) » COy  AHR = —111% 050 + Cs) » COy  AHR = 7111% "

0
R
K k]
)|05 0xg) +COg) = COxgy AR = 2830 | [9) |05 Oap + Hagg) = Ha0 AHR = —242.5| )

Ciy + 2Ha(g) = CHyg AHR = ~75—

Fig. 4 Simplified representation of the concepts for H, addition to gasification: (a) conventional allothermal gasification using gasification agent to
generate heat through (partial) combustion; (b) H, combustion to generate heat for gasification; (c) hydrogasification of solid feedstock with H, and

external heat source.
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Fig. 5 H, addition options along the syngas conditioning train for indirect BtX electrification (PBtX).

literature considering H, addition before the (r)WGS reactor is
included in Section 3.1.3.

There are multiple options to cool down the hot syngas after
gasification, including radiant cooling, convective cooling, or
direct quenching.?® Especially in EFG, the hot syngas must be
directly quenched after the gasifier, using either water, gas, or
chemical quenching. Instead of using recycled syngas for gas
quenching, H, can be mixed with hot syngas to lower the
temperature. Adding H, can be seen as a combined gas and
chemical quench. The effect of chemical quenching is the
conversion of CO, to CO via the endothermic rWGS reaction
proceeding at high temperatures, which further lowers the
temperature of the raw syngas. A disadvantage of H, addition
as gas quenching is that impurities are diluted, resulting in a
less efficient separation in the syngas cleaning steps. Further-
more, the mass flow of the gas stream is increased, requiring
larger downstream equipment starting from the gas quench. A
techno-economic evaluation and a practical demonstration of
such a process are still pending.

Clausen proposed a MeOH-producing PBtX process using H,
addition for quenching after EFG.®" Clausen showed that using
H, in a chemical quench can increase carbon efficiency to up to
97% and energy yield to 58% for an ER of 1.°! Alternatively, he
proposed using the volatiles from torrefaction for the chemical
quenching while feeding the electrolytic H, to the synthesis
unit.> The comparison suggests that the latter would be
beneficial since the torrefaction can be integrated into the
process and the volatiles from torrefaction can be used within
the process.®” Butera et al. further investigated the proposed
concept, achieving energy yields above 70% using gas and
chemical quench via H, injection to cool the produced gas
before the high-temperature syngas cooler.®*

After gasification and quenching, hydrocarbons produced
during gasification, especially tars, must be either removed or
converted to CO and H, before the catalytic fuel synthesis. The
H, content in the syngas influences the conversion of tars in
the reforming step, as shown by experimental and simulative
work. Houben et al. showed with naphthalene as a model
compound that the tar content can be decreased via partial
oxidation.®* With higher H, content, almost all naphthalene is
converted to benzene and syngas. Van der Hoeven et al. both
experimentally and simulatively confirmed the assumption that
H, is beneficial for converting tars in partial oxidation

This journal is © The Royal Society of Chemistry 2024

reactors.®® Higher tar conversion due to higher H, content
was experimentally confirmed by Ahmad et al.®® Additionally,
H, suppresses soot formation in POX.** Yet, models must be
improved to capture this effect in simulation.®”

3.1.3 H, addition to synthesis processes. To adjust SN for
any catalytic synthesis, generally two options are available:
removing carbon from the syngas before synthesis (BtX) or
adding H, to the syngas before synthesis (PBtX). In BtX pro-
cesses, removing carbon from the syngas prevents the biomass
potential from being fully utilized, limiting the maximum
possible carbon efficiency and thus the product yield. In this
section, adding H, before the synthesis step is presented as the
straightforward option to adjust SN for catalytic synthesis
without the need for carbon removal.

Tables 2-4 show the available publications for SNG, MeOH,
and FT products. Most literature targets SNG, MeOH, and FT
products. Reviewed studies often add H, to the rWGS, the
synthesis itself or both at the same time. Therefore, the relevant
literature is reviewed in this section considering the H, addi-
tion to the following points: before the (r)WGS reactor, before
the chemical synthesis or between reactors of the chemical
synthesis in the case of cascading reactors. The determined
KPIs are based on eqn (1) to (4) using the data presented in the
publications to make the indicators comparable.¥

As mentioned above, one of the main advantages of H,
addition is the increase in carbon efficiency. As shown in
Tables 3-5, the carbon efficiency of the processes vary from
34 to 100% and are potentially higher than in the BtX processes
of 32 to 40%.°® However, a carbon efficiency of 100% cannot be
reached due to losses in purge streams and limitations of
carbon conversion in the gasifier. PY in Tables 3-5 ranges from
0.31 to 0.79 kgsnc Per Kgbiomassary for SNG, from 0.70 to
1.28 kgmeon Per Kgpiomass,ary for MeOH and from 0.20 to
0.57 Kger per Kgpiomass,ary for FT. These values compare to
0.23 kgSNG per kgbiomass,dryy 0.53 kgMeOH per kgbiomass,dry and
0.21 kgt per Kgpbiomass,ary for conventional BtX processes.®® The ER
shows that a considerable amount of energy input can come from
H, addition. More than twice the amount of biomass thermal
energy input can be added as electricity for PBtX processes.

i In case of inaccessibility or lack of data in the publications, a LHV of biomass of
18 MJ kgar, ' and an energy requirement for the electrolysis of 50 kW h kg, '
corresponding to a 65% system efficiency (based on LHV) is used.
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Table 2 Literature overview for Power-and-Biomass-to-SNG studies including the scope and the used gasification and electrolysis technologies. KPI

values derived from the data in the respective literature

ER PY o EY
kgsng per
Ref. Scope® Gasifier” Electrolyzer” MW, per MWy, K€hiomass,dry % %
Gassner and Maréchal (2008)*° P CFB Not specified 1.37 0.75 100% 75%
Ridjan et al. (2013)"° E Not specified SOEL 1.26 0.64 95% 75%
Hannula (2015)"" P CFB AEL 0.66 0.39 56% 60%
Hannula (2016)"? P CFB AEL 2.52 0.79 98% 58%
Trop and Goricanec (2016)”* P EFG Not specified 2.26 0.64 96% 54%
Clausen (2017)™ P TSG SOEL 1.24 0.31 100% 74%
Sigurjonsson and Clausen P TSG SOEL 1.52 0.64 100% 75%
(2018)®
Anghilante et al. (2019)7° P FB SOEL/SOEL/ 1.35/1.38/1.96  0.72/0.74/0.74 98%/98%/  64%/65%/
PEMEL 98% 52%
Zhang et al. (2020)"”’ P EFG SOEL 1.3 0.557 89% 63%
Poluzzi et al. (2020)" P CFB/DFB/ not specified 0.39 (3) 0.37/0.37/0.33 55%/55%/  78%/78%]/
SEG? 50% 71%
Kofler and Clausen (2021)”° P CFB AEL 0.78 0.61 68% 53%
Giglio et al. (2021)*° P CFB SOEL 1.53 0.67 100% 75%

“ Scope: P: process simulation, E: estimation-based calculation approach. ” 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. ¢ DFB: dual fluidized bed indirect gasifier, SEG: dual fluidized bed sorption-enhanced gasifier.

Table 3 Literature overview for Power-and-Biomass-to-MeOH studies including the scope and the used gasification and electrolysis technologies. KPI

values derived from the data in the respective literature

ER PY e EY
Ref. Scope” Gasifier” Electrolyzer’ MW, per MWy, kgveon Per Kgbiomass,dry % %

Oulette and Scott (1995)*° E FB Not specified 1.29 1.21 100% 57%

Specht et al. (1999)>" E Not specified  Not specified 1.47 1.22 81% 51%

Mignard and Pritchard (2008)*" E FB PME 1.39 1.27 87% 54%

Hertwich and Zhang (2009)*> E Not specified ~ Not specified 1.19 1.21 90% 58%

Clausen et al. (2010)* p CFB AEL 0.64 1.10 88% 72%

Clausen (2011)°" P EFG AEL 1.10 1.27 97% 61%

Ridjan et al. (2013)° E Not specified ~ SOEL 0.63 1.08 81% 74%

Hannula (2015)"" p CFB AEL 0.35 0.76 55% 58%

Clausen (2015)% P EFG AEL 1.19 1.21 96% 62%

Hannula (2016)" p CFB AEL 1.70 1.31 92% 58%

Trop and Goricanec (2016)”> P EFG Not specified 1.48 1.17 88% 52%
Firmansyah et al. (2018)** E FB AEL 1.19 1.14 85% 57%

Zhang et al. (2019)* p EFG SOEL 0.61 0.89 67% 60%

Butera et al. (2020)*° P CFB SOEL 0.42 0.70 58% 58%

Zhang et al. (2020)%” P EFG SOEL 0.61 0.89 66% 60%

Zhang et al. (2020)77 p EFG SOEL 0.85 1.12 99% 63%

Poluzzi et al. (2020)" p CFB, DFB, SEG® Not specified 0.39/0.39/0.39  0.73/0.73/0.67 55%/55%/50% 62%/62%/56%
Henning and Haase (2021)®® P EFG (slurry) AEL 1.00 0.97 78% 55%

Butera et al. (2021)%° P TSG SOEL 0.40 0.95 74% 74%

Kofler and Clausen (2021)”° P CFB AEL 0.24 ! ! !

Poluzzi et al. (2022)*° P CFB Not specified 1.29/0.67/0.63  1.24/0.93/0.88 90%/68%/64% 61%/62%/61%
Melin et al. (2022)°* P CFB AEL 1.56 g g g

Fournas and Wei (2022)° P EFG PEMEL 1.12 1.24 92% 62%

Ostadi et al. (2023)” P EFG SOEL 0.86 1.30 94% 73%

Anetjirvi et al. (2023)** p CFB AEL 1.11/0.41 1.28/0.88 90%/62% 64%/66%

“ Scope: P: process simulation, E: estimation-based calculation approach. ” 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. ¢ DFB: dual fluidized bed indirect gasifier, SEG: dual fluidized bed sorption-enhanced gasifier./ DME
as main product with MeOH as intermediate. PY: 0.33 kgpme Per Kgbiomass,dry DME-based 11¢: 27%, DME-based EY: 32%. ¢ Ethanol as main product
with MeOH as intermediate. PY: 0.952 kggion PeT K€biomass,dry, Ethanol-based #5c: 91%, ethanol-based EY: 53%.

Due to the extent of the literature, a comprehensive description
of all studies is omitted here. Such a narrative review paired with
an extensive comparative study table is available in the ESI.{ Here,
developments in the field are briefly discussed and the limitations

934 | Energy Environ. Sci., 2024, 17, 925-973

of this review are identified. A detailed discussion and meta-

analytical comparison of the KPIs can be found in Section 6.1.
In the 1990’s, early literature investigated the improvement

of BtX processes by H, addition. Oulette and Scott proposed
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Table 4 Literature overview for Power-and-Biomass-to-FT studies including the scope and the used gasification and electrolysis technologies. KPI

values derived from the data in the respective literature

ER PY o EY
Ref. Scope” Gasifier” Electrolyzer’ MW, per MWy,  kgpr per KEbiomass,dry %0 %
Seiler et al. (2010)> E EFG Not 1.07 0.50 100% 56%

specified
Baliban et al. (2010)”° P CFB Not 0.51 0.48 100% 79%

specified
Bernical et al. (2012)°° P EFG SOEL 0.84 0.36 61% 46%
Bernical et al. (2013)”” P EFG SOEL 0.87 0.37 62% 46%
Albrecht et al. P EFG PEMEL 1.57 0.50 98% 47%
(2017)%® (slurry)
Hillestad et al. p EFG SOEL 0.95 0.50 91% 65%
(2018)*°
Kurkela® (2019)'°  E FB Not 1.17 0.49 85% 54%

specified
Zhang et al. (2020)7 P EFG SOEL 0.49 0.34 62% 50%
Habermeyer et al. P CFB AEL 0.94 0.38 61% 50%
(2021)"
Dossow et al. p EFG PEMEL 1.6/1.1/0.75 1.3/ 0.57/0.47/0.40 0.57/  97%/79%/67% 97%/  47%/47%/47% 53%/
(2021)'** 0.9/0.6 0.47/0.40 79%/67% 53%/53%

SOEL
Pandey et al. (2022)'” P EFG SOEL 1.04/0.71/1.02/0.8 0.56/0.53/0.55/0.50  96%/91%/96%/86% 62%/70%/62%/62%
Habermeyer et al. p FB AEL SOEL  0.84/0.63/1.17/  0.35/0.20/0.40/0.35  60%/34%/69%/57% 53%/34%/51%/46%
(2023)" 1.09

0.63 0.35 60% 59%

“ Scope: P: process simulation, E: estimation-based calculation approach. ” EFG: entrained flow gasification, CFB: circulating fluidized bed, FB:
fixed bed. ¢ AEL: alkaline electrolysis, SOEL: solid oxide electrolysis, PEMEL: proton exchange membrane electrolysis.

Table 5 Literature overview for process simulation studies of parallel integration of co-electrolysis into BtX processes (PBtX) KPI values derived from the
data in the respective literature, all using entrained flow gasification and SOEL

ER PY e EY
Ref. MW, per MWy, % %
Zhang et al. (2020)”7 1.33 0.51 kgsng Per Kgbiomass,dry 75% 63%
0.87 1.00 kgmeon Per Kgbiomass,dry 75% 61%
0.69 0.35 ngT per 1(gbiomass,dry 60% 50%
Steinriicken et al. (2023)"** 0.59 0.50 kggr per Kgpiomass,dry 84% 64%
0.69 0.53 kgpr Per Kgpiomass,dry 89% 65%
0.74 0.54 kgpr per Kgpiomass,dry 92% 64%
0.83 0.56 kgpr per Kgpiomass,dry 94% 63%

adding H, before the catalytic synthesis step in 1995.°° The
authors argue that syngas from biomass gasification contains
excess carbon to produce MeOH. In 1999, Specht et al. also
investigated MeOH production through allothermal steam
gasification and the addition of H, before the synthesis
unit.”" The authors argued that CO, separation or H, addition
are the options to adjust the SN of the syngas, with the latter
enabling almost complete utilization of the carbon atoms of the
biomass while simultaneously using the O, from electrolysis as
a gasification agent in the gasifier.”®>" The increasing number
of publications since 2010 demonstrates a strong interest in the
PBtX process for all three final products.

Although most available literature on PBtX investigates the
improvement of process efficiency via process simulations, a
few experimental works have attempted to demonstrate the
feasibility of the concept at laboratory and pilot scales. In 2018,
Miiller et al. performed a FT synthesis in a laboratory-scale
reactor using a side stream of real syngas produced from the

This journal is © The Royal Society of Chemistry 2024

Giissing gasification plant with the addition of H,.'*> They
showed the system’s feasibility and that adding H, can increase
the product output Pilot-scale experimental work on a 5 kWy,
bubbling fluidized bed gasifier under allothermal conditions
demonstrated the general feasibility and plausibility of H,
addition to methanation increasing the CH, yield.'®

Most studies applied gasifier types with high potential to
scale up (i.e., CFB and EFG), but some studies have investigated
small-scale applications and utilized fixed bed gasifiers or two-
stage pyrolysis and gasification reactor (so-called “Viking”
gasifier). In general, high-temperature gasifiers, as they have
a higher oxygen demand, tend to produce syngas with lower SN.
Therefore, PBtX based on EFG is expected to show a more
significant gain in carbon efficiency.

As for the electrolyzers, the literature can be divided into the
use of more established, low-temperature electrolyzers (PEMEL
and AEL) and more efficient, high-temperature electrolyzers
(SOEL). It is essential to acknowledge that most studies have

Energy Environ. Sci., 2024,17, 925-973 | 935
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assumed, albeit questionable, that SOEL can be operated
pressurized and O, from electrolysis is available as a pure
stream for gasification and reforming. As discussed above,
these assumptions are currently not technically viable.

In addition to the experiment-oriented studies and analyses
of process flexibility,'®” a few studies of PBtX processes are
excluded in Tables 2-4 due to incompatibility between the
scope of the work and the KPI analyses. A study by Ali et al.
on MeOH production using a low-temperature CFB gasifier and
SOEL is excluded since their work is focused on comparing
different reformer technologies rather than the overall system
performance.>® A study by Larose et al. does not include the
analyses of the entire system and ends after syngas production
without a synthesis.'®® Bareschino et al.'® investigated the
performance of a 3-stage methanation processes with the
syngas composition from the experiments using catalytic
BFB'" and PEM using a 1-D kinetic model. Melin et al
investigated ethanol production performance using syngas
from a fluidized bed gasifier and AEL.”" However, the overall
process performance was assessed focusing on ethanol produc-
tion via a multi-step synthesis process of MeOH-to-acetic acid-
to-EtOH, which makes it difficult to compare with other stu-
dies. Likewise, the evaluation of KPIs for the study by Putta
et al. was not possible because it shows only economic indica-
tors of the plant despite carrying out process simulations for
the PBtX system with an entrained flow gasifier and SOEL."""
Nielsen et al. integrated a SOEL into a BtX process with FT
synthesis, using external steam and the volatile products from
the FT reactor as the anode inlet stream. Compared with
process variants in which H, from water electrolysis is added
to the syngas, this fuel-assisted scenario where tail gas is
delivered to the SOEL anode reduces the process’s power
requirement and increases energy efficiency."'> Due to the
challenges related to fuel assistance, like thermal gradients
and stresses within the cell, the study is excluded. In 2020,
Wang et al. proposed a polygeneration concept based on
biomass gasification and rSOC allowing for power generation,
power storage, or power neutrality.'®” The research is focused
on the optimal conceptual plant design employing multi-time
heat and mass integration platform and multiple objective
functions.

3.2 Parallel integration of co-electrolysis

There are three competing technologies for electrochemical
CO, reduction to CO, ie. co-electrolysis, including low-
temperature electrolysis, molten carbonate electrolysis,*** and
solid oxide electrolysis (SOEL).''* Considering the respective
technological maturity, achievable conversion, and energy effi-
ciencies of the three options, SOEL proves to be a particularly
applicable technology for electrifying BtX processes.’'* ™' It
should be mentioned here, that low-temperature electrolysis
cells can potentially directly produce other chemicals from CO,
such as formic acid, ethanol, or ethylene, which cannot be
synthesized directly in other electrolysis systems."**

In high-temperature co-electrolysis using SOEL, H,O, and
CO, are supplied to the co-electrolysis yielding CO and H, on
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the cathode. CO, is split electrochemically into O, and CO
according to reaction (11)."**'"” CO, electrolysis plays a minor
role in CO generation and occurs exclusively due to diffusion
limitations when the limiting current density is reached.'*® The
majority of CO produced in co-electrolysis is due to the rtWGS
reaction inside the cell. Simultaneously, O, evolves at the
electrode. Whether a high O, purity can be received on the
anode side depends on the used purge gas (discussed in
Section 3.1).

AHY = 283.2 k] mol ™!
(11)

COzg) == COrg) + 0.504()

The energetic efficiency of CO, electrolysis in SOEL is above
70% even at current densities of 700-800 mA cm >.''* The
pressurized operation also remains challenging using SOEL. In
addition to the presence of catalyst poisons, the deposition of
elemental carbon can also lead to irreversible damage to the
cell. Whether carbon deposition takes place depends on the
inlet composition, pressure, and temperature.

The integration of a co-electrolysis unit into BtX processes
can generally be achieved by two options (parallel or in-line), as
shown in Fig. 6. Placing the co-electrolysis in parallel to the BtX
process chain means that the CO, stream separated from the
syngas can be further converted into CO and consequently into
products in the subsequent synthesis step. This approach is
within the scope of indirect electrification (PBtX). The in-line
integration of co-electrolysis is an indirect electrification
approach (eBtX) and is further discussed in Section 4.3.

Several authors investigated the electricity-based PtX path
employing co-electrolysis,'* "> while there is limited research
on the combination of BtX and PtX in a parallel PBtX approach.
When integrating co-electrolysis in parallel to a BtX process, the
inlet gas composition to the electrolysis mainly determines
the product composition.'™ Since, the partial pressure of the
reactants in this configuration is very high, and the total
volume flow through the electrolysis is limited to a minimum,
the PBtX approach can lead to economic savings compared to
the in-line configuration. Table 5 shows the few available
publications for SNG, MeOH, and FT products.

In 2018, Samavati et al. investigated a process using EFG
coupled with co-electrolysis (800 °C and 1 bar) and a subse-
quent FT synthesis.'*® The co-electrolysis setup uses external
water and water produced by the FT synthesis and CO, sepa-
rated from the syngas by a Selexol®™ wash after gasification. It
was scaled only to use excess electricity from renewable power
when available. The SOEL is thus more of an alternative path-
way to the continuously operated BtX route. Consequently, the
investigated process still requires external O, input to the EFG
and a WGS step to adjust the H,/CO ratio and is excluded in
Table 5.

Zhang et al. compared a process using the SOEL in co-
electrolysis mode at 750 °C and 1 bar to a process with H,
addition from SOEL producing either SNG, MeOH, DME, or SAF
via FT.”” In co-electrolysis mode, the process uses the CO,
stream separated in AGR after gasification. When renewable

This journal is © The Royal Society of Chemistry 2024
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remaining syngas processing omitted for simplicity.

electricity is unavailable, the process runs in BtX mode with
CO, stored for the period with available renewable electricity.””

Using a detailed 0D model, Steinriicken et al. simulated an
electrified BtX process using co-electrolysis for both parallel
and an in-line process design.">* The developed process model
employing a SOEL at atmospheric pressure and 800 °C is based
on their process model using H, addition before synthesis'®* as
presented in Section 3.1.3. In co-electrolysis mode, the parallel
process option uses a mixture of the light ends from FT and the
CO, stream separated in AGR after gasification. Comparing the
process options with co-electrolysis to the H, addition pro-
cesses and the conventional BtX and PtX reference models, they
show that process efficiency and energy yield can be signifi-
cantly increased by integrating co-electrolysis for an identical
product yield and carbon efficiency.

4. Direct electrification of BtX
processes (eBtX)

Direct electrification of BtX processes mean the direct use of
electricity for individual process steps. One main advantage of

eBtX is replacing partial oxidation in gasification or reforming,
reducing the need for O, supply and potentially increasing

This journal is © The Royal Society of Chemistry 2024

Integration of co-electrolysis into BtX processes for: (a) parallel integration, i.e., indirect electrification (PBtX) or (b) in-line integration, i.e. with the

carbon efficiency (reducing CO, production). Additionally, eBtX
technologies can lead to smaller reactor sizes, which reduces
investment costs and makes the process more cost-effective.

As shown in Fig. 7, the directly electrified eBtX process
options are grouped by the type of electricity integration
(electrically-heated, plasma, and electrochemical), contrary to
indirect electrification processes, which are grouped by process
steps. Electrically-heated processes (microwave, induction and
resistance heating) are discussed in Section 4.1. Plasma-
assisted processes are discussed in Section 4.2. In-line co-
electrolysis processes are discussed in Section 4.3.

4.1 Electrically-heated processes

Electricity in the form of heat can be directly supplied to any
process step along the BtX process chain. However, the electric
heating option is not applicable for exothermic processes,
including the forward WGS and catalytic syntheses. Several
electric heating technologies exist, with electric resistance
heating and microwave heating being the most relevant for
eBtX processes. Other processes are infrared and induction
heating. Other technologies, such as heat pumps, only apply to
low-temperature applications. Therefore, they are unsuitable
for the electrification of high-temperature applications in the
BtX pathway and play a minor role. The review focuses on
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experimental work since the technologies are not yet widely
investigated in process simulations.

In this review, the term electric resistance heating refers to
an electric heating method that uses the Joule effect inside a
heating element, in which the passage of an electric current
through a conductor generates heat reaching efficiencies of
>90%."> Heat is transferred to the target material or process
via conduction, convection, and/or radiation.'®® Electric resis-
tance heating is categorized as direct heating since it relies on
heat transfer from the heating element to the medium that is
supposed to have a temperature increase (e.g., biomass or
catalyst). It can also be used for indirect heating if air, steam
or thermal oil are used as heat transfer medium. Heating
elements are established technologies that are widely used in
various industries.’*® The choice of heating element material
depends on the heat transfer process, and the physical and
chemical properties of the process environment, with the target
temperature usually being the key factor."”> Heating elements
can supply heat at temperatures of up to 1200 °C for Nickel-
based alloys, 1400 °C for Iron-based alloys, 2500 °C for
exotic metals such as Tantalum, and up to 3000 °C for graphite,
with the latter two not to be used in corrosive or oxidative
atmospheres.'*®

In addition to convective or conductive heat transfer, the
heat generated in indirect electric resistance heating can be
also transferred to the desired material via radiation. Specific
heating devices can be designed to increase the radiative heat
transfer The electromagnetic waves emitted by a hot object are
absorbed by molecules when changing rotational-vibrational
movements.'>>"*?® Therefore, the spectral output of the emitter
must be matched to the reflection and absorption character-
istics of the product to use radiation efficiently.'® Infrared
radiation is a prominent type of radiation that transfers heat.

Infrared radiation is electromagnetic radiation at a wave-
length between 700 nm and 1 mm."® Lower-temperature

938 | Energy Environ. Sci., 2024,17, 925-973

infrared emitters (long and medium wavelengths) are typically
used to heat and dry non-metallic materials because they
generally absorb radiation at longer wavelengths. In contrast,
short wavelength emitters are used for heating suitable materi-
als to higher temperatures at high intensities.'*® Infrared
heating is one of the most widely used electric heating techni-
ques in all branches of industry.”>® The radiant efficiency
(energy output as radiation to the energy input of the heater)
lies between 50% and 86%, depending on the emitter type.'*’
The limitations of infrared energy are waste heat dissipation
and insufficient penetration."”®

Microwave heating presents another possible electric heat-
ing technology."®® Here, the electromagnetic energy is con-
verted to thermal energy through the alternating direction of
the electromagnetic field. The excited molecules with a dipole
movement are set to motion, and ionic species migrate, causing
friction and thus generating heat.°"** Different materials
have distinctive capabilities to dissipate this microwave energy
to heat. Arpia et al., for example, classify woody biomass as a
poor microwave absorber, whereas biochar from biomass is
considered a good absorber."*®* The conversion efficiency of
electricity to microwave ranges from 50% (2450 MHz) to 85%
(915 MHz)."*

Advantages of microwave heating include the ability to heat
solid or liquid media without direct contact from distance,
similar to infrared heating, but unlike resistance heating.'**
Furthermore, the heating is selective, causes smaller tempera-
ture gradients in the material, and has a high heating rate."**
As a result, larger particles can be processed, avoiding the need
for particle size reduction.® Future challenges are tests and
scale-up of continuously running processes. However, micro-
wave heating can lead to the formation of “micro plasmas,”
which appear as hot-spots or sparks, leading to much higher
temperatures in the surrounding regions than the mean tem-
perature of the material.’*® We excluded the microwave

This journal is © The Royal Society of Chemistry 2024
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assisted-synthesis from Section 4.1.3 due to the limited rele-
vance for the eBtX process (information in ESIT).

Besides electric resistance heating or microwave heating,
induction is another option to supply energy in the form of heat
to the process. Based on alternating magnetic fields, materials
that are ferromagnetic, conductive, or both at the same time
can be heated.”® In conductive materials, the magnetic field
causes an electric current (Eddy current) to dissipate heat via
Joule heating.'®® For ferromagnetic materials, heat energy is
released during the change of orientation of magnetic dipoles
(hysteresis loss)."*® The advantages of induction heating are
efficiencies of above 90%, fast heating, and controlled heat
input."®” Inductively-heated synthesis is excluded from the
paper but presented in the ESL ¥

4.1.1 Electrically-heated pretreatment. To supply the pre-
treatment processes with medium- to high-temperature heat,
electric heating can be applied."*®* However, a standalone
BtX plant usually has a heat surplus from hot syngas cooling
after gasification and exothermic synthesis processes.
Therefore, internal heat integration can typically cover the
heating demand for preheating and most pretreatment pro-
cesses. Using electricity for heating is questionable for low-
temperature processes like biomass drying, torrefaction and
HTC. However, the options for electrically-heated biomass
drying are presented here for completeness.

Conventional dryers use steam or hot air as an agent for heat
transport. These media can easily be heated by resistance
heating, making it possible to use conventional dryer setups.
The advantage of infrared, microwave, and induction drying is
the direct heat transfer to the bulk material. The same applies
to the use of induction, infrared and microwave heating for
torrefaction or HTC, including several additional advantages
over conventional methods, such as higher heating rates, lower
temperature gradients, and the ability to process larger particle
sizes. However, it remains unclear whether the energy efficiency
of such heating is superior to that of conventional processes.
Due to the low-temperature level and the small amounts of
energy required for drying, torrefaction, or HTC compared to
the overall process, details on microwave-assisted HTC and
torrefaction, and infrared, microwave-assisted and induction
drying are presented in the ESI. The following section focuses
solely on electrified pyrolysis.

Microwave-assisted pyrolysis is the most researched process
in microwave-heated thermochemical processes'** and shows
the most drastic but positive change in product yield and
properties compared to conventional pyrolysis."****° The bio-
mass can be treated with or without microwave absorbers for
enhanced absorption."*® The technology is not tested in pilot
plant size, but the first concepts for scale-up are developed.**'

The higher heating rates of microwave heating results in
higher release rates of volatile components while secondary
decomposition of volatiles is also promoted. This leads to
higher gas yields during biomass pyrolysis. At the same time,
the yield of liquid products decreases during microwave-
assisted pyrolysis compared to conventional pyrolysis.'**'*>
The liquid product has a higher heating value, lower oxygen

This journal is © The Royal Society of Chemistry 2024
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content, and higher carbon content.*® The properties of the
biochar can also be improved. It is more uniform and has a
higher surface area, for example.'** Compared to conventional
pyrolysis, microwave-assisted pyrolysis is expected to have
lower processing times and higher energy efficiency.”*° The
impact of microwave-assisted pyrolysis on the gasification
properties of char has been tested. The reactivity of the biochar
is increased compared to conventional pyrolysis."**'** How-
ever, other researchers found the opposite relation.'*> Due to
the complex relationships in microwave-assisted pyrolysis, the
influence of (micro) plasma cannot be excluded. Therefore, it
can be assumed that using microwaves is not a pure heating of
the pyrolysis step.

Inductively-heated pyrolysis is especially suitable as technol-
ogy for intermediate to fast pyrolysis due to the high heating
rates.'*® Several studies compare induction heated pyrolysis
to conventionally heated pyrolysis for sewage sludge,™*’
solid recovered fuel,"*® and sawdust."*® For example, higher
BET surface area of the char,'”"'*® higher energy yield,"*” or
altered gas composition'*>'*” were reported compared to con-
ventionally heated pyrolysis. Further studies report experi-
mental results from inductively-heated pyrolysis."**"
Electrical resistance heating is used in screw reactors (Auger
reactor) for pyrolysis, a common practice for these reactor
types.'>> However, the process is of lower importance in this
context.

4.1.2 Electrically-heated gasification. The application of
electrical heating to gasification primarily aims at reaching
near allothermal gasification resulting in a reduced gasification
agent demand. Introducing heat to the gasifier maximizes the
potential concentration and mass flow of H, and CO within the
raw syngas leading to higher product yields. Diverse technology
options, such as resistance, microwave, or induction heating
can provide electrical heating either upstream or directly within
the gasifier. Fig. 8 shows different options and technologies of
electrically-heated gasification depending on the gasifier type
and point of electrical heating. Alternatively, concentrated solar
power or other high-temperature sources could be utilized,**
which are not in the scope of this review.

One possible option is to use an indirect heat supply to
increase the temperature of any stream entering the gasifica-
tion reactor, such as the feedstock itself, the employed fluidiza-
tion agent or high-temperature steam. Microwave and electric
resistance heating might be viable options here. Inductive
heating is only applicable to heat suitable bed material in FB
gasifiers. Among other electrically enhanced BtX process
concepts, Butera et al. modeled a process using the so-called
two-stage electrically-heated gasifier, where the pyrolysis gas
entering an updraft fixed bed char gasifier is electrically pre-
heated to 950 °C.%* Their results show that up to 88 MW, can
be incorporated for a 100 MWy, biomass input.®

Electric resistance heating is applied for pilot scale gasifiers
due to simplicity and feasibility for small-scale plants as heat-
ing source.’>™* Mayerhofer et al. used electrically-heated
heat pipes in a pilot-scale BFB gasifier to investigate tar
formation under different operating parameters.'> However,
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the energetic performance of the process was not investigated.
Lenis-Rodas et al. studied the steam-blown gasification of high
moisture content biomass in a three-dimensional model with
heated gasifier walls.’>®*>” They found that a higher heat flux at
the syngas outlet benefits efficiency and H, concentration in
the product gas.'”® Reaching the ash melting temperature on
the surface of such heaters must be avoided.'*®

As discussed in Section 3.1.3, Putta et al. determined from
their process simulation that direct electricity addition to the
gasifier as heat combined with H, addition is more advanta-
geous than only adding H,.""" They varied the share of elec-
trical energy added to the gasifier and water electrolysis. For a
biomass input of 130 MWy, to the gasifier, the optimal amount
of heat to the gasifier via electrical heating was approximately
50 MWy,, equivalent to about 37-39% of the biomass energy
input.'™" Song et al. performed an analysis of an electrically-
heated fluidized bed biomass gasifier for the production of
SNG."*® The authors state that electrical heat addition is more
beneficial in cost and efficiency than adding H,. With a
biomass input of 105 MW,,, an electrical heating of 38 MW,,
is required assuming electric resistance heating with a power-
to-heat efficiency of 99%. In this scenario, the energy yield is
68.0%."%° Song et al. also conducted an exergy analysis on the
process ending before SNG synthesis with the produced

940 | Energy Environ. Sci., 2024,17, 925-973

syngas.'®® They conclude that electrically-heated gasification

consumes less electricity and generates syngas with higher
chemical exergy value than water electrolysis-assisted gasifica-
tion for the same mass flow rate of feedstock. They reason that
the exergy loss in water electrolysis is significant, with an exergy
efficiency ranging from 54.1% to 79.1%.

Butera et al. modeled two concepts for electrically-heated
gasification.®® One is the so-called two-stage electro gasifier
with electric heating providing the heat for gasification reac-
tions through resistance elements inside a fluidized bed
gasifier.®>'°11%? Up to 11.3 MW, are electrically supplied to
the gasification reactor for a 100 MWy, biomass input. In a
second concept, a BFB gasifier is electrically-heated via heat
pipes. In the case of using the BFB gasifier, 15.8 MW, are
added. However, quantifying these concepts must be cautiously
treated as the simulated cases include multiple electricity
integration modes along the process chain. It should be noted
that the current process modeling studies reviewed above do
not consider the technical feasibility of electrical heating.
Furthermore, the technical realization has not been shown
yet in a relevant scale.

Microwave-assisted gasification operates by converting the
energy of microwaves into heat with the bed material or
biomass as absorbers. Thus, microwave-assisted gasification

This journal is © The Royal Society of Chemistry 2024
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is limited to fixed bed and fluidized bed gasifiers. Since it is
a relatively new field, the technology lacks the design of
gasifiers, energetic performance assessment, and economic
assessment.'"'** A recent review on microwave-heated gasifica-
tion emphasizes the benefits of microwave heating compared
to conventional gasification."” Zhang et al review the CFD-
based simulation models for microwave-assisted gasification,""
and Arpia et al review the concepts and experimental
studies on different types of microwave-assisted gasification
technologies."® Ke et al. assessed the energy performance of an
air-blown biomass gasifier under microwave irradiation.'® Xie
et al. developed a concept for a dual fluidized bed gasifier
heated with microwave radiation."®*

Induction-heated gasification gained little attention. Wu
et al. found an improved H, yield in catalyzed steam gasifica-
tion of biomass for an induction heated system.'®® Further
improvements were possible by the addition of metallic parti-
cles to the reactor.

4.1.3 Electrically-heated syngas conditioning. The electrifi-
cation of high-temperature reforming processes to produce
syngas, condition syngas or reforming is developed. Very view
publications focus specifically on the reforming of hydrocar-
bons in syngas. Usually, electric resistance heating of the
reactor is used to supply heat to the reaction chamber. Possible
applications include catalyzed reactions like steam methane
reforming, MeOH cracking, tWGS or dehydrogenation."®® Gas
outlet temperatures can vary between 900 °C and 1300 °C.'°°
Especially the electrically-heated steam methane reforming
gained interest in cutting CO, emissions.'®”'*° Commercial
offers also exist for the electrically-heated rWwGS process.'”®

Direct electric resistance heating of the reactor chamber
allows allothermal operation cutting the need for heat genera-
tion via combustion (POX). Melin et al. performed a process
simulation for ethanol production based on biomass gasifica-
tion and H, addition.’® One investigated scenario included an
electrically-heated reformer with a power-to-heat efficiency of
100%. Results show that the eBtX efficiency is increased with
the electrically-heated reformer from 53.6% to 57.3% compared
to an allothermal reformer with O, as a combustion agent. The
electrical power input for 5.36 MWy, of biomass was 0.96 MW,,.
The levelized cost of ethanol was slightly lower for the
electrically-heated reformer than for the allothermal reformer.

Butera et al. used a SOEL as an electrically-heated catalytic
reactor with high-frequency alternating current (AC) and no air
flow on the O, side to reform hydrocarbons and tars.®*"®* Up to
8.5 MW, could be electrically supplied to the AC reformer for a
100 MWy, biomass input. In addition, the employed pre-
reformer could also be electrically-heated to allow most of the
reforming to occur in the pre-reformer when the solid oxide cell
is in SOEL mode. This solution was, however, discarded due to
the complexity of the reformer design. Instead, Butera et al.
used electrical heating of the raw syngas after a bubbling
fluidized bed gasifier before entering a tar reformer.®® Their
results show that up to 4.5 MW, can be added to the tar
reformer for a 100 MW, biomass input.®* However, the impact
of both concepts cannot be assessed independently because the
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simulated cases include multiple electrification options along
the process chain.

Microwave-assisted reforming uses microwaves to reach
sufficient temperatures for the reforming reactions.'** Micro-
wave heating is beneficial in volumetric heating, enabling
faster heating and thus accelerating and enhancing chemical
reactions through efficient heat transfer.'”* However, applying
microwaves as a direct heat source for reforming reactors is
challenging since gases are usually bad absorbers of microwave
radiation.’”® Yet, microwave-assisted reforming was found to
be a very attractive tar reforming technique in the presence of
an absorber material.'”® Li et al. state that microwave-assisted
reforming shows high removal efficiencies of 97% for real
tar components and 100% for model tar components.'”
All evaluations are based on lab-scale experiments and are in
the research and development stage without industrial
validation.'”?

Induction-heated systems for reforming processes are devel-
oped in the context of steam methane reforming,"”*""® dry
methane reforming,"’*'”® or POX"”” for natural gas or biogas.
Catalyst development focuses on high educt conversion and
efficient heat dissipation at the same time. Even though the
processes are developed for other raw materials, the process
concepts can be transferred to syngas reforming. For that, a
tailored catalyst for syngas reforming has to be developed. For
high-temperature endothermic catalytic processes, induction
heating reduces energy losses and equipment cost."”®

4.2 Plasma-assisted processes

Plasma is widely used in process engineering and presents a
promising way to directly electrify the BtX process route
(eBtX).'”® Plasma is the fourth state of matter apart from solid,
liquid, and gas phase and consists of free electrons, ions, and
neutral particles. In general, plasma can be formed by supply-
ing sufficient electrical energy to a plasma gas leading to
dissociation of the gas molecules. A sustained electrical arc
has to be created between two conductors. In a powerful electric
field, the gas between the conductors is ionized and electric
current can pass between the conductors."®® At about 2000 °C,
gas molecules dissociate to the atomic state.®® They become
ionized when the temperature is increased to 3000 °C."*° The
degree of ionization of a plasma is controlled by the tempera-
ture, which determines the fraction of atoms that have lost or
gained electrons. Heat is generated due to the Joule effect,
similar to electric resistance heating, across the system and
further ionizes gas molecules, thus forming plasma.*%°
Plasma can be categorized as thermal plasma (hot or equili-
brium plasma) and non-thermal plasma (cold or non-
equilibrium plasma). This classification depends on the ther-
mal equilibrium of the species. When the species are in
thermal equilibrium, ie., electrons and ions are at equal
temperatures called thermal plasma.’®'®° Electrically gener-
ated thermal plasma can reach temperatures of 20 000 K and
above."*"®® Compared to non-thermal plasma, thermal plasma
has a higher degree of ionization and is characterized by a
higher energy density and a higher concentration of charged
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particles."®® This enables more mobility and elastic collision
and ensures thermal equilibrium between species.'®* Thermal
plasma reactors can be classified into four plasma generator
types: direct current (DC) plasma reactor (transferred arc reac-
tor and non-transferred arc reactor), AC plasma reactor, radio
frequency (RF) plasma reactor, and microwave-assisted plasma
reactor."*'>'®! The efficiency of the power supply device is
typically between 40 and 70% for RF and microwave plasma,
and between 60 and 90% for thermal DC plasma torches.'
Thermal AC plasma torches are more efficient, with an effi-
ciency of 90-94% (electricity to thermal plasma energy)."®*

Thermal plasma has a variety of uses in industry, including
coating techniques, surface modification, materials processing,
and chemical synthesis.”’® In practice, the operating and
maintenance costs of the plasma generators and reactors are
the decisive factor in determining whether the systems can be
operated economically."®® However, the investment costs of
incinerator plants with plasma torches are typically 30-50%
lower than conventional incinerators of the same capacity.'®?

Non-thermal plasma has a degree of ionization less than
10~%.>" Applications of non-thermal plasmas are, for example,
low-temperature chemistry, treatment of heat-sensitive materi-
als, and biological tissues. Sources of non-thermal plasmas can,
for example, be different types of glow discharges, low-pressure
RF discharges, and corona discharges.”"

The four major options for integrating plasma into BtX
processes (see Fig. 7) are described in detail. The different
plasma chemistry and reactions induced by non-thermal
plasma are driven mainly by electron impact, limiting its use
in practice for solid conversion process steps. In addition, it is
challenging to uphold the non-thermal plasma, especially when
heterogeneous substances are involved. Consequently, the
reactor technologies involving solids are of low technological
maturity and non-thermal plasmas are of little relevance for the
pyrolysis or gasification step.'®'®> Thermal plasma uses the
Joule heating effect for high gas temperatures and highly
reactive atomic and ionic species to decompose solid organic
molecules.'®>'®” In addition, fusion occurs for all inorganic
components forming inert and stable vitrified slag.'®® The
boundaries between pyrolysis and gasification in the presence
of plasmas are often blurred because, on the one hand, plasma-
assisted gasification usually requires much less gasification
medium than conventional gasification and, on the other hand,
plasma pyrolysis is operated at significantly higher tempera-
tures than the conventional one. As described in Section 4.2.1,
carbonaceous solids react at high temperatures to produce gas
and solid products without O, in thermal plasma pyrolysis.'®
Plasma-assisted gasification, on the other hand, includes the
partial oxidation of the solid species resulting in a high
proportion of gaseous products and ash but only small quan-
tities of char (see Section 4.2.2)."° The second part of this
section presents the usage of plasma for gas phase reactions,
primarily for syngas reforming (Section 4.2.3) and catalytic
synthesis (Section 4.2.4).

4.2.1 Plasma-assisted pyrolysis. High temperatures and the
absence of an oxidization agent in combination with an inert
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plasma gas such as Ar or N, characterize thermal plasma
pyrolysis. When carbonaceous particles are injected into a
thermal plasma, they are heated very rapidly by the plasma
and the volatile matter is released and cracked."® A cleaner
pyrolysis gas can be obtained using plasma-assisted pyrolysis
since high-energy species, such as electrons, ions, atoms, and
free radicals in plasma, can enhance tar decomposition.'®® The
main gaseous products (H,, CO,, and CO) can be formed from
solid fuel devolatilization followed by secondary reactions in
the gas phase and char gasification, making thermal plasma
pyrolysis a combination of solid heating and gas phase plasma
reforming."® Thermal plasma pyrolysis is generally operated
without any other energy input than plasma.

Thermal plasma pyrolysis has been of primary interest for
organic waste disposal."”> Research and small-scale develop-
ment effort are continuing and some commercial plasma waste
disposal facilities are operational."® Several studies on stand-
alone plasma-assisted pyrolysis of biomass were conducted on
lab-scale level in batch mode. Integration of plasma pyrolysis
into the BtX process chain and modeling or process simulation
studies are still pending.

Tang and Huang argue that the high temperature in thermal
plasmas (usually 3000-10 000 K) might lead to high thermal
losses in the pyrolysis reactor.’®® Instead, they propose using
RF plasma operating at moderate energy density and gas
temperatures, which could ensure biomass pyrolysis with
high gas yields, high-quality char, and little tar formation.
The RF plasma heating method employs a high-frequency
AC at high voltage, producing a self-heated plasma.'®® In
2005, the research group started investigating RF plasma
pyrolysis to treat fir saw dust.'®®'°*'! The experiments were
in a fixed bed downdraft reactor inside a vacuum reactor using
N, as carrier and plasma gas."®® They showed a high gas yield of
up to 66 wt.% of the biomass feed, implying that plasma
pyrolysis is more of an alternative to gasification than a
pretreatment method.

Tu et al. also investigated an RF plasma reactor studying the
effects of major system parameters on the performance of the
rice straw pyrolysis using a fixed bed downdraft batch reactor
using N, as carrier gas.'®*'%? Subsequently, they investigated
the pyrolysis of rice straw using a thermal plasma torch as a
heat source.'?*'%* The thermal plasma pyrolysis was performed
in a batch mode using a pilot-scale plasma torch system in an
N, atmosphere. They showed that solid residues were converted
into non-leachable vitrified slag while the high amount of
produced pyrolysis gas consists mainly of CO and H,. Further-
more, increased moisture in the initial biomass results in
higher mass yields of H, and CO,.

In 2013, Tang et al. used a spouted bed reactor employing a
thermal DC plasma to pyrolyze rice hull.’®® The reactor design
allowed a uniform bed temperature distribution and stability to
decrease the convective and radiant heat losses efficiently. They
used N, for spouting and plasma gas. However, the setup can
generally work as a gasifier when replacing N, with a gasifying
agent. Lin et al. conducted pyrolysis experiments on algae in an
atmospheric pressure drop-tube microwave plasma reactor

This journal is © The Royal Society of Chemistry 2024
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using N, as plasma gas.'® They showed that the H, gas
productivity from biomass can be increased with increasing
microwave power."%°

4.2.2 Plasma-assisted gasification. Plasma-assisted gasifi-
cation uses a plasma torch as an additional external energy
source to assist the feedstock gasification into syngas and to
convert the inorganic fraction into solid particulates or vitrified
slag. Plasma-assisted gasification can allow an allothermal
operation to a certain extent using electrically induced plasma
as energy input.’**'°® In addition to the plasma-enhanced
deconstruction of the solid fraction, rapid gasification of the
homogeneous phase and further gasification of char particles
occurs in plasma-assisted gasification.">'”>"%%*%° Thus, using
non-thermal plasma could be beneficial for the gas phase
reactions, though it is rarely used in practice due to its
incompatibility with solid materials, as described above.

Many factors affect plasma gasification performance,
including plasma power, reactor temperature, flow rate of
plasma gas, type of plasma gas, residence time in the gasifier,

View Article Online
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and the feedstock’s physical and chemical characteristics."**°"
Good reviews on plasma pyrolysis and plasma-assisted gasifica-
tion exist."*"*” Plasma-assisted gasification allows simple heat
input control by adjusting the electrical power.'*”*°* It also
offers greater flexibility in feedstock selection, cleaner raw
syngas, and reduced equipment size.'”*°> The major disad-
vantage of plasma-assisted gasification is the high design
complexity and cost, limiting commercialization."®”>**

In literature, plasma-assisted gasification concepts are
divided into single-stage and two-stage processes according to
where the plasma is applied. Fig. 9 shows the single-stage and
two-stage integration concepts into the gasification reactor for
fixed bed, fluidized bed, and entrained flow gasifiers.

In single-stage plasma-assisted gasification, the feedstock is
directly in contact with thermal plasma within the gasifier.'*®
High amounts of energy can be incorporated into the
gasifier.'”>?% Single-stage plasma systems are increasingly
used for thermal waste treatment, as they completely break
down the waste into tar-free syngas.'®*°*> Large-scale plasma
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Table 6 Literature overview for experimental plasma-assisted gasification using thermal plasma with DC arc-discharge in a fixed bed downdraft gasifier

to produce syngas from biomass

Ref. Raw material input Plasma gas ER in MW, per MW,
Zhao et al. (2001)**° Wood (30-60 kWy,), rice husk (10-40 kW) Ar/H, 0.68-1.35, 1.01-4.05
Balgaranova (2003)>*” Sewage sludge® Steam Not specified
Hrabovsky et al. (2006)** Wood (30-210 kWy,) Steam/Ar 0.88-3.47
Hlina et al. (2006)**' Wood (20-230 kWy,) Steam/Ar 1.06-6.9
Byun et al. (2011)**® Paper mill waste (190 kW,,) 0, 0.53
Pinaev et al. (2011)**° Bioorganic silt deposits® Air not specified
Hlina et al. (2014)°* Sawdust (160 kW), wood pellets (145 kWy,) Steam/Ar 0.66, 0.66
Diaz et al. (2015)*** Hard wood shaving, peach pits, almond hulls, Steam 0.57-2.82 (0.85-4.27)
grape pomace, coffee ground (18-24 kWy,)

227 .
Wang et al. (2015) Wood (45 kW) Air or N, 0.42-1.00
Tamositinas et al.® (2016)*** Wood (17 kWy,) Steam 2.94
Hrabovsky et al. (2017)'%® Wood saw dust (110-260 kW), wood pellets (135-270 kW) Steam/Ar 0.52-1.27, 0.52-1.04
Tamositinas et al. (2017)""” Charcoal (40 kWy,) Steam 1.25
Muvhiiwa et al. (2020)**° Wood pellets (5-10 kW) 0, + N, 1.16, 2.17
Aikas et al. (2023)**° Wood pellets (105 kWy,) Air 0.48
Tamositinas et al.® (2023)*" Wood pellets (100 kWy,) Steam + air 0.5

“ Thermal biomass input not specified.  If steam generation through glow discharge plasma is considered. ¢ Using an entrained flow gasifier.

gasification for waste is available on industrial scale.’®® The
technology is also proposed for gasifying sewage sludge to
produce clean syngas.>*?

Two-stage gasification systems use a conventional gasifier
with plasma being used in a downstream processing step. Here,
the presence of radicals, atoms, and ions in the plasma
medium can significantly improve the reaction kinetics of tar
cracking or methane reforming. In that way, integrating elec-
tricity as plasma improves the reforming step.’®”*%2%” In this
step, the syngas can also be further enriched with H, through
the rWGS reaction (reaction (6)).2°>>°® In this review, the single-
stage setup is referred to as plasma-assisted gasification. In
contrast, the two-stage setup, where plasma gas is typically used
within the syngas phase, is referred to as plasma-assisted
reforming, which is discussed in Section 4.2.3.

An’shakov et al. conducted experiments on organic wastes
using a two-stage process with plasma usage in both
reactors.”®® A first plasma torch is used in the gasifier, while
an electric-arc plasma torch in the second reactor maintains the
temperature at 1300-1500 °C.>°>*'° Vishwajeet et al. conducted
experiments using a two-stage gasification system coupling a
prototype-entrained flow plasma-assisted gasification reactor
with ex-situ plasma vitrification.>’* They showed that although
the use of plasma positively affects the quality of the raw
syngas, the dilution by plasma gases such as N, leads to a
low calorific value of the dry syngas.

Several studies on plasma-assisted gasification of biomass
were conducted on lab scale level in a batch mode*'*'® and
are thus of little relevance for integrating into BtX processes.
Also, among the four main plasma types, the number of studies
on AC, RF, and microwave plasma is limited to solid feedstock
gasification. Rutberg et al. and Surov et al. used an AC three-
phase high-voltage plasma to gasify charcoal and wood in a
fixed bed gasifier.”’”*'® Yoon and Lee performed plasma-
assisted gasification of two kinds of coal and one kind of
charcoal using a microwave torch.”*® Sturm et al also

944 | Energy Environ. Sci., 2024,17, 925-973

conducted lab-scale experiments on integrating thermal micro-
wave plasma into a fixed bed of cellulose for syngas
production.”™® Delikonstantisa et al. investigated air/N, gasifi-
cation of a byproduct stream from an industrial fermenter in a
tubular microwave plasma reactor.>*°

However, the most used reactor for plasma-assisted gasifica-
tion of biomass is the DC plasma reactor due to its power
capacity of up to several megawatts."®” While this makes the DC
arc plasma applicable to industrial-scale operation, it still faces
the challenge of electrode contamination and erosion.'®’
Table 6 provides an overview of experimental studies on
plasma-assisted gasification in mostly fixed-bed downdraft
reactors using thermal plasma with DC arc-discharge to pro-
duce syngas from a solid biogenic feedstock. Several authors
investigate biomass gasification using wood, ?8199:2217231 g3k
charcoal,?”?*2723¢ or biogenic wastes.>*”">*° Employed plasma
gases include air, H,, steam, Ar, and N, with plasma torches
ranging from 15 kW *****%?%” to0 150 kW.>*>**°

Regarding modeling and process simulations, Table 7 pro-
vides an overview of process modeling studies on plasma-
assisted gasification using thermal plasma to produce syngas
from a solid biogenic feedstock. If reported at all, the ER shows
a wide variance from 0.06 to 1.5 MW, per MWy,. One major
shortcoming of the presented studies is that the processes end
with syngas and do not consider any synthesis. The plasma
gases used, especially N, or Argon, are also inert gases in the
synthesis. These gases must either be separated from the gas
stream or higher purge streams in the synthesis are needed.
Therefore, the integration with a PBtX process chain using
these plasma gases is questionable.

Okati et al. use a quasi-equilibrium model, whereas all other
studies rely on equilibrium models (Gibbs energy minimiza-
tion). For equilibrium models, plasma input to the gasifier
cannot explicitly be modeled, meaning that there is no techno-
logical difference between the different types of heat input
(plasma, microwave, resistance heating, ...). However, several

This journal is © The Royal Society of Chemistry 2024
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Table 7 Literature overview for plasma-assisted gasification modeling using thermal plasma to produce syngas from biomass

Ref. Raw material input Plasma gas ER MW, per MW,
Mountouris et al. (2006/2008)**"**>  Sewage sludge (9 MWy,) Air/steam 0.15
Janajreh et al. (2013)"%° Algae, treated wood, untreated wood, pine, Air + steam 0.3-0.5
needles, plywood (15-16 kW)
Metveev et al. (2014/2016)>*¢>7 Sewage sludge (1 MWy,) Air 0.06"
Favas et al. (2017)*** Forest residues, Coffee husk, Vines pruning (27-33 kWy,)  Air + steam 1.2-1.5
Ismail et al. (2019)**® Forest residues (33 kWy,) Air + steam 1.2

Kuo et al. (2020)**

Raw + torrefied pine wood chips, rice straw,

air, steam, and CO, not specified

forest residues, grape marc, and macroalgae”

Kuo et al. (2021)**°

Okati et al. (2023)*** Pine sawdust”

Raw and torrefied microalgae biomass®

0.72-1.17
Not specified

Steam
Air

“ Not included in Fig. 15. See ESI.  Thermal biomass input not specified.

researchers validated their models against experimental
data.”****»?*1724% Okati et al. and Favas et al. evaluated the
impact of parameters like temperature, steam-to-feedstock
ratio, or equivalence ratio on the syngas quality.>**>**

Seiler et al. discuss the results of mass and energy balance
calculations for electrified BtX processes, including one path-
way for a plasma-assisted, allothermal EFG to increase FT
product yield.>®> The study is excluded from Table 7 as little
information and data are shared. Furthermore, the pathway
still requires H, addition before synthesis representing a hybrid
directly and indirectly electrified process. Besides zero-
dimensional process simulations based on thermodynamic
equilibrium calculations, Ismail et al. developed a two-
dimensional numerical CFD model for simulating the
plasma-assisted gasification of forest residues with air and
steam.>*®> Conducting a parametric analysis on biomass gasifi-
cation, they showed that higher ERs have a negative effect on
the formation of syngas and its LHV, but a positive impact on
the carbon conversion efficiency because the oxidation reaction
is more pronounced.

4.2.3 Plasma-assisted reforming. As described in Section
4.2.2, multiple authors investigated two-stage gasification pro-
cesses, with a conventional gasification stage, typically employ-
ing a fixed bed downdraft reactor, and a second plasma-
assisted reforming step tailoring the syngas composition and
purity to the specific needs while vitrifying the solid residue."*®
Compared to single-stage plasma-assisted gasification, this
downstream processing step can be retro-fitted at existing
gasification plants. Post-gasification plasma treatment decom-
poses tars and hydrocarbons in the raw syngas. Since reforming
reactions typically require high temperatures to take place,
plasma reforming, especially non-thermal plasma, might be a
way to increase energy efficiency by lowering the operating
temperatures.>*®

Due to the pervasive literature on plasma reforming of
hydrocarbon-containing gases, a comprehensive review is not
provided. Instead, selected examples from literature focusing
on syngas reforming are given. The processes are differentiated
between thermal and non-thermal plasma, followed by a sec-
tion addressing plasma catalytic reforming. In the end, we
provide an overview of relevant modeling and process simula-
tion studies.

This journal is © The Royal Society of Chemistry 2024

Using thermal plasma, Nair et al. showed that at 400 °C, the
naphthalene content can be reduced by 50%.>°° They used a
pulsed corona plasma system up to 500 °C. In 2012, Eliott et al.
conducted experiments for microwave plasma tar destruction
using surrogate raw syngas from biomass gasification.>** Striu-
gas et al. used thermal air plasma to reform syngas obtained
from the co-gasification of sludge and wood chips finding
that the main effect of the plasma was to decompose
hydrocarbons.>”> Wnukowski and Jamréz also investigated
microwave plasma reforming of simulated biomass syngas
resulting in increased H, and CO concentration and lower
hydrocarbon and CO, concentration in the syngas.”>*?*** In
2019, Mei et al. conducted experiments on naphthalene and
toluene using thermal plasma reforming, showing that OH
radicals enhanced the oxidation and, thus, deconstruction of
naphthalene and toluene.?®® Wang et al. investigated thermal
plasma reforming of naphthalene. OH radicals generated by
steam addition are an additional route for the stepwise oxida-
tion of naphthalene and its fragments to CO, CO,, and water
resulting in naphthalene conversion rates up to 85%.>*" Zhou
et al. and Sun et al. used toluene as a model component in a
microwave-induced metal discharge reformer.>*®**” Sun et al.

257 7hou et al. reached

256

reached a toluene conversion above 90%.
lower conversion efficiencies (about 50%).”>® The best toluene
conversion was found for iron as catalyst metal.>*® The compar-
ison of thermal cracking at 500 °C and microwave-induced
metal discharge showed a faster response than the latter.”*®
The conversion rate for metal discharge was 52.6% and 18% for
the thermal cracking case, respectively.

Advantages of using non-thermal plasmas for reforming over
thermal ones include that they can perform well at low power
consumption, thus minimizing energy costs.?*® Several studies
deal with the experimental investigation of non-thermal plasma
reforming, using tar surrogates (mostly toluene and naphthalene)
and pulsed corona discharges or gliding arc plasma showing that
the operating temperature can be decreased to about 200-400 °C
for high tar conversion.>®”*>*">%® The addition of steam generates
many hydroxyl groups resulting in an oxidation atmosphere for
naphthalene leading to a maximum conversion efficiency of
85%.2%*

Furthermore, regarding tar removal, such a hybrid use of
catalytic and non-thermal plasma can maximize conversion.>*®

Energy Environ. Sci., 2024,17, 925-973 | 945
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As described in Section 2, catalytic reforming uses a catalyst to
enhance the reforming reactions. Synergistic effects have been
reported for plasma-assisted catalytic reforming. Therefore,
hybrid plasma catalysis could be a breakthrough in syngas
reforming methods.>®”?®® The following sections deal with
plasma-assisted catalytic reforming processes.

2003, Chun et al. developed a gliding arc plasma reformer
for tar reduction in pyrolysis gas.>®® Using benzene as a tar
surrogate, they reached a decomposition efficiency of about
83%. In 2013, Tao et al. showed that plasma-assisted catalytic
steam reforming performs better than thermal, plasma-
assisted, and catalytic reforming for biomass tars using toluene
as a model compound.””° In 2017, Wang et al. used a catalyst
to enhance the plasma destruction of toluene and found a
synergistic effect between the catalyst and plasma-assisted
reforming.>”* Zhu et al. investigated the non-thermal plasma-
catalytic reforming of biogas for syngas production using a
rotating gliding arc plasma.?>”* Using plasma-catalysis, a high
conversion of CH, and a moderate selectivity of syngas could be
shown.?”?> Kong et al. studied plasma catalytic tar reforming,
showing that a Ni/y-Al,O; catalyst could improve the destruc-
tion efficiency of toluene, naphthalene, and phenanthrene to
up to 95%, 89%, and 84%, respectively.””* In 2019 and 2021,
Blanquet et al. investigated a two-stage pyrolysis/gasification
process using plasma-assisted catalytic reforming.>”**” They
found that the H, yield could increase, and the tar content
could decrease through plasma-assisted catalytic reforming.
Craven et al. conducted lab-scale experiments on non-thermal
plasma-assisted catalytic reforming of cellulosic biomass-
derived syngas from a fixed bed gasifier, indicating that the
non-thermal plasma allows for higher tar conversion in the
reformer and, thus, a higher quality syngas.?”® In 2022, Wang
et al. investigated a two-stage process combining pyrolysis and
plasma reforming using a dielectric-barrier discharge (DBD)
reactor.””” They found that the plasma-catalytic synergy was
dominant in the reforming stage at 250 °C, whereas the catalyst
played a dominant role in the plasma-catalytic reforming at
temperatures around 550 °C. Ashok and Kawi investigated
perovskite-derived materials for plasma-assisted catalytic bio-
mass tar reforming.””® They showed a toluene conversion of
98% using an integrated catalytic DBD plasma process.

There are many publications on plasma reforming models
yet a lack of process models integrating plasma-assisted
reforming into BtX processes. Consequently, only publications
focusing on eBtX process modeling are considered in this
review. Bernada et al. modeled a two-stage waste gasification
unit employing a traveling bed waste gasifier and plasma tar
reformer.>”® Materazzi et al. simulatively investigated the ther-
modynamic advantages of a two-step plasma-assisted process
over the conventional one-step gasification.'”® Their process
employs a conventional fluidized bed gasifier for refuse-derived
fuel and a subsequent tar plasma reformer. They argued that
staging the oxidant injection in two separate reactors could
improve the system’s efficiency, reducing plasma power con-
sumption. They showed that the two-stage gasification system
improves carbon efficiency and gas yield. The authors further
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developed a possible mechanism for plasma-stimulated tar
conversion®*® and experimentally examined the fate of residues
in the two-stage process.”®! In 2014, Marias et al. modeled and
commissioned a high-temperature reactor for thermal plasma-
assisted reforming of tar-containing syngas from an RDF/
biomass gasification reactor.”®* Later they showed that a con-
version of at least 95% of the incoming tars can be achieved
under certain conditions.”®*

4.2.4 Plasma-assisted catalytic synthesis. Plasma-assisted
catalytic synthesis combines a catalytic material with non-
thermal plasma to enhance performance for gas processing
applications such as removing pollutants and producing
chemicals.”®* When producing higher-value chemicals and
fuels, non-thermal plasma systems offer the advantage of
operating the process at room temperature and pressure, while
conventional synthesis requires higher temperature and higher
pressure (>20 bar).?®® In addition, non-thermal plasma sys-
tems are characterized by their flexible reactor design, compa-
tible with fluctuating renewable energies.”®® Non-thermal
plasma can enhance chemical reactions due to the high density
of free, high-energy electrons and their ability to generate ions
by ionizing molecules, atoms, and radicals.'”*> The combination
of heterogeneous catalyst and reactive plasma gas can provide
alternative reaction pathways with lowered energy barriers that
could improve yield, selectivity, increase in reaction rates, and
thus the overall efficiency of the process.”®* There are two
mechanisms by which plasma catalysis works:***

1. placing a catalyst either directly in plasma or downstream
from it changes the operation of the discharge physically or
chemically,

2. using plasma to activate a catalyst which changes the
behavior of the catalytic process beneficially.

Yet, few studies on plasma-assisted synthesis are available
for converting gasification-derived syngas into fuels or chemi-
cals following the BtX pathway. However, processes for the
hydrogenation of CO, are developed as they can overcome the
stability of CO, without the need for high temperatures or high
pressures.*®>?%77292 5o far, only DBD (with and without pack-
ing), gliding arc, microwave and RF plasmas, and surface
discharge have been investigated.”>®> The only plausible
configuration for microwave and gliding-arc systems is with
the catalyst located after the plasma.>** Therefore, DBDs are
almost exclusively used for plasma catalysis.***

When reacting H, with CO, in a plasma-assisted process,
CO, methanation and the rWGS reaction predominate.?*®> Some
authors investigated the methanation of CO and CO, using
non-thermal DBD setups showing that high CO and CO,
conversion and CH, selectivity could be reached at much lower
temperatures than in conventional methanation due to a
plasma-catalytic synergistic effect.’*>%® Arita and Tizuka
improved the energy efficiency of such plasma-catalytic SNG
production from CO, and H, in a low-pressure square-pulse
cross-field discharge by applying a magnetic field to the
reactor.”®® Furthermore, Xu et al. investigated simultaneous
toluene removal and gasification-derived syngas methanation
using the combination of packed-bed DBD and catalyst.**® They

This journal is © The Royal Society of Chemistry 2024
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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

ER PY e EY
Ref. Main product Gasification® MW per MWy,  K€product per K8biomass,dry % %
Pozzo et al. (2015)*™ DME TSG 0.81 0.86 kgome Per Kgbiomassdry ~ 92% (DME + MeOH)  75%
91% (DME only) (DME only)
Monaco et al. (2018)**? DME SNG FT  TSG (3) 0.76 1.05 0.57  0.86 Kgnme Per Kghiomass,ary ~ 90% 78%
0.59 kgsna per kgpiomass,dry 89% 80%
0.46 kgpr per Kgpiomass,dry 80% 71%
Clausen et al. (2019)*"* SNG TSG? 1.14 0.65 Kgsng Per K€iomass,ary ~ 99% 82%
Clausen et al. (2019)**® SNG TSG® (2)¢ 0.71 0.65 0.51 Kgsng Per K€iomass,ary ~ 54% 81%
0.42 kgsng Per Kgpiomass,dry 44% 65%
Butera et al.® (2019)"** MeOH TSEG 0.45 1.02 kgueon Per Kgbiomass,ary 76% 77%
Butera et al.® (2020)'** MeOH TSEG 0.68 1.19 Kgmeon PET K€biomass,dry 89% 77%
Butera et al.® (2020)° MeOH TSEG 0.67 1.19 kgmeon PeT Kgbiomass,dry 89% 77%
TSEHG 0.74 1.20 kgmeon Per Kghiomass,ary 90% 75%
e-BFB 0.72 1.10 kgmeon Per Kgbiomass,dry 82% 70%
Steinriicken et al. (2023)'** FT EFG 0.32 0.36 kger per Kgbiomass,dry 61% 57%
0.57 0.44 kgpr per Kghiomass,dry 74% 58%
0.68 0.47 kgpr per Kghiomass,dry 79% 58%

“ 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. ¢ Case 1: biogas plant integrated, case 2: pre-processed manure as feedstock. ¢ In addition
to co-electrolysis, electricity is used to heat gasifier. EY includes SOEL and el. heating requirements.

showed that using plasma catalysis treatment, high-efficiency
simultaneous toluene removal (>97%) and syngas methana-
tion with a CO conversion rate of about 88% and CH, selectivity
of 97% can be achieved at 400 °C. CO, hydrogenation towards
oxygenates such as MeOH can proceed at mild process condi-
tions and with high selectivity,>8*3%1~303

Mukhriza and Oktarina suggest that non-thermal plasma
allows FT reactions to take place at lower operation tempera-
tures than conventional FT synthesis due to a synergistic effect
between plasma and catalyst that enhances the catalytic activity
and prolongs catalyst lifetime as well as leading to better heat
removal.*** With rapid reactions promoted by plasma species
and reduced volume and maintenance required by the plasma-
catalytic technology, plasma-assisted FT synthesis could pro-
vide an alternative to the conventional FT process.’*> Non-
thermal plasma-catalytic FT synthesis at ambient conditions
can promote the synthesis of C,-Cs hydrocarbons but also
suppress the undesired CH, formation.**°>% It was shown
that higher operating pressures are beneficial for high selectiv-
ity to lighter hydrocarbons.?*® It is possible to control the FT
activity and selectivity inside the plasma-catalytic process by
optimizing operating pressure.’® Despite the difficulties of
ignition and sustaining a stable electric discharge at pressures
higher than 1 MPa,** high operating pressure combined with
active plasma species has been further investigated to produce
hydrocarbons through FT synthesis. The formation of C; to C;
species increases with pressure when converting syngas via
non-thermal plasma-catalysis.?°>309311

4.3 In-line integration of co-electrolysis

The in-line co-electrolysis of the cleaned syngas after gasifica-
tion was already introduced in Section 3.2 (Fig. 6). The cleaned

This journal is © The Royal Society of Chemistry 2024

syngas composition from the gasifier determines the composi-
tion of the product syngas.™*®

The available studies shown in Table 8 consider the produc-
tion of SNG, MeOH, DME, and FT products. With the Poly-
technic University of Turin, the Technical University of
Denmark, and the Technical University of Munich (TUM), only
three research groups are working on this topic of which all, but
TUM use the gasifiers developed by DTU. ER ranges from 0.32 to
1.14 MW, per MWy,. Carbon efficiencies range from 44 to 99%.
Due to the extensive literature, a comprehensive description of all
studies is omitted here and provided in the ESL¥

Monaco et al. investigated co-electrolysis integration into the
BtX pathway, among other process options, to produce DME,
SNG, or FT products.*'* The gasification section is based on the
work of Pozzo et al., who also investigated the coupling of a
woody biomass gasifier with a co-electrolysis unit to produce
DME or MeOH.*"® Clausen et al. further investigated a co-
electrolysis-based system, using pressurized SOEL coupled with
gasification and thermochemical SNG production.?* In a simi-
lar approach, Clausen et al. investigated the coupling of a two-
stage gasification reactor gasifying wet manure as challenging
feedstock to syngas and co-electrolysis.*'® Butera et al. investi-
gated a system combining a pyrolysis step with in-line co-
electrolysis followed by gasification to produce MeOH."®! This
so-called two-stage electro-gasifier, as introduced in Section
4.1.2, is electrically-heated with heating elements in the bed,
contributing to 20% of the overall electricity requirement of
the plant, which makes a comparison with other process
options challenging.'®" Butera et al. further developed this
concept by allowing more flexible power generation and fuel
production.'®® In an alternative process concept the SOEL is
operated in co-electrolysis mode on a tar-free syngas from tar
reforming after gasification.®?
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Using the same 0D model as introduced in Section 3.2,
Steinrticken et al. simulated multiple in-line co-electrolysis
options placing the SOEL after a ZnO guard bed but before CO,
removal.’** They show that process efficiency and energy yield
can be significantly increased for identical product yield and
carbon efficiency compared to the processes using H, addition
and the conventional BtX and PtX reference models. Their
results indicated, that in-line co-electrolysis is limited to carbon
efficiencies of up to 80% while no such limitation seems to exist
for parallel co-electrolysis integration.">*

Wang et al. investigated a polygeneration process to flexibly
produce power or chemicals, including multiple co-electrolysis
modes*®” The research is focused on the optimal conceptual
plant design employing multi-time heat and mass integration
platform and multiple objective functions and is thus excluded
in Table 8. Recalde et al. investigated a process coupling
supercritical water gasification with a SOEL (680 °C, 20 bar)
in co-electrolysis mode.*’® However, the investigated process
stops at syngas production, which is not further upgraded and
combines an unreasonable electrification ratio between elec-
tricity (123 kW, for SOEL) and biomass (10.6 kWy,). Therefore,
the study is excluded in Table 8.

5. Technological feasibility and
maturity of electrification options

Not all introduced direct and indirect electrification options for
BtX processes are technologically feasible and applicable to BtX
processes. In Section 5.1, the electrification options are there-
fore discussed regarding their feasibility and applicability. Part
of the discussion is to explore whether different technologies
which are technologically feasible and positive on the overall
process performance, are reasonable from a system level per-
spective. The section pre-selects process options and technol-
ogies that should be considered for the electrification of BtX
processes. While some electrification options might be theore-
tically possible and technologically feasible, they are further
limited by their technological maturity and impact on the other
equipment involved when integrated into P-/eBtX. Section 5.2
assesses the maturity of the technologies.

5.1 Technological feasibility

The feasibility of an electrification option not only depends on
that technology’s maturity. Just because, for example, direct
electrical heating of the walls of an entrained flow gasifier is
technically possible, does not mean that this is a reasonable
use of electrical power for the individual technology or the
overall chain, let alone better than other options such as e.g.,
the use of thermal plasma. To assess whether an electrification
option is technologically feasible, the process options eBtX and
PBtX are differentiated along the process chain into pretreat-
ment (Section 5.1.1), gasification (Section 5.1.2), syngas con-
ditioning (Section 5.1.3), and catalytic synthesis (Section 5.1.4).
Feasibility comprises of the fact that a technology qualifies
technically and energetically as electrification option and that it

948 | Energy Environ. Sci., 2024,17, 925-973
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reasonably contributes to overall process improvements. It is
assessed in comparison to other electrified processes of the
same category.

5.1.1 Pretreatment. Electrification of pretreatment tech-
nologies relies on direct electrification like resistive heating,
induction, infrared, microwave, or plasma. The application of
direct electrification is governed by technical limitations,
power-to-heat efficiency (resistance > induction > plasma >
microwaves), and heat transfer limitations. Generally, the ER
for pretreatment processes is low compared to other options.
Table 9 summarizes the identified options for electrification
where indirect electrification through a heat transfer media
and preheating of process streams are excluded.

Induction-, infrared-, and microwave-heating for low-
temperature pretreatment processes may offer several advan-
tages over conventional methods, including higher heating
rates, reduced processing time, lower temperature gradients,
and the ability to handle larger particle sizes. However, it
remains uncertain whether the efficiency of such heating is
superior to that of conventional methods. In addition, the
electrification of pretreatment processes is questionable for
low and medium-temperature heat applications since internal
heat integration can meet the heat demand for pretreatment
processes. Especially the electrification of drying, HTC, and
torrefaction is not recommended.

However, electrification can supply heat at the required
temperature level for higher-temperature pretreatment pro-
cesses. Especially for pyrolysis, which might not be covered
through heat integration, electrification avoids fired heating
with natural or pyrolysis gas, for example. Since microwave-
heating has the lowest power-to-heat efficiency, the other heat-
ing options are more suitable.

5.1.2 Gasification. Besides options for indirect electrifica-
tion through H, addition to the gasifier, resistance-, microwave-,
or inductive heating as well as thermal plasma can be used for
direct electrification of gasification. Table 10 provides an overview
of the named technologies and evaluates their impact on the
overall process and feasibility.

All presented technologies but hydrogasification aim at
providing the necessary energy for the endothermic gasification
reactions. Instead of generating heat through partial oxidation,
as in autothermal mode, the operation of the gasifier can be
either partially or fully brought to allothermal operation with
electrification. Allothermal operation leads to a higher cold gas
efficiency, lower O, demand, higher heating value of the syngas,
and higher concentration of H, and CO in the raw syngas.
Furthermore, the improved syngas yield towards H, and CO
reduces the need for WGS. However, the amount of heat that
can be added to the gasifier is limited.

H, addition to gasification presents a straightforward
approach to either operate the gasifier in a mode approaching
allothermal operation or to use H, as gasification agent for the
hydrogasification reaction. However, hydrogasification requires
an additional heat source such as direct electric heating and
should only be used if the goal is to produce a methane-rich
product gas. Furthermore, the carbon conversion in the gasifier

This journal is © The Royal Society of Chemistry 2024
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Table 9 Qualitative assessment of technologically viable electrification options in the pretreatment step

Process (section in this review)

Characteristics and impact on overall process

Feasibility for P-/
eBtX*

Infrared, microwave-assisted & Inductively-heated drying
(4.1.1)

- Possibly improved fuel properties for gasification —

c

- Heat supply at low to medium temperatures

Microwave-assisted torrefaction and HTC (4.1.1)

- Negligible impact on overall process performance

- Fast heating rates compared to conventional alternatives
allow for more dynamic operation

- Pyrolysis
Resistance-heated (4.1.1)

- Fast heating rates compared to conventional alternatives +

allow for more dynamic operation

Microwave-assisted (4.1.1) - Likely improved fuel properties for gasification o?
Inductively-heated (4.1.1) - Heat supply at high temperatures +
Plasma-assisted” (4.2.1) Impact on overall process performance unclear +

“_ Not feasible; o feasible but with technological limitations, + feasible and recommended. ? Using thermal plasma. ¢ Not feasible for
electrification due to the abundance of low-temperature heat within BtX processes. ¢ Feasible for electrification of BtX process but not

recommended due to low power-to-heat efficiency.

Table 10 Qualitative assessment of technologically viable electrification options in the gasification step including entrained flow gasification (EFG),
bubbling fluidized bed (BFB), circulating fluidized bed (CFB), as well as fixed bed (FB) gasification

Feasibility for P-/eBtX*

Process (section in this review) Characteristics and impact on overall process EFG BFB, CFB FB
Hydrogasification (3.1.1) - Increased methane formation b o° of
- Slow reaction kinetics (requires high temperatures, low carbon conversion)
H, to gasifier (3.1.1) - Towards allothermal operation: higher syngas quality + + +
- Lower CO, but higher H,O content
- Faster kinetics
Electrically-heated gasification (4.1.2)
Resistance-heated gasification - Towards allothermal operation: higher syngas quality -4 + +
Microwave-assisted gasification - Lower gasification agent demand o o o
Inductively heated gasification - + +
Plasma-assisted gasification® (4.2.2) - Towards allothermal operation: higher syngas quality + + +

- Faster kinetics and optionally plasma reforming of gas phase

- Lower gasification agent demand

a

— not feasible; o feasible but with technological limitations, + feasible and recommended. ? Not applicable to EFG due to thermodynamic

limitations of the hydrogasification reaction. ¢ Only recommended for SNG production and in combination with external heat supply. ¢ Only
electrically-heated walls are technologically possible, but not feasible for most operating points in EFG. ¢ Requires appropriate absorbers.

¢ Single-stage gasification using thermal plasma.

is limited by the slow reaction kinetics. H, combustion in the
gasifier offers an in-situ heat release but with lower efficiency
compared to most of the direct electrification technologies.

In electrically-heated gasification, electric resistance heating
can be used to supply heat to the gasifier taking advantage of
the high power-to-heat efficiency of electric resistance heating.
One major concern is the efficient heat transfer from the heat
source to the gasification reactions. Reaching sufficiently high
temperatures is a question of material and thus cost. In fixed
bed and fluidized bed gasifiers, electrically-heated pipes can
add heat to the solid or fluidized bed. The heat transfer using
heating elements in fluidized beds is already investigated,*”
but for the application in reactors for thermochemical energy
storage.>'® The bed material can also be heated outside the
reaction zone in circulating fluidized bed gasifiers. Heat trans-
fer just from the reactor wall to the reaction zones is difficult in

This journal is © The Royal Society of Chemistry 2024

/ Feasible for electrification of BtX process but not recommended due to low power-to-heat efficiency in comparison to other available technologies.

fixed and fluidized beds. EFG requires very high-temperature
heat addition due to the high temperatures in the reaction
zone. Resistance heating elements in the flame of the gasifier
seem unreasonable. Heat transfer from the walls seem the only
option. However, heated walls on the inside of the gasifier are
questionable. For brick-lined or membrane walls, the addi-
tional energy input would counteract their original purpose of
protecting the wall material. Therefore, resistance heating
cannot be used in EFG.

Another option is using induction or microwaves to supply
heat for near allothermal gasification. This process only
applies to fixed or fluidized bed gasifiers with the requisite of
good absorption properties of the solid particles for the respec-
tive technology. Despite technological feasibility, microwave-
heating suffers from low efficiency making its usefulness
questionable.
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Plasma-assisted gasification offers several advantages,
including applicability to all gasifier types, precise control
through adjustable electrical power and flexibility in the choice
of feed material. This enables greater flexibility in selecting
feedstocks resulting in cleaner syngas with reduced tar con-
centrations. Experimental studies have demonstrated the
technical feasibility of plasma gasification, highlighting its
potential for practical implementation. However, it is essential
to note that some researchers rely on plasma gases like N, and
Ar, which dilute the syngas and do not align well with the
objectives of the electrified BtX (eBtX) process chain. Therefore,
careful consideration should be given to selecting appropriate
plasma gases to ensure compatibility with the overall eBtX
process.

5.1.3 Syngas conditioning. The electrification of syngas
conditioning, can be differentiated between indirect electrifica-
tion (H, in quenching after EFG, H, addition to reforming, H,
addition to rWGS, parallel co-electrolysis) and direct electrifica-
tion (electrically-heated reforming, plasma reforming, in-line
co-electrolysis), and the integration of (co-electrolysis) as shown
in Table 11.

In general, adding H, to syngas conditioning processes
presents a straightforward approach for increasing syngas
heating value and SN for synthesis. H, addition to the quench
allows to quickly lower hot syngas temperature in a combined
gas and chemical quench approach. However, downstream
equipment has be sized according to the larger gas flow and
lower concentration of impurities in the gas stream.

For fixed and fluidized bed gasifiers the most important step
in syngas conditioning is syngas reforming. Conventional
reformers use high temperatures to reduce tar content and
increase the CO and H, yield. Adding H, to reforming
allows H,0, combustion and enhances tar reduction through

View Article Online
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H, usage in the reforming reactions. Similarly, electrified
reforming enables higher CO and H, output since no combus-
tion reactions occur, as in POX or ATR. The ER for reforming
was reported to be rather small compared to other electrifica-
tion processes (ER < 0.2 MW, per MWy°®"?"'°!). While
microwave- and inductively-heated reforming are considered
feasible options for eBtX processes, they are only viable with a
suitable absorber material, such as a catalyst in catalytic
reforming. Resistance heating and induction are more suitable
options since microwave heating has the lowest power-to-heat
efficiency.

In this context, plasma is a promising option due to its high
efficiency and energy density. In plasma gasification, two-stage
processes, combining conventional gasification with plasma-
assisted reforming allow for tailoring the syngas composition
and purity while vitrifying the solid residue. Thermal and non-
thermal plasma have been explored for reforming purposes,
with different studies demonstrating their effectiveness in tar
removal and syngas reforming. Non-thermal plasma has the
advantage of lower power consumption and feasibility for a
range of syngas compositions. Additionally, the combination of
plasma and catalytic reforming has shown promising synergis-
tic effects, making it a possible breakthrough for syngas
reforming. To what degree electricity can be incorporated into
a plasma reforming step remains uncertain.

Integrating co-electrolysis into the overall process chain
offers a synergistic combination of the BtX and PtX pathways
for syngas supply to synthesis. Co-electrolysis is compatible
with all common gasifier technologies and has the potential
simultaneously replace the WGS and the need for a water
electrolysis. For the parallel configuration (Section 3.2), the
CO, stream separated from the syngas in the AGR unit can be
recycled to the process after co-electrolysis. Adjusting the SN by

Table 11 Qualitative assessment of technologically viable electrification options in the syngas conditioning step

Process (section in this review)

Characteristics and impact on overall process

Feasibility for P-/
eBtX“

H, for syngas quenching” (3.1.2) - Possible positive effect on chemical equilibrium for higher quality syngas after gasification +

- Dilution of syngas before gas cleaning

- Larger downstream equipment

H, reforming® (3.1.2) - Possible positive effects on tar destruction +
Electrically-heated reforming® +
(4.1.3)

Resistance-heated - Higher quality syngas and lower O, demand compared to POX of
Microwave-assisted? - Possibly higher overall process efficiency +

Inductively-heated”
Plasma-assisted reforming®
(4.2.3)

- Possible benefits from plasma-catalytic effects when using non-thermal plasma
- Allows for efficient SN adjustment for high carbon efficiency and product yield

Integration of co-electrolysis
(3.2, 4.3)
H, to rWGS? (3.1.2)

carbon efficiency

- Higher quality syngas and less O, demand compared to POX

£+

- Allows for CO, shift and CO, utilization before synthesis and SN adjustment for high  +

“ _Not feasible; o feasible but with technological limitations, + feasible and recommended. * Quenching only required for entrained flow
gasification. ¢ Reforming only required for fixed bed and fluidized bed gasification. ¢ Requires solid induction or microwave absorbers. ¢ Feasible
for electrification of BtX process but not recommended due to low power-to-heat efficiency in comparison to other available technologies.  Parallel
integration is preferable to the in-line configuration due to the complexity of the integration and the technical challenges associated with in-
line integration. £ Mainly beneficial for FT synthesis where CO, cannot be converted. If rWGS is employed, an electrically-heated rWGS reactor

(Section 4.1.3) is recommended.
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varying the CO, feed is another advantage of this configuration.
Integrating co-electrolysis in-line (Section 4.3) poses certain
challenges are associated with this configuration, such as a
lower partial pressure of reactants, leading to decreased effi-
ciency and higher investment and operating costs due to the
need for all the syngas to pass through the electrolysis process.
Additionally, impurities in the syngas can result in catalyst
poisoning. Therefore, the parallel configuration is recom-
mended for a first-of-its-kind system (see Section 6.2).

H, addition to the rWGS step is especially applicable for the
FT route since CO is required in FT synthesis as CO, typically
cannot be converted. To increase carbon utilization additional
H, addition before rWGS is required. For this case, a tWGS
reactor must shift CO, and H, to CO and H,0 before synthesis
(reaction (6)). The electrification of this endothermic rWGS
reaction, which needs high temperatures, presents a promising
eBtX approach. Using H, from water electrolysis and providing
the necessary heat input for the tWGS process through elec-
trical heating results in a hybrid PBtX and eBtX process.

5.1.4 Catalytic synthesis. The exothermicity of all syngas
conversion reactions (as shown in eqn (7)-(9)) renders the
addition of heat through electrification unnecessary and poten-
tially counterproductive. A technically feasible and straightfor-
ward approach involves the addition of H, before synthesis,
which has demonstrated positive effects on carbon efficiency
and product yield in various process simulations (Section 6.1).
Consequently, this option is strongly recommended for elec-
trifying BtX processes.

For plasma-assisted synthesis, early research results indicate
vague advantages of this technology. Non-thermal plasma
shows the potential of operating the synthesis at milder process
conditions. Lower operating pressure offers the possibility to
lower the operating pressure of the upstream process (gasifica-
tion and syngas conditioning), possibly leading to economic
savings. Additionally, plasma-assisted synthesis can influence
selectivity, which is an exciting feature for improved yields in
FT towards desired products (Table 12).

5.2 Technological maturity, limitations and research needs

Among the feasible electrified process options, the technical
maturity significantly influences its near future implementa-
tion. While some of the technical limitations are intrinsic to the
technologies under consideration, others are due to the current
early stage of development for this technology. Furthermore,

View Article Online

Review

the integration of each electrification option with BtX process
must also be considered. While a technology might be com-
mercially available, its seamless integration into the BtX pro-
cess chain could present substantial challenges or hurdles. On
the contrary, an immature technology may be easily integrated
into the process once it reaches an appropriate level of tech-
nological maturity.

Table 13 shows the technological maturity of the electrifica-
tion options recommended in Section 5.1 expressed as technol-
ogy readiness level (TRL) of the technology itself. Additionally,
the impact of the electrified process option on the downstream
equipment compared to a conventional BtX process is shown.
The effect on upstream equipment is not included in Table 13
since only plasma-assisted gasification impacts upstream
equipment, which can be rather substantial. The TRL, follow-
ing the definition by the European Union,*!° refers to the
maturity of the respective technology (gasifier, quench, rWGS,
synthesis reactor), instead of the overall P-/eBtX processes.

Generally, direct electrification has a lower TRL than the
indirect electrification technologies. However, the maturity of
any indirect PBtX process depends on both the H, production
technology and the process technology where H, is added. TRL
of water electrolysis for H, production depends on the type of
electrolyzer (AEL: TRL = 9, PEMEL: TRL = 9, SOEL: TRL = 6-7).
Considering the high maturity of AEL and PEMEL, the supply of
green H, can be assessed as commercialized technology. It is
also expected that the development of SOEL will continue so
that no inherent technical limitations are imposed on the
technology. The main research needs here are in materials
research for long-term stability, in pressurized operation for
better integration into the BtX process chain, in maintaining
high efficiency without the use of air as a purge gas, and in
scaling. As SOEL is very promising for integrating heat from
high-temperature process units such as the gasification, this
heat integration itself represents a technical challenge, but one
that should be manageable from an engineering perspective.

The challenge for PBtL processes is thus typically related to
H, addition to the process and the related impact on down-
stream equipment. The most promising and straight forward
route is the H, addition before the synthesis. In the case of FT
synthesis, the H, addition might be placed before a rWGS unit
to convert CO, to CO. Most direct electrification routes via H,
addition have not been validated in a relevant environment and
scale. However, the implementation should be technically
feasible without much effort.

Table 12 Qualitative assessment of technologically viable electrification options in the synthesis step

Feasibility
Process (section in this review) Characteristics and impact on overall process for P-/eBtX”
- H, to synthesis (3.1.3) Allows for SN adjustment to reach high carbon efficiency and product yield +
Allows new reactor concepts (staged synthesis)
- Plasma-assisted synthesis” (4.2.4) Possibly milder process conditions might lead to cost reduction along +

the whole process chain

Possibly higher product selectivity

@ _ Not feasible; o feasible but with technological limitations, + feasible and recommended. ? Employing non-thermal plasma.

This journal is © The Royal Society of Chemistry 2024
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Table 13 Assessment of technological maturity and impact on downstream equipment of recommended electrification options

Electrified process (section in this review) TRL Change in downstream equipment specification®
Pre-treatment Microwave-assisted pyrolysis (4.1.1) 5-6 - No
Inductively-heated pyrolysis (4.1.1) 5-6 - No
Plasma-assisted pyrolysis” (4.2.1) 5-6 - No
Gasification Hydrogasification® (3.1.1) 4-5 - Other equipment needed
H, to gasifier (3.1.1) 6-7' - Marginal
Resistively-heated gasification? (4.1.2) 5-6 - Yes
Microwave-assisted gasification (4.1.2) 5-6 - Yes
Inductively-heated gasification (4.1.2) 4-5 - Yes
Plasma-assisted gasification® (4.2.2) 5-6 - Yes
Syngas conditioning H, for syngas quenching’ (3.1.2) 8-9' - Yes
Resistively-heated reforming?® (4.1.3) 7-8 - Marginal
Inductively-heated reforming® (4.1.3) 4-5 - Marginal
Plasma-assisted reforming?® (4.2.3) 5-6 - Marginal
H, to IWGS”" (3.1.2) 8-9' - Yes
Integration of co-electrolysis in-line (3.2) parallel (4.3) 34-5 - Yes Yes
Synthesis H, to synthesis (3.1.3) 8-9' - Yes
Plasma-assisted synthesis” (4.2.4) <3 - Yes

“ For example: equipment size, material, utilities. ° Using thermal plasma. ¢ Only for SNG production and in combination with external heat
supply i.e. electrically-heated or plasma-assisted gasification. ¢ Not recommended for entrained flow gasifiers. Probably requires additional heat
supply for fixed bed and fluidized bed gasifiers. © Here: single-stage using thermal plasma.’ Quenching only required for entrained flow
gasification. & Reforming only required for fixed bed and fluidized bed gasification. ” Mainly beneficial for FT synthesis where CO2 cannot be
converted. If (WGS is employed, an electrically-heated rtWGS reactor (Section 4.1.3, TRL = 8) is recommended. * Not demonstrated yet, but technical

hurdles are minimal.

Similar to water electrolysis, SOEL for co-electrolysis is
expected to continue its development until it is ready for the
market, so that there are no intrinsic technical limits to the
technology. Parallel co-electrolysis integration is compatible
with various gasifier technologies and can simultaneously replace
the WGS and the need for water electrolysis. In addition to the
technical research needs already mentioned, the contractability of
in-line co-electrolysis with real syngas should be mentioned here
in particular. Not only is pressurized operation much more
sensible and important than in the parallel configuration. There
is also a great need for research into whether and in what
quantities impurities in the syngas influence the SOEL. To what
extend the in-line co-electrolysis with syngas from gasification can
be operated remains to be proven.

The maturity of directly electrified processes is generally
lower and demonstration in relevant scale is lacking for most of
the processes. Resistively- and inductively-heated reforming is
developed for other reforming processes. But the technologies
can be easily adapted to the syngas applications. Generally, the
heating technologies are well understood but must be tailored
for the utilization in a P-/eBtX process. It should be repeatably
mentioned however, that especially microwave heating suffers
from an intrinsic limitation in power-to-heat efficiency: elec-
trical resistance heating (~100%)"® > induction heating
(>90%)"” > plasma torch (40-94%)*°" > Microwave heating
(20-60%).>*° One key research need involves the development
and optimization of reactor designs that enhance the efficiency
of these heating technologies specifically in the context of
biomass conversion and gasification processes. Understanding
and mitigating potential issues related to heat transfer, scal-
ability, and reactor material compatibility are critical areas of

201
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investigation. Moreover, exploring methods to integrate these
heating technologies seamlessly into existing and evolving P-/
eBtX process configurations is essential. Investigating the
influence of various biomass feedstocks on the performance
and efficiency of these heating technologies is key.

While thermal plasma technology, particularly in the context
of plasma gasification, is theoretically mature and lacks intrin-
sic engineering barriers, its effective application to biomass
solid conversion presents notable challenges requiring focused
engineering research. A critical challenge is the adaptation of
thermal plasma to utilize CO, and H,O as plasma gases instead
of inert gases, that are commonly employed in small-scale
experimental studies due to its simplicity. Demonstrating the
feasibility of using CO, and steam, especially considering the
latter’s corrosive nature, represents a key engineering hurdle.
Genuine plasma torch design and matching control techniques
will be instrumental in overcoming this challenge and optimiz-
ing the efficiency of thermal plasma in biomass conversion
processes. Additionally, addressing issues related to erosion
and the continuous replacement of electrodes is crucial for the
feasibility of such technologies. Learning from experiences in
waste-to-X plasma facilities can provide valuable insights, but
specific adaptations for biomass feedstocks are necessary.
Comprehensive studies focusing on the unique aspects of
plasma gasification in the context of electrified BtX processes
will contribute to develop this technology for sustainable and
efficient large-scale applications.

In contrast, the maturity of non-thermal plasma applica-
tions for example for synthesis must be assessed very low due to
the early research stage. While non-thermal plasmas are pro-
mising for gas applications such as reforming and synthesis due

This journal is © The Royal Society of Chemistry 2024
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to their catalytic nature, there are significant TRL challenges, with
the chief concern being the substantial hurdle of operating under
very low pressures. Whether this is a fundamental limitation or an
obstacle that can be overcome with further research and a better
understanding of the basic physical principles requires further in-
depth investigation. Engineering research needs to focus on the
development of genuine solutions, particularly in achieving pres-
sure levels that are compatible with other process steps along the
BtX process chain.

6. Meta-analysis of electrification
options

This section evaluates PBtX and eBtX processes using a meta-
analytic approach, exclusively relying on data from process
simulations. In Section 6.1, the H, addition to synthesis is
quantitatively analyzed and established as a reference process.
In Section 6.2, the integration of co-electrolysis is evaluated and
compared to the PBtX reference processes from Section 6.1. In
Section 6.3, eBtX processes are investigated and subjected to a
comprehensive comparison. Due to the relatively limited depth
of available data, this assessment and comparison adopt a
predominantly qualitative approach. Thea data and additional
graphs are provided in the ESL{

6.1 Analysis of H, addition to synthesis

H,-addition is technologically trivial to implement and uses only
technologies that are already highly mature today (for H, from
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low-temperature electrolysis, see Section 5.2). Many researchers
have broadly investigated these processes from an overall system
perspective. The extensive process data basis enables a quantita-
tive assessment of the KPIs, thus positioning PBtX processes as a
reference for comparing and evaluating alternative electrification
options.

This section provides a quantitative analysis of PBtX pro-
cesses with H, addition, focusing on cases where H, is intro-
duced directly before the synthesis or preceding the rtWGS step,
excluding possibilities of H, addition to gasification, quench,
or reforming. The exclusion is justified as H, addition to these
processes is rarely explored at process level and for available
process simulations the evaluation due to mixing with other
electrified process does not allow to isolate the impact of the H,
addition. Given the extensive research on H, addition, they
serve as valuable references for other electrification options.

The data presented here is taken from Tables 2-4 and is
grouped by electrolysis technologies and products. The com-
parison is made based on the KPIs defined in eqn (1)-(4),
including carbon efficiency ¢ and product yield PY (Section
6.1.1) as well as the PBtX energy yield (EYppx) (Section 6.1.2).

6.1.1 Effect of H2 addition on carbon efficiency and pro-
duct yield. Fig. 10 illustrates how the degree of electrification,
denoted by an elevated ER, positively correlates with carbon
efficiency and product yield. Carbon efficiency and product yield
share a linear relationship (see eqn (2)). This trend of increasing
carbon efficiency and product yield is evident across all products.

Fig. 10(a) illustrates the carbon efficiency over ER, including
fic px @s BtX reference processes (see Table 14). In Fig. 10(b), a
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Fig. 10 Dependency of (a) carbon efficiency and (b) product yield PY on electrification ratio ER for PBtX processes using H, addition to synthesis steps
(and rWGS) based on literature review. Different colors are used to differentiate the production of synthetic natural gas (SNG), Methanol (MeOH) or
Fischer—Tropsch (FT) products. Different symbols represent the types of water electrolysis including alkaline (AEL), proton exchange membrane (PEMEL),

or solid oxide electrolysis (SOEL). For data basis see Tables S2—-S4 and ESI.{
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Table 14 Product yields and carbon efficiencies of BtX processes as reference and results from mathematical derivations for meta-analytical evaluation

of PBtX processes

KPI Unit SNG MeOH FT Ref.
N Btx % 32% 40% 36% 68
ne pix—peix (ER = 0) % 31% 34% 30% —
PYBIX kgproduct kgbiomass,dry71 0.25 0.59 0.23 68
PYpgix—pBix (ER = 0) kgproduct kgbiomass,clryi1 0.21 0.53 0.17 -

“ LHV of biomass of 18 MJ per kgq,, and carbon content of biomass of 50 wt%qy, used for calculations.

comparison of the achievable product yields is presented, with
corresponding BtX process product yields PYpx(see Table 14).
It is evident, that the production of SNG via PBtX requires a
higher degree of electrification (ER = 0.4-2.5 MW, MW, ')
compared to FT products or MeOH (ER = 0.35-1.8 MW MWy, ).
This is mainly due to the higher SN required for methanation, as
discussed in Section 2. The higher achievable product yields for
MeOH are attributed to its higher molecular weight per carbon
atom due to the oxygen content. The observed graph indicates a
potential linear relationship between ER and PY, although defi-
nitive conclusions cannot be drawn at this stage.

Processes employing SOEL typically attain higher carbon effi-
ciency and product yield at the same ER compared to low-
temperature electrolysis, such as PEMEL and AEL, due to the
higher electrolysis efficiency of SOEL impacting the ER. Never-
theless, carbon efficiencies of above 90% are also achieved with
PEMEL or AEL for all products. Due to variations in modeling
methodology, such as conversion efficiencies, particularly for elec-
trolysis efficiency, differences in biomass composition, and overall
process design, these trends in Fig. 10 must be treated cautiously.

Based on the assumption that EYgx and ER are subject to a

linear relationship (EYpex LT, EYpix ut as slope, EYpx as y-axis
intercept, see eqn (14) in Section 6.1.2), the definitions in
eqn (3) for PY and 7 can be used to derive at a dependency
expression of product yield and carbon efficiency on ER:

Hproduc
PYpix_prix =~ — f(ER)
biomass,dry
LHVbiomass
=———(EY EY ER) (12
LHV proguer ( BtX + EYpix LT/HT * ) (12)
Nc BtX—PBtX — bc’pmdum =PY- Cproduct =f(ER)

MC biomass WC biomass,dry

_ LHVpiomass WC product

(13)

LHVproducl WC,biomass,dry

% (EYpix + EYpx L1/nt * ER)

Table 15 provides EYpix and EYpx L1/t for reference BtX and
PtX processes. The resulting graphs for PYgex_, ppex and #c pex—
peex are included in the ESL i for all products. Using eqn (12)
and (13), product yield and carbon efficiency for pure BtX
processes (ER = 0) can be extrapolated. The results are compared
with values from literature in Table 14. Whether the fact that the
resulting values for carbon efficiency and product yield tend to be
too lower than the literature data is a consequence of synergetic
effects in PBtX processes or merely a result of the heterogeneity of
the variable used for our calculations cannot be conclusively
answered at this point. To gain further insights, more research
is needed, such as a systematic, simulative process route compar-
ison based on the same biogenic feedstocks.

6.1.2 Effect of Hy-addition on energy yield. This section
analyses the impact of the degree of electrification on the
energy yield (EY), which offers energetic comparability between
different products than the product yield discussed in the
section before. In the following, eqn (14)-(16) are derived
mathematically to quantify the influence of ER on the EY of
PBtX processes.

Fig. 11 illustrates the influence of ER on both BtX energy yield
EYpx and PtX energy yield EYp as defined in eqn (3). Table 15
provides the reference energy yield of BtX and PtX processes,
which serve as a basis for the subsequent calculations. The
literature-based energy yields of pure PtX processes are distin-
guished according to low-temperature (LT: PEM, AEL) and high-
temperature (HT: SOEL) electrolysis (EYpix L1, EYpix ur). The
energy yields depend on assumptions but especially the values for
BtX can differ depending on chosen parameters like, for example,
biomass composition, plant layout, or gasifier type.

The product-specific meta-analysis in Fig. 11 shows an
increase in EYp with an increasing ER. EYg can exceed
100% due to its definition excluding electricity input. The
enhancement in product yield and carbon efficiency resulting
from H, addition (see Section 6.1.1) is directly proportional to
the chemical energy stored in the product. The energy yield
EYpx of PBtX processes are generally higher than the energy

Table 15 Energy yields of BtX and PtX processes as reference for meta-analytical evaluation of PBtX processes

KPI Unit SNG MeOH FT Ref.

EYsx MW roduct MWhiomass 0.57 0.59 0.40 68

EYpx LT MW product MWelectrolysis - 0.52 0.55 0.45 321

EYpx Hr MW roduct MWelectrolysis 0.84 0.75 0.59 322 and 323
EYPKX,co-clcctrolysis waroduct Mvvelectrolysi571 0.84 0.79 0.65 322 and 323

954 | Energy Environ. Sci., 2024, 17, 925-973

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee02876c

Open Access Article. Published on 21 December 2023. Downloaded on 1/27/2026 7:27:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

yield of PtX, due to the biomass feedstock’s intrinsically carried
energy input for PBtX processes. Fig. 11 shows the general
decrease in EYp with an increasing ER.

One can assume that EYpx and ER are subject to a linear
relationship. If there is no synergitic effects in PBtX processes
the energy yield for the respective LT or HT PtX reference

process (EYpx LT, EYpxut) represents the slope, while the

mean energy yield of the product specific BtX processes EYpix
serves as the intercept:

m roductLHVproduct -
EYpix_ppix = P2 = f(ER
' ' Ttbiomass LH V biomass / ( )
= EYpix + EYpx L1/t * ER

(14)

Expressing the EYpx as a function of ER, based on the findings
for EYpex ppex in eqn (14) and (15) can be derived by substitut-
ing EYgx . ppex as in eqn (14) for EYpex . ppex @S shown in Fig. 11:

j LHV, .
EYpx—pBix = Plproduct -T2 ¥ product =f(ER)
Eelectrolysis
EYpx—pBix =———  EVYmix
=— "2 "2 _EY 15
ER PEX,LT/HT T ER (15)

Based on this definition for the energy yield, adding H, generally
leads to energetic improvements with increasing ER compared to
the PtX process. Fig. 11 shows the derived equations as dotted lines.
However, the validity of the equation is limited to a specific range of
ER values. For electrification ratios approaching zero, the energy
yield EYpx_, prex Will approach infinity, which is merely a mathema-
tical property arising from the increasing share of energy derived
from biomass. Conversely, for large ER values, EYpx_,ppx Will
approach the asymptotic value of EYpix 11/ut as predicted by the
equation. Yet, achieving extremely high ER values is not technically
feasible due to the limited availability of carbon from biomass, and
further electrification will not lead to an increased product yield.
Fig. 12 shows the PBtX energy yield EYpg for each product as
defined in eqn (3) depending on ER. A relationship for EYpgx can
be derived based on the definition of ER and EYgx_ peix and
EYpex . ppex @S shown in eqn (16). The derived equation suggests
that at very low ER values, EYpgx approaches EYpx. This is a
reasonable observation since no electrification leads to a BtX
process. Conversely, for high ER values, EYpgx approaches
EYpx L1/uT, aligning with the expected behavior since a high
degree of electrification approximates a purely power-based pro-
cess design. However, it is crucial to acknowledge that very high
ER values are not practically attainable due to carbon limitations.

EYPBtX — mproducl LHVproducl. = f (ER)
mbiomassLHVbiomass + Eeleclr.
_ ”hproduct LHVproduct _ EYgx_.pBix ( 1 6)
mbiomassLHVbiomaSS(l + ER) 1 + ER

_ EYpix + EYpix rr/nr - ER
B 1+ ER

Categorizing the energy yield of PBtX processes by product type
unveils that FT consistently exhibits the lowest energy yield, while
MeOH and SNG show higher values. EYpg values demonstrate

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

variability, ranging from 52% to 78% for SNG, 51% to 74% for
MeOH and 46% to 70% for FT. Remarkably, substantial variations
occur even for the same product and equal ER values. For
instance, in the case of MeOH at an ER of approximately 0.4,
EYppx differs between 56% and 74%. Consequently, only general
trends and overarching observations can be inferred.

As Fig. 12 shows, the energy yield EYpp for SNG and MeOH
slightly decreases with ER for low-temperature electrolysis. This
implies that in these cases, no efficiency gains can be expected with
additional electricity input, i.e. more H, addition. However, energy
yield increases with ER for high-temperature electrolysis for all
products and for FT products with low-temperature electrolysis.

Based on this meta-analysis of the literature-derived data
and the resulting mathematical derivations supported by
Fig. 11 and 12, it can be concluded that PBtX processes are
conceptualized as a superposition of BtX and PtX processes.
Depending on the degree of electrification, they exhibit char-
acteristics closer to BtX or PtX processes, thus combining the
advantages and disadvantages of the respective processes. It
should be stated that the literature values do not fully align
with the data presented in Fig. 11 and 12 due to variations in
assumptions, such as biomass composition, conversion effi-
ciencies, and process operations, across different studies.
Finally, the derived equations might not comprehensively
capture all effects of H, addition to BtX processes. Whether
and to what extent synergies can be exploited in PBtX cannot be
conclusively determined based on the meta-analysis. However,
it is reasonable to assume that PBtX processes have an advan-
tage over PtX and BtX due to heat and material integration, as
well as the omission of CO, capture, which is needed in PtX
processes. For FT products, this apparent synergetic effect
becomes quite profound. This is most likely because of the
significantly decreased demand of CO, conversion to CO as CO
from biomass gasification can be more efficiently produced
compared to carbon capture and CO,-to-CO conversion.

6.2 Comparison of H, addition and co-electrolysis integration

Compared to PBtX processes, eBtX options are less frequently
investigated on a process or system level. Only for processes
using co-electrolysis either in parallel (PBtX) or in in-line
configuration (eBtX) a more significant number of process
simulation studies exist to assess the impact of electrification
on the overall process performance.

Fig. 13 shows the influence of ER on carbon efficiency for
parallel (PBtX) and in-line (eBtX) integration of co-electrolysis
producing SNG, MeOH or FT products. The graphs also include
data points for indirect electrification via H, addition to synth-
esis (and rWGS). It is evident that both parallel and in-line co-
electrolysis follow the general trend of PBtX processes and that,
in principle, a higher ER results in a higher carbon efficiency
and thus also a higher product yield. Furthermore, the integra-
tion of co-electrolysis slightly outperforms classical PBtX pro-
cesses using water electrolysis for all products. In general, water
electrolysis via SOEL performs similarly well, while low-
temperature technologies need higher ERs to achieve the same
carbon efficiencies. Depending on the product, specific

Energy Environ. Sci., 2024,17, 925-973 | 955
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Fig. 11 Dependency of (a)-(c) BtX energy yield and (d) and (e) PtX energy PY on electrification ratio, ER, for PBtX processes using H, addition to synthesis
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minimum values of ER are required to achieve 90% carbon
efficiency. While this value is around 0.7 for MeOH and FT, an
ER of approximately 1.0 is required for SNG production.

Assuming the linear relationship of EYg« and ER also for co-
electrolysis integration, the mean energy yield for the respective
PtX process (EYpix co-el., Table) acts as the slope and eqn (14)-
(15) can also be used for co-electrolysis P-/eBtX processes. The
ESI,T includes the data basis for this analysis and a representa-
tion of the derived graphs for PYpx_.ppexs, 7lc,Bex—PBEG
EYpex—pex,; and EYpx . ppex based on high-temperature co-
electrolysis PtX reference processes.

Fig. 14 compares parallel (PBtX) and in-line (eBtX) integration
of co-electrolysis with the indirect electrification of BtX processes
via H, addition to synthesis (and rWGS) (PBtX) in terms of PBtX
energy yield EYpgx. Since values for EY pix co-e1. are quite similar to
EYpour for all products (Table), the energy yield for integrating
co-electrolysis or using SOEL for H, addition is similar. In these
scenarios, the general trend shows an increase in EYpg With
increasing ER values where EYpgex exhibits a range spanning from
approximately 63% to 82% for SNG, 61% to 77% for MeOH and
50% to 71% for FT with far lass variation than in the PBtX cases.
These EYpp values for co-electrolysis substantially exceed the
curve depicted from eqn (16), indicating the potential for syner-
gies, even more so than in the cases of pure H, addition. Never-
theless, it should be emphasized that further research is required
for definitive confirmation of these findings.

6.3 Conclusions for novel electrification options

As mentioned above, in comparison to H, addition to synthesis,
alternative electrification options have received less attention,

This journal is © The Royal Society of Chemistry 2024

leading to limited data availability and reliability. In the context
of direct electrification technologies, one promising eBtX
option involves directly supplying electricity to the gasifier.
However, available process simulation studies on electrically-
heated gasification and plasma gasification are scarce. Also, H,
addition to gasification for hydrogasification, while promising,
is not investigated extensively.

Due to the limited number of process simulation studies on
electrically-heated gasifiers, hydrogasification, and plasma
gasification (solely considering syngas production), only a
qualitative comparison and an ER range can be provided with-
out quantifying the impact on other KPIs. Fig. 15 shows the
range of ER for the various technologies in the reviewed studies
with ER values from Tables 2-8.

Fig. 15 shows that hydrogasification seems competitive with
classical H, addition before the synthesis in terms of ER. While
an assessment of other KPIs (5c, PY or EY) is theoretically
possible, the restricted dataset from a limited range of
researchers reduces validity.

Regarding direct electrification options for eBtX processes,
inherent technical limitations restrict the extent of electricity
integration into the process. As such, the maximum investi-
gated ER of electrically-heated gasification is limited. While no
further conclusions on the implications for yc and PY are
possible at this point, a high power-to-heat efficiency might
be advantageous in terms of energy yield. Plasma-assisted
gasification (based mostly on small-scale experimental data),
however, appears to enable ERs in a reasonable range. Since no
studies exist investigating the entire eBtX process using
plasma-assisted gasification, the impact of ER on #¢, PY or
EY cannot be assessed.
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For the reference P-/eBtX processes via H, addition to with ER range spanning from 0.15 to 1.48 for plasma gasifica-
synthesis and co-electrolysis integration achieving 90% carbon tion and 0.13-1.45 for hydrogasification, the two options the-
efficiency requires an ER of about 0.7 for MeOH and FT, and 1.0  oretically possess the potential for total process enhancement
for SNG production (Sections 6.1 and 6.2). As shown in Fig. 15, comparable to the reference scenarios. No such conclusion can
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be drawn for the electrically-heated gasifier processes. Whether
any of these technologies allows to achieve ¢ > 90% with ER
values in the order of the reference values, or whether a
combination of technologies will be needed, remains to be
proven.

Should any of the alternative P-/eBtX processes manage to
achieve 7c > 90% with ER values below the above-mentioned
reference values, it would be regarded as promising. The
potential impact of more directly electrified processes on the
KPIs is of considerable interest, given the high-power conver-
sion efficiency of direct electrification. However, based on the
currently available data, it is not possible to determine which
processes are the most promising regarding material or energy
efficiency.

A hybrid approach that combines direct and indirect elec-
trification holds potential as a feasible strategy for overcome
observed limitations in product yield and carbon efficiency of
eBtX technologies by indirect electrification. Furthermore,
hybrid approaches benefit from the potentially higher conver-
sion efficiencies of direct electrification technologies. It is
reasonable to assume that combinations of electrification
technologies will be employed and that such P-/eBtX processes
have an advantage over PtX and BtX. However, it remains to be
demonstrated whether and to what extent electrified processes
can exploit synergistic effects, with this demonstration being
crucial for a comprehensive assessment of process feasibility,
supported by the validation and demonstration by rigorous
experimental studies.

7. System level aspects and
perspectives on electrification

In addition to the technological key performance indicators
of P-/eBtX processes, higher system aspects, specifically

This journal is © The Royal Society of Chemistry 2024

sustainability and economic criteria must also be considered
for a holistic evaluation of any process chain. Section 7.1
examines the supply and associated GHG emissions of biomass
and electricity/H,, as well as water and land use and the impact
of plant location and site selection. Furthermore, economic
factors for P-/eBtX plants are discussed. Section 7.2 covers the
flexibilization and dynamic operation based on a fluctuating
electricity input.

7.1 Impact of plant location and site selection

Securing a reliable supply of feedstock is a vital prerequisite for
the practical operation of P-/eBtX processes. Thus, biomass,
renewable electricity, water, or green H, from off-site sources
are the resources that need to be sustainably sourced to achieve
the goal of low environmental impact products. These criteria
are not only mutually interdependent with sometimes conflict-
ing interests, as shown in Fig. 16, but also subject to many
external factors. The overall objective of P-/eBtX processes is to
maximize carbon efficiency while minimizing total costs and
life-cycle GHG emissions across the entire P-/eBtX supply chain.
Given this complexity, a rigorous optimization approach using
multi-criteria decision analysis is neither generally feasible nor
possible within the scope of this study. However, this section
presents the key decision variables to identify suitable plant
locations for P-/eBtX processes.

7.1.1 Feedstock supply and infrastructure. When deciding
on the location of new P-/eBtX plants powered by a combi-
nation of biomass feedstock and renewable electricity, logisti-
cal aspects related to the upstream and downstream equipment
of the plants in the entire value chain must be considered. The
profitability of such plants depends on their geographic loca-
tion in relation to feedstock locations and product delivery
destinations.*** Whether biomass or power supply is the limit-
ing factor for site selection ultimately depends on the location
and process configuration.
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Biomass availability strongly depends on the region, has a
comparatively low energy density, and is challenging to store to
compensate for seasonal fluctuations. It can either be sourced
locally, regionally or transported to the plant from a greater
distance. In addition, decentralized and centralized pretreat-
ment concepts exist. For P-/eBtX processes, the availability of
electricity or H, poses an additional prerequisite. However,
PBtX and eBtX processes have different supply constraints.
For eBtX plants, the availability of sufficient green electricity
must be guaranteed at any given time. The electric energy must
thus be available nearby or delivered via the high-voltage
transmission grid, potentially with sufficient electricity storage
capacity to compensate the intermittency. For PBtX plants, the
required green H, can be either produced on-site using renew-
ables thus resulting in similar requirements as eBtX or be
produced off-site and transported to the plant’s location. Also,
a combination of off-site and on-site H, production is possible.

In addition to the basic availability of feedstock, transporta-
tion infrastructure at a potential plant site also plays a critical
role. Generally, the infrastructure for transporting raw materi-
als and products must be established for a functioning supply
chain. The infrastructure must be able to deal with the required
mass and energy flows, including road, rail, or ship transporta-
tion for biomass, H, transportation via e.g. pipeline, or trans-
mission lines for electricity supply. The presence of already
existing infrastructure is closely linked to the decision as to
whether it should be a greenfield or brownfield plant. In
addition to existing transport infrastructure, the latter offers
the enormous advantage of being integrated into existing
industrial processes and, for example, obtaining process heat
or feeding it profitably into an existing district heating network.

Long-distance transportation of woody biomass has been
done for larger biomass-fired power plants or pulp mills for
example vig rail or ship. However, locally-sourced biomass
offers advantages regarding transport needs and, thus,
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economics and sustainability,>*® especially for bulky biomass
such as agricultural waste and forest residues. Therefore, limit-
ing the transport distances to less than 100 km is advised,
which means road transport via truck to the plant.*® The same
applies to the transport of the final product. Depending on the
type of product, a road, port or pipeline infrastructure is
necessary. Road transport distances of up to 200 km for liquid
products can be considered reasonable.?*”

For on-site H, production or eBtX plants, the plant is
constrained by the availability and supply of green electricity
via an on-site renewable power source or a sufficient grid
supply. In addition to the local availability of electricity, the
availability of electricity over time is a decisive factor. With
fluctuating renewables, dynamic operation or storage solutions
are indispensable. Here, decentralized off-site H, production
has a decisive advantage (see Section 7.2).

However, also plants using off-site H, production is asso-
ciated with many process penalties. For example, the waste heat
generated during the syngas train can usually be used in the
electrolysis process allowing for SOEL to be used at high
efficiency. If this is not the case, as with off-site production,
the heat cannot usually be used to supply heat to other
processes at greenfield plants and might has to be cooled back
at high cost. As a rule, the electricity generation and its
transport must be offset against the levelized costs of H,
production, including H, transportation cost, to decide
whether an off-site H, production is feasible. In addition, there
is a shortage of O, as a byproduct of water electrolysis, which
makes either on-site O, production or O, supply necessary.
Here also, a partly on-site H, production via water electrolysis
to cover the O, demand can provide a mitigating solution.

In a future hydrogen economy, PBtX processes with off-site
H, production hold a potential advantage over on-site H,
generation and eBtX processes due to the better storability
(see Section 7.2) and transportability of H, compared to elec-
tricity. H, can be transported via pipelines or other means to
reach remote processing facilities, efficiently utilizing renew-
able energy sources in different geographical areas. PBtX facil-
ities may be in regions with abundant biomass resources but
distant from the point of renewable energy generation. Further-
more, retrofitting a BtX plant once the H, infrastructure is
implemented needs to be considered already today during
construction.

In the context of siting P-/eBtX plants based on a combi-
nation of biomass feedstock and renewable electricity, there are
multiple decisions to be made that cover several critical
aspects. Seasonal fluctuations in biomass availability, coupled
with dependence on diverse transportation modes, pose chal-
lenges in assessing the economic and sustainable implications
of transport distance limitations. The decision between green-
field and brownfield plants significantly impacts existing
industrial processes and integration into district heating net-
works. The reliability of green electricity, alternative storage
options and grid supply depends on factors such as on-site or
off-site integration and the choice between storing and trans-
porting H, and electricity. Evaluating trade-offs in on-site and
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off-site hydrogen production, encompassing waste heat utiliza-
tion, transportation costs, and O, supply, is essential. Exploring
the benefits of P-/eBtX processes in infrastructure planning,
especially in a future hydrogen economy, requires frameworks
that consider retrofit needs and the efficient use of renewable
energy in different geographical areas. Addressing these gaps
will improve understanding of the factors that influence siting
decisions for P-/eBtX plants and contribute to increased effi-
ciency, sustainability, and economic viability of these pro-
cesses. Methodologies like GIS-based multi-criteria decision
analysis, cross-industry collaboration from agriculture to trans-
portation and the involvement of key players from the oil and
gas industry, politics, and society. Land use and greenhouse gas
emissions.

While a holistic and integrated life cycle sustainability
assessment could encompass sustainability aspects for specific
locations, this review focuses on the basic framework and the
environmental and sustainability key factors that ultimately
determine environmentally optimal plant locations. Thus, this
work encompasses considerations such as land use for biomass
sourcing and the provision of renewable electricity, which in
turn enable the realization of economically feasible plant scales in
accordance with the economy of scale principle. GHG emissions
associated with the sourcing and transportation of feedstock
materials must also be considered. At this point, it should be
emphasized that all the processes considered are based on the
premise that only biomass residues, which are not in competition
with other uses, are to be used. Another environmental and
sustainability criterion is the use and supply of water.

The electrification of BtX processes opens the possibility of
increasing carbon efficiency and product yield. With this trait,
the process can produce more fuels or chemicals from the same
amount of biomass. The availability of sustainable biomass is a
limiting factor for electrified BtX besides the availability of
renewable electricity and/or H, supply. As for the US, Agrawal
et al. state that the PBtX route with H, addition to the synthesis
step can cover the US fuel demand based on the domestically
available biomass.>® For the BtX route, only 25-31% of the fuel
demand can be covered. They also argue that the land area
required for the PBtX process, which involved biomass cultiva-
tion and hydrogen production from solar energy, could be
reduced by 61% to 72% compared to BtX processes, depending
on the examined case.

The maximum amount of MeOH that can theoretically be
produced in Europe via BtX or P-/eBtX was evaluated based on
our own calculations. The calculations and references are given
in the ESI.{ Based on the sustainable biomass potential in
Europe 0f 156.8 Mthiomass,dry PEL @,>>° the conventional BtX path
can produce 83.1 Mtyeon, Which corresponds to 78.5% of the
global MeOH demand in 2022 (105.8 Mtycon per a*>°). For a P/
eBtX approach boosting carbon efficiency to 90%, a production
amount of 188 Mtyeon per a is technically viable. The product
yield for the P-/eBtX processes increases by 2.3-fold compared
to the BtX route.

A simplified calculation to produce 100 MWy 4y methanol
demonstrates these effects of electrification. While the

This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Influence of carbon efficiency (degree of electrification) on bio-

mass demand for a PBtX plant with constant methanol production
of 100 MW,y (calculations and other graphs in ESI).

methanol output of the plant is kept constant, the biomass
input is matched to meet the demand. Using a circular-shaped
biomass supply area around the plant with an equally distrib-
uted biomass density, the impact of electrification on biomass
demand is shown in Fig. 17. The roads for transportation are
not considered and the biomass is delivered to the plant in the
center in a straight line from the pickup point. All calculations
use the linear relationship between #c and ER as defined in
eqn (13). All additional assumptions and results are provided in
the ESL¥

Fig. 17 illustrates the relationship between degree of elec-
trification and required land area. Based on this simplified
approach, the required radius for supplying biomass to the
plant is decreased from 29 km (¢ = 40%) to 19 km (¢ = 90%).
This results in a 70% reduction in annual transportation
distance and corresponding transportation costs. While, the
impact of transportation cost is small compared to other cost
components of PBtX processes, the land use is crucial. Using
electrification of BtX to boost carbon efficiency, land require-
ment can be reduced by 56% from 2591 km” (¢ = 40%) to
1152 km? (17¢ = 95%).

Furthermore, GHG emissions from biomass transportation
can also be reduced by up to 73%. While the reductions in
transportation may be negligible compared to the emission
reduction potential of the electricity used (see below), other
emissions that affect the local environment, such as noise or
NOXx, are also reduced in addition to GHG emissions.
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As mentioned above, the GHG emissions of the P-/eBtX
product will be mainly influenced by the type of electricity
used. The P-/eBtX product’s emissions are between those of a
PtX product, with the highest carbon footprint, and a BtX
product, with the lowest emissions. Since the electrical inten-
sity of the process is damped by using biomass as another
feedstock, P-/eBtX processes are more viable for reaching GHG
reduction targets even for electricity with a higher emission
factor.

Fig. 18 illustrates the impact of the carbon intensity of the
electricity on the specific GHG emissions of P-/eBtX products in
comparison with the same products from pure BtX and PtX. All
assumptions and data sources are provided in the ESI.{ For
P-/eBtX processes, a range for the required ER of 1.1-1.3 for
SNG and 0.7-1.2 for MeOH and FT were assumed to achieve a
90% carbon efficiency based on the meta-analysis in Section 6.
The shown graphs are solely based on indirect process emis-
sions due to the use of grid electricity. As reference, the
horizontal lines indicate the emissions of conventional natural
gas,*** natural gas-derived MeOH**' and FT products derived
from Gas-to-Liquid.**?

As the graphs show, the BtX processes have a very low
electricity demand, which is responsible for indirect emissions
when grid electricity is used. Since biomass residues are
assumed to be carbon-neutral, they perform significantly better
than the P-/eBtX, PtX and fossil alternatives. The PtX reference
process has the largest carbon footprint, where the very con-
servative assumption was made that only hydrogen is
produced using PEMEL. The resulting ranges for the P-/eBtX
processes laying between BtX and PtX clearly highlight
the hybrid nature. Accordingly, SNG processes become prefer-
able to the fossil equivalent at an emission factor of 240-
310 g CO, per kW per h,. For MeOH emission reduction
can be assumed starting from an emission factor below 730-
440 g CO, per kW per h,,. In the case of FT products, this is the

962 | Energy Environ. Sci., 2024,17, 925-973

case at 260-410 gco, per kW per he;. The lower the carbon-
intensity of electricity, the lower the product specific GHG
emission and the smaller the absolute difference between
products. Thus, PBtX processes are only viable if low-carbon
intensive electricity is available while performing better in
terms of emissions than PtX processes.

The current EU regulations, particularly the RED II Directive
and subsequent proposals like RED3, set ambitious sustain-
ability and GHG emissions reduction criteria for biofuels and
renewable fuels of non-biological origin (RFNBO). Based on
today’s RED II,>** biofuels need to reach an emission reduction
of 65%. For fuels of non-biological origin a reduction target of
70% applies. Electrified BtX processes can contribute to reach-
ing this goal for biofuels. The emissions from transportation,
and extraction and cultivation of raw materials which are part
of the CO, balance defined in RED II are allocated on an
increased amount of product for the same biomass input (see
Fig. 10 and 17). However, emissions for processing by electricity
utilization will increase. Consequently, products of electrified
BtX routes will most likely reach higher emission factors than
BtX products as discussed in Fig. 18. It is important to mention,
that as of today, the question of how synfuels, derived partly
from electrolytic renewable hydrogen and partly from biological
sources as in the discussed e-/PBtX processes, fit into the
current EU framework remains unanswered. An e-/PBtX
friendly regulatory framework could facilitate the role out of
the technology with its obvious advantages presented in this
review.

When it comes to on-site water electrolysis, which requires a
continuous supply of feed water, selecting a water source is
crucial. As an infrastructural criterion, the proximity to the
nearest water source is key, with coastal sites relying on sea-
water and inland sites on freshwater. An essential sustainability
aspect involves assessing the water risk within the site’s region.
Consequently, for inland locations, the water source region

This journal is © The Royal Society of Chemistry 2024
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should exhibit a low level of water stress. In the case of coastal
sites, marine protected areas must be excluded to prevent
negative environmental consequences associated with desali-
nation plant discharges.***

7.1.2 Economics. A product cost comparison as done for
technical parameters, is not included in this review since
differing assumptions and boundary conditions do not allow
for comparable results. A general cost assessment involving
data from process simulations shows that the prices of pro-
ducts from electrified BtX processes are between BtX and PtX
processes.”**® This review highlights the changes in the con-
tribution of capital expenditure as well as feedstock and utility
cost, which accounts for the majority of the final product cost.

For BtX, PtX and P-/eBtX processes, feedstock costs repre-
sent the primary cost component, which is of course very
location dependent. Furthermore, feedstock cost and plant
capacity scale linearly, while investment costs show economy
of scale for larger plants.*”” For BtX processes, biomass feed-
stock costs account for about 40% of the net production costs.””
Electricity expenses for PtX processes generally make up
around 70% of the total cost.”* For PBtL processes, biomass
feedstock costs now account for about 25% of total expendi-
tures, and electricity costs account for about 30-40%.”"

Whether and to what extent dynamic operation, e.g. based
on the electricity price, can have a profitable effect on the
production cost needs to be assessed. Section 7.2 discusses
technical and economic challenges of dynamic operation in
more detail.

For P-/eBtX processes, the cost of electricity or H, has the
most significant impact on the price of the final product. This
crucial supply of electricity or H, is closely related to a plant’s
location. Locations with high electricity prices will not be
preferred for eBtX plants and PBtX plants with on-site H,
generation. For this location, importing H, for a PBtX might
be more viable. To fully assess the economics of electrified
processes, the investment costs are not to be neglected. For
some electrified technologies like water electrolysis the influ-
ence on capital expenditures of the whole PBtX plant can be
significant. For other technologies, the impact might be less
significant or equalizes due to savings for smaller equipment
size. For PBtX processes, water electrolysis is responsible for the
main share of operating and investment cost. Typically, 90% of
the electricity requirement and 40% of the capital cost are
related to water electrolysis.>*’

An existing H, infrastructure with a market for H,
changes the way of thinking about economic and technical
considerations for a PBtX plant. In a future hydrogen economy,
international markets for H, allow for a cost-effective and
steady supply of green H,. With long-term contracts, the H,
price can be fixed, lowering the financial risk. Furthermore,
the technical risk of operating a huge water electrolysis is
erased.

A comprehensive comparison of production costs, similar to
the technical parameters, is considered difficult due to the
different assumptions and boundary conditions in the various
studies but is necessary to assess the feasibility of such
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processes. Since raw material cost will always be one, if not
the most important cost driver for BtX, PtX and P-/eBtX
processes, the location of the plant is of crucial importance.
Site-specific economic analyses are therefore required to realis-
tically estimate the costs for electricity and biomass supply.
Since electrified technologies, especially electrolysis technolo-
gies, have a significant impact on investment costs, detailed
and up-to-date cost estimates are essential, especially for emer-
ging technologies. Dynamic operation, especially in response to
fluctuating electricity prices, makes the economic assessment
even more complex. One desirable option is the steady-state
operation in the syngas train by storing intermittent H,. How-
ever, the economic viability of this approach requires careful
consideration, given the challenges associated with H, storage
(see also Section 7.2). The role of an existing H, infrastructure,
especially in the context of a future hydrogen economy, changes
these economic considerations, potentially mitigating financial
risks. This development must be constantly monitored and
reassessed. Flexibilization and dynamic operation of electrified
processes.

A key challenge of the energy transition is the volatility of
renewable electricity generation. One major favorable aspect of
electrifying BtX processes is the potential for flexible electricity
usage. Such an operational strategy has the potential to be
economically self-sustaining in a suitable electricity market.
Profit can be attained through energy price arbitrage or ancil-
lary grid services.

Most presented technologies and concepts technically allow
dynamic electrical power usage. For example, a dynamic load
change is possible in seconds for running water electrolysis
(PEMEL and AEL).* There are, however, several challenges
related to dynamic operation. Primarily, the time response of
the entire P-/eBtX facility must be evaluated holistically. More-
over, dynamic operation tends to increase investment costs due
to the need for oversized equipment or plant components solely
activated during specific operational modes. Apart from this
necessity for several instances of oversizing and backup equip-
ment provisions, process integration emerges as a significant
drawback in electricity market-driven power integration. Inte-
grating highly interdependent processes necessitates complex
control strategies, which already poses challenges and becomes
even more intricate when integrating fluctuating renewable
sources. This complexity is particularly crucial when it comes
to heat integration.

Furthermore, the operation of the core BtX syngas train
typically aims at reaching high full-load hours as plant compo-
nents are running at their optimal design point reaching high
efficiencies and durability. This desirable steady-state opera-
tion results in profit maximization which contradicts any
dynamic operation. Another disadvantage of flexible electricity
integration is the decrease in overall efficiency and product
yield when complete carbon conversion cannot be achieved and
carbon is lost in the form of CO,. Since this is an inherent
process limitation of any of P-/eBtX process, dynamic operation
is not conducive if maximum carbon turnover and product
yields are the goal.
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However, several principles apply to flexibilization to make
it as profitable as possible. The flexible operation influences
the equipment downstream of the point of flexibilization.
Impacts range from changes in thermodynamic properties like
pressure or temperature to chemical properties like gas com-
position or impurities. To ensure the most efficient and undis-
turbed operation, the flexibilization should be placed as far
down the process chain as possible. It should have the smallest
impact on changes of properties of syngas or pretreated mate-
rial. If possible, backup buffering using storage tanks would be
also a viable option to mitigate downstream impact.

Especially, pretreatment process can be operated flexibly if
pretreated material can be buffered, and the pretreatment
capacity is oversized. Decentralized pretreatment sites, decou-
pling pretreatment and main syngas train could allow for
subprocesses to be run economically at the energy price.
However, it must be taken into account that the amount of
electricity that can be integrated in the pretreatment step is
generally comparatively small.

For gasification, syngas condition and synthesis, no buffer-
ing is viable and any dynamic operation will impact down-
stream equipment. For example, in gasifiers, the mode of
operation would change between allothermal and autothermal
mode if heat is supplied via electrification. This would cause a
change in syngas composition, making backup equipment in
the syngas conditioning train, like WGS and CO, removal,
indispensable to operate the synthesis.

In conclusion, the flexibilization of electrified BtX processes
is not trivial from a technical and economic point. The trade-off
between flexible and steady-state operating must be considered
carefully. The recommendation for flexibilization are the place-
ment of electrified process steps as far down of the process
chain as possible and the electrification of process steps which
have a low impact on the downstream process (see Table 13). To
limit the impact of flexibilization, using a narrow range of
flexibilization might be more viable than using the full range of
flexibilization since the process is then operating more closely
to an optimal economic and technical design point. While
many of the technologies presented technically enable dynamic
electricity use, several challenges need to be overcome. For each
technology, it is necessary to evaluate the dynamic behavior as
well as the partial load capability. In addition, a holistic
evaluation of the time behavior of entire P/eBtX processes is
still pending.

As H, hold better storability (see Section 7.1.1) than elec-
tricity, H, can be produced during periods of excess renewable
energy generation and stored for later use in PBtX processes.
Stored H, can be utilized to provide a stable and reliable energy
source for the conversion of biomass feedstock, decoupling the
volatile hydrogen production from the steady-state operation of
the syngas conversion process. Intermediate H, storage within
PBtX processes offer resilience. They allow for the synchroniza-
tion of H, availability with the operational needs of the con-
version process, reducing the risk of process disruptions due
to intermittent renewable energy generation. Additionally, the
plant would most likely run at maximum capacity to increase
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product output with no room for flexibilization. The role of an
existing H, infrastructure, especially in the context of a future
hydrogen economy, could provide a stable supply of green H,.
However, the challenges associated with H, storage, including
technical challenges, additional costs and safety considera-
tions, highlight the importance of flexible BtX operation as a
key area for future research.

8. Conclusion

In conclusion, this paper has comprehensively examined the
potential of electrifying Biomass-to-X (BtX) processes to
enhance the conventional pathways. By integrating electricity,
BtX processes can overcome their inherent limitations in
carbon efficiency. These electrified BtX processes hold the
promise of contributing significantly to the decarbonization
and transition away from fossil fuels in major industries.

Two primary pathways for electrifying BtX processes have
been explored: indirect electrification (PBtX) and direct electri-
fication (eBtX). In the case of PBtX, the addition of H, at
different points along the process chain has been a key focus.
Since H, production from water electrolysis is a mature tech-
nology, the technological readiness of indirect electrification
only depends on the point of H, addition. Additionally, O, from
water electrolysis can be used for gasification and syngas
conditioning. While adding H, to the water gas shift reactor
and synthesis has been extensively investigated, other routes
such as H, addition to the gasifier or syngas conditioning show
promise but require further validation.

For direct electrification (eBtX), technologies are all in the
early research stage and need more development to assess their
impact on the BtX process reliably. The sole supply of heat
energy at low and medium heat via direct electrification is less
viable as enough heat is usually available. However, the supply
of high-temperature heat, especially in the gasifier or the
syngas conditioning, seems promising. Additionally, the
target-oriented addition of heat to the biomass, gas, or catalyst
is beneficial compared to using a heat exchanger to heat
surfaces. For pyrolysis, gasification and reforming (all
endothermic processes), high temperature heat can be supplied
to the process by induction, microwaves, plasma, or electrical
heating. Additionally, plasma technology stands out as an
intriguing option for introducing energy into the gasifier and
syngas conditioning stages. Plasma-based processes have the
advantage of simultaneous heat input and reforming properties
of plasma. Initial process simulations of electrically-heated
processes have indicated efficiency and economic benefits.
The concept of co-electrolysis also emerges as a promising
approach for enhancing BtX processes.

In terms of technological feasibility and maturity, the power-
to-heat efficiency and the way heat is transferred play a crucial
role in deciding if adding heat to a process is feasible. Among
the technologies discussed in this paper, not all are equally
suitable for electrifying a BtX process. When it comes to
maturity, indirect electrification through H, addition shows
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higher readiness compared to technologies like co-electrolysis
(both parallel and in-line integration) and direct electrification.
On the other hand, technologies like co-electrolysis and direct
electrification are still in earlier stages of development. Among
the co-electrolysis options, parallel integration seems to be
more technologically feasible than in-line integration due to
its simpler implementation.

Overcoming component-level engineering challenges is cru-
cial for the success of electrified BtX processes. Specific tech-
nology options demand focused research, such as material
stability and pressurized operation SOEL, and optimizing reac-
tor designs for heating technologies like resistive and inductive
heating. The adaptation of thermal plasma for biomass con-
version requires innovations in plasma torch design and
addressing issues of erosion and electrode replacement. Non-
thermal plasma applications for synthesis necessitate in-depth
research on operating under low pressures. Further, the devel-
opment and optimization of control techniques considering
biomass feedstock variations, are critical for seamless integra-
tion into existing and evolving electrified BtX process
configurations.

Evaluation of electrification effectiveness is focused on key
performance indicators, such as carbon efficiency, product
yield, and energy yield to measure its impact on process
performance. It is important to recognize that variations in
the reported performance data are attributed to different
modeling approaches and assumptions, such as biomass com-
position, conversion efficiencies, and process configurations.
The adoption of electrification leads to improvements
in carbon efficiency and product yield. Achieving a carbon
efficiency of 90% requires an electrification ratio of
around 0.7 MWg MWpiomass ~ for MeOH and FT, and about
1.0 MW¢ MWyiomass - for SNG production. Whether electrifica-
tion options like plasma gasification, hydrogasification, or
electrically heated conversion technologies can match these elec-
trification ratios remains to be demonstrated. Achieving values
below these benchmarks is considered highly promising.

The energy yield for H, addition depends on the type of
electrolysis technology employed. High-temperature electroly-
sis demonstrates better efficiency, resulting in higher energy
yields. Moreover, the integration of co-electrolysis slightly out-
performs classical PBtX processes using water electrolysis. Co-
electrolysis is superior in terms of product yield, carbon effi-
ciency, and energy yield for all products. Whether and to what
extent such PBtX processes exploit synergies cannot be conclu-
sively determined based on the meta-analysis. However, it is
reasonable to assume that PBtX processes have an advantage
over PtX and BtX due to heat and material integration, as well
as the omission of CO, capture, which is common in pure PtX
processes. Especially interesting and beneficial are hybrid
processes constituting of a combination of direct and indirect
electrification.

In evaluating the electrification of BtX processes, a holistic
perspective shows the multiple implications that go beyond
technical performance. System-level considerations encompass
sustainability, economics, and operational flexibility. Plant
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location emerges as a key determinant, impacting feedstock
supply, infrastructure, and transportation logistics. Sustainabil-
ity factors such as land use, greenhouse gas emissions, and
water usage underscore the significance of resource availability
in allowing low-impact, high-efficiency P-/eBtX processes. Eco-
nomic viability of such processes is tightly linked to the cost of
resources, particularly electricity or H,. The potential of a future
hydrogen economy to stabilize costs and supply of H, adds a
new dimension to process economics. Meanwhile, the idea of
flexible electricity usage in electrified BtX processes requires
careful case-to-case evaluation, balancing the benefits of
energy price arbitrage and grid services with the complexities
of dynamic operation.

From this system perspective, a robust framework is
required for infrastructure planning and decision-making.
Addressing contradictions in energy policies, especially regard-
ing synfuels from electrolytic renewable hydrogen and biologi-
cal sources, necessitates research to ensure compliance with
regulations and sustainability certification, considering life
cycle assessment (LCA). Conducting comprehensive cost
assessments, accounting for location-specific factors and
updating estimates for emerging technologies, is crucial. Over-
coming challenges in dynamic operation, evaluating partial
load capability, and conducting holistic evaluations of time
behavior for entire P/eBtX processes are imperative. Further
research is needed on intermediate H, storage resilience,
synchronizing H, availability, and understanding the role of
existing H, infrastructure in a future hydrogen economy.

Further research needs to address the experimental investi-
gation on pilot plant scale especially for direct electrification
technologies. Furthermore, these technologies need to be eval-
uated from a process level. Processes developed for other
purposes need to be tailored to the application in electrified
BtX processes. The plant location and further aspects of scale
up needs to be addressed.
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