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A large number of process routes is available for the production of sustainable energy carriers from biogenic
residues. Benchmarking these routes usually suffers from a lack of comparable performance data. The present
work addresses this through a comprehensive model-based comparison of various biomass-to-X routes. Herein,
seven routes (methanol, synthetic natural gas, dimethyl ether, Fischer-Tropsch syncrude, ammonia, and
hydrogen with and without carbon capture) are modelled in detailed Aspen Plus® simulations. The evaluation
itself is based on various key performance indicators, which capture both energetic (i.e. energy yield and usable
heat per feedstock) and material-based (i.e. carbon and hydrogen conversion efficiency, and CO, emissions)
properties of the routes. The results show, that no simple correlations can be drawn between energetic and
material-based indicators. In summary across all considered properties, the methanol route exhibits the best
combined results, in particular with the highest carbon efficiency of 40 %. Fischer-Tropsch is more suitable for
integration into existing industrial parks due to the lowest energy yield of 40 % with a lot of by-product for-
mation and the highest amount of useable heat per feedstock of 211.3 kW MW !, Whereas dimethyl ether and
synthetic natural gas have potential for integration into heat grids, mainly due to their good conversion and
simultaneous large heat dissipation. Ammonia and hydrogen should only be considered in combination with
carbon capture. Therefore, the key performance indicators determined herein must be considered together with
project- and location-specific requirements and the market outlook for the product.

well as sectors that cannot be electrified. As a result, an enormous de-
mand for sustainable fuels and chemicals can be identified, where

1. Introduction

Reducing greenhouse gas emissions to net zero is only possible by
ending the use of fossil fuels as a primary energy source. Private mobility
or portions of the heat supply can be covered solely by electricity-based
technologies and thereby only rely on renewable power generation, e.g.,
from photovoltaics or wind turbines. In addition, the transformation
from, e.g., fossil to e-mobility leads to an energy demand reduction due
to overall higher system efficiencies. However, sectors like freight
transport and aviation or the chemical industry are difficult or impos-
sible to be decarbonized, rather only defossilized. While there are
already various possible ways of synthesising green fuels, e.g., by using
biomass as feedstock, their potentials are limited in terms of sustainable
utilization.

In [1], a merit order of the sectors to be electrified is presented, as

especially the carbon-based demand should be covered by closing the
carbon cycles. Waste and biogenic residues are high-value resources that
are still underutilized. In comparison, given its high electricity demand
and low efficiencies, direct air carbon capture technologies should be
used last. As summarized by Jones et al., the utilization of synthesis gas
can both be used for sector coupling in future energy systems, and for
acceleration of the hydrogen economy by using natural gas as bridging
feedstock [2]. From a system perspective, there are blind spots in the
analysis of biomass use, thus the hypothesis of a much bigger conflict by
assuming todays biomass production as a potential source for energy
and chemicals [3]. Therefore, the use of biomass and even biogenic
residues must be optimized in all social, economic, and ecological points
of view [4]. In addition, further research is needed in the field of biomass
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* Corresponding authors.

E-mail addresses: andreas.hanel@tum.de (A. Hanel), sebastian.fendt@tum.de (S. Fendt).

https://doi.org/10.1016/j.enconman.2022.116424

Received 16 September 2022; Received in revised form 25 October 2022; Accepted 26 October 2022

Available online 15 November 2022

0196-8904/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:andreas.hanel@tum.de
mailto:sebastian.fendt@tum.de
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2022.116424
https://doi.org/10.1016/j.enconman.2022.116424
https://doi.org/10.1016/j.enconman.2022.116424
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2022.116424&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Hanel et al.

gasification-based syngas production [4].

Since biomass, both residually and explicitly cultivated, is a high
value feedstock, the shape of future energy systems will decide how
these limited resources will be used. This paper compares several syn-
thesis routes for the production of various synthetic fuels/energy car-
riers and chemical feedstock. The predefinition for this comparison is
the use of biogenic feedstock, as well as the synthesis gas supply, via
entrained flow gasification. The standardized basic requirement in this
regard enables a direct comparison of the otherwise (in part) funda-
mentally different process pathways. The analysis was based on several
key performance indicators (KPI), which will be discussed in detail in
Section 2.6. Detailed process simulations in Aspen Plus® were used to
ensure the in-depth comparability of the processes. The main goal was to
identify which process route enables the most promising usage of
biomass in context of synthetic fuels and energy carriers from a technical
point of view.

In general, based on an analysis of the literature, Biomass-to-X (BtX)
has seen a growing level of interest and an increasing number of related
publications during recent years. However, in addition to thermo-
chemical conversion technologies like gasification, many different pro-
cesses based on biological and/or physical methods are also gaining
research interest [5,6]. In [5] an extensive review of 1st to 4th genera-
tion biofuels via multiple process-pathways is given, thereby high-
lighting the need for further in-depth research in all disciplines in order
to achieve the sustainable usage of current biomass potentials, as well as
increase the use of biomass in the long term. In this context, this study
focuses solely on the thermochemical pathway, in particular entrained-
flow (EF) gasification. Among the various thermochemical routes,
gasification is considered to be the most attractive because, for example,
the produced syngas offers a variety of possible applications [7]. A
comparison of different process routes for biomass based fuels reveals
high investment costs as being one of the reasons for the high fuel costs
of gasification-based biofuels [6,8]. Nevertheless, gasification, and in
particular EF gasification, has numerous advantages [9,10]:

e Deployable for large scale plants

e Almost complete tar conversion

e Mature technology (used in large scale for coal-to-liquid)
e Pressurized operation possible

e Cold gas efficiency up to 90 %

e Expected direct power integration, e.g. plasma torch

In addition, gasification enables the integration of biomass use into
polygeneration plants, in which a flexible use of the feedstock for elec-
tricity, heat and/or fuel or chemical production is possible, which offers
the opportunity to maximize the fuel usage by using excess heat and
unused syngas as well as synthesis by-products for power generation
[11]. Furthermore, looking at the ongoing demand for power integration
from volatile renewables, a future coupling of biomass and power is also
possible. For example, using solid oxide cells to couple the process bi-
directionally with the power sector can improve the carbon conver-
sion efficiency of one specific process [12]. Additionally, this approach
can increase the capacity factor of the plant itself by offering system-
serving flexibility [13,14]. Until now, EF based BtX research has often
focused on single, location-specific feedstock (e.g., sugarcane [15], palm
oil [16], straw [17]) or selected process routes (e.g., Fischer-Tropsch
(FT) fuels [12,15,18], ethanol [19], dimethyl ether (DME) [20,21]).
There is, for example, a comparison of EF and circulating fluidized bed
(CFB) gasification based BtL products which focuses on comparable
products [22]. Additionally, there have already been some review arti-
cles dealing with topics like biofuel production from biomass gasifica-
tion in general [9], biofuel generation from livestock waste [23], or
comparisons of various thermochemical ways of hydrogen production
[24]. In contrast, regarding PtX products, there already exist extensive
reviews on the current state of technology [10], as well as detailed
technical and economical evaluations [25]. However, there is a lack of a
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detailed comparison regarding various BtX products from an energeti-
cally and technical perspective. Table 1 provides a comparative sum-
mary of the literature found.

Focusing on the currently most used fossil energy carriers, its syn-
thetic equivalents and highly-discussed alternatives, this work compares
the following six possible BtX products:

Ammonia (NH3)

Methanol (MeOH)

Dimethyl ether

e Fischer-Tropsch synthetic crude (FT syncrude)
Methane (SNG)

e Hydrogen (H3)

As stated above, EF-based gasification enables the use of a wide
range of feedstock. This paper, however, focuses on the analysis and
comparison of six different products without examining the influence of
feedstock variation. The scope of the study is therefore limited to the
central process, starting with fuel pretreatment for the gasification
process, and ending with the raw product, before any upgrades.

2. Methods, theory, and simulations

This paragraph introduces the methodology underlying the work, the
model description, and the definition of the key performance indicators
used. A simplified process scheme is shown in Fig. 1, whereby this study
only focuses on the steps from pretreatment (torrefaction) until the
synthesis step.

2.1. Feedstock and pretreatment

Biomass and biogenic residues as a carbon source differ over a wide
range of characteristics, e.g., elemental composition and physical
properties and enable an equally wide range of utilisation paths [4].
Compared to conventional fuels, biomasses tend to have lower energy
density, higher proportions of undesirable, aggressive constituents, and
are more heterogeneous [27]. As a result, especially for the use in EF
gasification, extended pretreatment is required in addition to the con-
ventional steps already being used in coal gasification, such as drying
and grinding [27]. Among the most promising pretreatments are hy-
drothermal carbonization (HTC) and torrefaction, where in both cases
the processes and application have been investigated in numerous
extensive reviews [27-31].

In order to achieve a better understanding of the most important
biomass characteristics relevant to the process simulation, more than
900 samples from two databases [32,33] were used to calculate mean
values for the elementary composition and heating values. The subset of
data used includes the categories of HTC, torrefied materials, sludge,
and untreated wood, with each sample being based on actual laboratory
tests. Fig. 2 provides a comparison of the main parameters needed for
the simulation. A variation of these should be performed in order to form
a generally valid conclusion regarding the usability of various feedstocks
in the process variants examined. Given that the aim of the present work
is more on a direct comparison of the routes and less on the influence of
changing feedstocks, an example feedstock was used. By using untreated
beech wood, as defined in Table 2, and simulating the torrefaction
process, the comparison of all process routes is ensured without focusing
on the feedstock impact. The theoretical background, implementation,
and validation of the torrefaction process simulation used was previ-
ously described in detail by the authors in [12]. The choice of beech-
wood as a feedstock, as well as the torrefaction as pretreatment, is based
on the existing, validated database of the model.

2.2. Oxygen supply

Oxygen must be supplied to the EF gasifier for oxyfuel gasification.
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Table 1
Overview of the existing literature on biomass-to-x, power-to-x, and general gasification-based process routes for sustainable energy carriers.
Methodology Products
Scope  Year Reference  Review  Process Methanol ~ Methane ~ Ammonia  FT syncrude  Hydrogen  Dimethyl ether  further fuels  Gasifier type*
simulation
BtX 2021 [23] X X X COM
BtX 2021 [16] X) NS
BtX 2020 [8] X X X NS
BtX 2020 [15] X X COM
BtX 2018 [5] X X NS
BtX 2018 [24] X X COM
BtX 2018  [22] X X" X X EF, CFB
BtX 2018 [26] X X X NS
BtX 2018 [17] X X X FB
BtX 2016 [4] X X X X X X NS
BtX 2016 [18] X X COM
BtX 2014 [6] X X X X NS
BtX 2011 [19] X X FB
BtX 2010 [20] X X EF
GAS 2018 [9] X X X X X X X X COM
GAS 2015 [11] X X X X X COM
PBtX 2021 [12] X X EF
PBtX 2019 [14] X X X X COM
PtX 2020 [10] X X X X -
PtX 2020 [25] X X X X X X -
This work X X X X X X X EF

* EF: entrained flow; FB: fluidized bed; CFB: circulating fluidized bed; NS: not specified; COM: comparison.

™ As intermediate product.
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Fig. 1. Simplified process chain with all considered subsystems. Highlighted are the simulated process steps.
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Fig. 2. Comparison of various biomass parameters for the pseudo biomass definition, based on [32,33].

Several options exist for providing the oxygen, including cryogenic air
separation (ASU), (vacuum) pressure swing adsorption (PSA), ionic
transfer membrane processes (ITM), and chemical looping air separation
(CLAS). Currently, industrial scale oxygen production is mainly per-
formed by ASUs, which require 0.16-0.6 kWh/kg O, [34,35] at a wide
range of scales from 330 t/d to 30.000 t/d [35,36] and can achieve high
purities of 93 %-99.8 % [35,37]. PSA can represent an attractive alter-
native, especially at smaller scales, but at higher specific energy con-
sumptions of 0.2-1.1 kWh/kg O, [38,39]. ITM and CLAS, however, are
still in their early development stages. Some laboratory tests and
modelling studies have been conducted, but larger scale applications are
lacking [40-45]. Given the investigated scale of the processes and the
high maturity of the technology, oxygen supply by ASU is assumed for
this study. Nonetheless, alternatives should be taken into account for

BtX processes at different scales and future developments in oxygen
separation technologies as well as e.g. large-scale water electrolysis
should be monitored closely.

2.3. Gasification

All BtX processes analyzed are based on a slagging, oxygen-blown
entrained flow gasifier lies at the heart of the BtX processes analyzed.
Its function is to convert the torrefied biomass into a high quality and
mostly tar-free syngas consisting of mainly Hy and CO. The gasifier
model and its auxiliaries in Aspen Plus® is based on the models devel-
oped and validated by the authors for the commercially available
thyssenkrupp Uhde PRENFLO® process in a previous publication and
the respective supplementary information [12].
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Table 2
Chemical and physical parameters of the process feedstock used.

Parameter Unit Value

Proximate analysis

Moisture wt-% ar* (wet) 35.00
Fixed carbon wt-% dry 14.91
Volatile matter wt-% dry 84.21
Ash content wt-% dry 0.88
Ultimate analysis

Ash wt-% dry 0.88
C wt-% dry 50.13
(o} wt-% dry 42.37
H wt-% dry 6.26
N wt-% dry 0.20
S wt-% dry 0.15
Cl wt-% dry 0.01
Heat of combustion

LHV MJ/kg daf** 18.36
HHV MJ/kg daf** 19.87

* ar: as received.
** daf: dry ash free.

During the gasification process, the torrefied biomass feedstock is fed
to the entrained flow gasifier as a finely ground powder with particle
sizes below 300 um [46]. CO; as a carrier agent transports the powder
pneumatically into the burner of the entrained flow gasifier. In the
burner, the biomass feedstock is mixed with the oxygen as the gasifying
agent. A well-mixed, entrained stream of torrefied biomass powder, CO5
as a carrier gas, and oxygen as a gasifying agent then enters the
entrained flow gasifier reaction chamber to be converted into syngas.
The CO; carrier gas is taken from the CO, exhaust stream at the acid gas
removal stage within the gas conditioning and cleaning system for the
BtX process.

A wide range of pyrolysis and gasification reactions take place in the
gasification reactor [47]. The first step in the fuel conversion process is
the drying and pyrolysis of the fuel particles. This is modelled as an
isobaric RYield reactor which turns the biomass feedstock as a non-
conventional solid into its basic constituents as conventional compo-
nents. The main gasification of the fuel is then modelled through an
equilibrium reactor (RGibbs), with the pyrolysis products, the CO5
carrier gas, and the O, gasifying agent as inputs. 1 % of the carbon input
is assumed to be inert to achieve a carbon conversion of 99 %, which is
typical of entrained flow gasifiers [48]. The reactor temperature is kept
steadily at 1400 °C by adjusting the O, flow rate as needed. The pressure
in the reactor is set at 30 bar to minimize the need for additional
compression of the syngas before the subsequent syntheses. Heat losses
in the entrained flow gasifier are assumed to depend on the reactor size.
For a biomass input of 100 MWy, 1 i1y, the model assumes heat losses of 2
% for the entrained flow gasification reactor. Subsequent to the
entrained flow gasifier, a water-based quench is used to decrease the
syngas temperature to 200 °C and to solidify the molten slag while
simultaneously removing most of the particulates and some of the im-
purities from the syngas [12].

2.4. Gas conditioning and cleaning

After the gasification and quenching steps, the resulting product gas
stream still contains a wide range of impurities which need to be
removed in order to create a synthesis gas stream that can be processed
by the later synthesis stages. The conditioning process entails the
removal of syngas impurities in addition to the Hy:CO ratio adjustment
for the respective subsequent synthesis process. Addressing these issues
is the responsibility of the gas conditioning and gas cleaning stage.

The major impurities which must be cleaned from the gas stream
include particles, tars, and trace substances like halide compounds,
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nitrogen compounds, and sulfur compounds. The failure to remove any
of these components according to the respective limits of the down-
stream processes can cause corrosion, plugging, and fouling of down-
stream process equipment, as well as catalyst poisoning [46].

A number of gas cleaning processes can be applied to achieve the
required feed gas purity levels. These can be broadly classified into hot
(dry) gas cleaning processes and cold (wet) gas cleaning processes. Gas
cleaning is considered to be hot gas cleaning according to VDI guideline
3677 if it operates at temperatures of 260 °C and above [48,49]. Table 3
presents the various treatment methods typically applied by hot and
cold gas cleaning processes, whereby tars are neglected since entrained
flow gasification leads to a more or less tar-free syngas [46,50].

Hot gas cleaning can achieve increased overall energy efficiencies by
several percentage points due to conservation of sensible heat compared
to cold gas cleaning. Hot gas cleaning, however, has very high material
demands by virtue of the elevated temperatures, which can reach more
than 600 °C for gasification applications [53]. Therefore, capital in-
vestment requirements are typically much higher for hot gas condi-
tioning systems than for their low-temperature equivalents. Due to these
reasons, hot gas cleaning has not yet become the state of the art and will
require further development [46,56].

For the present research, cold gas cleaning was chosen as the main
syngas cleaning method because practically all commercially available
syngas cleaning methods use cold gas cleaning. The syngas conditioning
and cleaning stage of the BtX processes consists of a quench and
scrubber, followed by a sour water gas shift (WGS) reactor and subse-
quent cold acid gas removal. The quench and scrubber remove partic-
ulate matter, halides like HCI, and smaller amounts of nitrogen species.
The sour WGS reactor adjusts the H,:CO ratio of the syngas in order to fit
the requirements of the subsequent synthesis process by either
increasing the Hy (forward WGS) or CO (reverse WGS) content of the
synthesis gas via the following reaction: [57-61].

Table 3
Overview of cold and hot gas cleaning systems for syngas conditioning.

Contaminant Treatment method Ref

Cold gas cleaning Hot gas cleaning

Particles (e.g., Cyclones, metal filters, Cyclones, metallic foam [46]

dust, char, moving beds, special filters, candle filters
ash) scrubbers, fabric bag
filters, electrostatic
precipitators
Oxygen species  Catalytic oxidation, ad- Catalytic oxidation, [51]
(e.g., 02) and absorption adsorption
Alkalis Condensation and Adsorption (e.g., [52]
washing/leaching, kaolinite, bauxite), getter
adsorption (e.g., materials
kaolinite, bauxite),
getter materials
Halide Wet scrubbing (e.g., Primary removal within [52,53]
compounds amine scrubber), bag gasifier (e.g., dolomite,
(e.g., HCD filters limestone), secondary
removal via sorbents (e.
g., activated carbon,
alumina, common alkali
oxides, calcium-based
powders)
Nitrogen compounds
NH3 Aqueous scrubber, Catalytic decomposition, [52,54]
absorption selective oxidation
HCN Hydrolysis to NH3, Activated carbon bed [55]
absorption
Sulfur compounds
H,S Absorption Calcium sorbents, metal [46]
oxide sorbents
COS Hydrolysis to H,S Activated carbon bed [55]
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H,0(g) + CO=H, + CO, )

The purpose of the acid gas removal process is to remove both sulfur
compounds and CO» from the syngas. There are a wide range of indus-
trial cold acid gas removal processes available, including physical acid
gas removal processes such as Rectisol® and Selexol®, chemical acid gas
removal processes such as amine scrubbing processes, and hybrid pro-
cesses such as Sulfinol. Ideally, the acid gas removal process should be
both cost efficient and able to separate sulfur compounds, especially HaS
and COa, in order to be able to make use of the respective substreams.
Therefore, the Selexol® process is chosen for the BtX processes in this
work. The Selexol® process uses a mixture of dimethyl ethers of poly-
ethylene glycol with the formula CH;0(C,H,0),CHs, where x is between
3 and 9 [62], as solvents at pressures of 20 up to 130 bar [63] and
temperatures between 0 and 40 °C [61]. Selexol® achieves lower costs
than Rectisol® due to a lower number of heat exchangers and less need
for refrigeration [61,63,64]. It is also more cost efficient than amine
scrubbing processes like MDEA for high pressure applications typical of
most syntheses in this work [61,63].

The model for the Selexol® process in this work is built on the pre-
vious works by Kapetaki, et al. [65], Field, et al. [66], and Adams, et al.
[67]. In the chosen two-stage Selexol® pressure swing configuration, the
acid gas removal process consists of one set of absorber and steam
stripper for HyS removal and a second set of absorber and air stripper for
CO4 removal. The Selexol® solvent is modelled as a single average
molecule with a single vapor pressure curve. In the present research, the
dimethyl ether of pentaethylene glycol was chosen to represent Selexol
as it is the heaviest available dimethyl ether of polyethylene glycol in
Aspen Plus®. The solubilities of HyS and CO; in Selexol® have been
validated by Kapetaki, et al. [65] using literature-based experimental
data. The respective Henry constants were used with the PR-BM prop-
erty method, which relies upon the Peng Robinson cubic equation of
state with the Boston-Mathias alpha function for estimating thermody-
namic properties.

2.5. Synthesis routes

The following section serves both to motivate the selection of the
process routes considered and to present the respective processes,
operating conditions, kinetics, and implementation in the model. The
modelling of the various routes differs only with respect to three aspects:
First, in the Hy:CO ratio after the gas conditioning, second in the syn-
thesis section, and third regarding possible heat integration between the
various process steps from feedstock pretreatment to syntheses. How-
ever, the six process variants only need three different H,:CO ratios,
which are adjusted via the WGS reactor. MeOH, DME, and FT were
modelled at a ratio of 2.1/1, methanation at a ratio of 3/1, and the two
H, variants and NH3 at a ratio of 17.6. Regarding the heat integration,
heat exchangers were used in all models to the extent possible and
reasonable in order to minimize the demand for heat supply and
removal. This includes heat optimization within the individual sub-
systems as well as exchanges between the subsystems, e.g., the use of
waste heat for the WGS reaction.

2.5.1. Hydrogen

Today, most of the hydrogen (Hy) quantities produced are used for
synthesis (e.g., ammonia or methanol) or hydrotreating processes [68].
New developments, e.g., the German national hydrogen initiative,
which specifies green Hy as being one of the most important energy
carriers for the energy transition, indicate an increase in demand as well
as new production and utilization paths [69]. Nevertheless, the Hy
currently being used for industrial purposes is mainly produced by
catalytic reforming of hydrocarbon, especially NG [70]. Given the high
power demand per mole of Hy in the case of water electrolysis, it is not
yet economically viable, but this will change in consideration of the
greenhouse gas (GHG) reduction targets [69,70]. Furthermore,
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hydrogen is being politically promoted as the energy carrier of the future
in several countries, with all topics from production and storage to
transport and various applications being discussed [71].

2.5.1.1. Model description. In order to obtain hydrogen with a high
yield, the synthesis stream at the outlet of the WGS reactor is set to an
Hj:CO ratio of 17.59, corresponding to a conversion rate of 92.2 %.
Pressure swing adsorption (PSA) is used to purify the hydrogen stream.
The target value is the purity specified in DIN EN 17124 for use in mo-
bile fuel cells. With a purity of 99.97 vol% a yield of 80 %, Hj recovery is
assumed according to [72]. Due to the already high pressure from the
gas treatment, the PSA does not require any further pressure increase
before the adsorption process.

In addition, to the pure H, variant a net negative carbon emissions
variant is evaluated, since the highest shift towards Hy leads to the
highest CO, emissions. By adding a carbon capture unit to the process
scheme, the biogenic Hy can be used with reduced CO, emissions. This
variant will be referred to as “Hydrogen with Carbon Capture and
Storage” (H2CCS) in the following sections. The capture process itself is
already part of the gas conditioning but is extended by a multistage CO5
compression unit reaching 150 bar in order to address the additional
energy and intermediate cooling needed before transportation and
storage. The impurity removal additionally required to avoid, e.g.
corrosion in pipelines, is disregarded.

2.5.2. Synthetic natural gas

Given its low greenhouse gas (GHG) emissions, natural gas (NG) is
considered to be the last fossil fuel during the energy transition into a
100 % renewable energy system [73]. Its current use spreads from power
and heat generation to industrial applications. Since power and heat
supply tend to be largely covered by renewable sources like solar and
wind, a switch to other use cases, e.g. long-term storage, is expected
[73]. Since it consists mainly of methane, synthetic natural gas (SNG) is
already being produced from a variety of feedstock (fossil, biomass,
waste/residues) and process pathways (thermo- and biochemical), as
well as solely power-based routes from COz and Hy (Power-to-SNG)
[74].

2.5.2.1. Model description. The TREMP process by Haldor Topsoe is the
methanation process chosen, due to its high technology readiness and
large-scale application [75]. This process comprises three adiabatic
fixed bed reactors which are modelled as equilibrium reactors (RGibbs)
in Aspen Plus®. The product gases leave the reactors at different tem-
peratures of 584 °C, 443 °C, and 262 °C. The syngas is first preheated
and mixed with the recycle stream. They then enter the first reactor,
where the largest amount of Hp and CO; is converted. The product gases
leaving the reactor are cooled and split into a recycle stream and the
feedstream for the second reactor at a ratio of 85 % to 15 %. The product
gases are again cooled after reactor two before entering the final reactor
three, where sufficient conversion is reached to achieve an SNG quality
that would allow the supply into the gas grid (H-gas quality). For this
purpose, the final product is cooled to the standard temperature of 25 °C,
and condensed water is separated as a liquid from the SNG gas stream.

2.5.3. Methanol

Methanol (MeOH) is mainly used for chemical synthesis like form-
aldehyde or acetic acid, although a growing market exists for it as a fuel
additive or a precursor for biodiesel and DME synthesis [76]. Currently,
it is more or less solely synthesized via the catalytic conversion of syngas
[76]. Whereas the majority of syngas currently comes from NG
reforming, there is a trend toward coal gasification, especially in China,
and research is continuing on syngas from carbon capture CO5 and
electrolysis Hy [10]. Since the synthesis itself is based on syngas, the
process does not differ by changing the carbon source from NG/coal to
biomass (apart from the previously discussed gas cleaning and
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conditioning).

2.5.3.1. Model description. The methanol synthesis is operated at
elevated pressures of 65 bar. Consequently, the syngas is first com-
pressed and then mixed with the recycle stream. Afterwards, the gases
are preheated to 235 °C before entering the methanol reactor. The
reactor is modelled as a tube bundle reactor (RPlug). The kinetic model
of Mignard and Pritchard [77] was implemented to describe the meth-
anol formation process. The kinetic model does not consider by-product
formation. Afterwards, the product gases are cooled and methanol as
well as water is condensed and separated from the recycle gases. One
percent of the recycle gases is purged to avoid the accumulation of inert
species in the recycle loop. The pressure of the liquid phase is further
reduced in order to remove dissolved gases. The raw methanol then
enters the distillation column, which consists of 21 stages, on stage 16
and water is removed. Methanol with a purity fulfilling Grade A speci-
fications is then obtained at the head of the column.

2.5.4. Dimethyl ether

DME is currently mainly used as a propellant in sprays or as a base
chemical in further synthesis. Given its similarity to liquified petroleum
gas (LPG), it is being discussed as a fuel substitute for gasoline and diesel
fuels. The state-of-the-art DME production is based on the dimerization
of methanol. [78]

2.5.4.1. Model description. A process using the direct conversion of
syngas to DME chosen for the DME synthesis [79]. The reactor is
modelled as a tubular flow reactor (RPlug) operated at 260 °C and 50
bar. The formation of methanol and DME within the reactor is described
by the kinetic model proposed by Kiendl [80], along with adapted
equilibrium constants from Ratamanalaya [81]. The preheated syngas
enters the reactor and, after conversion, the product gases are cooled
down before entering the absorption column. Within the absorption
column, a methanol-water stream is used to absorb methanol, DME, and
water from the feedstream. The remaining gases are recycled. The liquid
stream is relaxed and further cooled before entering the CO2 column.
Given the similar boiling points of CO2 and DME, cryogenic conditions
are necessary at the top of the column. The separated CO, is recom-
pressed and recycled. The bottom product is further cooled before
entering the DME column, where DME with a purity over 99 % can be
obtained at the top. The bottom products are led to the third and final
column, where water and methanol are separated and the purified
methanol is recycled to improve carbon conversion.

2.5.5. Fischer-Tropsch synthetic crude

The conventional equivalent to FT synthesis products are crude oil/
petroleum constituents as the gasoline-, kerosene- and diesel-fraction, as
well as waxes, naphtha, and further heavy components in which the fuel
part covers about 90 % of current usage [82]. Due to their almost
identical composition, FT fuels are considered to be a direct substitute
for the crude-based fuels currently in use. Based on natural gas or coal,
FT synthesis has been used for quite some time to produce, e.g., gasoline,
diesel, kerosene, and waxes [10]. As a basis for the comparison being
presented, all liquid fractions of the FT syncrude will be considered as
products in the following evaluations.

2.5.5.1. Model description. The FT synthesis is designed as a low-
pressure synthesis at 220 °C and 25 bar. The FT reactor itself is
modelled as an isobaric and isothermal RYield reactor. To account for
the complex kinetics of the process, the kinetic model is implemented in
a separate Python module, which is integrated into the Aspen Plus®
model via a FORTRAN subroutine. Finally, the reactor outlet stream is
split via a Flash3 separator. The gas phase, mainly unreacted Hy and CO,
as well as further components up to Cg, is fed back to the FT reactor via a
steam reformer to increase the yield of liquid FT products. The reformer
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is implemented as a REquil module and operated at a steam-to-carbon
ratio of 3. A detailed description of the FT model has been published
by the authors in the supplementary information of [12].

2.5.6. Ammonia

Ammonia is one of the most important synthetic chemical products.
It is mainly used for the production of fertilizers [83]. Currently, it is
estimated that ammonia production is responsible for 1-2 % of global
energy consumption and 1.6 % of global CO, emissions. Over 90 % of
the world consumption is still being produced via the Haber-Bosch
process, in which nitrogen and hydrogen are converted using an iron
catalyst [84]. NG is the main feedstock for the conventional synthesis
process due to higher energy efficiency and lower investment cost than
other hydrocarbon sources, e.g., naphtha, fuel oil, or coal. Nitrogen is
usually supplied from ASU. More recently, the sustainable production of
“green ammonia” has been investigated. Green ammonia can be derived
from biomass as well as renewable power via water electrolysis [85].

2.5.6.1. Model description. Regarding the ammonia production, it is
assumed that the hydrogen outlet of the HoCCS process is mixed with
nitrogen and used as a feedstream for the ammonia synthesis loop. After
compression to the operating pressure of 150 bar, the feed is mixed with
the recycle gases and preheated before the gases enter the reactor. An
indirectly cooled converter is assumed as reactor, with three adiabatic
plug flow reactors and intermediary coolers. The product gases are
cooled down in several steps to cryogenic conditions of —20 °C (ach-
ieved by cooling with liquid ammonia) and liquid ammonia is separated
from the unreacted gases. These are recycled, and 1.5 % of the gases are
purged to avoid accumulation of inert species (i.e., argon and methane).
The kinetic model proposed by Tripodi, et al. [86] is used to describe the
reaction and adapted to fit the LHHW form necessary for implementa-
tion in Aspen Plus®.

2.6. Key performance indicators

Several key performance indicators (KPI) are defined to evaluate the
BtX routes on energetical and technical bases. Table 4 provides an
overview of all the KPIs used, and a subsequent detailed definition of
each KPI follows.

The KPI definitions are based on Patterson’s recommendations,
which state the need for different reference values regarding effi-
ciencies, depending on the application [87]. Thus, purely energetic and
exergetic, as well as efficiencies based on physical values, are used.

Based on the lower heating value (LHV) of the fuels used and the
synthesis products, respectively, the energy yield (EY) can be calculated
as the ratio of outgoing and incoming energy flows (Equation (2)).

EY = E]{rvdm't _ mprzfdzmrLH Vprodm't (2)
Ejfuet 1ieet LHY el
Table 4
Overview of all key performance indicators used.
KPI Unit Definition
Mprod torod h! Product mass flow
LHV MJikg! Lower heating value
EY - Energy yield
Pax MW Energy demand for auxiliaries
AQ; MW Heat flow balance
UHF KkWMW ! Usable heat per feedstock
CCE - Carbon conversion efficiency
HCE - Hydrogen conversion efficiency
Mcoz tcoz ™! CO; emissions
Mco2,spec kgcoa kgl;_},d Specific CO, emissions
M0 tizo h ™! Water balance
M120 spec K20 Ky Water balance
H,:CO - H; to CO ratio in syngas stream
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where m; is the indicated mass flow and LHV; is the indicated lower
heating value.

As in future energy systems, the focus will be more on the degree of
feedstock utilization, but less on the power-driven auxiliaries, so the EY
is used instead of an all-inclusive efficiency. Further KPIs are used to
account for all of the additional energy demand and losses. P, can be
used to discuss all additional needed incoming energy demands,
including the energy demand for sub-ambient cooling.

The usable heat per feedstock (UHF) gives the amount of excess heat,
capable for work, per feedstock. As defined in Equation (3), it weights
the heat losses of the system by means of its workability. In this case the
chemical, kinetic, and potential exergy is disregarded.

ExPh‘uut

UHF = 3

Efyel
The outgoing physical exergy Expno: can be calculated by the
product of the respective mass flow m with its enthalpy and entropy
difference, with 0 indicating the ground state (Equation (5)). All streams
above ambient temperature are considered.

Expy = if(h — hy) — To(s — 50)] @

To evaluate the head demand, the heat balance AQ; is defined as the
difference of incoming and outgoing heat (Equation (5)), where Q;, can
be interpreted as heating and Q,, as cooling demands.

A0="0,— Ou (5)
With respect to the goal of reducing CO, emissions, the carbon
conversion efficiency (CCE) should be maximized in most cases. The CCE

is defined as the ratio of the fuels carbon content n¢ s, compared to the
products carbon content ng proguc: according to Equation (6).

CCE = ¢ product 6)
N fuel
Directly related to the CCE are the total systems CO5 emissions
(Mco2). These are simply defined as the sum of all outgoing CO5 streams
(Equation (7)), without taking into account additional GHG emitters like
fuel transportation, plant construction, etc.

ey = E MCo2.0u @]

Likewise, the hydrogen conversion efficiency (HCE) and the overall
system water demand (mys0) are calculated as in Equation (8) and
Equation (9), respectively.

HCE = NH product (8)

NH fuel

EY («)and P
s NH3

aux (X =)

s MeOH DME
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Both the overall water balance and the overall CO, emissions are
additionally calculated as specific emissions per product, indicated by
the index “spec”. As a final KPI, the pre-synthesis Hy to CO ratio needed
is also given for the final evaluation.

3. Results and discussion

The KPIs are calculated as described, based on the process simulation
results, whereby the following discussion is separated into energetical
and material flows.

3.1. Energy efficiency

Fig. 3 summarizes the energetic results of the process simulations.
The energy yield is in a range of 40 % for FT to 60 % for DME. Overall,
the selective synthesis processes (SNG, MeOH, DME) achieve similar
energy yields while the non-selective FT process shows the lowest yield
which is partly caused by the low selectivity towards the desired product
fraction-NH3 as the only nitrogen-based product shows a similar low
yield as FT fuels, which comes from the requirements for additional
nitrogen and the fact that only the hydrogen within the biomass is used.
Additionally, as can be seen in Fig. 3 (A), the energy demand for aux-
iliaries is similar for all products, ranging between 8.3 kW MW ! and
10.2kW MW_l, besides NHs, which peaks at 23.4 kW MW~ L. The higher
synthesis pressure accounts for roughly 27 % of the additional energy
demands. The rest is used for the sub-ambient cooling in the purification
step. Since the examined processes are intended for future, 100 %
renewable energy systems, it is assumed that the electricity supply will
be completely from renewable energies. Therefore, there is no influence
on the CO5 emissions in the following evaluations.

Regarding Fig. 3 (B) one can observe that for all products excess heat
is available. However, the UHF shows that the usable amount of this
excess heat can be drastically lower. FT synthesis offers the highest
amount of excess heat and has the highest UHF of 211.3 kW MWL, SNG
shows relatively low excess heat but has the second highest UHF of
164.6 kW MW 1. In comparison, the hydrogen production, which has a
similar high heat balance, provides a much lower UHF of only 84.9 kW
MW L. This shows clearly that the exergetic value of the heat must be
considered when comparing different synthesis products. Similar to
SNG, DME needs similar cooling as MeOH and H,/H3CCS, but offers
much higher UHF. The difference between DME and MeOH to some
extend is caused by the higher heat demand of the MeOH purification.

In summary, the low energy yield but high UHF indicate that FT fuels
are not the most beneficial products from an energetic perspective, but
offers the biggest possibilities for coupled processes. Additional to the

70

T 60

UHF (<) and AQ (x, —)
FT SNG H2 s H2CcCs

Fig. 3. Comparison of the energy efficiency and energy yield (A) and usable heat per feedstock and heat balance (B) of all considered biomass-to-x routes.
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energetical benefits, all the not considered light ends of the FT synthesis
can also be of high interest in various further applications. Selective
hydrocarbon products seem more promising and show similar effi-
ciencies. The higher potential for heat utilization with regard to DME
and SNG might play a role in the product selection, however, it highly
depends on the specific projects’ conditions and if a suitable heat sink
exists at the project location.

3.2. Conversion yield

Fig. 4 shows the relative elementary compositions of the feedstock,
syngas variants and all products. From feedstock pretreatment over
gasification and quench, the hydrogen and oxygen shares increase due
to oxygen input in the gasification step and hydrogen and oxygen input
during the raw gas quench. The hydrogen to carbon ratio is adjusted via
the water gas shift reactor and the gas cleaning system to match the
required subsequent syntheses.

3.2.1. Carbon balance

Effective carbon conversion is essential for high product yields and
the minimization of GHG emissions. To give a better sense of where
carbon losses occur within the BtX process chains, Fig. 5 shows Sankey
diagrams of the carbon flow for the processes having the highest carbon
utilization in the sense of carbon capture (HoCCS in Fig. 5 (A)) and the
lowest CCE (SNG in Fig. 5 (B)), normalized to the carbon input in the
feedstock. The values are taken from the Aspen Plus® process simula-
tions, using the carbon content parameter of the respective streams. Due
to the use of rounded values in the graphics, the total sum deviates from
100 % in some cases. Since the process chain does not differ at the
beginning, both routes exhibited similar losses before the gas cleaning
process. A non-negligible amount of carbon is lost during pretreatment
as exhaust gases. In comparison, the carbon lost during gasification in
the slag plays a minor role. Given that purification of the purge gas is
difficult during the synthesis by means of recirculation (e.g., MeOH or
FT), the combustion of this gas fraction is assumed, which represents a
non-negligible portion of the emissions.

The gas cleaning process is adapted to the downstream synthesis
processes or, in the case of HyCCS, the lack thereof. As a consequence,
the gas cleaning process is one of the main influencing factors deter-
mining the CCE. For HoCCS, the majority of CO is converted into CO,
during the WGS step to maximize the hydrogen yield of the route. As
intended for CCS, doing so made it possible for a large fraction of the
carbon in the feedstock to be removed afterwards as CO5 in the Selexol

40
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FT-Syncrude /.

SNG—4f-!

100,

7
Ho 20 40
NH,/H, Oxygen

Fig. 4. Ternary diagram, presenting the molar ratio between H, C and O in the
feedstock, raw gas, syngas variants and all products.

Energy Conversion and Management 274 (2022) 116424

wash. A PSA is used to remove remaining CO, impurities in the Hy. In
comparison, it can be seen that the higher CO5 content in the syngas also
results in larger unwanted carbon losses in the Claus process for HoCCS.
This is one of the main reasons that even HyCCS is unable to achieve zero
GHG emissions.

In the case of SNG, a syngas with a Hy:CO ratio close to 3 is desired.
In comparison to all other considered hydrocarbon products this is the
highest required Hj:CO ratio which results in a larger fraction of CO in
the syngas that needs to be shifted in the WGS step to achieve this ratio.
This explains why such a large amount of carbon is lost as CO during the
gas cleaning step, and why the SNG route results in such a low CCE. This
also illustrates the limitation of BtX routes with respect to carbon con-
version. The high C to H ratio in the biomass feedstock discussed in
section 0 always requires that large portions of the carbon be removed as
CO4, before the synthesis step. This limitation can be circumvented to
some degree by focusing on products with low H to C ratios, or a total
conversion is possible by introducing additional hydrogen somewhere
along the process chain.

3.2.2. Hydrogen balance

Similar to the carbon balance, a hydrogen balance is shown in Fig. 6
(A) and (B) for HoCCS and SNG, respectively. As can be seen for both
routes, the addition of water in the quench as well as in the WGS and
AGR plays a significant role in the hydrogen balance. A large fraction of
the hydrogen available in the syngas is formed during the quenching of
the hot product gases from gasification. The AGR process, however, has
no significant effect on the hydrogen balance. In contrast, the share of
hydrogen lost during the WGS process in the form of water depends on
the desired syngas composition. The more CO is shifted in the WGS step
to CO,, the less Hy is lost as water.

Considering the HCE in Fig. 6 (B), however, it can be seen that the Hy
losses during the WGS process do not determine the HCE. For example,
SNG still achieves a lower HCE than MeOH, even if a larger fraction of
the CO in the syngas must be shifted to achieve the required H,:CO ratio.

An additional water supply was necessary only for the product routes
in which no carbon utilization exists. For all other routes, a positive
water balance is achieved. Given that most hydrogen losses occur in the
form of water, a lower HCE results in greater net water production (see
Fig. 6 (B)).

Fig. 7 (A) shows the specific CO, emissions and CCE for all of the
processes considered. As expected, a higher CCE is directly related to
lower CO5 emissions. CCE cannot be applied to HoCCS and NH3 because
the COg is captured but is not used for any specific application. By
scaling the CO; emissions on the product stream, NH3 nevertheless has
the lowest specific CO, emissions. In contrast, due to the low specific
mass of Hy, HoCCS (even with the high carbon capture rate) has non-
negligibly high specific CO5 emissions. However, a direct comparison to
the other product routes is only valid if both are considered “negative-
emission” technologies, with the removal of atmospheric CO5 being seen
as part of the goal. Considering that renewable carbon sources might
become highly valuable in the mid- or long-term, this might become a
major downside of both routes. Whereas the specific CO, emissions of
MeOH and DME are lower than those of FT and SNG, the absolute
process emissions are more or less the same (Table 5), something which
must be considered for the overall plant design.

Looking at the overall water balances and HCE (Fig. 7 (B)), FT, SNG,
and DME exhibits an overall water surplus. The hydrogen supplied in the
quench water is not completely utilized in the product formation and is
thus discharged as waste water. The Hy/HCCS and NH3 routes instead
depend largely on the additional water integration to maximize the
product yield. Consequently, the defining characteristic of these pro-
cesses can be described as biomass-assisted thermal water decomposi-
tion. As expected, the HCE for the two Hj routes and NHg, at over 0.6, is
thus higher than for the carbon-based pathways. Despite the higher Hy:
CO ratio of the synthesis gas in the SNG route, the HCE is significantly
higher for MeOH. FT exhibits the lowest HCE, which is due to both the
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Fig. 5. Carbon balance of biomass-to-H,CCS and biomass-to-SNG as a Sankey diagram. Recycles during the process step are disregarded.
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Fig. 6. Hydrogen balance of biomass-to-H>CCS and biomass-to-SNG as a Sankey diagram. Recycles during the process step are disregarded.

restriction to liquid products and the decreasing hydrogen content in the
product with increasing C-chain length.

3.3. Discussion

As seen in the previous sections and as summarized in Table 5, the

energy and material-based KPIs do not necessarily correlate. A high
energy yield does not automatically equate to high HCE or CCE, and vice
versa. For future applications, the feedstock value in the overarching
system must be included. Depending on the higher-level energy system,
hydrogen, carbon, or energy in the form of electricity or heat may be the
most expensive commodity. In terms of the energy balance, for example,
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Fig. 7. Comparison of the carbon balance and carbon conversion efficiency (A) and water balance and hydrogen conversion efficiency (B) of all considered biomass-

to-x routes.

Table 5

Summary of the simulation boundary conditions and the technical and energetical key performance indicators of all Biomass-to-X routes evaluated, based on 100 MW

feedstock input.

KPI Unit NH3 MeOH DME FT SNG Ha, H,CCS
LHV MJ kg ! 18.55 19.83 28.73 34.52 45.20 119.43 119.43
Mprod tproa h ™! 8.23 10.63 7.47 418 4.54 1.57 1.57
EY - 0.42 0.59 0.60 0.40 0.57 0.52 0.52
Pau MW 23.44 8.33 8.32 8.26 8.83 10.21 12.67
AG; MW 40.95 27.87 28.88 63.60 31.85 31.48 34.81
UHF kW MW ! 138.96 96.17 141.03 211.30 164.58 84.90 89.66
CCE - - 0.40 0.39 0.36 0.32 - -

HCE - 0.60 0.55 0.40 0.26 0.43 0.64 0.64
theos tcozh™? 5.81 21.32 21.31 22.04 24.14 33.14 5.81
M0 tiaoh ! 4.99 —0.23 -3.01 ~5.99 -3.37 4.99 4.99
Hy: CO - 17.57 2.10 2.10 2.10 3.00 17.57 17.57

it is the search for a maximum energy yield with a simultaneous mini-
mum Py, and high UHF per dissipated heat. Such a combination would
mean that most of the energy would end up in the product, and the
unavoidable waste heat would accumulate at high temperatures and
thus be further usable. In contrast, an energy system with a high po-
tential for electricity from renewables would value carbon and hydrogen
more highly. In this case, Py, in the form of electricity would be less
important, and the focus would be primarily on CCE and HCE.

From a hydrogen point of view, the HCE of MeOH is much higher for
MeOH than DME, which is due to the water formation during the DME
reaction causing hydrogen losses. Similarly, MeOH has a higher CCE
than DME, which is caused by the carbon losses during DME synthesis
due to MeOH byproduct formation. If all carbon species are considered,
the overall carbon conversion is higher for DME. Whereas SNG, like
MeOH and DME, has a high EY and relatively low Pgy,, the CCE is much
lower due to the needed further shift to a higher Hy:CO ratio.

Looking at the hydrogen supply via biomass gasification, only routes
combined with carbon capture seem reasonable. However, with a
possible future energy system, built on large water electrolysis capac-
ities, this application will no longer be economically feasible. As a result,
utilization of biomass-based carbon will be the main aim of gasification
systems if no negative emissions are required. On the other hand, the
synthesis of NH3 might still fulfill a field of application for reducing the
net emissions of agriculture by offering net negative fertilizers. Addi-
tionally, given that the gasification agent in this study is pure oxygen,
the oxygen and nitrogen demand can provide a useful dual application
for air separation units as an alternative to water electrolysis. However,
this needs to be evaluated because the actual future costs for hydrogen,
oxygen, and nitrogen cannot currently be estimated. Nevertheless,
different kinds of oxygen supply should be taken into account in further
studies. The same goes for the direct integration of renewable electrical

power from photovoltaics or wind turbines. As shown in the introduc-
tion, a variety of concepts exist for power integration into biomass-to-x
processes, which in most cases tend to maximize carbon conversion ef-
ficiency. By using water electrolysis, hydrogen can be mixed to the
syngas reducing the carbon losses during the water gas shift. Simulta-
neously, the oxygen provided by the electrolysis can replace the demand
for additional air separation units.

One reason for the specific highlighting of UHF and the heat balance
is the increasing demand for grid-supported heat supply. Even if indi-
vidual processes do not have the highest yields in terms of energy or
hydrogen/carbon, in individual cases with biogenic residue potential
and specific energy carrier requirements, the connection to district
heating networks can already bring economic viability. Thus, heat bal-
ances of large thermal plants should always be considered in technical
and energetical evaluations.

Despite the maximally similar methodology regarding the modelling
of the individual process steps, the present evaluation is of course also
subject to limitations. First of all, different feedstocks are better suited
for individual products, due to their elemental composition. Depending
on the feedstock, the required pretreatment also changes, or even a
different gasifier concept becomes more attractive. Thus, the focus on
only one pretreatment, gasification, and gas conditioning alternative
limits the results to the respective plant configuration. In the case of FT
synthesis, only liquid products are currently being considered. In reality,
such a system integrated into a large chemistry park could probably sell
all of the synthesis fractions profitably. Regarding the routes with car-
bon capture, either storage systems or the utilization of the pure CO,
stream must be considered in the future. As mentioned before, the car-
bon stream in a future energy system can be of high value. Finally, an
economic evaluation is lacking, as is the inclusion of superordinate
system boundary conditions. Without the customer market and
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political/societal requirements, no decision can be made regarding the
application of one or the other route purely on an energetical and
technical evaluation.

4. Conclusion

This research conducted an energetic and technical comparison of six
of the most promising BtX routes, based on EF gasification. Detailed
process simulations of the routes in Aspen Plus® were created in order to
determine the most important KPIs for each route.

From an energetic perspective, the results show that the selective
syntheses (SNG, MeOH, DME) achieve similar EY, whereas the non-
selective FT route performs worse. Additionally, considering the high
amount of usable heat for the FT route, an integration into existing
infrastructure where light ends can also be utilized appears to be the
most promising option for this route. Further, in locations where heat
supply is advantageous, the SNG and DME routes could be seen as the
obvious choice. Considering the high value of biogenic carbon in future
energy systems, BtX routes that do not utilize the carbon (NHg, H,CCS)
only represent a solution in the short and medium term as a carbon
negative technology. Instead, the future provision of additional
hydrogen, e.g. from water electrolysis, might be worth investigating in
order to improve carbon conversion. This is true for SNG in particular
because the higher required Hy:CO ratio leads to a lower CCE. Regarding
the hydrogen balance, the analysis demonstrates the significant influ-
ence of quench water on the overall hydrogen utilization. In the case of
pure hydrogen production, it even becomes one of the major contribu-
tors to the overall product stream.

Overall, no single, optimal BtX route exists. Instead the KPIs
demonstrate that each route has different characteristics, making it
more suitable in one circumstance and less suitable in another. There-
fore, the KPIs determined herein must be considered together with
project- and location-specific requirements as well as the market outlook
for the product. Therefore, further research will be necessary on the
economics of the BtX routes and their market potential.
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