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ABSTRACT: In the bioliq process, biomass is converted to
gasoline over four steps including pyrolysis, synthesis gas (syngas)
generation via gasification, gas cleaning, and gasoline synthesis via
dimethyl ether (DME). This work aims to investigate the gasoline
synthesis plant of the bioliq process and also alternative process
routes for the conversion of biomass-derived syngas to gasoline via
methanol (MeOH) and DME pathways by process simulation in
Aspen Plus, using a syngas composition adapted from the bioliq
plant and enhanced with makeup H2. The simulations were
established using kinetic models for MeOH, DME, and water−gas
shift (WGS) synthesis based on selected models from the literature
and component yield models for MeOH/DME to gasoline (MTG/
DTG) reactions based on product characteristics from known
gasoline synthesis plants. The selected process routes were compared regarding product mass and energetic efficiencies and H2 and
CO2 balances. The results showed that an optimized bioliq process, i.e., biofuel synthesis via direct DME synthesis with a WGS unit
for makeup H2 supply, is efficient in terms of syngas conversion and gasoline productivity, although it has a drawback concerning
CO2 generation. For this process, the mass and chemical energy efficiencies of gasoline based on syngas were calculated to be
approximately 15 and 65%, respectively. Comparatively, for the similar process via the MeOH pathway, these efficiencies were found
to be 11 and 50%, respectively. The CO and H2 conversion rates for gasoline synthesis via DME were found to be about 77 and 64%,
respectively, whereas via MeOH, they were obtained as ca. 48 and 28%, respectively. Additionally, the optimized process was scaled
up for production of 100,000 tons/year gasoline and evaluated based on mass and chemical energy and CO2 and element (hydrogen,
carbon, and oxygen) balances. Here, the mass and chemical energy efficiencies of gasoline based on biomass feed were calculated to
be 13 and 35%, respectively.

1. INTRODUCTION
The substitution of fossil feedstock is mandatory to reduce
greenhouse gas emissions. Also, the worldwide increasing
demand for transportation fuels calls for more oil and gas
extraction, and as is well known, these resources are limited.
Developing new fuel synthesis technologies using renewable
carbonaceous materials such as biomass can help overcome the
energy shortage especially in the countries with no fossil fuel
reserves. Beyond the established first-generation biofuels
produced from sugar, starch, and vegetable oil, lignocellulosic
biomass as the most abundant biomass resource can be
converted into energy carrier chemicals and sustainable
biofuels. Second-generation biofuels, also known as advanced
biofuels, as promising alternatives to fossil fuels, have gained
momentum in the renewable energy sector in recent decades.
These kinds of fuels are produced from agricultural, forest, or
biomass processing residues, which do not compete with food
and feed production.1 The conversion of biomass-to-liquid
(BTL) fuels is typically proceeded using three main processes

of pyrolysis, gasification, and liquefaction, each with advantages
and disadvantages.2

The bioliq process3−5 developed at the Karlsruhe Institute of
Technology (KIT) aims to convert biomass residues into
synthetic fuels. The pilot plant with a thermal fuel conversion
capacity of 2−5 MW consists of four main stages: fast
pyrolysis, a high-pressure entrained flow gasifier, intensive hot
gas cleaning to remove undesired sour gases (HCl, H2S, and
partly CO2) and trace compounds (e.g., HCN, NH3), and a
synthesis plant for gasoline production via DME. In general,
depending on the type of feedstock and desired conversion
capacity, dry lignocellulosic biomass can be converted into
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synthesis gas (a mixture of mainly CO, H2, some CO2, and
H2O) by a number of gasification technologies.

6 The elemental
analysis of lignocellulosic biomass varies, depending on the
type, age, and origin of the material. In the case of wheat straw
(dry), the carbon, hydrogen, and nitrogen content is
approximately 43−44, 6−6.2, and 0.6 wt %, respectively.7

Widely distributed biomass residues of low volumetric energy
density like cereal straw are first converted into an energy-
dense energy carrier by fast pyrolysis, as described elsewhere.8,9

Next, the combined solid and liquid pyrolysis products, termed
biosyncrude, are transported to a large industrial site for
gasification and synthetic fuel production.
The conversion of biomass-derived syngas to fuels can be

accomplished using different methods. These include Fischer−
Tropsch (FT) synthesis,10,11 MeOH synthesis12,13 followed by
a MeOH to gasoline (MTG) process like ExxonMobil,14 or
DME synthesis15,16 followed by a DME to gasoline (DTG)
process such as Topsoe integrated gasoline synthesis
(TIGAS).17 Various studies exist in the literature that examine
the BTL process through different pathways using exper-
imental data or modeling and simulation tools. For instance,
Kim et al.18 investigated a pilot-scale BTL process for
producing diesel through FT synthesis, comparing it to
standard automotive diesel. Their report also provides
information about the worldwide research status of biofuel
production through FT synthesis. Baliban et al.19 used
mathematical optimization modeling to economically inves-
tigate different BTL processes through multiple technologies
including FT, MTG, and MeOH to olefin (MTO). They
considered different biomass feedstocks and achieved nearly
identical overall energy efficiencies (including electricity) in
their work. Trippe et al.20 conducted a techno-economic
assessment of the BTL process, evaluating both the DTG and
FT routes using simulation. According to their study, the
energy efficiencies (including electricity) from biomass and
also syngas to final products (gasoline and diesel) are slightly
higher for the FT compared to the DTG route. Gonzalez et

al.21 have compared the BTL process for FT and MTG
pathways and found that the biofuel energy efficiency via FT
synthesis is higher than that via MTG synthesis. Also, the
carbon efficiency in the FT route is slightly higher because of
the formation of lighter hydrocarbons (C1−C4) in FT
synthesis. Similarly, Dimitriou et al.22 have investigated the
three mentioned configurations for the BTL process via woody
biomass gasification. According to their techno-economic
analysis, the FT synthesis technology is more efficient than
the MTG and DTG (TIGAS) pathways for commercial
production. The calculated biofuel energy efficiency and mass
yield (with respect to biomass) in their work are as per the
following order: FT > DTG > MTG.
However, it should be noted that the product from the

MTG/DTG pathways compared to that from the FT pathway
has a higher selectivity of gasoline-range hydrocarbons and
accordingly does not necessarily need upgrading to be usable
as transportation biofuel.23 Therefore, this remark should be
taken into account when comparing the FT to MTG/DTG
process routes. Moreover, the FT route in commercial
application is economically unfeasible due to the related high
investment cost.24

In comparison with the aforementioned studies and in the
context of the bioliq process development, we examine the
production of the gasoline product from biomass-derived
syngas via the MTG (ExxonMobil) and DTG (TIGAS)
pathways. The objective of this study is to simulate the bioliq
process by applying optimized conditions to the initial base
case process. Using this optimized model, we assess the
potentials of the process also through the MeOH pathway,
considering the integration of makeup H2 into biomass-derived
syngas. The scientific contribution of this work lies in
conducting a comparative simulation analysis of different
process routes for gasoline production from biomass-derived
syngas, in terms of mass and energetic efficiencies as well as
hydrogen and carbon dioxide balance, an area that, to the best
of the authors’ knowledge, is limited in the available literature.

Figure 1. Selected process routes (PRs) for gasoline synthesis from biomass-derived syngas in this work. PR 1: MeOH synthesis with H2 from the
internal WGS unit, PR 2: MeOH synthesis with H2 from the external source, PR 3: direct DME synthesis with H2 from the internal WGS unit, PR
4: direct DME synthesis with H2 from the external source, and PR 5: indirect DME synthesis with H2 from the internal WGS unit.
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The findings will facilitate the identification of the most
promising process constellations concerning different opti-
mization targets. Furthermore, this work contributes to kinetic-
based simulations for the production of intermediate products,
followed by predicting the quantity of synthesized gasoline in
the simulated process routes.

2. METHODS
2.1. Selected Process Routes. The investigated process routes

(PRs) are depicted in Figure 1. The process routes 1 and 2 illustrate
the conversion of syngas to gasoline (STG) via the MeOH synthesis
pathway; a well-known industrial example for this case is the MTG
process run by ExxonMobil. The process routes 3−5 indicate the
conversion of syngas to gasoline via direct and indirect DME
synthesis. Direct DME synthesis from the syngas (STD) process
involves the syngas to MeOH (STM) and MeOH to DME (MTD)
conversions occurring within a single reactor. This process represents
an optimized bioliq-type plant that has not been yet developed to an
industrial scale. In the indirect synthesis process, MeOH is produced
as an intermediate product that can be directly transferred to the
MTD reactor or stored for later conversion to DME. Since biomass-
derived syngas from the bioliq plant, similar to other typical biomass
gasification processes, most often has H2/CO ratios below 1, makeup
H2 can be added to the feed to maximize carbon conversion and
enhance productivity in STM and STD reactors. The required
makeup H2 could be provided from processes such as steam methane
reforming, water electrolysis, or the WGS reaction. In this work, two
cases for the H2 supply source have been considered: an internal WGS
unit in the plant, used in the process routes 1, 3, and 5 and an external
source that supplies the plant directly with H2, in process routes 2 and
4.
In addition, by employing the simulation model of PR 3, which

essentially represents an optimized bioliq process, the scaling up of
the process was conducted to facilitate a future techno-economic
analysis.

2.2. Process Configuration and Simulation. The steady-state
simulation of the selected process routes was established in Aspen
Plus V10 software in hierarchical models using the plant design
information on the current bioliq process as a basis. Figure 2
illustrates the overall simulation flowsheet. Subprocess units from
biomass-derived syngas to gasoline are simulated individually in five
hierarchy units (HUs), as can be observed in the figure. The hierarchy

units are assembled into each process route simulation based on the
objective of each process. Following the bioliq plant concept, syngas
leaving the gasifier, having completed some cleaning steps, proceeds
to the first step of the synthesis site (HU1). Here, syngas undergoes
cooling and then dehydration through a two-phase separator at
ambient temperature. The syngas feed composition, namely, the H2/
CO ratio and CO2 fraction, is adjusted by means of makeup H2, either
from the external H2 source or the internal WGS unit (HU2) and the
CO2 absorption unit (HU3). The CO2 content of water-free fresh
syngas (ca. 15−18 vol % in the bioliq plant) should be reduced for
MeOH/DME synthesis. In HU3, two packed bed absorbers are
situated to absorb CO2 from fresh syngas and also cycle gas
(unconverted gases leaving the reaction unit (HU4)) by employing
poly(ethylene glycol) dimethyl ether (PEG) as the solvent. Syngas
and the solvent flow counter-currently through the column and the
loaded solvent is directed to a regeneration column or desorber. CO2-
reduced syngas (6−7 vol %) is transferred to the reaction unit and
CO2-rich off-gas is exhaled from the desorber effluent. The reactors
for MeOH/DME and gasoline synthesis are situated in HU4. The
product mixture out of this unit is transferred to HU5 to be separated
to gasoline, water, and gases through a three-phase separator. In the
bioliq plant, after the separation unit, a gasoline stabilization unit is
located to separate light and heavy fractions via a packed bed
distillation column. However, in this work, as the bioliq process was
optimized, the composition of the gasoline product was adapted from
the ExxonMobil MTG process, closely resembling that of standard
gasoline. Therefore, the stabilization unit is omitted here, and the
process is only until raw gasoline investigated.
Each simulation consists of four or five hierarchy units depending

on the makeup H2 source. If H2 is supplied from an external source,
HU2 is eliminated and H2 is directly added to the feed line to the
reaction unit (HU4). In the case of STD synthesis (PRs 3 and 4),
unconverted syngas from DME synthesis, which is rich in CO2,
should be again treated in the CO2 absorption unit for further
conversion in the STD reactor and hence is returned to HU3 through
the CYC-GAS line. For the STM process, this line is removed and
since unconverted gas from MeOH synthesis does not need more
treatment, the gas is directly recycled to the STM reactor. Also, here,
the product of the gasoline synthesis reactor contains only a small gas
flow rate of liquefied petroleum gas (LPG) as the byproduct of the
MTG process that is separated through the product separation unit
(HU5). For this work, the concept of the MeOH synthesis segment
has been adapted from the low-pressure MeOH synthesis process of

Figure 2. Simulation flowsheet. Hierarchy units (HUs): HU1: water separation; HU2: water−gas shift reaction, HU3: CO2 absorption and
desorption, HU4: MeOH/DME and gasoline synthesis; and HU5: product separation. Stream labels: B-SYNGAS: biomass-derived syngas; CYC-
GAS: cycle gas in the STD pathway process; LPG: liquefied petroleum gas in the STM pathway process; FLA-GAS: flare gas; HC-PROD:
hydrocarbon product mixture; GASOLINE: gasoline product; OFF-GAS: CO2-rich gas; PROC-GAS: treated feed to the reaction unit; WGS-
FEED: syngas split to the WGS unit; WGS-PROD: H2-rich syngas; and W-WAT: wastewater.
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Lurgi.14 Individual overall flowsheets for the selected process routes
and the flowsheets of HU1−HU5 for PR 3 can be found in the
Supporting Information.
The property method of each hierarchy unit is selected based on

the component type, process condition, and objective. For HU1 and
HU5, the PENG-ROB method and for HU2 and HU4, the SRK
method were used. These two equation of state methods are
extensively used for hydrocarbon mixture systems in oil, gas, and
petrochemical processes, as also suggested by the Property Method
Selection Assistant in Aspen Plus. For HU3, the well-proven equation
of state model of PC-SAFT has been employed. This model can
predict the properties of systems that include syngas and physical
solvents like PEG. The binary interaction parameter sets for PEG
were modified in Aspen Plus according to the reported data by the
MIT Energy Initiative.25

Besides the uniform simulation models, using identical assumptions
and considerations is significant to ensure a reliable comparison
between the selected process routes. The syngas feed composition as
well as process conditions such as pressure, temperature, vapor
fractions, material stream properties, and purities have been collected
from a bioliq test campaign. If optimization was required for a unit,
the data were modified based on existing industrial cases found in the
literature. In the following, the methods and considerations taken for
the feed and simulation of the reaction subunits are discussed.

2.3. Theoretical Background and Considerations. The
process routes represented in Figure 1 have been simulated by
using kinetic models for MeOH, DME, and WGS syntheses and
component yield-based models for MTG and DTG syntheses. The
relevant reactions are given below in eqs 1−5.

+ +CO 3H CH OH H O2 2 3 2F (1)

+CO 2H CH OH2 3F (2)

+ +CO H O CO H2 2 2F (3)

+2CH OH CH OCH H O3 3 3 2F (4)

+

+ + ++

CH OCH /CH OH H O

C C (LPG) C (gasoline) H O
3 3 3 2

1 2 3 4 5 2 (5)

In the comparative simulations for the process routes 1 to 5, the
same syngas feed flow rate (551 kg/h) and also the identical feed
composition, given in Table 1 (first row), were used. The syngas

composition was adapted from a selected bioliq plant operation
campaign. The N2 content was reduced because the presence of N2
generally decreases feed conversion, potentially leading to non-
representative results. In the current bioliq plant, the N2 content of
syngas is higher than that expected for a commercially operated plant
due to practical requirements of gasifier operation in upstream.
In the process simulation for scaling up the optimized bioliq

process, an optimized syngas feed composition, also given in Table 1
(second row), was employed. In this case, the feed composition was
estimated via process simulations of the pyrolysis and gasification
units of the bioliq process. Fast pyrolysis of wheat straw (water
content: 9.5 wt %, ash content: 5.4 wt %, LHV (dry basis): 16.0 MJ/
kg) was simulated to yield liquid bio-oil, aqueous condensate, and
solid biocoal. All solid and liquid products were considered a feed for
gasification in the form of a fuel suspension for entrained flow
gasification. By-produced fuel gas from fast pyrolysis was utilized

within the process. Mass and energy flows as well as syngas
composition were calculated on the basis of a 500 MWth thermal
fuel capacity for gasification at 40 bar, and cold gas efficiency reached
73% under these conditions. The information on feedstock, pyrolysis,
and gasification products for the 500 MW case is reported in Table 2.

At first glance, the two compositions in Table 1 appear different;
however, after water removal in HU1, both compositions are quite
similar in terms of the H2/CO content and ratio.
It is generally known that for an efficient STM and STD synthesis,

the composition of the feed to the reactors should fulfill the required
industrial standards. Then, for the STM reaction, the proper syngas
composition was assured by factors such as stoichiometric number
(SN), which should be greater than 2, depicted by eq 633 or the H2
fraction given by eq 7,34 whose optimal value is 1.05.35 For the STD
reactor, the H2/CO ratio in the feed was adjusted to 1.3.17

=
+

n n

n n
SN H ,in CO ,in

CO,in CO ,in

2 2

2 (6)

=
+

n

n n
H fraction

2 32
H ,in

CO,in CO ,in

2

2 (7)

It should be noted that in the simulations, the minimum possible
amount of required H2 for efficient STM/STD synthesis has been
used. When eq 2 (two times) and eqs 3 and 4 are considered for
DME synthesis, the net reaction is as in eq 8, and accordingly the
stoichiometric H2/CO ratio is 1. Knowing that eq 2 is actually the
sum of eqs 1 and 3, the DME synthesis process can be defined as two
times eq 1 and three times eq 3 plus eq 4. However, if the WGS
reaction (eq 3) is accomplished two times, the net reaction will be as
in eq 9, with a H2/CO ratio of 2. Then, it can be inferred that the
actual net reaction likely lies between these two equations. This
inference depends on factors such as the available syngas composition,
operating conditions, progression of the WGS reaction, and the
composition of employed catalysts in the catalyst mixture system.

+ +3CO 3H CH OCH CO2 3 3 2 (8)

+ +2CO 4H CH OCH H O2 3 3 2 (9)

Therefore, in STD synthesis, consideration of H2/CO ratios above
1 can ensure improved syngas conversion rates. As also evident in the
work of Song et al.,36 increasing the ratio to 1.3 leads to an increase in
the CO conversion and DME yield. Also, other authors15,37−40 have
experimentally found that the H2/CO ratios up to 2 enhance the
conversion rate when the feed contains CO2 in addition to H2 and
CO. In addition, when the catalyst system comprises a larger fraction
of MeOH and the WGS synthesis catalyst compared to the MeOH
dehydration catalyst, CO conversion increases. For instance, a catalyst
ratio of 75:25 wt % compared to 50:50 wt % was found to be more
efficient.15,41

According to the the NREL report, in STM synthesis, the allowed
mole fraction of CO2 in the feed ranges from 3 to 8 mol % and values
up to 7% increase MeOH productivity.42 In STD synthesis, keeping
low concentrations of CO2 in the feed at 4−6 mol % has a positive
impact on DME productivity; however, higher amounts reduce CO
conversion due to the influence on the WGS reaction.41 Besides, it has
been reported that the presence of CO2 in the feed reduces the
maximum temperature in the reactor bed, thereby ensuring a safer

Table 1. Feed Composition Used in the Simulations in This
Work

component H2 CO CO2 N2 H2O CH4

composition (mol %) in the
selected process routes
1−5

35.0 36.0 18.0 3.0 6.0 2.0

composition (mol %) in the
scaled-up bioliq process

22.2 24.7 10.6 0.4 42.0 0.0

Table 2. Feed and Products in Pyrolysis and Gasification
Simulations (on a Wet Feedstock Basis)

straw
feedstock

pyrolysis
product

synthesis
gas

mass flow rate (t/h) 171.1 116.8 210.5
thermal fuel capacity (MW) 675.7 500.0 365.0
LHV (MJ/kg) 14.2 15.4 6.1
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operation.36 Here, the CO2 mole fraction was adjusted within a range
of 7.0−7.5 and 6.0−6.5% in the STM and STD reactors, respectively.
The type of kinetic reactors was considered a fixed bed tubular

reactor, in which the feed flows axially through the catalyst-filled tubes
and the reaction heat is removed by boiling feedwater, which flows on
the shell side and leaves the reactor as a medium pressure steam.43 In
the simulation, the RPlug model for reactors and the Flash2 model for
the cooling medium (steam drum) are typically employed. For
simulating the behavior of catalysts in reactors, the Langmuir−
Hinshelwood−Hougen−Watson (LHHW) mechanism has been
applied. Then, the reaction rates were calculated based on the
LHHW kinetic expression in Aspen Plus, as defined by eqs 10−13.
Besides, the simulated kinetic reactor models were validated against
available industrial data to ensure the accuracy of the developed
models in simulation.

=
[ ][ ]

[ ]
r

kinetic factor driving force expression
adsorption expression (10)

= k
T
T

E
R T T

kinetic factor exp
1 1

n

0 0

i
k
jjjjj

y
{
zzzzz

i
k
jjjjjj

i
k
jjj y

{
zzzi

k
jjj

y
{
zzzzz

y
{
zzzzzz (11)

=
= =

k C k Cdriving force
i

N

i
ai

i

N

j
bj

1
1

2
1 (12)

=
= =

K Cadsorption term
i

M

i
j

N

j
mij

1 1

i

k
jjjjjjj

y

{
zzzzzzz (13)

For simulating MTG/DTG reactors, the RYield model was
employed using available product distribution and composition in
literature.14,17,42 The validity of the assumed data was evaluated by
performing atom balance (for elements of hydrogen, carbon, and
oxygen) over the reactors and also over the overall synthesis plant
boundary, using the indicated inlet and outlet streams, as shown in
Figure 2. For this work, the raw gasoline composition data of the
bioliq plant were not used in the simulation of the DTG reactor due
to its high aromatic content. The operational limitations of the
current plant influences the gasoline quality. For instance, the pressure
in the DTG reactor is about 30−35 bar and it is stated that pressure
plays an important role in aromatic formation.44−46 Golubev et al.46

examined the pressure effect on DME conversion over a commercial
zeolite-containing catalyst and found that raising the pressure from 1
to 30 bar sharply increases the yield of aromatic components.

2.4. Process Evaluation and Efficiencies. For the sake of fair
comparison between the process routes, the amount of gas hourly
space velocity (GHSV), as represented in eq 14, in the STM and STD
reactors was considered analogous in the range of 12,300−12,400 (1/
h). Also, the reaction residence time and the feed conversion rate
were kept equivalent between the identical process routes with
different makeup H2 sources, i.e., between PRs 1 (or 5) and 2 in the
STM reactor and between PRs 3 and 4 in the STD reactor. The
reactant conversion and product yield were assessed according to eqs
15 and 16.

= V VGHSV /feed,st cat (14)

= ·X
n

n
1 100; Rea: CO, CO , HRea

Rea,out

Rea,in
2 2

i
k
jjjjjj

y
{
zzzzzz (15)

Figure 3. STM reactor simulation: comparison of (a) temperature profile, (b) YMeOH, (c) XCO, and (d) XCO2 in selected kinetic models, with
industrial data. Reaction conditions: P = 67 bar, SN = 2.1, and CO2 mol % = 7.5.
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The process routes were evaluated in terms of the product mass
yield and chemically bound energy flows. The mass efficiency (ηmass),
given by eq 17, was calculated for the intermediate products of
MeOH and DME, and the finished product of gasoline with respect to
syngas feed to the plant. The chemical energy conversion efficiency
(ηLHV) was calculated for gasoline with respect to syngas and also
carbon, based on the lower heating value (LHV) of components, as
defined by eq 18.47 Syngas in the equations accounts for the added
hydrogen in PRs 2 and 4.

=
m
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3. SIMULATION OF REACTION SUBUNITS
3.1. Methanol Synthesis from Syngas (STM). The

reaction mechanism and the kinetics of the syngas to MeOH
conversion process over the CuO/ZnO/Al2O3 catalyst has
been investigated by several authors with different viewpoints
regarding the source of carbon for MeOH synthesis, whether
this is CO, CO2, or both components.13,48,49 Among the
studies which consider MeOH synthesis from both CO2 and
CO (eq 1, eq 2, and reverse of eq 3), the work of Graaf et
al.26−28 and among the works assuming MeOH synthesis only
from CO2 (eq 1 and reverse of eq 3), the work of Bussche et
al.29 were selected. Bussche et al. integrated the equilibrium
data of Graaf et al. in their original kinetic model, and as later
in 2016, Graaf and his colleague proposed optimized
equilibrium constant relationships for MeOH synthesis;50 the
new equations can replace the old ones. However, using the
optimized equilibrium equations in Aspen Plus holds some
uncertainties because all terms of the equation cannot be
inserted in the simulation and only a truncated equation in the
form of A + B/T + C ln T + DT can be executed. Therefore, to
have a precise simulation result, the old equilibrium data were
used in both models.
Beside these two kinetic models, which are extensively used

in STM reactor modeling, two other models have also been
investigated: a model proposed by Bisotti et al.,51,52 which
essentially is a refitted Graaf model, and a model by Campos et
al.,53 developed based on density functional theory (DFT)
calculations. The Campos model, similar to the Bussche
model, also considers the source of carbon from CO2. The four
kinetic models were simulated and the validity of the
simulations was tested on an industrial Lurgi-type reactor,
located at the Tuha Oilfield Company.54,55 The results of
simulations along with the industrial data are demonstrated in
Figure 3, and for the sake of clarity, the percentage errors are
provided in Table 3. It can be seen that the Bussche model
compared to the Graaf model is in a better agreement with the
industrial plant data. The Graaf model underestimates
methanol production, as also reported by other authors.48,56

Bisotti et al. have refitted the Graaf model and proposed new
data, and according to their report, the new model for the

simulation of industrial reactors is more reliable than the
Bussche model. However, the result of this work has indicated
that although the refitted model compared to the original
Graaf model can better predict the process, the Bussche model
still shows more accuracy. The Campos model also produces
good results, particularly in terms of CO conversion.

3.2. DME Synthesis from MeOH (MTD). Methanol is
dehydrated to DME over the acidic alumina catalysts, γ−
Al2O3, modified alumina, or zeolite-type catalysts such as H-
ZSM-5 and H−Y-zeolite.57 Here, for the simulation of the
MTD reactor, the kinetics of the γ−Al2O3 catalyst was
investigated due to its usage in the bioliq plant. Also, this
catalyst is employed in the Lurgi MegaDME process, according
to which a methanol conversion of 70−85% is typically
achieved at temperatures of 250−360 °C.58 The kinetic data
from Bercic et al.30 and equilibrium constants from Diep et
al.31 were selected, and the validation of the kinetic simulation
was verified by simulating an industrial MTD adiabatic fixed
bed reactor located at the Zagros Petrochemical Company.59,60

The simulation was performed by considering both adiabatic
and isothermal scenarios. For the isothermal case, the
temperature of 316 °C for the cooling medium, calculated
by Farsi et al.60 as the optimum value, was considered in the
simulation. As evident from Figure 4, the simulation result of
this work is in proper agreement with the industrial data and
also the simulation result of Farsi et al. The percentage error
data are listed in Table 4.

3.3. DME Synthesis from Syngas (STD). The direct STD
conversion process in the bioliq plant is carried out using a
mechanical catalyst mixture consisting of CuO/ZnO/Al2O3
and γ−Al2O3 catalysts. For the simulation of the STD reactor,
an integrated kinetic model of STM synthesis from Bussche
and MTD from Bercic was used, thanks to the precise
representation of these models observed on industrial reactor
verifications. Since no information on an industrial STD
reactor was found, no simulation validation was possible. Then,
for this simulation, syngas feed was adapted from the bioliq
plant (PR 3). Also, the STD reactor in the bioliq plant, which
is operated at suboptimum conditions for some reasons, was
optimized in terms of pressure and temperature, and
isothermal operation was considered. In addition, it is
noteworthy that the temperature in the STD reaction should
not go above 300 °C due to the deactivation of the CuO/
ZnO/Al2O3 catalyst at higher temperatures.

61 Figure 5 shows
the results of this simulation. It is evident from the figure that
the outlet temperature is higher compared to that of STM
synthesis (Figure 3a). Also, as expected and previously
reported,62 CO conversion via the STD reaction is higher
than that via the STM reaction.
In the case of indirect DME synthesis from syngas, the

produced MeOH from the first reactor might be stored for
later conversion to DME, though here the simulation was
established by putting both STM and MTD reactors in one

Table 3. STM Reactor Simulation and Percentage Error
between the Industrial Data and Simulated Models in This
Work

parameters Bussche (%) Graaf (%) Bisotti (%) Campos (%)

Tout 0.6 4.1 1.3 2.8
XCO 0.8 21.8 4.5 0.9
XCO2 0.3 9.5 13.0 13.3
YMeOH 0.5 10.1 2.1 5.6
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operation run for the sake of comparison with direct DME
synthesis. Then, for process evaluation, one system boundary
around the series STM and MTD reactors was considered. In
Table 5, the direct and indirect STD conversions relevant to
PRs 3 (the optimized bioliq process) and 5, respectively, are
compared. It is obvious that direct DME synthesis is more
productive than the indirect process, whereas CO2 is a side
product there. Consistent with this result, Mevawala et al.63

analyzed both direct and indirect DME syntheses using
simulation and found that the DME yield in the direct route
(H2/CO = 1) is higher compared to that in the indirect route.
In the direct DME synthesis process, the thermodynamic
limitations of MeOH synthesis in the indirect route are
alleviated, leading to higher CO conversions and DME
productivities.64−66

3.4. Water−Gas Shift (WGS) Synthesis. The well-known
WGS reaction (eq 2) is thermodynamically favored at low
temperatures (LTs) but kinetically favored at high temper-

atures (HTs). Therefore, in industry, the process is conducted
in two series reactors, such that the first reactor operates at HT
(280−350 °C) with the Fe2O3−Cr2O3 catalyst and the second
reactor at LT (180−260 °C) with Cu-based catalysts;67 both
are operated adiabatically with an intersystem cooling between
them.68 For this work, similar to the bioliq plant concept, a
one-step LT WGS process was considered and accordingly a
kinetic model for the WGS reaction over the conventional
CuO/ZnO/Al2O3 catalyst reported by Lu et al.

32 was selected.
The simulation model was tested against an industrial LT
WGS adiabatic reactor, which is situated after a HT WGS
reactor in a plant layout introduced by Alhabdan.69 The
highest CO conversion occurs in the HT WGS reactor, but the
HT operation also favors the RWGS reaction toward CO and
water, and hence in the LT WGS reactor, the rest of the CO is
converted.69 As shown in Figure 6, the result of this simulation
is compared with the industrial data and the mathematical
model result of Alhabdan. The percentage error data are
provided in Table 6, and as can be observed, the results are
very close to the reference data. Also, from Figure 6b, it is
noticeable that the conversion already reaches its maximum at
the beginning of the reactor bed.
For the WGS subunit in PRs 1, 3, and 5, in order to increase

CO conversion at the LT WGS kinetic model, a H2O/CO
molar ratio bigger than the stoichiometric value of 1 (ca. 1.4)
was considered because it is experimentally proven that the

Figure 4. MTD reactor simulation: (a) temperature profile in isothermal (iso.) and adiabatic (adi.) operations and (b) XMeOH in isothermal
operation compared to reference data. Reaction conditions: P = 22 bar and MeOH wt % = 96. The graph of Farsi et al. was reproduced.

Table 4. MTD Reactor Simulation and the Percentage Error
between the Industrial Data (Adiabatic Operation) and the
Simulated Model in This Work and the Work of Farsi et al.

parameters this work (%) Farsi et al.60(%)

Tout 0.2 2.2
XMeOH 1.3 2.7

Figure 5. STD reactor simulation: (a) temperature profile and (b) XCO and YDME. Reaction conditions: P = 67 bar, H2/CO = 1.3, and CO2 mol %
= 6.1.
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increase of steam to CO at constant temperature accelerates
CO conversion in the process.70,71

3.5. Gasoline Synthesis from MeOH/DME (MTG/DTG).
The MTG reactor was simulated using the component yield
model based on product distribution and composition data
from the ExxonMobil MTG fixed bed pilot plant.14 Principally,
the only available complete gasoline composition was found in
the DOE report, which provides a detailed mass balance with
ca. 50 hydrocarbons over the MTG reactor. The feed to the
plant is MeOH with a purity of 96 wt %, and the product
(excluding acetone, formic acid, and coke) is a mixture of
almost 58 wt % water and 42 wt % hydrocarbons consisting of
approximately 80 wt % gasoline and 20 wt % light gases and
LPG. For temperature control purposes in the plant, crude
MeOH is first partially converted to DME in an intermediate
reactor, and then an equilibrium mixture of MeOH/DME and
water is introduced to the MTG reactors. In the MTG reactor,
the ZSM-5 zeolite catalyst is employed, and the operation is
conducted at almost 21 bar. The inlet and outlet temperatures
are 330 and 400 °C, respectively. After product separation, a
large gas flow of light hydrocarbons is recycled to the gasoline
synthesis reactors to control the temperature rise over the
reactors. However, here, to simplify the simulation of the MTG
unit in PRs 1 and 2, the plant layout concept has been adapted
from the NREL technical report, according to which MeOH is
directly fed into a MTG fluidized bed reactor with no cycle gas
in the loop.14,42 A similar product distribution and
composition was assumed for the product of the DTG reactor
in PR 5 because MTD conversion normally occurs inside the
MTG reactor followed by further dehydration reactions toward
hydrocarbons.

For PRs 3 and 4, the product distribution in the DTG
reactors was adapted from the TIGAS process. In the gasoline
synthesis reactor, the conversion of oxygenates to hydro-
carbons and water occurs over the GSK-10 zeolite catalyst. The
operation is adiabatic and the inlet and outlet temperatures are
349 and 396 °C, respectively.17 The pressure in the reactor is
almost 20 bar,72 and for this work, the identical pressure as in
the MTG reactor was employed. According to the reported
block flow diagram of the TIGAS pilot plant, the product
mixture leaving the plant contains about 18 wt % water and 82
wt % hydrocarbons including almost 24 wt % gasoline and 76
wt % unconverted and light gases.17 Since no information on
gasoline composition was provided, the same data as used for
the MTG reactor were considered, although the quality of
synthesized gasoline in DTG plants might be slightly different,
especially regarding aromatic content.
From the simulation result of the DTG unit based on the

TIGAS process and also knowing that in the MTG plants, the
mass yield of produced gasoline is typically around 35% of the
MeOH feed, a relationship for gasoline to DME/MeOH was
figured out, as indicated by eq 19. The derived equation can
estimate the production rate in gasoline synthesis plants via
direct STD conversion and can easily be adjusted when new
data are available.

= +m m m57.5% 35%gasoline DME MeOH (19)

As mentioned before, the validity of the assumptions made
for the MTG/DTG reactors was examined by performing atom
balances over the reactors and also the whole plant boundary
(related to Figure 2). Table 7 represents the atom balance
difference over the plant boundary in the selected process
routes, and as evident, the results appear satisfactory. It can be
seen that the atom balance difference for PRs 1 (or 5) and 2 is
below 1%, and for PRs 3 and 4, it shows small deviations, the
reason for which is likely due to the assumptions taken in the
DTG reactor unit.

Table 5. Comparison of Direct and Indirect Syntheses of DME from Biomass-Derived Syngas

Tin (°C) P (bar) XCO (%) XCO2 (%) XH2 (%) YDME (%) Tout (°C)
direct (STD) 225 67 77 64 43 280
indirect (STM/MTD) 225/260 67/22 48 7 28 29 258/315

Figure 6.WGS reactor simulation: comparison of (a) temperature profile and (b) XCO with reference data. Reaction conditions: P = 23 bar, H2O/
gas = 0.5, and H2O/CO = 19.5. The graph of Alhabdan was reproduced.

Table 6. WGS Reactor Simulation and Percentage Error
between the Industrial Data and the Simulated Model in
This Work and the Work of Alhabdan

parameters this work (%) Alhabdan69 (%)

Tout 0.4 0.6
XCO 6.0 4.9
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4. RESULTS AND DISCUSSION
4.1. Process Route Evaluation. The process routes 1 or 2

(STG via STM), 3 or 4 (STG via direct STD), and 5 (STG via
indirect STD) were simulated using an equal amount of syngas
feed to the plant with the composition taken from Table 1
(first row). Since the feed flow directed to the WGS unit
(HU2) in PRs 1, 3, and 5 is a split from the total feed to the
plant, the feed to the reaction unit (HU4) of these process
routes decreases. Therefore, generally, the process routes with
makeup H2 supplied from an external source, PRs 2 and 4, lead
to a higher productivity than the similar process routes with
the internal WGS unit.
The comparison of the process routes in terms of syngas

feed conversion shows that generally direct DME synthesis is
more advantageous, as the XCO and XH2 are obtained to be 48
and 28% in the STM reactor and 77 and 64% in the STD
reactor, respectively. As a measure of productivity, the mass
and energetic efficiencies of the process routes are compared in
Figure 7. Here, makeup H2 has been accounted for in the
calculations related to PRs 2 and 4. At first view, it is apparent
that the efficiencies for PRs 1 and 5 are similar because of the
identical assumption used for product distribution in both
processes as described before. The difference between these
two processes is mainly regarding the amount of exothermic
reaction heat of the MTG and DTG reactors, such that from
the MTG reactor in PR 1, a higher reaction heat is developed
compared to the DTG reactor in PR 5 because in the latter, the
heat is partially removed beforehand through the MeOH
dehydration process in the MTD reactor.
Besides, it can be seen that the results of PRs 3 and 4 are

close because due to the lower required amount of makeup H2
for DME synthesis, the productivity is not that much affected

by the source of makeup H2. The mass efficiencies of the
products, DME and gasoline, in PR 3 are 27 and 15%,
respectively. In PR 4, the efficiencies are 29 and 16%,
respectively. Comparing STG processes via STM and STD
syntheses shows that between PRs 1 and 3 with the internal
WGS unit for makeup H2, the STD route is more productive.
As mentioned earlier, PR 3 yields a gasoline mass efficiency of
15%, whereas this is about 11% in PR 1. However, between
PRs 2 and 4 with added makeup H2, PR 2 attains a gasoline
mass efficiency of approximately 19%, compared to 16% in PR
4. Consequently, the gasoline energetic efficiency in relation to
carbon also increases in PR 2, as depicted in Figure 7b. The
reason for the better results observed in PR 2 is that in the
simulation, the feed amount to the STM reactor in PR 2
including the recycle gas is almost twice the feed amount to the
STD reactor in PR 4. If one pass conversion is considered, PR
4 is more productive, but enhancing the overall syngas
conversion by cycling back the unconverted gases leads to a
significant increase of MeOH production in the STM reactor
and consequently a higher product efficiency in PR 2. In
summary, it can be concluded that by introducing equal
amounts of feed to the reaction units, biofuel synthesis via
direct DME synthesis compared to the MeOH synthesis
pathway is more productive.
As evident from Figure 7b, when comparing PR 2 and PR 4

based on the syngas enhanced with H2, PR 4 shows a higher
energetic efficiency. The gasoline energetic efficiency in
relation to syngas is approximately 65 and 67% in PR 3 and
PR 4, respectively, surpassing the results in PR 1 and PR 2,
which stand at 50 and 54%, respectively. Considering the
superior results obtained in the DTG pathway compared to the
MTG pathway, it can be inferred that the product mass and
energetic efficiencies with respect to biomass are also higher
for the DTG pathway, consistent with the findings reported by
Dimitriou et al.22

In addition to the productivity, the processes should be
eventually evaluated from an economic point of view. One
important factor in the economy of biofuel synthesis plants is
concerning the H2 consumption, as the H2 source and related
production method costs are very determinant in the total
costs. Since biomass-derived syngas is normally low in H2,
adding makeup H2 to syngas is inevitable; this is obviously
more significant for MeOH synthesis than DME synthesis. The

Table 7. Atom Balance Difference over the Plant Boundary
in the Selected Process Routes

PR no. carbon (%) hydrogen (%) oxygen (%)

1 <−1 <+1 <+1
2 −1 0 <+1
3 <−4 <−1 <+2
4 <−4 <−1 <+2
5 <−1 <+1 <+1

Figure 7. Comparison of (a) mass efficiency of MeOH/DME and gasoline with respect to syngas and (b) energy conversion efficiency of gasoline
with respect to syngas and carbon for the selected process routes.
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total amount of consumed H2, including syngas content and
makeup H2, and also the percentage of the H2 supply source
contributed in each process route are illustrated in Figure 8a,
and the H2 amount per kg product can be seen in Table 8.

CO2 balance is an important matter of debate also in biofuel
synthesis processes with regard to carbon efficiency and CO2
footprint. Excess CO2 from syngas feed and the amounts
generated in the WGS and STD units are mainly removed in
the CO2 absorption unit. Figure 8b shows the amount of CO2
exhausted from each process route and also the contribution
percentage of the WGS and STD units in CO2 formation. In
general, in STG via the direct STD synthesis process, PR 3 (or
4), the product of the STD reactor along with unconverted and
light gases is fed into the DTG reactor, such that a
considerable part of this gas is CO2 as the byproduct of
DME synthesis, and hence should be treated in the CO2
absorption unit before being recycled to the STD reactor.
Then, in such plants, due to a high recycle gas flow rate, the
capital investment and operating costs are high.32 On the other
hand, in PR 1 (or 2) with STM synthesis, only crude MeOH
with the purity of 96 wt % is introduced to the MTG reactor,
with no light gases, and contrary to PR 3 (or 4), through the
product separation, only a small flow rate of gas (mostly LPG)
as the side product of gasoline synthesis leaves the separation
unit.
Table 9 specifies the amount of generated CO2 per kilogram

of synthesized gasoline in the process routes. It is considerable
that although CO2 formation via the MeOH synthesis process
is lower, generated CO2 in PR 1 is greater than that in PR 3 (or
4) because of the WGS unit there that should provide the

makeup H2 for MeOH synthesis. Therefore, concerning the
CO2 footprint, it can be inferred that the MTG plants can be
more advantageous if H2 is provided by processes with less or
no CO2 emission.
Sankey diagrams related to Figure 8a,b are available in the

Supporting Information.
If the transportability of the intermediate products is the

matter, MeOH is a liquid, but DME needs pressurization and
liquefaction for transportation. Also, the separation of DME
from syngas is much more complicated than MeOH
separation. In the case of gasoline synthesis via the MeOH
pathway, it is said that the optimum is the production of
MeOH in regions with low price energy, ideally from
renewable energy sources, and then its transportation to target
countries for MTG conversion. Then, for gasoline synthesis via
the DME pathway (the bioliq process), it might be more
advantageous to consider the plant location more desirably
near biomass feedstock fields and eventually the transportation
of the finished product of gasoline to the market.

4.2. Scale Up of the Optimized Bioliq Plant. In the
previous section, the advantages and disadvantages of the
selected process routes were deliberated, and the productivity
of the bioliq process toward gasoline production was
demonstrated. Subsequently, the process was scaled up for
future techno-economic analysis on a larger scale and also for
comparison with other processes. Then, the data of PR 3,
representing the optimized bioliq process, were used for scaling
up. A simulation was performed for an industrial scale-
optimized bioliq process for the production of around 100,000
tons of gasoline annually, and accordingly, the process was
scaled up for a gasoline production rate of 15−16 t/h (8000
work h/y). The required amount of syngas feed was estimated
based on the simulation result of PR 3 and eq 19, and the
(optimized) syngas composition was taken from Table 1
(second row). The results of mass and chemical energy
balances as well as atom (element) and CO2 balances are
represented by Sankey diagrams given in Figures 9−14. The
syngas in the diagrams considers only CO, H2, and CO2
components in the streams.
According to Figure 9, the mass yields of the intermediate

product of DME (plus MeOH) and gasoline with respect to
syngas are approximately 28 and 16%, respectively, similar to
the results obtained in PR 3 (Figure 7a). The energy
conversion efficiencies, illustrated in Figure 10, for synthesized
DME (plus MeOH) and gasoline are about 77 and 66%,

Figure 8. Comparison of (a) H2 balance and (b) CO2 balance for the selected process routes.

Table 8. H2 Demand of Intermediate and Final Product
Synthesis

PR no. 1 2 3 4 5

kgHd2
/kgMeOH 0.16 0.15 0.16

kgHd2
/kgDME (+MeOH) 0.15 0.15 0.21

kgHd2
/kggasoline 0.46 0.43 0.26 0.26 0.46

Table 9. CO2 Formation Per Kg Product

PR no. 1 2 3 4 5

kgCOd2
/kggasoline 6.5 1.9 4.6 4.1 6.5
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respectively. These efficiencies are higher compared to those in
the MTG pathway, as discussed earlier. The atom balance
diagrams for carbon, hydrogen, and oxygen elements are
visualized by Figures 11−13, respectively. As can be seen in all
diagrams, the atom balance difference remains below 4% for
the DTG reactor unit and below 3% for the entire plant
boundary. Overall, it can be deduced that the assumptions
made for the DTG reactor is quantitatively reasonable,
although the composition of gasoline from an actual DTG
plant might not be exactly alike to MTG plants. From the

carbon balance diagram (Figure 11), it is clear that the overall
carbon conversion efficiency is about 38%, and as expected, the
carbon lost from off-gas is considerable due to the large CO2

release. As can be seen in Figure 14, less than 50% of the CO2

leaving the plant is generated within the plant, while over 50%
originates from the CO2 content of syngas, which is subject to
the nature of feedstock and the gasification process. As evident
in Figure 12, the H2 efficiency stands at approximately 52%,
while 38% of the feed H2 content is observed as the side

Figure 9. Scaled-up bioliq plant, mass balance diagram.

Figure 10. Scaled-up bioliq plant, chemical energy balance diagram.

Figure 11. Scaled-up bioliq plant, carbon balance diagram.

Figure 12. Scaled-up bioliq plant, hydrogen balance diagram.
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product water. Figure 13 illustrates the O2 balance as a part of
the atom balance calculations.
The mass and chemical energy efficiencies (eqs 17 and 18)

for the gasoline product with respect to biomass (dry) were
calculated to be about 13 and 35%, respectively. For a
comparable process but through the MTG pathway, these
efficiencies are estimated to be around 10 and 26%,
respectively. These hypothesis data for the MTG pathway
were derived from the relationship between intermediate and
gasoline product data obtained in PRs 1 and 3. As Dahmen et
al.73 reported, the energetic efficiencies for BTL processes
based on straw gasification range from 33 to 39% when the
straw water content is between 7% and 10 wt %. Also, based on
the reported data, the mass yield is from 9 to 12%. Liu et al.74

simulated the process of converting lignocellulosic biomass (15
wt % moisture) to gasoline through the MTG process, and
from their results, mass and energy efficiencies of 15 and 42%,
respectively, can be derived. Then, the results of this work align
with those of previous studies. Furthermore, it is worth
mentioning that the BTL process via straw gasification usually
represents lower mass and energetic efficiencies compared to
the BTL process via wood gasification due to the lower energy
nature of straw. Baliban et al.75 conducted mass and energy
balances for the conversion of hardwood (45 wt % moisture)
into liquid transportation fuels through various process routes,
and as can be inferred from their results, the mass and energy
efficiencies for the liquid fuels (gasoline, diesel, and kerosene)
with respect to biomass are around 23−25 and 55−61%,
respectively.
The technology readiness level (TRL) for MeOH, DME,

and also MTG synthesis is dependent on the synthesis
technology and feedstock used in the process. In the case of
synthesis from conventional syngas based on natural gas and
coal conversion, the production is on a commercial scale and
meets the technical maturity of TRL 9; however, the synthesis
from biomass-based syngas has lower TRL maturities. The

bioliq plant is in operation in pilot scale of around 50 kg/h and
has reached the technical maturity of TRL 6.5

5. CONCLUSIONS
In this work, five selected process routes for gasoline synthesis
from biomass-derived syngas via MeOH and DME pathways
have been investigated by process simulation using identical
assumptions and conditions in order to guarantee the
comparability. The general plant layout was adapted from
the bioliq plant and then modified based on the objective of
each process route. The STM, MTD, STD, and WGS reactions
were simulated using selected LHHW kinetic models. The
simulated models were validated using industrial plant data
from literature, and it was found that the model of Bussche et
al. for MeOH synthesis, Bercic et al. for DME synthesis from
MeOH, and a model reported by Lu et al. for WGS synthesis
can accurately predict the outcomes of the corresponding
reactions. Also, a combined model of Bussche and Bercic
showed reasonable results for modeling the direct conversion
of syngas to DME.
The simulation results of the selected process routes showed

that gasoline synthesis via the direct DME pathway, essentially
the original bioliq process, is more productive than the process
configuration via the MeOH pathway. Syngas conversion in
the STG process via direct DME synthesis is higher compared
to the MeOH synthesis route, whereas the GHSV and
residence times are kept equivalent in the STM and STD
reactors. Moreover, the lower H2 consumption in DME
synthesis makes it a favorable process. Besides, the mass yield
of synthesized gasoline to the intermediate product in the STG
process via direct DME synthesis is larger than that via MeOH
synthesis (see Figure 7a). In MTG reactors, the mass yield of
gasoline to MeOH is usually about 35%, and accordingly in the
DTG plants with direct DME synthesis, the relationship can be
approximated by the derived equation of ṁgasoline = 57.5%

Figure 13. Scaled-up bioliq plant, oxygen balance diagram.

Figure 14. Scaled-up bioliq plant, CO2 balance diagram.
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ṁDME + 35% ṁMeOH, which was used for scaling up the
optimized bioliq process to produce 100,000 t/y of gasoline.
Overall, the bioliq process has a promising future in

sustainable biofuels, and the high productivity and low H2
consumption make it a good competitor to processes with the
MeOH synthesis pathway. The process has the potential to be
further developed, particularly regarding the issue of generating
large amounts of CO2; for instance, the process can be
extended by considering a CO2 capture and conversion unit in
a downstream power-to-liquid process. In conclusion, the
selection of the most suitable process constellation relies on
the optimization target, whether it is hydrogen consumption,
carbon conversion, mass, or energy efficiency. To conduct a
more comprehensive analysis of the studied process routes, a
techno-economic evaluation will be carried out for the selected
routes and also for the scaled-up optimized bioliq process in
the next phase of the investigation.
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