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Abstract Lignocellulosic biomass is currently seen as a
renewable alternative to fossil fuels in the transport sector.
There are two possible routes to produce liquid hydrocarbon
fuels from biomass via synthesis gas: Fischer–Tropsch (FT)
synthesis and methanol to gasoline (MtG). This paper
evaluates, based on chemistry and chemical engineering
aspects, the process design, the economic feasibility and the
process potential for both synthesis routes. FT and MtG
reactions can be described under the same overall chemical
equation. However, the differences between the two syntheses
were found in chemical mechanism, catalyst and product
distribution. Thematerial and energy balances do not establish
a clear preference for any synthesis route, the market
application of the product being a key parameter. The
calculated overall chemical energy efficiencies to synthetic
liquid hydrocarbons (C5–C20) from biomass are 25.8–46.5%
for FT and 23.4–44.4% for MtG. The calculated carbon
efficiency to synthetic liquid hydrocarbons (C5–C20) ranges
between 18.6% and 33.5% for FT and 17.3–32.8% for MtG.
The production costs for synthetic liquid hydrocarbon fuels

are calculated based on the efficiencies given above. They
range between 21€ and 34€ per gigajoule. These values
could drop to 18–28€ per gigajoule in the medium term
based on optimistic predictions (increase of efficiencies and
reduction of capital investment). If the prize difference
between crude oil and biomass becomes as high as 20€ per
gigajoule, the production of liquid hydrocarbons from
biomass will probably become competitive with petroleum-
based products.

Keywords Fischer–Tropsch .Methanol to gasoline .

Biomass .Material and energy balance

Abbreviations
ASF Anderson–Schulz–Flory
BtL Biomass to liquids
CtL Coal to liquids
DME Dimethylether
FT Fischer–Tropsch
GtL Gas to liquids
HHV High heating value (MJ/kg)
LTFT Low-temperature Fischer–Tropsch
MtG Methanol to gasoline
NC Carbon number
NZ New Zealand
rp Chain propagation rate
rt Change termination rate
yC,frac Molar fraction of a lump of hydrocarbons in mole C
yi Molar fraction of component i
Xi Conversion of component i
α Chain growth propagation
η Efficiency
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1 Motivation and background

Today’s liquid fuel supply is based to a large extent on
hydrocarbons from petroleum. The IEA [1] projects that in
the next 25 years, the world demand of liquid fuels will
increase more rapidly in the transportation sector than in
any other end-use sector. This rapidly growing transport
energy demand will cause high and fluctuating oil prizes,
an increase in the dependence on the Middle East and
higher CO2 emissions that will aggravate climate change.
Therefore, significant changes regarding the raw material
basis and processing are necessary, and new fuels produced
preferably from renewable raw materials will be needed to
replace the present petroleum-based fuels. Biomass is the
only renewable alternative to fossil energy sources in the
transport sector as long as electric drive systems do not
contribute significantly. The production of liquid fuels from
biomass via synthesis gas (biomass to liquid, BtL) is
considered as a promising process in the short to medium
terms, either by Fischer–Tropsch (FT) or methanol-to-
gasoline (MtG) synthesis. The raw material basis includes
all kinds of lignocellulosic biomass (e.g. wood, agricultural
and forest residues), thus reducing competition with food
production. An additional advantage of liquid hydrocarbon
synfuels (diesel and gasoline) lies in its high potential to
reduce CO2 emissions and in its high quality, which allows
their utilization in today’s distribution infrastructures and
engine technologies.

2 Objective

The BtL route describes the gasification of biomass and
subsequent gas treatment to produce clean syngas and then
hydrocarbons (or maybe alcohols or ethers). Nowadays,
there are two major routes in the production of high-quality
synthetic transportation fuels from syngas, as shown in
Fig. 1. A first alternative is the Fischer–Tropsch synthesis
and further product upgrading of the Fischer–Tropsch
product. This route is mainly used to produce high-quality
diesel. A second alternative is the production of methanol
from syngas and its further conversion to gasoline
(methanol to gasoline). This route is mainly used to
produce a high-quality synthetic gasoline.

The aim of the present study was to evaluate technical
and economic feasibility of the two different process routes
based on chemistry and chemical engineering aspects.
Chemistry and product quality, together with mass and
energy balance, are presented and the selectivity and
efficiency of both routes are compared. Based on the
efficiency values, a simple economic evaluation is per-
formed. Finally, the process potential of both routes is
commented and conclusions are drawn.

3 Process description

3.1 Biomass to liquid

The BtL route is a complex process with numerous process
configurations. A scheme of the overall process is shown in
Fig. 1. The process can be divided into two steps: (1)
production of syngas via biomass gasification and (2)
synthesis of liquid hydrocarbon fuel from syngas. The
conversion of biomass to syngas is done via gasification. A
pretreatment of the biomass is needed, and drying is usually
the most important process [2]. Nowadays, there are
different gasification options including moving bed,
fluidized bed and entrained-flow systems [3]. Gasification
can take place at atmospheric or elevated pressure, either
directly or indirectly heated. An important criterion among
the gasification technologies is the source of oxygen to
produce CO, which can be air, oxygen or steam. The syngas
produced according to Eq. 3.1 consists mainly of H2, CO,
CO2, CH4 and some kinds of contaminants (particulates,
condensable tars, alkali compounds, H2S, HCl, NH3 and
HCN) that need to be removed before the synthesis step. A
main indicator of the quality of the produced syngas is the
H2/CO ratio, which may range between 0.6 and 0.8 for
entrained-flow systems [4, 5] and between 0.6 and 2 for
fluidized bed reactors [6, 7]. Under certain considerations, it
is desired to increase the H2/CO ratio of the syngas before it
is fed to the synthesis process. This step is referred to as CO
shift reaction (Eq. 3.2). If the amount of CH4 represents a
significant part of the heating value of the syngas, methane
reforming can be used to convert methane (with steam) to H2

and CO. The removal of part of the CO2 produced after the
gasification could be needed before the synthesis process.
The synthesis of liquid hydrocarbons from syngas can be
achieved via the FT reaction or the methanol-to-gasoline
process. In both cases, the global equation of synthesis is the
same, Eq. (3.3). These two synthesis routes for the
production of diesel and gasoline are briefly described in
Sections 3.2 and 3.3.

CH1:6O0:7 þ aO2 þ bH2O ! c CO þ d H2

þ e CO2 þ f CH4

ð3:1Þ

CO þ H2O $ CO2 þ H2 ð3:2Þ

CO þ 2H2 ! � CH2ð Þ � þH2O ð3:3Þ

CH1:6O0:7 þ aO2 ! g � CH2ð Þ�
þ hH2O þ i CO2

ð3:4Þ
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Overall, today’s technological developments make the
first pilot or large-scale plants for BtL production possible
[8]. A technical feasible BtL concept is in commissioning
in Freiberg, Germany, with a production of 350 bpd (barrels
per day) based on FT synthesis [9].

3.2 Fischer–Tropsch synthesis

The synthesis of liquid hydrocarbons from syngas via FT is a
well-known process already under use throughout the world
in coal and natural gas-based (CtL, GtL) plants. In 2000, the
installed CtL capacity was about 140,000 bpd (operated by
Sasol). The installed GtL capacity comprised the Shell SMDS
plant (14,700 bpd) in Malaysia and the PetroSA plant (former
Mossgas, 25,000 bpd) in South Africa. The new generation of
GtL plants is located in Qatar. Oryx GtL was started in 2007
(34,000 bpd), and Pearl GtL is currently starting up its
production (140,000 bpd).

The FT synthesis is an exothermic, heterogeneously
catalyzed polymerization reaction. The key reaction is the
hydrogenation of CO under typical FT conditions towards a
wide range of mostly linear hydrocarbons and water,
Eq. 3.3, with ΔRH°250°C=−158 kJ mol−1 mol−1 CO [10].

The most active metals for FT synthesis are Co, Fe, Ru
and Ni. What these metals have in common is that they are
active for hydrogenation reactions and susceptible to metal
carbonyl formation [11]. Only Fe and Co are applied in
large-scale industrial applications.

Currently, two different reactor technologies have pre-
vailed in commercial low-temperature synthesis (LTFT)
where wax is the main product: three-phase slurry bubble
column reactors and multitubular fixed bed reactors. In slurry
reactors (Oryx GtL), the catalyst is suspended in the liquid
product phase and the synthesis gas flows upwards. This
system is characterised by high mass and heat transfer rates
due to extensive mixing in the heterogeneous hydrodynamic
regime. Reactor scale-up and the separation of the catalyst and
product are known key problems. In a multitubular fixed bed
reactor (Shell, SMDS and Pearl), the catalyst is loaded into

several thousand tubes which are cooled by boiling water in
the shell side. The main issue is the heat removal and higher
specific cost compared with the slurry reactor.

Several FT reaction mechanisms have been developed
based on different assumptions for the CO activation, the
formation of monomer species and the addition of mono-
mers to growing chains [12]. The carbide mechanism seems
to be the most accepted one to explain the hydrocarbon
formation on Co, Fe and Ru catalysts (Fig. 2), though it
cannot explain the formation of oxygenates. The monomer
of the carbide mechanism is CH2 (10). CO and H2 are
assumed to adsorb dissociatively (1, 5).

Chain growth reaction (3) occurs by the insertion of the
monomer in a growing alkyl species. Termination reaction
(4) can take place by the abstraction of hydrogen to an
alkene or the addition of a CH3 species or hydrogen to form
an alkane. Under typical FT operation conditions, the chain
growth mechanism is kinetically controlled; therefore, the
products obtained depend largely on the selectivity of the
catalyst. However, the thermodynamics can explain the
formation of methane, being the preferred product at all FT
synthesis conditions from a thermodynamic perspective [13].

The FT synthesis always produces a wide range of
products due to the catalytic C–C and C–H bond formation
and C–O bond rupture. The hydrocarbon chain length
distribution can be explained by a polymerization reaction.
The general product distribution is determined by the ratio
of the chain propagation rate (rp) and the chain termination
rate (rt, Eq. 3.5). A high chain propagation rate will lead to
a high-molecular-weight product distribution, whilst a high
chain termination rate will yield to predominantly light
products. The product distribution can be predicted by an
Anderson–Schulz–Flory (ASF) model with the chain
growth propagation probability α as single parameter:

a ¼ rp
rp þ rt

ð3:5Þ

The value of α is dependent on the reaction conditions
and the catalyst type. The distribution of alkanes after the

Fig. 1 Routes to synthetic transportation fuels from biomass
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FT synthesis follows an ASF distribution, Eq. 3.6 in molar
fractions and Eq. 3.7 in weight fractions.

yNC ¼ 1� að Þ � a NC�1ð Þ NC : carbon numberð Þ ð3:6Þ

yC;NC ¼ NC � a NC�1ð Þ � 1� að Þ2 ð3:7Þ
The FT product presents very positive characteristics for

the production of high cetane diesel fuel. It is mainly
formed by unbranched alkanes and low amounts of
aromatics (Table 1). However, the FT synthesis, irrespective
of the operating conditions, cannot uniquely produce
hydrocarbons in the diesel carbon number range (Fig. 3)
[10]. The strategy selected by the new generation FT plants
to maximise the diesel yield is to maximise the production
of C21+ fraction (wax) via FT synthesis using cobalt-based
catalysts (α>0.9), minimising the formation of undesired
light products. Subsequently, the wax molecules are
converted into the desired diesel fraction through a hydro-
processing treatment.

The hydroprocessing step performs four functions [15,
16]: (1) hydrogenation of the alkenes present in the FT
product (Eq. 3.8); (2) removal of the small amount of

oxygen-containing compounds, mainly primary alcohols;
(3) hydroisomerisation (Eq. 3.9); and (4) hydrocracking of
the n-alkanes to the desired chain length and/or boiling
point (Eq. 3.10).

Hydrogenation : n� CmH2m þ H2 $ n� CmH2mþ2 ð3:8Þ

Isomerisation : n� CmH2mþ2���!
ðH2Þ

i� CmH2mþ2 ð3:9Þ

Cracking : n� CmH2mþ2 þ H2 ! CpH2pþ2 þ CqH2qþ2

pþ q ¼ m ; p � 3q � m� 3

ð3:10Þ
The hydroprocessing of the FT wax requires bifunctional

catalysts with both metal and acid sites. Amorphous silica–
alumina or zeolites provide the cracking activity and metals
provide the (de-)hydrogenation function and are also
responsible for heteroatom removal. Nobel or base transi-
tion metals from group VIA (molybdenum and tungsten) or
group VIIIA (cobalt, nickel) are used in commercial
catalysts [17].

Fig. 2 Carbide mechanism for the FT synthesis [12]

Table 1 FT product selectivity (%C) with a cobalt-based catalyst at
220°C [14]

Product selectivity (%C)

C5–C12 C13–C18 C24–C35

Alkanes 60 95 100

Alkenes 39 5 Low

Aromatics 0 0 0

Oxygenated 1 Low 0

Fig. 3 Molar carbon fractions in different product lumps as function
of the chain growth probability, α, calculated with the ASF model
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The hydroprocessing operation conditions [15] are
typically 30- to 50-bar total pressure and a temperature of
about 300–350°C. The H2 demand for the hydroprocessing
step is very modest compared with the synthesis gas
requirement for the total process [18]. An advantage of
the hydroprocessing operation is its flexibility with regard
to the product distribution. However, the coproduction of
hydrocarbons in the C1−4 fraction implies a reduction in the
liquid yield C5+ (Table 2). The selectivity values for
individual hydroprocessing catalysts are variable, and
literature data regarding this point are very limited. Typical
selectivity values (wt.%) could be around 4% C1−4, 23%
C5−9 and 73% C10−20 [19]. Considering the chain growth in
FT synthesis and the selectivity of the hydroprocessing
catalyst, the calculated product distributions of the two-
stage concept are shown in Table 2.

The products obtained after hydroprocessing are pure
alkanes, free from impurities such as nitrogen or sulphur
and from aromatic species. The products are fractionated in
a conventional distillation section (Fig. 4) The fraction
boiling above the gas oil range is recycled to hydro-
processing. The naphta fraction (C5–C9) is equivalent in
quality to ‘straight run’ naphta obtained via crude oil
distillation (octane number≈40) and is suitable for blending
into gasoline after its octane number has been increased by
catalytic reforming. In view of its paraffinic nature, it is also
an ideal chemical feedstock [15]. The diesel fraction has
excellent combustion properties (smoke point, cetane
number) and show low particle emissions. It can be either
used in areas with very tight constraints on diesel quality or
as blending stock to upgrade lower quality diesel fuel [20].
The characteristics and properties of the FT diesel are
compared with the properties of conventional diesel
presently sold in the EU (Table 3).

3.3 Methanol to gasoline

The methanol-to-gasoline process belongs to the more
general group, methanol-to-hydrocarbons (MtH), which
also comprises the methanol-to-olefin (MtO) and
methanol-to-propene processes [22]. The criterion for
discrimination is the choice of catalyst and reaction

conditions. The MtG technology is based on the conversion
of methanol over ZSM-5 zeolite producing a high-quality
gasoline. A commercial plant to produce gasoline from
natural gas based on the MtG process was constructed in
New Zeeland (NZ) in 1985, with a capacity of 14,500 bpd.
Today, there is only the methanol production part still in
operation [23]. Currently, there is renewed interest in the
MtG technology. For example, a coal-to-gasoline process
via MtG is under construction in China by Jincheng
Anthracite Mining Co. (initial capacity of 100,000 tpy
(≈2,000 bpd) expected to expand to 1 million tons per year
(≈20,000 bpd)). Exxon Mobil recently announced the first
US CtL project based on MtG technology. The envisaged
plant in Medicine Bow, Wyoming, has a planned capacity
of 15,000 bpd. Both plants incorporate significant improve-
ments beyond the earlier NZ plant [24].

The first step in the production of gasoline from syngas
is the production of methanol, which is a proven industrial
process. However, the mechanism has been the subject of
much controversy. The formation of methanol can be
described by the following equilibrium reactions, whereby
the CO shift reaction must also to be taken in account
(Eq. 3.2):

COþ 2H2 $ CH3OH ΔRH
�
300K ¼ �90:77kJ=mol ð3:11Þ

CO2 þ 3H2 $ CH3OH þ H2O ΔRH
�
300K ¼ �49:16kJ=mol

ð3:12Þ

Both reactions are exothermic and accompanied by a
decrease in volume. The catalyst used is (metallic) copper
on zinc oxide, thermally stabilized with alumina (Cu/ZnO/
Al2O3). This catalyst is highly selective and gives a
methanol purity >99.5% [10]. The desired operation
conditions with this catalyst are relatively low pressure
(5–10 MPa) and temperature (200–250°C), achieving a
25% syngas conversion per pass [13]. The total conversion
of CO varies from 73% (250°C, 5 MPa) to 99% (200°C,
10 MPa) [10]. For the methanol synthesis, a stoichiometric
ratio defined as (H2–CO2)/(CO+CO2) of about 2 is
preferred. For kinetic and selectivity reasons, a value

Table 2 Product selectivity after the FT reaction process and after the FT+hydroprocessing as a function of α (hydroprocessing selectivity: C1–4,
4%; C5−9, 23%; C10−20, 73%) [19]

Product ASF distribution of
FT product, α=0.90

Calculated distribution
in the two-stage process

ASF distribution of
FT product, α=0.95

Calculated distribution
in the two-stage process

C1−4 (wt.%) 8.5 12.2 2.4 6.3

C5−9 (wt.%) 18.4 21.0 6.4 22.4

C10−20 (wt.%) 37.0 66.8 19.7 71.3

C>20 (wt.%) 36.1 – 71.5 –
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slightly above 2 is normally preferred. The syngas mixture
is typically adjusted to contain 4–8% CO2 for maximum
activity and selectivity [25]. The presence of CO2 accel-
erates the reaction by a factor of about 100; however,
higher concentrations decrease the catalyst activity by
inhibiting methanol synthesis.

A highly simplified reaction scheme of the MtG process
is shown in Fig. 5. The first step, the dehydration of
methanol to dimethyl ether, can occur over both zeolites
and mildly acidic oxides like γ-alumina. The subsequent
formation of hydrocarbons requires zeolitic catalysts. The
precise mechanism of the corresponding reactions has been
a matter of debate for many years. Today, it is widely
accepted that the primary C–C bond formation as well as
the buildup of higher hydrocarbons proceeds via a pool of
adsorbed hydrocarbons (hydrocarbon pool mechanism). More
specifically, it is assumed that adsorbed methylbenzenes
function as autocatalysts which promote alkylation with
methanol and DME [26] (Fig. 6).

ZSM-5 (crystal structure MFI) with atomic Si/Al ratios
of the framework of 15:30 is the preferred catalyst for MtG.

This is a so-called medium-pore zeolite (average pore
diameter=0.55 nm) that primarily yields aromatics and
lower alkanes (a combination required by the overall H/C
mass balance) and some non-aromatic C5+ products
depending on the conversion level [27]. The geometry of
the zeolite pores controls the selectivity, i.e. the size and
shape of molecules diffusing into (reactants selectivity) and
out of the zeolite pore network (product selectivity). Over
ZSM-5, the largest aromatic molecules produced are
tetramethylbenzenes [27], among which durene (1,2,4,5-
tetramethylbenzene) causes problems because of its high
melting point. Despite the shape selectivity of the ZSM-5
catalyst, carbonaceous deposits are formed upon MtG
operation which block the zeolite pores and give rise to a
marked deactivation. Catalyst deactivation and removal of
the reaction heat are two factors of particular importance in
the design of the reaction system. In fixed bed operation,
the dehydration of methanol to dimethyl ether, which
produces about 20% of the total heat of reaction, is carried
out in a separate adiabatic reactor with γ-alumina as a
catalyst. The formation of hydrocarbons proceeds in the
second stage, which consists of five to six fixed bed
reactors in parallel that are operated in swing mode: by
turns, one of these reactors is off-line such that coke can be
removed from the catalyst through burn-off with air. The
exothermic character and the necessity of cyclic catalyst
regeneration suggest fluid bed operation as an alternative.
Here, it is possible to continuously remove the deactivated
catalyst from the reactor and replace it by fresh or
regenerated material. Gasoline yield and octane quality are
reported to be higher than in fixed bed operation [28]. The
commercial feasibility of the fluid bed operation was
studied in a 100-bpd demonstration unit in Wesseling
(Germany), from 1982 to 1985. Although the fluid bed
technology appears to be ready for commercialization, no
commercial plants have been built [25].

Low temperatures and high pressures are beneficial for
MtG. In contrast, temperatures above 400°C and pressures
below 0.5 MPa favour the formation of small olefins (MtO
mode) through cracking of higher hydrocarbons. Exem-
plarily, two different product compositions obtained at

Fig. 4 Schematic layout of the SMDS process: reactors (grey),
separation units (white) [34]

Table 3 Characteristic property
ranges for conventional petro-
leum diesel fuel (European
standard) and Fischer–Tropsch
product

na data not available

FT Diesel [18] Petroleum Diesel [21]

Density (kg/l) <0.8 (20°C) 0.82–0.845 (15°C)

Boiling range (°C, ASTM D86) Variable 250°C (<65% volatile)

350°C (>85% volatile)

Cetane index 75 >51

Content

Total aromatics (wt.%) <1 n.a

Sulphur (ppm w) <5 <10

Polycyclic aromatics (wt.%) n.a. <11
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typical MtG conditions are presented in Table 4. The data
by Schreiner [30] or Wender [13] correspond to a reactor
inlet temperature of 330°C and an outlet temperature of
400°C. The reactor pressure is 2.06 MPa. For Exxon Mobil
distribution, the inlet temperature is 350°C and the inlet
pressure 2 MPa [29].

The detailed composition of each fraction was presented
by Schreiner [30]. The data correspond to the product
yields projected for the fixed bed operation in the NZ plant.
The fraction C1−4 is mainly paraffinic, with butane as the
predominant component (63 wt.%). The according composition
of the fraction C5−9 is shown in Table 5. A most up-to-date
distribution of alkane, alkene and aromatics is shown in
Table 6, however with less detail.

The MtG reactor effluent is cooled to 25–35°C and
passed to the product separator, where gas, liquid hydro-
carbons and water are separated. The liquid hydrocarbon
product (raw gasoline) contains mainly gasoline boiling
range material. The C1−4 fraction is removed by distillation.
The stabilized gasoline is then passed to a gasoline splitter
where it is separated into light and heavy gasoline fractions.
The MtG gasoline produced in fixed bed operation usually
contains levels of 1,2,4,5-tetramethylbenzene (durene)
higher than allowed. After the splitter, durene is concen-
trated in the heavy gasoline fraction and is subjected to a
mild hydrofinishing process. Here, durene undergoes
isomerisation, disproportionation and demethylation in the
presence of hydrogen. The product is recovered in nearly
quantitative yield with virtually unaltered octane number,
but with greatly reduced durene content [24] (Fig. 7).
Durene is an undesired product as its formation consumes
large amounts of hydrogen and it has a high freezing point
(79°C). The MtG gasoline properties are shown in Table 6
compared with today’s gasoline specifications [32].

4 Approach and criteria for comparison

4.1 Process design calculations

To compare the yields and selectivity of both routes,
material and energy balance are estimated. In a first
approach, the balance is calculated from syngas and
afterwards is extrapolated to biomass. The comparison is
based on commercial synthesis data found in the open
literature. However, the shortage of information and low
levels of detail made estimations necessary. A low-
performance case and a high-performance case were
defined for both processes, making possible the definition
of a range of results for each route. No complex flow-
sheeting calculations were carried out.

4.2 Economic evaluation

The production cost of liquid hydrocarbons from biomass
via FT and MtG are calculated with a simple static shortcut
method based on investment estimates for full-sized plants
from the open literature. In addition, chemical energy
efficiencies resulting from our own process calculations
are used as input. The basic assumption is that the total
operating cost can be approximated as a fixed percentage of
capital investment (20%) per year, including capital-related
cost, maintenance, labour and utilities, but excluding
feedstock cost. The latter is treated as a variable, allowing
a comparison with the reference feedstock petroleum (with
refining as upgrading technology).

4.3 Process potential

Potential process improvements in terms of catalyst
selectivity and capital-related cost are commented. Both
parameters will directly influence the economic viability of
hydrocarbon synfuel production from biomass

Fig. 5 Simplified reaction scheme of the formation of hydrocarbons from methanol

Fig. 6 Hydrocarbon pool mechanism [26]

Table 4 Product selectivity after the MtG reaction (for conditions,
see text)

Product [13, 30] [29]

C1–4 (wt.%) 19 13

C5–9 (wt.%) 81 87

C10–20 (wt.%) – –
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5 Results

5.1 Process design and calculations

5.1.1 Syngas as feedstock

Material balance Values for the distribution of mole C in
the different hydrocarbon fractions and CO conversion are
used to solve the material balance of each route. The same
feedstock is considered for both routes, synthesis gas with a
2:1 ratio (basis: 500 mol CO and 1,000 mol H2). The
hydrocarbon distribution is dependent on α in the case of
FT and on the MtG catalyst selectivity in the case of
methanol to gasoline. A high and a low value of CO
conversion and selectivity are assumed (Tables 7 and 8).

Fischer–Tropsch route The FT route balance is solved from
syngas, considering a fixed bed LTFT operation. The
conversion of CO is assumed as indicated for the Shell
GTL plant in Malaysia [34]. The higher conversions can be
achieved optimising a gas recycle after the FT synthesis.
The α value for the LTFT synthesis using a cobalt-based
catalyst is assumed based on information from [34, 15],
where α values of 0.95 are reported as being achievable.
The selectivity of the hydroprocessing catalyst is consid-
ered constant for both cases [19], being conscious that this

is a key factor in the total selectivity of the process
(Table 7). In the case of the FT route, no extra H2 is fed in
the hydroprocessing step and also no extra conversion of
H2 is considered. The balance is calculated using the data in
Tables 2 and 7.

Methanol-to-gasoline route The balance of the MtG route
is calculated using the global synthesis equation (Eq. 3.3)
with methanol considered as intermediate obtained with
100% selectivity [10, 25]. The conversion of CO consid-
ered is 80% and 99%. The lowest conversion value for low-
temperature and low-pressure conditions (see Section 3.3)
is 73%. For comparison reasons, 80% is assumed as the
lowest value. The values of selectivity of the MtG cover the
range of the two references [29, 30] (Table 4). To solve the
material balance, no CO2 was considered as the source of C
because its only function is to maximise the activity and
selectivity of the methanol synthesis (see Section 3.3).

It is important to remark that the quality of the
fraction C5–C9 is not the same in the case of the FT route
and the MtG route. In the case of FT, this fraction contains
mainly linear alkanes, with a representative H/C ratio of
2.3; therefore, it is not ready to be used and requires
upgrading reactions (see Section 3.2). In the case of MtG,
the H/C ratio is 2.0, and the fraction contains alkane,
alkene and aromatics (Table 5).

Table 6 Product selectivity
of the gasoline fraction
(comparison of properties and
composition versus
specifications) [32]

na data not available

MtG gasoline [29] Specifications [32]

Research octane number, RON 92 >95

Motor octane number, MON 82 >85

Density (kg/m³) 730 720–775

Composition

Sulphur (ppm) 0 <10

Alkanes (vol.%) 53 n.a.

Alkenes (vol.%) 12 18

Napthene (vol.%) 9 n.a.

Aromatic (vol.%) 26 35

Benzene (vol.%) 0.3 n.a.

Table 5 Product selectivity of
the fraction C5–9 [30, 31]

aVolume fractions are calculated
assuming the density of pure
compounds [33]

Alkane wt.% Alkene wt.% Aromatics wt.%

Pentane 17.3 Pentene 2.5 Toluene 2.5

Hexane 17.3 Hexene 2.5 Xylene 11.1

Heptane 7.4 Heptene 4.9 Trimethylbenzene 12.4

Octane 2.5 Octene 6.2 Tetramethylbenzene 9.9

Nonane 1.2 Nonene 2.5

Total (wt.%) 45.5 18.6 35.9

(vol.%)a 40.5 17.2 42.3
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Energy balance The overall chemical energy efficiency is
defined as the ratio between the higher heating values
(HHV) in the outputs and the feedstocks.

h ¼ HHVout

HHVin
ð5:13Þ

HHV ¼ �ΔRH
�
298

Mmass
MJ=kgð Þ ð5:14Þ

The HHV values for organic compounds are approximated on
the basis of the elemental composition carbon/hydrogen/
oxygen (CHxOy) according to the reaction enthalpy released
during combustion (Eq. 5.15) [35, 36]. The carbon/hydrogen
composition of each fraction is calculated considering the
proportion of alkanes, alkenes and aromatics in the fraction.
In the case of FT, the product is considered to be formed
only by alkanes. The MtG product distribution is found in
Table 5. The representative unit, CHx, is also used to
calculate the molecular mass (Mmass, Table 12).

ΔRH
�
298 ¼ �422:5� 117:2 � xþ 177:5 � y kJ=kmolð Þ ð5:15Þ

The HHV value obtained with Eq. 5.14 is multiplied by
the number of kilograms obtained in each fraction depend-
ing on the case (Tables 9 and 10). The HHV of CO and H2

(10.1 and 142.9 MJ/kg, respectively) are multiplied by the
number of kilograms fed. The chemical energy efficiencies
of each fraction are calculated with Eq. 5.13. The results are
shown in Table 13. The fraction C5–C20 groups the liquid
hydrocarbons and is considered to be the desired fraction.

It can be seen that (1) a higher overall CO conversion
has a beneficial effect on efficiency and that (2) the
chemical energy efficiencies are similar for both routes.
The chemical energy efficiency for the total production of
hydrocarbons (C1–C20) is slightly higher in the case of
MtG; however, when only the liquid hydrocarbons are
compared, the FT route gives a result slightly higher than
MtG (Table 11).

The HHV (MJ/kg) of the fraction C1−4 is the highest
(Table 12) due to the highest proportion of hydrogen. The
MtG route produces more kilograms of this fraction (see
Tables 9 and 10), which explains the higher chemical energy
efficiency when all product hydrocarbons are considered.

5.1.2 Biomass as feedstock

In a second approach, the biomass is considered as
feedstock for the production of hydrocarbons using syngas
as intermediate. The objective here is to calculate the mole
of C from biomass that go to each hydrocarbon fraction (the
stoichiometric coefficient of Eq. 3.4) and the chemical
energy efficiency of each route from biomass. There is

Fig. 7 MtG process flow diagram (grey, reactor unit; white, separation units) based on [24]

Table 7 Assumptions for the FT route

FT synthesis Hydroprocessing

XCO α-FT XC21+ Selectivity (wt.%)

C1–4 C5–9 C10–20

Low case 0.80 0.90 1 4 23 73

High case 0.95 0.95 1 4 23 73

Table 8 Assumptions for the MtG route

Methanol synthesis Methanol-to-gasoline

XCO Selectivity (wt.%) XCH3OH Selectivity (wt.%)

C1−4 C5−9 C10−20

Low case 0.80 100 1 19 81 –

High case 0.99 100 1 13 87 –
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currently no practical experience with large-scale plants for
the conversion of biomass to synthetic liquid hydrocarbons.
Therefore, the overall material balance and achievable
product yields have been calculated based on estimations.

The syngas requirements in both synthesis routes are the
same (ratio H2/CO≥2 and limited amounts of sulphur,
halides and metals); therefore, the same process for the
production of syngas from biomass is assumed. Tijmensen
et al. [3] analysed the production of Fischer–Tropsch
liquids and power via biomass gasification. They consid-
ered five different types of gasifiers and subsequent gas
cleaning operations previous to the FT synthesis. They
obtained overall energy efficiency1 values for the produc-
tion of FT liquid from biomass are between 30% and 50%.
Avoiding the evaluation of different gasification and gas
cleaning systems in the present study, the data of Tijmensen
et al. [3] are considered as a reference. A range of
efficiency values for the production of syngas from biomass
(ηsyngas/biomass) is calculated using Eq. 5.16. The chemical
energy efficiency of the production of hydrocarbons from
syngas (ηC1−20/syngas) is used as calculated in Section 5.1.1
(Table 13).

hHHV C1�20=biomassð Þ ¼ hHHV syngas=biomassð Þ � hHHV C1�20=syngasð Þ
ð5:16Þ

Energy balance The overall efficiency of the process is
calculated multiplying the values in Table 13 by the
calculated chemical energy efficiency values of producing
syngas from biomass (47–67%) [3], in accordance with
Eq. 5.16.

Material balance The molar stoichiometry of the overall
process can be calculated based on the overall chemical
energy efficiencies of Table 14 and with the definition of η
(Eq. 5.13).

The stoichiometric equations are approximated using
entire numbers, showing the C efficiency for the production
of liquid fuels from biomass (Table 15).

Fischer–Tropsch route

100 � CH1:6O0:7 þ 78 � O2

! 18 � � CH2ð Þ�5�20 þ 62 � H2Oþ 82 � CO2 ð5:17Þ

100 � CH1:6O0:7 þ 54 � O2

! 34 � � CH2ð Þ�5�20 þ 46 � H2Oþ 66 � CO2 ð5:18Þ

Methanol-to-hydrocarbons route

100 � CH1:6O0:7 þ 78 � O2

! 18 � � CH2ð Þ�5�9 þ 62 � H2Oþ 82 � CO2 ð5:19Þ

100 � CH1:6O0:7 þ 57 � O2

! 32 � � CH2ð Þ�5�9 þ 48 � H2Oþ 68 � CO2 ð5:20Þ

In CO2 are included all carbon species that are not in the
desired C5−20 fraction (C1−4, CO2, CO).

5.2 Economic evaluation

Production cost estimates, depending on feedstock cost per
heating value, are shown in Fig. 8 for both biomass conversion
routes (FT and MtG) as well as for petroleum-based
hydrocarbon fuels. The parameter values used as input are
given in Table 16. The intercept value on the vertical axis
represents the total operating cost per chemical energy unit of
product, excluding feedstock cost (approximated as 20% of
the total capital investment per year). Slope values correspond
to reciprocal chemical energy efficiencies of each upgrading
route (100/η energy, in per cent).1 Here defined as the sum of all outputs/total biomass input (as HHV).

Table 9 Material balance FT
route Component In Out

Mole Kilogram Low case High case

Mole Mole C Kilogram Mole Mole C Kilogram

CO 500 14 100 100 2.8 25 25 0.7

H2 1,000 2 200 – 0.4 50 – 0.1

H2O – – 400 – 7.2 475 – 8.5

–(CH2)– – – 400 400 5.6 475 475 6.7

C1–C4 48.6 0.7 30 0.4

C5–C9 84.3 1.2 106.4 1.5

C10–C20 267.1 3.7 338.6 4.8
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Capital investment figures exhibit a high degree of
uncertainty as no full-sized BtL plant has been built so far.
The difference between the FT and MtG routes can be
expected as relatively low because the largest contribution is
due to feedstock pretreatment, gasification and gas treatment
(about 70%), process steps applied in both cases [3].

The range of capital investment assumed results in areas
between the dotted and dashed lines (FT and MtG,
respectively). The slope is slightly lower in the case of
the FT route due to the higher overall efficiency; neverthe-
less, in both cases, the efficiency is almost half as from
petroleum refining. The intercept is higher in the FT case
than in the MtG due to the higher capital investment. Both
biomass-derived routes are very similar due to the low
influence of the synthesis step in the total capital invest-
ment (30%) and the similar efficiencies.

The current prize of providing biomass varies greatly
depending on the biomass in question and ranges from 1.2
to 9.7€ per gigajoule [8]. Assuming a biomass feedstock
cost of 5€ per gigajoule, the production cost of liquid
hydrocarbons from FT would range between 22€ and 34€
per gigajoule (MtG, between 21 and 29€ per gigajoule;
Fig. 8). For comparison, gasoline and diesel based on
petroleum refining reach production costs of 27€ per
gigajoule when the crude oil feedstock is around 21€ per
gigajoule (≈129€ per barrel). However, large-scale demand

for biomass for fuel production will affect its prize, given
the competition with other kinds of utilization (for food,
material application).

In the case of MtG, the prize of methanol is also relevant
as it is a high-value intermediate (one of the top 10 organic
chemicals manufactured in the world). Methanol today is
used as a precursor to a large and varied number of
high-value chemicals and polymers. It can be used as a
fuel itself, as an octane extender, and in the manufac-
ture of other fuels and higher alcohols. The production
of gasoline from methanol becomes more interesting at
lower methanol and higher gasoline prizes. In 2005, the
difference between both average prize products in
Europe was 7.3€ per gigajoule (methanol, 4.9€ per
gigajoule; gasoline EU-95, 12.2€ per gigajoule). This
difference increased until 10€ per gigajoule in 2010 due to the
increase in gasoline prices (average 2010: methanol, 5.4€ per
gigajoule; gasoline EU-95, 15.4€ per gigajoule) [38, 39].

5.3 Process potential

The most influential parameters in economic feasibility of
both BtL synfuel production routes are chemical energy
efficiency, capital-related cost and feedstock availability.

Table 10 Material balance of
the MtG route Component In Out

Mole Kilogram Low case High case

Mole Mole C Kilogram Mole Mole C Kilogram

CO 500 14 100 100 2.8 5 5 0.14

H2 1,000 2 200 – 0.4 10 – 0.02

H2O – – 400 – 7.2 495 – 8.91

–(CH2)– – – 400 400 5.6 495 495 6.93

C1–C4 75.7 1.1 64.3 0.90

C5–C9 324.3 4.5 430.7 6.03

C10–C20 – – – –

Table 12 Representative units and HHV for each final product
fraction in the form CHx

FTa MtG

HHV (MJ/kg) HHV (MJ/kg)

C1–C4 CH3.2 52.5 CH3.2
b 52.5

C5–C9 CH2.3 48.4 CH2.0
c 46.9

C10–C20 CH2.1 47.4 – –

a Pure paraffinic CnH2n + 2

bMainly paraffinic [30]
c See Table 5

Table 11 Overall carbon efficiency of the FT and MtG routes from
syngas (mole Cfraction/100 mol CO in syngas)

FT MtG

Low case High case Low case High case

C1–C4 9.7 6.0 15.1 12.9

C5–C9 16.8 21.3 64.9 86.1

C10–C20 53.5 67.7 – –

CO not reacted 20.0 5.0 20.0 1.0
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5.3.1 Syngas production and gas cleaning

Gasification of biomass and gas cleaning must be consid-
ered a bottleneck in the development of BtL process
technology. Efficiencies are low (47–67%) and increases
of this value will benefit both routes [3, 8]. Large-scale
experience with syngas production from biomass is only
presently getting available.

5.3.2 Fischer–Tropsch synthesis route

In the case of FT, CO conversion has been an optimization
criterion (to be affected by catalyst activity, residence time,
by-product water removal, etc.). However, a conversion of
100% is not possible in a once-through operation. Low
partial pressures of H2 and CO near the outlet of the reactor
due to the formation of water and hydrocarbons are critical
with respect to catalyst stability and reaction rates.
Improvement potential can be seen, however, in catalyst
selectivity of the hydroprocessing step, where an increase in
selectivity of the fraction C5−20 would be desirable.

5.3.3 Methanol-to-gasoline synthesis route

In the case of MtG, optimization can be seen mainly in an
improvement of the catalyst with focus on the coke stability
and the quality of the products. A reduction in the
polymethylbenzene content in the gasoline fraction in
favour of toluene and xylenes will reduce the rate of the
coke formation without modifying the octane number of the

gasoline. The deposition of coke requires catalyst regener-
ation in cycles after about 1 month on stream [30]. Coke is
burned off with a hot air–nitrogen mixture. An improved
catalyst would allow for longer times on stream between
regenerations and would contribute to a decrease in capital
cost as a lower number of parallel reactors would be
necessary.

The integration of the methanol synthesis with the MtG
step to produce gasoline in a single loop (without isolation
of methanol as intermediate) is a process already demon-
strated but not commercially operated. The desired H2-CO2/
CO+CO2 value for the so-called TIGAS process is 1,
which makes it very suitable for combination with biomass
gasification, reducing the module adjustment. The capital
and energy cost of the process can be reduced due to the
moderate synthesis pressure and the low recycle rate [40].

Fig. 8 Production cost estimates of liquid hydrocarbon liquid fuels:
petroleum refining (I), biomass upgrading via FT synthesis (II) and
MtG (III). Characteristic parameter values of intercept/slope: equity,
0/1; petroleum refining (I), 2.5/1.18; BtL-FT (II), 11.6/2.15–23.2/2.15
(dotted lines); BtL-MtG (III), 9.3/2.25–18.7/2.25 (dashed lines). For
assumptions, see Table 16 and text

Table 13 Overall chemical energy efficiency for the FT and MtG
routes from syngas (HHVCHx/HHVsyngas)

FT MtG

Low case High case Low case High case

C1–C4 8.4 5.2 13.0 11.1

C5–C9 13.4 16.9 49.9 66.2

C10–C20 41.5 52.5 – –

C5–C20 54.9 69.4 49.9 66.2

Table 14 Overall chemical energy efficiency (HHV) for the FT and
MtG routes from biomass (HHVCHx/HHVbiomass)

FT MtG

Low case High case Low case High case

C1–C4 3.9 3.5 6.1 7.4

C5–C9 6.3 11.3 23.4 44.4

C10–C20 19.5 35.2 – –

C5–C20 25.8 46.5 23.4 44.4

Table 15 Overall carbon efficiency from biomass (mole Cfraction/
100 mol Cbiomass)

FT MtG

Low case High case Low case High case

C1–C4 2.4 2.1 3.7 4.5

C5–C9 4.4 7.9 17.3 32.8

C10–C20 14.2 25.6 – –

C5–C20 18.6 33.5 17.3 32.8
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5.3.4 Overall process economics

Process optimization and reducing capital investment are
two variables direct related with a decrease in the
production cost of hydrocarbon liquids based on biomass.
A reduction of the capital cost is also possible mainly due
to scaling up [3]. An increase in the efficiency will reduce
the effect of the biomass prize. Table 17 shows the future
production cost of liquid hydrocarbons based on a potential
increase in carbon and chemical energy efficiency and a
reduction of capital investment. The production of hydro-
carbon liquids from biomass will probably become com-
petitive if the prize difference between crude oil and
biomass becomes as high as about 20€ per gigajoule.

6 Conclusions

The present comparison of BtL routes based on FT
synthesis and MtG leads to the following main results:

Operation and conditions

& Both synthesis reactions can be described under the
same general synthesis equation (Eq. 3.3). However, the

chemistry of both routes is different (catalyst, mechanism),
having an impact on the product distribution.

& The product distribution in the FT process is kinetically
controlled and the hydrocarbons formed are mainly
long unbranched alkanes (up to C200) that require
upgrading reactions. The MtG process is shape
selective-controlled and produces aromatics and alkane/
alkene hydrocarbons shorter than C10.

& The flexibility of the LTFT is found in the upgrading
reactions. In contrast, the products from MtG are
limited to the gasoline range and the flexibility of the
process lies in the possibility of methanol storage.

& The FT technology is already under use throughout the
world in CtL and GtL plants, and it would be analogous
in the case of BtL. The production of methanol from
syngas has also been proven successfully in large-scale
application, but the experience with the synthesis of
gasoline from methanol in commercial scale is limited.

Table 17 Future production cost scenario of liquid hydrocarbons
from biomass based on optimistic predictions (reference: Table 16)

FT MtG

Overall energy efficiency
(increase 9%)a (%)

50.7 48.4

Carbon efficiency
(increase 9%)a (%)

36.5 35.7

Capital investment
(reduction 15%)b (Mio €)

425–850 344–688

Production costc (€/GJ) 18.7–27.5 17.6–24.9

a Based on [8]
b Extrapolation according to [3]
c Calculated with Fig. 8, biomass cost=5€ per gigajoule

Table 16 Process parameters as basis for production cost estimate

ηenergy,C5–C20 (%)a ηC, C5–C20 (%)b Capital investment
(Mio €)

Petroleumc 85 n.a 7,000–12,000

BtL (FT) 46.5 33.5 500–1,000d

BtL (MtG) 44.4 32.8 405–810e

na not available
a Table 14
b Table 15
c Own estimate, European standard (15 million tons crude oil/year)
d Range for 1 million t/year biomass based on [8]
e 81% of investment for FT route based on [37], analogous study for
coal to liquid

Fig. 9 Pressure and temperature ranges for gasification (with heat
demand) and synthesis (with heat release)

Table 18 Comparison of overall HHV efficiencies of biomass
conversion to hydrocarbon

FT MtG

Low case High case Low case High case

BtL study, Freiberg [41] 27.8 50.2 18.4 43.3

Present study (C1−20) 30 50 29.5 51.8
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Material and energy balances

& The differences found do not establish a clear prefer-
ence for any of the two technologies. The application of
one or other route could depend on the market
application of the product.

& The overall chemical energy efficiency is considered
relatively low for both routes (<50%). Both cases have
in common a high-temperature gasification step
(requires heat at high temperature), followed by an
exothermic synthesis step at a lower temperature.
Therefore, the heat release in the exothermic reaction
cannot be used in the endothermic one, requiring extra
energy for the gasification step (Fig. 9).

The hydrocarbon liquid selectivity (fraction of the biomass
that is converted to the hydrocarbon liquid product C5−20) and
the chemical energy efficiency (46.5% FT, 44.4%, MtG) are
very similar for both routes. The carbon selectivity is slightly
higher in the case of the FT route (33.5% FT versus 32.8%
MtG) due to the lighter hydrocarbons formed (C1−4).

The overall efficiencies obtained here can be compared
with a recent study of the Technische Universität Bergaka-
demie Freiberg [41]. Both results are similar in the case of
the FT route and minor differences are found in the MtG
route, although the approach for comparison in both studies
was different. Simulations with ASPEN using seven
different gasification systems were used in the study of
Stahlschmidt (Table 18).

Economic evaluation

& High investment figures and low chemical energy
efficiencies for both FT and MtG routes lead to higher
production costs for BtL synfuels as compared with
today’s state-of-the-art petroleum refining with actual
petroleum price levels. Chemical conversion of biomass
molecules to syngas and subsequent hydrocarbon
synthesis requires more complex and expensive process
equipment than petroleum refining. In petroleum, only a
minor fraction of the molecules must undergo chemical
reactions, and these reactions are less complex and
energy-intensive.

& The difference in estimated production cost between FT
and MtG synfuels (FT, 22–34€ per gigajoule; MtG, 21–
29€ per gigajoule) is not significant as compared with
the present uncertainties in investment figures. These
similarities in production costs are also due to the fact
that gasification and syngas cleaning—which are the
same in both routes—involve about 70% of the total
capital investment.

& The price difference between methanol and gasoline has
increased in the last 5 years, making the conversion of
methanol to gasoline more attractive.

& Political and fiscal regulations based on environmental
policy commitments should favour BtL synfuels signifi-
cantly compared with the present situation.Motivation here
is the non-food raw material lignocellulose and the high
value of the synfuel product. There is, however, competi-
tion with other conversion routes for lignocellulosic
biomass (e.g. fermentation to ethanol, conversion to
chemicals).

Process potential

& The gasification process and gas cleaning can be
considered the bottleneck of the process (η=47–67%).
Improvements in this step will benefit both routes.

& The potential of the FT route is to maximise the
production of diesel with a more selective hydro-
processing catalyst and to achieve an α value as high
as possible to minimise the formation of hydrocarbons
in the C1−4 fraction.

& The potential of the MtG route is to improve the
stability of the catalyst and extend the cycles of
regeneration. Minimization of methyl aromatics would
improve the quality of the product.

& Increased overall efficiency corresponding to carbon
selectivity and reduced capital investment would make
liquid hydrocarbons synfuels more competitive. Politi-
cal and fiscal regulations as logical consequence of
political commitment to global environmental policies
would accelerate market introduction of synfuels made
from non-food lignocellulosic biomass.
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