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FT- MEOH - DME reactions

4
The steam methane reforming performed after the gasifi-

cation to convert the remaining hydrocarbons into hydrogen

and carbonmonoxide is modeled by considering the reactions
Eqs. (16e18) (Table 1) at equilibrium. The steam to carbon ratio

influencing the reaction equilibrium is fixed through the
amount of steam used in the gasification. The reforming

temperature is a decision variable that will be calculated to
optimize the process performance (See Section 5.2.4).

4.2.2. Liquid fuel synthesis and upgrading
The operating conditions and the key decision variables for
the developed FischereTropsch fuel (FT), dimethyl ether
(DME) and methanol (MeOH) process models are summarized
in Table 4.

4.2.2.1. FT synthesis. The FT synthesis is described by the
chain growth reaction (Eq. (7)), whose chain termination

mechanisms generally results in the formation of olefins
(alkenes) (Eq. (8)), paraffins (alkanes) (Eq. (9)) and alcohols

Table 1 e Chemical reactions occurring in the process.

Name Reaction D~h
0
r ½kJ$mol"1# Reactor

Alcohols formation nCOþ 2nH2/CnH2nþ1OHþ ðn" 1ÞH2O (6) FT

FT chain growth reaction COþ 2H2/" CH2 "þH2O (7) "165 FT

Olefins formation 2nH2 þ nCO/CnH2n þ nH2O (8) FT

Paraffins formation ð2nþ 1ÞH2 þ nCO/CnH2nþ2 þ nH2O (9) FT

Methanol dehydration 2CH3OH#CH3OCH3 þH2O (10) "23.4 DME, MeOH

One-step DME synthesis 3COþ 3H2#CH3OCH3 þ CO2 (11) "246 DME

Two step DME synthesis 2COþ 4H2#CH3OCH3 þ H2O (12) "205 DME

Methanol synthesis COþ 2H2#CH3OH (13) "90.8 MeOH, DME

CO2 þ 3H2#CH3OHþH2O (14)
"49.2 MeOH

Ethanol formation 2CH3OH#C2H5OHþH2O (15) "71.8 MeOH

Steam methane reforming CH4 þH2O#COþ 3H2 (16) 206 SMR

Ethene reforming C2H4 þ 2H2O#2COþ 4H2 (17) 210 SMR

Wateregas shift equilibrium COþH2O#CO2 þ H2 (18) "41 SMR, WGS

DME, MeOH

Table 2 e Parameters and assumptions for the energy-
flow models of the syngas production and treatment
units adapted from [6].

Section Specification Value

Wood feedstock Composition (wt
%)

C ¼ 51.09%, H ¼ 5.75%

O ¼ 42.97%, N ¼ 0.19%
Wood inlet f 50%

Pyrolysis T 260 (C
Wood inlet f 25%

O2 production [4] Energy
consumption

300 kWh$(to of O2)
"1

Gas cleaning Filter inlet T 150 (C
Filter pressure
drop

10 kPa

Flash T 25 (C
Water gas shift H2/CO ratio from theoretical

stoichiometry
CO2 removal by MEA Q @ 150 (C 3.7 MJ kg"1 CO2

absorption (95%
efficiency) [18]

_E 1.0 MJ kg"1 CO2

Physical absorption CO2-solubility in
Selexol

1.8 mol l"1 MPa"1

CO2/CH4 solubility 17.1
Regeneration P 0.1 MPa

Table 3 e Operating conditions of the investigated
gasification technologies.

Technology FICFB CFB EF EF

indirectly
heated

directly
heated

directly
heated

indirectly
heated

Pgasification
[MPa]

0.1 3 3 3

Tgasification [(C] 850 850 1350 1350
Tsteam preheat

[(C]
400 400 400 400

Steam/
biomass [e]

0.5 0.6 0.6 1

b i om a s s an d b i o e n e r g y 3 4 ( 2 0 1 0 ) 1 8 3 8e1 8 5 41842
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MEOH production process

5
intermediate product streams from the process such as the
gas stream after gasification (hot gas) or after gas cleaning

(cold gas) as a process fuel.
The integration of these options is addressed in detail in

Section 5.2.

4.4. Economic model

The economic evaluation of the investment is based on the
size and the type of construction material of each equipment
that depends on the process productivity determined by the
decision variables and operating conditions. The equipments’

size is defined based on the physical quantities computed
from the flowsheet models. The dimensions of the dryers, the
torrifaction reactor, the gasifiers and the gas cleaning units
are estimated with the data reported in [6] while the synthesis
reactor sizing was discussed in Section 4.2.2.

Following the approach outlined in [11], the costs of the
equipments are estimated from the capacity-based correla-

tions given in [11,12]. The production costs are evaluated by
dividing the total annual costs of the system consisting of
annual investment, operating andmaintenance, rawmaterial
and electricity supply/demand, by the produced amount of
fuel. Furthermore, a biomass break-even cost expressed in V

per MWh of biomass, that defines the maximum resource
price for which the process is profitable, is calculated from the
electricity and fuel sale price reported in Table 7. All the costs
have been updated to year 2007 by using the Marshall Swift
Index. The different assumptions for the economic analysis
are summarized in Table 7.

The sizing and cost estimation method for shell and tube
reactors with catalysts reported in [7] is applied for the
reforming reactor with a Ni/Al2O3 catalyst and for the WGS
reactor with a Pd/Al2O3 catalyst. The distillation column
costs are estimated by design heuristics for packed towers
[12] based on the number of plates and the Murphree
efficiency.

5. Process performance

5.1. Performance indicators

The overall energy performance depends on the efficiency of

the operations transforming the woody biomass into fuel and
on the quality of the process integration. Whereas the former
is related to the reactant stoichiometry, the type of product,
the technology choice and its operating conditions, the latter
depends on the appropriate choice of the energy conversion
and distribution system, and the heat recovery system.

Fig. 3 e Flowsheet of the MeOH synthesis and upgrading for a normalized syngas stream of 1 kg sL1 at the inlet.
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DME production

6

is modeled as a conversion reaction whose extent is specified
by the selectivity for the ethanol and DME-production fixed to

0.8% as reported in [27].
The methanol reactor diameter is calculated by Eq. (2) and

the height is estimated by fixing the ratio h/d to 1.62 based on
literature data [24] reported in Table 5.

MeOH upgrading. As for the DME upgrading the unreacted
gas is first separated in a flash drum and recycled to the
reactor or burned, as depicted in Fig. 3. A purity of 99.9 wt.%
MeOH is reached after two distillation steps characterized by
the parameters reported in Table 6.

4.3. Energy-integration model

Energy integration consists in minimizing the energy
consumption of a process by calculating thermodynamically
feasible energy targets and achieving them by optimizing the
heat recovery, energy conversion and the process operating

conditions. As detailed in [8,10], the energy integration model
is based on the definition and the identification of the hot and
cold streams temperature-enthalpy profiles and their
minimum approach temperature DTmin/2. DTmin/2 values of 8,
4 and 2K are assumed for gaseous, liquid and condensing/
evaporating streams, respectively. The integrated composite

curve of Fig. 4 illustrates, for example, the steam network
integration of the FT-crude process in the corrected temper-

ature domain (Tcor). In all the reported enthalpy-temperature
profiles the heat loads are normalized per MW of biomass
processed in the system.

Below the gasification temperature, heat is recovered from
the hot syngas, the reforming and the purification section
where the gas stream is cooled down. Heat is also released by
the exothermal synthesis reaction and required by the
endothermal pyrolysis reaction, to heat the water prior to
evaporation and to reheat the steam for gasification.
A considerable amount is also consumed at lower tempera-
ture for biomass drying. There is hence a steam demand from

the dryer, the gasifier, the reformer and the shift reactor.
After heat recovery, the energy balance shows an excess of
heat that can be converted partly into mechanical power
before being released to the environment. Furthermore, the
introduction of a heat pump (HP) can be advantageous in
order to valorize the exergy potential of the high temperature
heat by conversion into electricity. The heat that has to be
supplied above the high temperature pinch point is gener-
ated by the combustion of different waste streams of the
process, like dried torrified gases, char and/or offgases from
distillation. If necessary, the balance is closed by using

Fig. 2 e Flowsheet of the DME synthesis and upgrading for a normalized syngas stream of 1 kg sL1 at the inlet.

Table 6 e Parameters of the DME and MeOH purification models.

DME process MeOH process

Parameter 1st dist. 2nd dist. 3rd dist. 1st dist. 2nd dist.

3murphree 85% 85% 85% 85% 85%
N plates 8 11 16 22 45
Feed plate 1 5 5 11 20
Reflux ratio 0.7 0.7 2.6 1.3 1.3
Inlet T [!C] 27 142 87.5 115 85
Inlet P [MPa] 3.2 3.2 0.2 0.8 0.2
Purity [wt.%] DME: 81.5 DME: 99.8 MeOH: 95 MeOH: 99 MeOH: 99.9

b i om a s s an d b i o e n e r g y 3 4 ( 2 0 1 0 ) 1 8 3 8e1 8 5 41844
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! Performance indicators 
" Overall energy efficiency εtot 

# Expressed on the basis of the lower heating value of dry substance 

" Chemical efficiency εchem 
# Ė substituted by a natural gas fuel equivalent: NGCC/HP  

  

" Environmental performance 
# Cradle-to-gate LCA approach5 

# Impact assessment method: Impact 2002+ method 
# Functional unit: 1MJ of biomass at the installation inlet 

" Plant capacity of 20MWth of biomass

Process Performance - Comparison

5Gerber, L.,  Gassner, M. & Maréchal, F., Integration of LCA in a thermo-economic model for multi-objective optimization of SNG 
production from woody biomass.  In Proceedings of the 19th  ESCAPE, Cracow, Poland

ProcessBiomass
 Fuel
CO2
Ė-

Ė+

NGCC 
HP

SNG
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! Maximum heat recovery &  
 heating and cooling requirements  
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FT Process Performance – Energy Integration
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! Multi-objective optimization: Pareto optimal frontier 
 FT process, 20MWth,biomass, indirect fluidized bed gasification

Process Performance - Optimization

Efficiency ↗   Investment ↗ 

Eff_max

FT_max

A

B

W_max

Invest_min

Influence 
of cogeneration

.FT_base

FT_base.



June 2010 ECOS 2010 – Biomass Processes LENI 11

! Energy Integration influence on performance

Process Performance - Optimization

Steam network well integrated 
Large amount of excess heat recovered

Max Efficiency 
εchem=63.4%

Min Investment 
εchem=59.6%

Tsyn 660K, Psyn 20.8bar,  
CO-conv 86.4%

Tsyn 627K, Psyn 20.3bar 
CO-conv 87.8%

Treforming 955K 
Treforming 1025K 

Tgasification  1104K Tgasification 1114K 

Tdrying 502K  
Фdrying 13.3%

Tdrying 513K  
Фdrying 35%

Psteam 65&117bar Psteam 61&120bar

817.7K 823K

Power balance [kW/
MW]

Base  

case

Min  

Cost

Max  

Efficiency
Consumption 85 77 74

Generation 92.5 107 90

Net electricity 7.5 30 16
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Different process configuration 12

The superstructure approach allows to select alternative
technologies through integer variables, setting the unit opera-
tions on or off. In principle, therefore, it is possible to include
these along with the operating conditions as decision variables
to be optimised by the multi-objective evolutionary algorithm.

It should be taken into account, however, that the conver-
gence of the thermochemical models depends on the good
initialisation of the problem, which is especially important
when using a simultaneous resolution method, as is the case in
this study, with Vali by Belsim™. Furthermore, including the
integer variables in the optimisation problem, even though it
would allow to consider the complete range of possibilities
given by the superstructure, would explode the size of the
optimisation problem. Therefore, in order to reduce issues
related to non-convergence during the multi-objective optimi-
sation and reduce the computation time, the relevant
congurations are enumerated, initialised and then optimised
one-by-one.

The objective functions are represented by the minimisation
of the investment, the CAPEX, and the maximisation of the
equivalent efficiency, heq as described in Section 2. The evolu-
tionary algorithm used for the multi-objective optimisation,
previously developed by,35,36 is setup with a maximum number
of 5000 iterations, starting with a population of 20.

3 Results and discussion
The BTL conversion routes are rst evaluated by carrying out
a comparison between congurations by considering the slave
sub-problem (the thermochemical, the energy integration, the
economic models) and xed operating conditions (Section 3.1).
This comparison is then extended to the master problem
through the multi-objective optimisation by taking into account
the operating range of the process variables and their
effect towards competing economic and efficiency objectives
(Section 3.2).

3.1 Single run results

For a rst evaluation, the performance of several process chains
is evaluated in terms of the following indicators: the total
investment (CAPEX) in MV, the production cost P* in V l!1, the
equivalent, energy and chemical efficiency (hchem, hen, heq), the
CO2 emissions (EmpCO2) in kgCO2

MW hFT
!1. These evaluations

consider xed values of the process variables, as indicated in
Table 4 and provide the results of a single run of the thermo-
chemical model and its process integration, before the multi-
objective optimisation.

The results for the evaluations of several congurations are
presented in Tables 5, and 6 for solutions adopting the EF and
the FICFB gasier, respectively. The ‘conventional’ base-case
congurations highlighted in Fig. 4 are presented in the rst
row of the corresponding table. All congurations presented
will be optimised using the multi-objective genetic algorithm in
the following section.

Fig. 4 Reduced superstructure representing the technologies considered in this study for BTL conversion. The base-case configurations
employing the EF and the FICFB gasifier are highlighted in red and blue.

Table 3 Configuration nomenclature

A Air drying
S Steam drying
T Torrefaction
EF EF gasier
FB FICFB gasier
HT High-temperature stage
R Tar reforming
W Water quench
G Gas quench
RP Radiant panels
H Hot clean-up
C Cold clean-up
WG WGS
E HTE (steam)
E-CO2 HTE (steam and CO2)
GT Gas turbine
FTrec FT with recycling

This journal is © The Royal Society of Chemistry 2018 Sustainable Energy Fuels, 2018, 2, 1069–1084 | 1075
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Fig. 7 also highlights a general trend, across technologies,
where the increasing net electricity balance corresponds to
a decreasing chemical conversion efficiency. From this graph
it is possible to estimate that, on average, and including all the
congurations evaluated in this study, an increase of
0.84 kWFT of FT fuel produced per MWth of biomass corre-
sponds to an extra electricity consumption of 1 kWe per MWth

of biomass, and therefore a marginal efficiency of 0.84. It
should be underlined that this result is signicant across
technologies and not within specic congurations. It is in
fact a consequence of the introduction of electrolysis in the
congurations and the consequent relative position of
processes using HTE with respect to processes using WGS or
tar reforming. The stoichiometry of the ideal reactions con-
verting biomass to FT and the related enthalpy and Gibbs free
energy balances are evaluated in ref. 55. Results show that the
marginal efficiency of the ideal process (considering the Gibbs
free energy balance equivalent to a net electricity balance) is
about 25% lower than the marginal efficiency obtained in the
present study.

3.4 Specic emissions

The specic CO2 emissions, EmpCO2, versus the amount of fuel
produced perMWth of biomass are displayed in Fig. 8. The same
graph reports for comparison the horizontal line representing
the sum of the specic CO2 emissions related to conventional
diesel fuel generation, EmCO2geDiesel of 36.7 kg MW h!1, and
combustion, EmCO2cDiesel of 266.803 kg MW h!1, as reported in
Section 2.2.3.

The conguration A-T-EF-W-H-WG-GT-FTrec ( ) using recy-
cling of the FT appears to have the lowest specic emissions.
This is because the optimisation of this conguration leads to
processes where the recycling ratio, RFT, is driven to a minimum
and the off-gases from the FT synthesis are used to fuel the gas

turbine. The low EmpCO2 is due to the high electricity produc-
tion (but consequent low FT fuel yield) and the corresponding
displacement of electricity derived from the European elec-
tricity mix.

Again, it is possible to set the position of the processes using
electrolysis aside from the rest of the congurations. In terms of
EmpCO2, the high electricity consumption of these processes
reduces the benets from a higher conversion of biomass into
FT fuel, at least considering the European context as a reference
for electricity emissions. Processes using electrolysis display the
highest EmpCO2. Electrolysis, therefore, may play an important
role in BTL processes to increase biogenic carbon conversion
into liquid fuels, but the emissions related to the corresponding
electricity consumption should be carefully accounted for. This
technology could be especially interesting in a BTL process, as
a means to store renewable and low carbon electricity in the
form of liquid fuels.

3.5 Cost analysis

The fuel production costs, P*, versus the capital investment,
CAPEX, obtained through the multi-objective optimisation
are represented in Fig. 9 against the values adapted from the
literature survey of BTL techno-economic evaluations pub-
lished by Haarlemmer et al.14 The literature values are scaled
to a capacity of 200 MWth using the same method illustrated
by the authors. As discussed in Section 1, the comparison
between different technologies and process options, on the
basis of different studies, is very difficult. The underlying
reasons for the dispersion of the literature values are amply
analysed by14,15 and strongly depend on the different
assumptions taken into consideration. The values from the
literature reported in Fig. 9 are relative to conversion path-
ways employing either an EF gasier or a uidised bed
gasier. These congurations do not include technologies

Fig. 7 FT fuel production vs. electricity balance (positive if exported, negative if imported) of the optimised solutions presented in Fig. 5.

1080 | Sustainable Energy Fuels, 2018, 2, 1069–1084 This journal is © The Royal Society of Chemistry 2018
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ηel =
Δ ·mLHVFT

Δ ·E
= 0.84
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objective optimisation, in terms of improving the objective
functions and extending the range of possibilities to a family of
optimal solutions.

Three broad regions can be identied in Fig. 5 plotted: the
top-right, centre and bottom-le.

! At the top le there are the high investment cost and low
equivalent efficiency solutions, which are the ones using elec-
trolysis with EF gasication and gas quench.

! In the centre, with intermediate values of investment cost
and equivalent efficiencies, there are processes employing
electrolysis with EF gasication with water quench or FICFB
with radiation panels.

! At the bottom le, with the lowest investment cost and
highest equivalent efficiency, there are processes employing EF,
FICFB with WGS and/or tar reforming.

The processes in the bottom-right corner have similar
performances and are shown with more detail in the zoomed-in
graph in Fig. 6.

It is clear that with the multi-objective optimisation, the
relative positions of the single runs and Pareto solutions can
change. In certain cases, the Pareto fronts cross and the relative
performance can be reversed for different values of the opti-
misation variables. For example conguration A-FB-HT-W-C-
WG ( ) and conguration A-T-FB-HT-W-C-WG ( ) cross at heq
of 0.5. For values of heq smaller than 0.5 the second process
dominates the rst one, whereas for greater values of heq the
rst process is dominant. For other congurations it is possible
to see that to further improve the heq, beyond the solutions
found for a conguration, a change in the conguration itself is
necessary. For example to further increase the efficiency with
respect to the Pareto solutions of conguration A-T-EF-W-H-
WG-GT ( ) it is necessary to switch to conguration A-FB-HT-
W-C-WG-GT ( ).

It should be remembered that the solutions proposed by the
multi-objective optimisation maximise the heq, rather than the

production of the FT fuel. Therefore the hchem, even though not
directly represented in the Pareto solutions, should always be
taken into consideration for process comparison. Likewise, the
hen is not considered here as an objective function, but it is
widely accepted and used in the industry for comparing
processes and is therefore taken into account as an indicator.
The hchem versus the CAPEX and the hen versus the CAPEX for
each solution are reported in the ESI.†

3.3 Fuel produced and electricity balance

To further analyse the relative performance of the processes,
Fig. 7 presents the fuel produced versus the net electricity
balance (positive if exported, negative if imported) in kW of fuel
or electricity per MWth of biomass input. For different
processes, the ratio between the delta of fuel produced over the
delta of electricity required can be referred to as a marginal
electricity to fuel efficiency.

Most congurations displayed in Fig. 7 form a horizontal line,
showing that the production of FT fuel, and consequently the
hchem, remains similar within the family of solutions. In these
cases the increase in heq is mostly due to a better integration of
the steam network which includes larger (and more expensive)
steam turbines. The marginal efficiency can also vary within
a family of optimal solutions. For example, the conguration A-T-
EF-W-H-WG-GT-FTrec ( ), displaying the highest equivalent
efficiencies, also displays decreasing chemical conversion effi-
ciency with respect to the increase of electricity production, but
corresponding to a very small marginal efficiency of 0.10. In this
case, in certain optimal solutions, part of the synthesis gas is
burnt for the production of heat and electricity, directly affecting
the production of the FT fuel. For other congurations, the
marginal efficiency can change abruptly within the same family
of solutions, for example for A-FB-R-C when greater fractions of
the synthesis gas are burnt in the processes.

Fig. 6 Zoom of a section of Fig. 5 highlighting the relative performance of the optimal solutions.
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and should therefore be analysed with particular attention. The
rst observations in this regard are:

! The solutions employing electrolysis display the lowest
equivalent efficiency heq, which can be negative, and the highest
CAPEX. However, these processes display the highest chemical
efficiencies, hchem, which can reach over 0.8.

! The congurations for which electrolysis has the greatest
impact, in terms of hchem, are the ones employing the EF
gasier. Using this technology, the synthesis gas is richer in CO
with a lower H2/CO ratio in comparison to the synthesis gas
obtained from an FICFB gasier. As a consequence more H2 can
be added to the process through the electrolysis unit.

! For the congurations employing the FICFB gasier, the
processes displaying the highest hchem are the ones using
radiant panels (RP) for gas cooling. Again, the reason is that
high-temperature radiant panels avoid the WGS reaction in the
synthesis gas. This is interesting, in terms of hchem, when H2 is
provided by the electrolysis unit.

As said before, the results presented in this section are ob-
tained using a single set of xed values for the decision vari-
ables. It is therefore interesting to extend the comparison to
processes where the values of the decision variables are opti-
mised towards competing objectives. As will be shown in the

following sections, through multi-objective optimisation, the
comparison can be carried out between families of optimal
solutions and not only between single processes.

3.2 Optimisation results

In this section, each conguration presented in Tables 5 and 6
is optimised towards the maximum equivalent efficiency (heq)
and the minimum investment cost (CAPEX) as a function of the
decision variables reported in Table 4.

The Pareto solutions obtained from the optimisation of each
conguration are reported in Fig. 5. The congurations using
the EF gasier are represented in shades of red to orange, the
corresponding ones using electrolysis and co-electrolysis are
represented in shades of pink to violet. The congurations
using the FICFB gasier are presented in shades of blue to cyan,
whereas the corresponding ones using electrolysis and co-
electrolysis are represented in shades of green. The processes
represented in yellow and gold are the ones using the FICFB
gasier in combination with tar reforming.

Fig. 5 also presents the results corresponding to the base-
case of each conguration, in black from Table 5 and grey
from Table 6. The comparison between the Pareto solutions and
the base-case results clearly shows the effect of the multi-

Fig. 5 ‘Pareto’ solutions obtained from the multi-objective optimisation of each configuration presented in Tables 5 and 6. The initial points of
each configuration, relative to the single runs, are presented in black for the configurations employing the EF gasifier and in gray for the ones
employing the FICFB gasifier.
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The superstructure approach allows to select alternative
technologies through integer variables, setting the unit opera-
tions on or off. In principle, therefore, it is possible to include
these along with the operating conditions as decision variables
to be optimised by the multi-objective evolutionary algorithm.

It should be taken into account, however, that the conver-
gence of the thermochemical models depends on the good
initialisation of the problem, which is especially important
when using a simultaneous resolution method, as is the case in
this study, with Vali by Belsim™. Furthermore, including the
integer variables in the optimisation problem, even though it
would allow to consider the complete range of possibilities
given by the superstructure, would explode the size of the
optimisation problem. Therefore, in order to reduce issues
related to non-convergence during the multi-objective optimi-
sation and reduce the computation time, the relevant
congurations are enumerated, initialised and then optimised
one-by-one.

The objective functions are represented by the minimisation
of the investment, the CAPEX, and the maximisation of the
equivalent efficiency, heq as described in Section 2. The evolu-
tionary algorithm used for the multi-objective optimisation,
previously developed by,35,36 is setup with a maximum number
of 5000 iterations, starting with a population of 20.

3 Results and discussion
The BTL conversion routes are rst evaluated by carrying out
a comparison between congurations by considering the slave
sub-problem (the thermochemical, the energy integration, the
economic models) and xed operating conditions (Section 3.1).
This comparison is then extended to the master problem
through the multi-objective optimisation by taking into account
the operating range of the process variables and their
effect towards competing economic and efficiency objectives
(Section 3.2).

3.1 Single run results

For a rst evaluation, the performance of several process chains
is evaluated in terms of the following indicators: the total
investment (CAPEX) in MV, the production cost P* in V l!1, the
equivalent, energy and chemical efficiency (hchem, hen, heq), the
CO2 emissions (EmpCO2) in kgCO2

MW hFT
!1. These evaluations

consider xed values of the process variables, as indicated in
Table 4 and provide the results of a single run of the thermo-
chemical model and its process integration, before the multi-
objective optimisation.

The results for the evaluations of several congurations are
presented in Tables 5, and 6 for solutions adopting the EF and
the FICFB gasier, respectively. The ‘conventional’ base-case
congurations highlighted in Fig. 4 are presented in the rst
row of the corresponding table. All congurations presented
will be optimised using the multi-objective genetic algorithm in
the following section.

Fig. 4 Reduced superstructure representing the technologies considered in this study for BTL conversion. The base-case configurations
employing the EF and the FICFB gasifier are highlighted in red and blue.

Table 3 Configuration nomenclature

A Air drying
S Steam drying
T Torrefaction
EF EF gasier
FB FICFB gasier
HT High-temperature stage
R Tar reforming
W Water quench
G Gas quench
RP Radiant panels
H Hot clean-up
C Cold clean-up
WG WGS
E HTE (steam)
E-CO2 HTE (steam and CO2)
GT Gas turbine
FTrec FT with recycling

This journal is © The Royal Society of Chemistry 2018 Sustainable Energy Fuels, 2018, 2, 1069–1084 | 1075
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Fig. 7 also highlights a general trend, across technologies,
where the increasing net electricity balance corresponds to
a decreasing chemical conversion efficiency. From this graph
it is possible to estimate that, on average, and including all the
congurations evaluated in this study, an increase of
0.84 kWFT of FT fuel produced per MWth of biomass corre-
sponds to an extra electricity consumption of 1 kWe per MWth

of biomass, and therefore a marginal efficiency of 0.84. It
should be underlined that this result is signicant across
technologies and not within specic congurations. It is in
fact a consequence of the introduction of electrolysis in the
congurations and the consequent relative position of
processes using HTE with respect to processes using WGS or
tar reforming. The stoichiometry of the ideal reactions con-
verting biomass to FT and the related enthalpy and Gibbs free
energy balances are evaluated in ref. 55. Results show that the
marginal efficiency of the ideal process (considering the Gibbs
free energy balance equivalent to a net electricity balance) is
about 25% lower than the marginal efficiency obtained in the
present study.

3.4 Specic emissions

The specic CO2 emissions, EmpCO2, versus the amount of fuel
produced perMWth of biomass are displayed in Fig. 8. The same
graph reports for comparison the horizontal line representing
the sum of the specic CO2 emissions related to conventional
diesel fuel generation, EmCO2geDiesel of 36.7 kg MW h!1, and
combustion, EmCO2cDiesel of 266.803 kg MW h!1, as reported in
Section 2.2.3.

The conguration A-T-EF-W-H-WG-GT-FTrec ( ) using recy-
cling of the FT appears to have the lowest specic emissions.
This is because the optimisation of this conguration leads to
processes where the recycling ratio, RFT, is driven to a minimum
and the off-gases from the FT synthesis are used to fuel the gas

turbine. The low EmpCO2 is due to the high electricity produc-
tion (but consequent low FT fuel yield) and the corresponding
displacement of electricity derived from the European elec-
tricity mix.

Again, it is possible to set the position of the processes using
electrolysis aside from the rest of the congurations. In terms of
EmpCO2, the high electricity consumption of these processes
reduces the benets from a higher conversion of biomass into
FT fuel, at least considering the European context as a reference
for electricity emissions. Processes using electrolysis display the
highest EmpCO2. Electrolysis, therefore, may play an important
role in BTL processes to increase biogenic carbon conversion
into liquid fuels, but the emissions related to the corresponding
electricity consumption should be carefully accounted for. This
technology could be especially interesting in a BTL process, as
a means to store renewable and low carbon electricity in the
form of liquid fuels.

3.5 Cost analysis

The fuel production costs, P*, versus the capital investment,
CAPEX, obtained through the multi-objective optimisation
are represented in Fig. 9 against the values adapted from the
literature survey of BTL techno-economic evaluations pub-
lished by Haarlemmer et al.14 The literature values are scaled
to a capacity of 200 MWth using the same method illustrated
by the authors. As discussed in Section 1, the comparison
between different technologies and process options, on the
basis of different studies, is very difficult. The underlying
reasons for the dispersion of the literature values are amply
analysed by14,15 and strongly depend on the different
assumptions taken into consideration. The values from the
literature reported in Fig. 9 are relative to conversion path-
ways employing either an EF gasier or a uidised bed
gasier. These congurations do not include technologies

Fig. 7 FT fuel production vs. electricity balance (positive if exported, negative if imported) of the optimised solutions presented in Fig. 5.
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Elec import

Elec export

Importance of electricity import

Different options for producing FT fuels

Peduzzi, Emanuela, et al. "Thermo-economic analysis and multi-objective optimisation of lignocellulosic biomass conversion to Fischer–Tropsch fuels." Sustainable Energy & Fuels 2.5 (2018): 1069-1084.
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! Base scenario: indirect fluidized bed gasification, cold gas cleaning

Process Performance - Comparison

FT process highest performance 
• FT-upgrading not included 
• No CO2 removal unit required 
• Power demand variation

Methanol

Dimethylether

Synthetic natural gas

Fischer-Tropsch fuel for refinery crude

εtot [%]

4



June 2010 ECOS 2010 – Biomass Processes LENI 15

! Base scenario: indirect fluidized bed gasification, cold gas cleaning

Process Performance - Comparison

FT process highest performance 
• FT-upgrading not included 
• No CO2 removal unit required 
• Power demand variation

Methanol

Dimethylether

Synthetic natural gas

Fischer-Tropsch fuel for refinery crude

εtot [%]

Biomass  price: 33 €/MWh4,5 

Electricity price: 180 €/MWh4,5

4
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! Base scenario: Power balance

Process Performance - Comparison

Power consumption 
• Psyn: FT 25bar, MeOH 85bar, DME 50bar 
• CO2 capture: chemical absorption with MEA

Fischer-Tropsch  
crude fuel

Methanol Dimethyl  
Ether

Net electricity output 
[kW/MWth,biomass]

- 75 -36

7.5

Power production 
• FT: Electricity output !
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! Competitiveness: Environmental impacts

Process Performance - Comparison

Major differences 
• Electricity consumption 
 (Swiss mix for medium voltage  
electricity production at grid)

Largest impact 
• Gas cleaning:  
Rape methyl ester (RME) 
from rape cultivated  
with pesticides !

Process improvements: 
Alternative gas cleaning 
technologies
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• Liquid fuel => energy density up to 40 MJ/kg/32 MJ/l 
• Biomass 2 Liquid => 50- 60% 

– including co-production of electricity 
• Liquid fuels 

– *** FT fuels => integration to refining 
– ** Methanol => fuel or product 
– * DME => green substitute fuel/additive 

• Stoichiometry => production of H2 by electrolysis 
– marginal efficiency is 84% Electricity to LHV

Conclusion 18


