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Abstract In this paper, the influence on the system per-
formance and greenhouse gas (GHG) emissions of different
biomass pretreatment methods before gasification and
Fischer-Tropsch (FT) crude production was evaluated.
Entrained flow gasification has the benefit of producing a
practically tar-free synthesis gas with nearly complete
carbon conversion. This gasifier type requires a relatively
dry fuel, with small particle size, at high pressure. The size
can be acquired by milling, which is energy intensive and
feeding is challenging. Torrefaction of biomass facilitates
milling; it thus requires less electricity, however, the tor-
refaction process requires heat. Pyrolysis decomposes the
biomass into gaseous, liquid, and solid parts, respectively.
This further makes feeding easier, but comes with a greater
heat demand than torrefaction. The impact of the different
pretreatment methods on the overall energy system has
been evaluated using process integration methodology. The
results show that the excess heat from an FT process with a
biomass input of 300 MWyyy can replace the bark boiler
in a large chemical pulp and paper mill, producing 350,000
tonnes of bleached paperboard annually. With the pre-
conditions given for this study, thermal pretreatment of
biomass may be beneficial in terms of wood-to-FT crude
efficiency, with efficiencies up to 68 %, assuming 40 %
electrical efficiency. Pretreatment using pyrolysis per-
formed the best in regards to GHG emissions, if CO, from
acid gas removal was vented, while milling, with an annual
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reduction of around 700,000 tonnes of CO,,.q, had the best
results if the CO, was captured and sequestrated.
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Introduction

Integration of different biorefinery concepts with a pulp and
paper (PP) mill has been discussed as a way to increase
profitability of the existing PP mill and to reduce overall CO,
emissions. Different courses of action towards sustainable
and profitable biorefineries have previously been discussed
by, for example, Lundberg et al. (2014) dealing with
extraction of lignin and hemicelluloses for production of
value-added products and Andersson et al. (2014) who
present a concepts based on thermochemical conversion of
biomass. Jonsson and Berntsson (2012) consider the possi-
bility to implement carbon capture and storage (CCS) in the
European pulp and paper industry as a way of reducing the
industry’s impact on global climate change. Geographical
and infrastructural factors were found to make it difficult for
CCS to be a viable option for northern European PP mills,
while the potential is greater for mills in central Europe sit-
uated closer to large “capture clusters.” A capture cluster is a
region where several CO, emission sources are located near
each other, and thereby benefit from economy of scale for
common CCS infrastructure. One potential biorefinery route
is gasification of biomass and upgrading into a gas consisting
mainly of hydrogen and carbon monoxide (synthesis gas or
syngas). This makes possible downstream production of
virtually any hydrocarbon, e.g. transportation fuels or
chemicals. In many cases, commercial processes, developed
for fossil feedstock, are available for syngas processing as
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well as the final synthesis of the end product. Joelsson and
Gustavsson(2012) studied integration possibilities of two
different gasification processes with a pulp mill: gasification
of black liquor withdimethyl ether (DME) production and
biomass gasification with Fischer—Tropsch (FT) production.
The processes were compared in terms of system efficiency
and CO, emissions. In that study, they conclude that inte-
gration of biofuel production with a PP mill will always be
more efficient than a corresponding stand-alone plant. Other
studies, however, have shown that a stand-alone plant can
perform better in terms of CO, emissions and economy, under
certain conditions (Ljungstedt et al. 2013; Isaksson et al.
2012). The study by Isaksson et al. (2012) assessed biomass
gasification and production of three different end-products
integrated with a mechanical PP mill, in contrast to previ-
ously mentioned studies where the focus was on chemical
pulp mills. Heat integration with a mechanical mill introduces
different possibilities compared to a chemical pulp because of
the lack of a chemical recovery cycle, including the recovery
boiler, while instead heaving a substantially higher demand
for electricity for the mechanical refiners. Similar approaches
of integrating gasification-based biorefineries in existing
industry have been investigated in other studies, for example
by Brau et al. (2013) where wood-based hydrogen was pro-
duced for an oil refinery.

Different biomass gasification technologies have been
suggested for these types of processes, for example, indirect
dual bed gasification and direct gasification in a fluidized bed
or in an entrained flow (EF) reactor, each having their
respective advantages and disadvantages. The most com-
monly used gasifier type today is the EF gasifier, using coal
as feedstock, which produces a raw gas practically free from
hydrocarbons and tars, thus making subsequent crackers and
reformers unnecessary. This type puts rigorous demands on
feeding, which is particularly challenging if the raw material
is fibrous biomass. The short residence time in the reactor
requires a fuel which is relatively dry and has a small particle
size, to be pressurized from ambient conditions up to typi-
cally 20-80 bar. Milling of biomass is, however, energy
intensive, this means that there are reasons to have as large
particle size as possible. When using coal as a fuel in EF
reactors, the size requirement is in the range of 50-100 pum in
order to reach high carbon conversion (>99 %). However,
since biomass is more reactive than coal, the size require-
ment may be less stringent. Methods of dealing with the
energy demand connected to sizing of biomass can include a
torrefaction or pyrolysis step prior to gasification. Both of
these technologies have the capability of reducing the
amount of electricity required for milling and pressurization,
but on the expense of introducing a heating demand.

This paper presents a study of the integration of FT
crude production from gasified biomass with an existing
chemical PP mill, focusing on assessing the impact of
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biomass pretreatment on heat integration. Three different
pretreatment methods before EF gasification were evalu-
ated in terms of energy efficiency and greenhouse gas
(GHG) emissions: milling only, torrefaction followed by
milling, and pyrolysis (milling of residual coke). No pre-
vious study is known to the authors that present the impact
of biomass pretreatment in a gasification-based forest bi-
orefinery, on heat integration potential, system perfor-
mance, and GHG emissions.

Methodology

The mass and energy balances of the processes in question
must be attained prior to evaluating their performance in
terms of efficiency and GHG emissions. The commercial
process simulation software Aspen Plus (Aspen Tech 2010)
has been used to retrieve these balances for the different
process units, shown in Fig. 1. Simulation conditions and
assumptions are described in “The Fischer-Tropsch pro-
cess” section for each unit. Excess heat from the FT pro-
cess is assumed to replace steam production from the
existing bark boiler at the PP mill. Identification of the
potential for heat integration between the PP mill and the
FT process, as well as the possibility for integration of a
steam cycle between the two processes, has been per-
formed using Pinch technology and split grand composite
curves (GCCs), also referred to as background/foreground
analysis. The concepts of pinch analysis were first formu-
lated by Linnhoff and Flower (1978). The driving force for
heat recovery within the processes, represented by the
global AT, was set to 8 °C, which corresponds to the
current steam consumption for the PP mill, and the biomass
input for FT production was fixed at 300 MWyyy
(HHV = higher heating value). That size may be consid-
ered large enough to benefit from economy of scale while
still ensuring durable supply of raw material. The minimum
size for biomass gasification has been estimated by
McKeough and Kurkela (2008) to be about 200 MW v
(LHV = lower heating value).

Performance indicators

Two different energy performance indicators were used to
evaluate the different cases, FT energy yield, Eq. (1), and
wood fuel-to-FT crude efficiency, Eq. (2). The energy yield
is defined as the FT energy output divided by the biomass
input (HHV basis). The second indicator is defined as the FT
energy output divided by the increased use of biomass and
increased/decreased use of electricity compared to a stand-
alone PP mill. Net increase, or decrease, in electricity
demand (AP) is valued as the corresponding amount of
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Fig. 1 Production routes for the

different pretreatment
alternatives

Biomass
Drying

biomass needed to produce the electricity in a biomass-based
power plant, given a specified wood fuel-to-electricity effi-
ciency, 1.;. That way, this performance indicator is a measure
of the total biomass resource efficiency. The wood fuel-to-
electricity efficiency was varied from 25 % [current status
for small-scale biomass-based steam cycle power plants
(McHale and Associates Inc 2010)] to 55 % [possible to
achieve 44 % on a HHV basis in a biomass-integrated gas-
ification combined cycle with current technology (Sydkraft
2001)] to represent different production alternatives. HHV
was chosen in favour of LHV since it includes all the latent
and sensible energetic changes of a chemical reaction. HHV
may therefore be considered more thermodynamically
correct than LHV (Bossel 2003). However, the LHV
for biomass and FT crude are also provided in order to
enable comparisons with other studies: [HHVyiomass
(50 % moisture) = 10.07 MJ kgfl (wet), LHViiomass
(50 % moisture) = 8.14 MJ kg~' (wet), HHVEr cruge =
46.0 MJ kg™!, LHVET cruge = 42.8 MJ kg™ '1.
migr - HHVET

FT crud ield = 1
cruce enetey yie mbiomass . HHVbiomass ’ ( )

wood fuel to FT crude efficiency
_ mgr - HHVpr 2)

A(mbiomass : HHVbiOmaSS) + ﬁ_f

The net GHG emissions from the studied systems are
calculated according to Eq. (3) and include feedstock
handling and distribution, as well as effects of import or
export of electricity and replacement of fossil fuels. The
imported biomass is assumed to be chipped forest residues,
accounting for total GHG emissions of 7.9 kg CO,¢q
MWh™! for production and distribution (Gode et al. 2011).
The emissions are presented as CO, equivalents.

AGHG = (*Ebiomass ‘- Cbio + (EEl,g - EE],C) * Celref
+ Epr - Cret + mCOz‘CCS) 2 3)

E, denotes the energy flow of biomass, electricity (gener-
ated and consumed) or FT crude, and ¢, denotes the
associated GHG emissions (kg CO, ¢q MWh_l). MCo,,cCS
is CO, that is captured from the process and stored
(kg CO, h™") and  is the annual operating time (h year '),
which was set to 8,000 h year™'. For cases with capture
and storage of CO,, additional electricity is required for
compression of CO,. A positive AGHG corresponds to a

i Pyrolysis ‘: T T

Filtration, CO-shift,
acid gas removal
FT synthesis

decrease in global GHG emissions with the presented
definition. Since FT crude must be upgraded at a refinery,
the decrease in GHG emissions cannot be accounted for as
the equivalent energy of diesel or petrol. Instead, we
assume that the reduction of CO, emissions is equal to the
amount of “green” CO, released during complete com-
bustion of the FT crude (i.e. the “green” carbon replaces
fossil carbon), as well as the GHG emissions prevented in
association  with the extraction of crude oil
[23 kg COyq MWh{uél (Gerdes and Skone 2009)].
Upgrading to transportation fuels in a conventional refinery
and distribution, both of feedstock and of motor fuel, is
assumed to generate approximately the same amount of
emissions regardless of feedstock. GHG emissions associ-
ated with imported or exported electricity from/to the grid
are evaluated for a span of possible electricity production
technologies.

Process description

The FT process is assumed to be integrated with the PP
mill through its steam and hot water networks and thereby
replaces heat production from the existing bark boiler. Any
steam surplus is assumed to be expanded in a condensing
turbine to generate electricity.

Existing pulp and paper mill

The existing plant, with which the FT process was inte-
grated, is a chemical PP mill, producing approximately
350,000 tonnes of bleached paperboard each year. The
current steam production system consists of a recovery
boiler and a bark boiler, both connected to the same back-
pressure steam turbine for electricity generation. Steam
data for the recovery boiler are 515 °C and 110 bar and
were assumed to be the same for recovered steam from the
FT process. When demand exists, about 8.3 MW of heat
can be delivered to the local district heating network with
the current setup.

The Fischer—Tropsch process

The process setup consists of a number of steps, visualized
in Fig. 1. Assumptions behind the modelling of these steps
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are described in the following sections. For a thorough
discussion about the different technical obstacles and
challenges related to various steps within the biomass-to-
FT process, see e.g. Noureldin et al. (2014).

Drying

The drying of incoming biomass is essential in order to
ensure steady operation of the gasifier and a high quality
syngas. A moisture content of 10 % was set as the target
and drying was assumed to take place in a low temperature
air dryer, heated with excess hot water from the PP mill.
After drying, the wood was either sent to milling, torre-
faction or pyrolysis.

Torrefaction

Torrefaction is a thermal pretreatment method which sig-
nificantly improves several characteristics of biomass.
Torrefied material has a higher energy density, is hydro-
phobic, brittle and has a more homogeneous composition.
The benefit of using torrefaction as a pretreatment method
before gasification is that the material is easier to mill,
since the fibrous structure of the biomass has been
destroyed. The biomass takes on the characteristics of coal
and this method may therefore be appropriately connected
to EF gasification. Another benefit from torrefaction is
increased homogeneity of the feedstock and a more even
size distribution, which is important for steady downstream
operation. Torrefaction is carried out without the presence
of oxygen at atmospheric pressure and at temperatures
between 220 and 300 °C. For this study, information about
the fraction of condensable species as well as the compo-
sition of permanent gases was gathered from an article by
Tapasvi et al. (2012). The composition of the condensable
phase was estimated for larch by Prins (2005) and was here
assumed to represent an approximate composition for a
coniferous wood species. The process was allowed to
proceed until the energy requirement of the process was
equal to the energy contained in the released volatiles,
which were used to provide heat for the process.

Pyrolysis

Biomass pyrolysis is a process carried out in an inert
atmosphere around 500 °C where biomass decomposes
into a gaseous, a liquid and a solid part. The composition of
the pyrolysis products has been predicted by applying
equations suggested by Neves et al. (2011), who performed
a literature review on pyrolysis characteristics which were
structured and analysed. From these data empirical rela-
tionships were developed, which have been used in this
paper to calculate mass and energy balances for the
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pyrolysis step. The model calculates the heat requirement
for pyrolysis, the amount of ash, and the amount and
composition of char and gases (condensable and perma-
nent). Part of the char content was used to provide heat for
the pyrolysis process, while part was milled and mixed
with the liquid fraction into a pumpable slurry (Henrich
and Weirich 2004).

Feeding

Milled, untreated wood was pressurized in lock-hoppers,
using CO, from downstream acid gas removal, and was fed to
the gasifier with a screw feeder. Consumption of electricity
for milling the biomass to 1 mm accounted for 14 kW,
MW gémat (Svoboda et al. 2009), while electricity for feeding
devices (compression of inert gas) has been estimated by van
der Drift et al. (2004) to 21 kWe MWL imal-

After torrefaction, the material was milled down to a size
of 400 pum with a specific electricity consumption of 5 kW,
MWJ]énml. The particle size is smaller, compared to
untreated wood, since the reactivity of the biomass decreases
during the torrefaction process. The torrefied wood was
pressurized in  lock-hoppers  requiring 25 kW
MW pemar and was fed to the gasifier pneumatically.

As described in the previous section, remaining char
from pyrolysis was milled (assuming the same specific
electricity consumption as for torrefied wood) and mixed
with the pyrolysis oil, thus creating a slurry. Electricity
consumption for slurry compression was neglected. The
permanent gases were assumed to be fed into the hot raw
gas stream after the gasifier.

Entrained flow gasification

EF gasification is a well proven method for coal but is still
undergoing development for biomass use. The fuel parti-
cles are entrained along the flow of oxidant in a flame,
which means that the fuel usually has relatively short res-
idence time and that the process is carried out at a high
temperature. Thanks to the high temperature, the raw gas is
nearly tar-free and contains very little hydrocarbons. The
gasifier was modelled to operate at 30 bar with the
assumption that the reactions reach equilibrium, justified
by experimental results produced by, for example, Qin
et al. (2012). Oxygen (99.5 mol% purity) from a cryogenic
air separation unit, with a specific electricity consumption
of 250 kWh tonne Oy ! (van Dijk et al. 1995), was added to
reach a temperature of 1,350 °C. The high electricity
consumption for oxygen production greatly influences the
overall performance. However, more energy efficient
solutions, for example membranes, are not feasible on such
a large scale (Tranier et al. 2011). The hot raw gas may
contain molten particles which can foul downstream heat



Pretreatment methods for gasification of biomass

1397

exchanger surfaces. To avoid this, the gas was cooled in a
gas quench, i.e. by recycling cooler gas, down to 900 °C.
The gas was then further cooled through steam generation
down to 400 °C.

Gas cleaning and upgrade

The raw gas from the gasifier was prepared for FT synthesis
in three steps: filtration, adjustment of the H,:CO ratio, and
separation of acid gases. Hot gas filtration operates at tem-
peratures up to 900 °C, at pressures up to 8 MPa and in both
reducing and oxidizing atmospheres. At these high temper-
atures only ceramic or metal filters are used. Hot gas filters
are often constructed as candle filters where the filter cake
builds up on the outside of the tube, while the gas flows out
through the open end. The tubes are cleaned in groups by
back-pulsing gas from a storage tank. Back-pulsing is in this
study done with syngas, and not e.g. nitrogen, so the syngas is
not diluted with inert gas (Heidenreich 2012).

The H,:CO ratio was adjusted to around 2 in a partial
shift reactor in order to meet specifications for the FT
synthesis. In the reactor, an excess of steam was mixed
with the gas flow to form hydrogen and carbon dioxide
through complete conversion of carbon monoxide. The
desired H,:CO ratio was achieved by bypassing the shift
reactor with part of the gas flow.

In order to prepare the gas for downstream processing, a
methanol absorption unit (similar to Rectisol) was used to
remove acid gas, which can poison the FT catalyst. Cooled
gas entered the absorber where CO, and H,S are absorbed
in chilled methanol. The purified gas exited at the top of the
column, while the absorbent is regenerated before it is
recycled (Linde 2013). The electricity and steam demand
of the Rectisol-like unit were estimated in accordance with
a report by Liu et al. (2011) (Electricity (other than for
refrigeration) = 1,900 kJ kmol (CO, + HZS)_I; Refriger-
ation MW = 3 X MWerma from cooling input syngas
12 °C; 5 bar steam = 6.97 kg kmol (H,S + COz)fl).
Even if CO, removal is done primarily for operational
reasons, this is an opportunity to sequester the stream and
store it to reduce the emissions of GHG from the plant.
Compression of CO, when CCS was applied has been
estimated by Hannula and Kurkela (2012) to account for
0.36 MJ of electricity per kilogram of CO,. Only pure CO,
from the acid gas removal was taken into account when
CCS was considered, not e.g. CO, in flue gases from heat
production for torrefaction or pyrolysis, which would
require a different set of CO, separation equipment.

FT-synthesis

The FT process is a way to derive synthetic hydrocarbons
from a mixture of hydrogen and carbon monoxide. The

process has, both historically and recently, been used to
produce liquid transportation fuels from gasified coal, but
there is growing interest in using it with renewable feed-
stock as well. For assumptions about the conversion of
syngas into hydrocarbons, the reader is referred to Isaksson
et al. (2012) where the synthesis step is described in detail.
Only the production of straight paraffins and short olefins
has been considered, in accordance with results reported by
Fox and Tam (1995). For modern catalysts, a CO conver-
sion of 90 % per pass may be assumed. The FT reactor can
be operated with recycling (RC) to increase the overall
conversion or, as a simpler solution, as a once-through
(OT) process. Off-gases are assumed to be combusted in a
boiler with 87 % efficiency, based on HHV. The FT crude
is assumed to be sent to a conventional oil refinery for final
separation and upgrading. As reported by Hancsok et al.
(2014), integration of the final upgrading steps is possible
to do in an average structure crude oil refinery. Addition-
ally, the high cetane number of the biomass-based products
makes is possible to blend with lower quality fuels in order
to enhance profitability.

Results

The different process setups, shown in Fig. 1, have been
evaluated concerning production of FT crude and elec-
tricity as well as through the wood fuel-to-FT crude effi-
ciency indicator (Eq. 2) and GHG emission consequences.
The assumptions behind these performance indicators were
presented in “Performance indicators” section.

Energy analysis

As described earlier, the heat integration analysis was
carried out using split GCCs. Figure 2 shows the milling
case, with 300 MWyyy biomass input and once-through
FT synthesis, as an example of this approach. The left
figure shows the potential of integrating the FT process
(foreground, dashed line) with the PP mill (background,
black line). One can see that the “nose” of the PP mill and
the heat pocket of the FT process create a good match
between the processes. Integration of a steam cycle for
utilization of the temperature gap between the gasification
process and the PP mill is illustrated in the right figure.
That figure shows a joint GCC for the two processes (FT
process and PP mill) with an integrated steam cycle
(dashed line). Remaining hot utility demand of the PP mill
represents the steam production from the existing recovery
boiler. Combustion of off-gases from the FT synthesis is
depicted as the horizontal line at 900 °C.

Table 1 shows the main comparative results of the heat
integration study, such as FT crude output and the
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Fig. 2 Example of split GCCs for pulp and paper mill and FT process (left) and steam cycle integration (right). The figure illustrates the case
where the biomass was only milled before gasification and once-through FT synthesis

Table 1 Key figures for the output of FT crude and off-gas, as well as the electricity balance, are listed for the six cases, all with a common

biomass input of 300 MWypy

Reference case Milling

Torrefaction Pyrolysis

Once-through  Recycling Once-through  Recycling Once-through  Recycling

Biomass usage (MWypy) 85 300 300 300 300 300 300
CGE (%)* 77.9 77.9 78.2 78.2 77.2 77.2
FT crude MWypv) - 128.9 157.0 129.4 157.7 127.7 156.8
FT yield (%) - 43.0 52.3 43.1 52.6 42.6 52.2
Off gas MWypnv) - 51.6 2.9 51.7 2.9 51.1 2.8
Electricity (MW)
Production

Back-pressure 15.7 20.1 12.7 20.1 13.0 21.0 13.7

Condensing - 11.0 6.4 10.6 5.7 12.5 7.8
Usage

PP mill® 7.4 7.4 74 7.4 7.4 7.4 7.4

FT process (w/o or w/CCS) - 22.7/28.0 24.3/30.3 19.2/24.0 21.6/26.8 11.1/15.4 12.8/17.6

Excess/deficit 8.3 1.0/—4.3 —12.6/—18.6 4.1/-0.7 -9.5/-14.8 15.0/10.7 1.3/-3.5

The case with a dedicated bark boiler is a reference case shown for comparison

Misyngas HHV gyngas

a —
COE = e HAV

® Excluding the demand covered by electricity production from the recovery boiler (43.6 MW)

electricity balance. The electricity generation (excluding
back pressure generation from the recovery boiler, which is
constant for all cases) and the main contributors to con-
sumption of electricity are displayed separately, as well as
net demand/surplus, in Fig. 3. Recycling of unconverted
syngas increases the yield of FT with roughly eight to ten
percentage points, while producing substantially less off-
gas for steam production and electricity generation, com-
pared to once-through cases. In other words, the FT process
could be made smaller, in terms of biomass input, if once-
through synthesis is applied instead of recycling if the
sizing constraint of the FT process is to fully replace steam
production from the bark boiler. The difference in FT crude
production between the case with the largest yield
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(torrefaction 4+ FT with recycling) and the lowest (pyro-
lysis + once-through FT) is greater than 20 %, because of
loss of carbon for heat generation for pyrolysis and in the
off-gas boiler in the latter case. This is also shown through
the lower cold gas efficiency (CGE) for pyrolysis, com-
pared to the other two pretreatment alternatives. A biomass
input of 300 MWyyy is enough for all six FT processes to
fully meet the heat demand of the PP mill, which is cur-
rently produced by a bark boiler on site, apart from the
unaffected recovery boiler steam production, and to leave
an excess for a condensing turbine. For some of the cases,
it could be argued that the contribution from a condensing
turbine would be too small to justify an investment. In such
cases, it might be better to adjust the size of the FT process
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to allow for a larger condensing turbine, or to avoid it
altogether.

Electricity is mainly consumed in processes which are
not dependent on whether the FT process is run once-
through or with recycling of off-gases, except consumption
for additional acid gas removal and oxygen generation for
tar cracking in the latter case. Consumption is therefore
rather similar for both options. The production side, how-
ever, differs depending on whether the off-gases are com-
busted for steam generation or if they are recycled back to
the reactor inlet, according to Fig. 3. Preparation of the
wood, as well as pressurization and feeding, constitutes
quite large shares of total consumption and has a significant
impact on the overall performance. To arrive at the excess/
deficit of electricity for the biorefinery in Table 1 (not just
the net excess/deficit for the FT process, as shown in
Fig. 3), the PP mill usage of 7.4 MW has been subtracted
from the total electricity production in Fig. 3.

When looking at wood fuel-to-FT crude efficiencies
(Eq. 2) in Fig. 4, one can see that this indicator benefits
from higher electrical efficiencies since most cases have a
deficit of electricity compared to the stand-alone PP mill.
Only the pyrolysis once-through case has an excess of
electricity (see Table 1) and therefore has a negative slope
in the diagram; i.e. if marginal grid electricity is produced
with low efficiency, it is better to produce the electricity in
the FT process. At lower wood fuel-to-electricity effi-
ciency, once-through cases perform well because of the
higher internal electricity production from off-gases, but as
the electrical efficiency of the marginal electricity producer
improves, the wood fuel-to-FT crude efficiencies for cases
with recycling of off-gases have a steeper increase. Milling
and torrefaction show rather similar behaviour, where the
higher yield of the torrefaction route and lower electricity
consumption makes torrefaction preferable. Clearly, the
way off-site electricity is produced, influences the results
from this indicator to a great extent. Future biomass to
electricity production units (for example, a biomass gasi-
fication combined cycle) are not expected to operate below

Fig. 3 Distribution of 40

35 %, suggesting that high conversion into FT crude, i.e.
recycling of off-gases, is favourable from a systems point
of view. By comparing Figs. 4 and 5, one can see that the
introduction of CCS lowers overall efficiency by roughly
four to five percentage points, due to the added electricity
demand for CO, compression. Note that the differences in
wood fuel-to-FT crude efficiency between CCS and non-
CCS cases are not constant over the investigated wood
fuel-electricity efficiency range.

Greenhouse gas emission consequences

As described previously, the GHG emission consequences
were assessed for a range of different technologies for
marginal grid electricity production. The results from the
GHG emissions balances are seen in Fig. 6 where the
annual potential for GHG reduction is plotted against
specific emissions from the marginal grid electricity pro-
duction technology. Since the input of biomass to the
gasifier is the same for all cases, and the product output is
roughly the same for once-through and recycling cases
respectively, the annual reduction of GHG emissions for
those two groups is about the same if there are no emis-
sions associated with grid electricity usage. The GHG
emissions are then a function of emissions associated with
biomass harvesting and transport and replacement of fossil
crude oil with FT crude. The difference between the cases
increases as offsite GHG emissions for electricity produc-
tion grow. In the case of pretreatment technologies, pyro-
lysis always performs the best, followed by torrefaction
and milling, which are almost identical. For comparison, a
condensing coal power plant with CCS emits about 259
kgCO, MWh_;' and a natural gas combined cycle without
CCS about 376 kgCO, MWh;,' (Axelsson and Harvey
2010). Since the electricity production sector has been
found to have the largest potential for GHG emissions
reduction (European Commission 2011), the recycling of
off-gases could be argued to be the best solution for the
future, from a systems perspective.

electricity generation (back-
pressure and extra condensing
power) and consumption for the
FT process

[MWeI]

O Acid gas removal
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When CCS is applied to the FT process, the reduction
potential of GHG emissions is obviously larger, as seen in
Fig. 7, where the order of the evaluated technologies is also
different compared to when CCS was not included in the
analysis (Fig. 6). Now the milling case is the best per-
forming route, since CCS was not assumed to be applied to
flue gas streams from heat generation from coke and vol-
atiles for pyrolysis and torrefaction, respectively. That
means that more carbon is retained in the syngas stream for
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the milling cases, compared to both torrefaction and
pyrolysis, which is available for capture in the acid gas
removal unit and subsequent sequestration. When com-
paring Figs. 6 and 7, the introduction of CCS does not just
shift the curves relative to the y-axis, but it also affects the
slope. This is due to the introduced electricity demand for
CO; compression.

As a comparison, co-firing the same amount of biomass
(215 MWypy increase compared to stand-alone PP mill) in a
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Fig. 7 The figure shows the 800
annual global GHG emissions
consequences for the different
cases, when CCS was applied.
They are evaluated for a range
of different electricity
production technologies with
varying GHG emissions
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condensing coal power plant would decrease annual CO,
emissions by 580,000 tonnes year . Such a comparison is
relevant if biomass is considered a limited resource, and if
other methods of producing renewable electricity do not
meet the demand. However, if electricity from wind, solar
and other renewable sources can replace coal power, carbon
from biomass could instead be used for transportation fuels.

To gain a complete understanding of the differences
between these various pretreatment methods, an economi-
cal evaluation would have to be carried out. At the
moment, however, financial data especially for torrefaction
are highly uncertain since the technology is not commer-
cially proven. Furthermore pyrolysis may be considered an
emerging technology, at least for this large a scale and for
the type of application discussed in this article. The
uncertainty related to determining an economic value for
an intermediate product like FT crude also makes it diffi-
cult to estimate e.g. the EBITDA (earnings before interest,
taxes, depreciation and amortization) for the different
configurations. Such a comparison has therefore not been
included in this study. Further integration with an expanded
district heating system, compared to current demand, has
not been evaluated in this study but is not expected to
affect the results since access to excess heat is similar for
all cases.

Conclusions and discussion

The choice of pretreatment method for gasification of
biomass in an EF reactor and production of FT crude
highly influences the electricity balance of the biorefinery.
This, in turn, it increases the importance of assumptions
about surrounding energy systems during evaluation of
these technologies. Due to variations in electricity demand,
the wood fuel-to-FT crude efficiency is highly dependent
on the wood fuel-to-electricity efficiency for offsite elec-
tricity production. The route with pyrolysis, and an FT

—o—Milling OT
——Milling RC
—&—Torrefaction OT
——Torrefaction RC
—f—Pyrolysis OT
Pyrolysis RC

200 400 600 800

kgCO, oo/ MWh,,

process with recycle, was shown to have the highest wood-
to-FT crude efficiency, for a high wood fuel-to-electricity
efficiency. The FT crude yield was slightly lower compared
to when the wood fuel is simply milled. Still, on the other
hand, the method requires less electricity for milling and
pressurization. Recycling was beneficial for the system
performance for the milling and torrefaction cases, even
though the differences are very small at low off-site elec-
trical efficiencies. One should bear in mind, though, that
the recycling alternative comes with a significantly higher
investment cost, and might therefore not be economically
viable, although it is more energy efficient. The GHG
emissions consequences follow the same trend as the wood
fuel-to-FT crude efficiencys, i.e. pyrolysis is shown to be the
technology with the largest potential for global GHG
reduction, followed by torrefaction and milling, under the
assumption that CCS is not applied. As could be seen, the
cases appeared in a different order when the CO, from the
acid gas removal unit was captured. If FT crude production
from gasified biomass is to be considered a viable alter-
native to co-firing in a power plant, in terms of GHG
emissions, CCS is a necessity.
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