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Abstract

The transition from fossil jet fuel to biojet fuel is an important step towards reducing greenhouse gas (GHG) emissions from
aviation. To enable such a fuel shift, the Swedish Government introduced a GHG emission reduction mandate of 27% by
2030 for aviation fuel sold in Sweden, forcing fuel suppliers to blend in biojet fuel in fossil jet fuel. A similar policy instru-
ment is being discussed within the EU. Biojet fuels with life cycle GHG emissions 90% lower than those for fossil jet fuel
are projected to be available by 2025, which by far exceeds the requirement of 65% lower emissions in the EU Renewable
Energy Directive. The purpose of this study was to carry out life cycle assessments for a number of wood-fuel-based produc-
tion chains near commercialization and to determine whether they meet the Swedish projection and the EU requirement. The
study illustrates what can be achieved in a region with high availability of wood fuels and access to heat and power with low
GHG emissions. The production chains studied include the production of hydrocarbon intermediates via (i) fast pyrolysis,
(ii) hydrothermal liquefaction, (iii) thermal gasification followed by Fischer—Tropsch-synthesis, and (iv) cellulosic ethanol
fermentation followed by upgrading of these four intermediates to biojet fuel and other liquid biofuels. The results show
that all the production chains studied can deliver biojet fuels with 89-91% lower GHG emissions than fossil jet fuels. Non-
fossil hydrogen is required to achieve low emissions in the upgrading of intermediates from fast pyrolysis and hydrothermal
liquefaction.
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1 Introduction

Aviation is today completely dependent on fossil fuel. One
way to reduce the climate impact of aviation is to replace
fossil jet fuel with renewable fuels with low life cycle green-
house gas (GHG) emissions. In this study, we have focused
on biojet fuel, a renewable jet fuel produced from biomass.
Biojet fuel is considered to be the most realizable renewable
alternative in the short and medium term, and can be used
as drop-in fuel in fossil fuel in the existing aircraft fleet [1,
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2]. However, the current global production of biojet fuels
corresponds to less than 0.5% of the total jet fuel demand,
and the International Energy Agency [2] has identified two
main reasons for this:

— The currently dominating method of production is
through the processing of waste oils to produce hydro-
treated esters and fatty acids (HEFA). The availability of
waste oils is limited.

— The desired properties of a drop-in biojet fuel overlap
those of biofuels for the road transport sector. The transi-
tion of the road transport sector to biofuels started earlier,
and there are strong policies benefiting biofuels in that
sector, while corresponding policies are currently lacking
in the aviation sector.

The production of biojet fuel by the hydrogenation of oils

and fats to produce HEFA can be based on waste products
or crop-based oils [3]. However, the amount of residual and
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waste oils and fats (such as used cooking oil) is limited,
and the use of vegetable oils such as palm oil and oil from
oil seed crops raises concerns regarding sustainability and
costs [2]. New production chains are therefore required for
the production of so-called advanced biofuels from waste
and residues if we are to be able to increase the use of biojet
fuels. The EU defines advanced biofuels as fuels produced
from the waste and residues listed in Annex IX of the EU
Renewable Energy Directive (EU RED 1II) [4]. This list
includes waste and residues from agriculture, forestry, and
forest-based industries, many of which are lignocellulose-
based, such as cereal straw, tree tops and branches, and saw-
dust [4].

To promote the transition to renewable jet fuel in Europe,
a policy requiring jet fuel suppliers to blend renewable jet
fuels in fossil jet fuel was proposed in 2021 [1]. This pol-
icy does not support HEFA or any other biojet fuels based
on crop feedstocks due to sustainability concerns; rather,
advanced biofuels are promoted together with synthetic bio-
fuels. The proposed blending mandate is 5% by 2030 and
63% by 2050. The GHG emission reduction of biojet fuels
should be the same as the sustainability criteria for road
transport biofuels of 65% lower GHG emission than fossil jet
fuel [4]. In 2021, Sweden introduced a GHG emission reduc-
tion mandate for aviation fuel sold in Sweden. The required
emission reduction is 0.8% in 2021, gradually increasing to
27% in 2030 [5]. To meet these emission reduction targets,
fuel suppliers will have to blend in an increasing amount of
renewable jet fuel. The GHG emissions are calculated based
on a life cycle perspective, in accordance with the guide-
lines of the EU RED II [4]. To limit the required amounts
of renewable jet fuel, it has been projected that biojet fuels
with 90% lower GHG emissions than fossil jet fuels will be
available by 2025 [6].

Jet fuels are certified according to a global standard that
today allows the incorporation of up to 50% biojet fuel [7].
To be certified, the biojet fuel must have a chemical compo-
sition and properties that allow the specifications of the jet
fuel to be maintained after blend-in in the fossil jet fuel. The
standard thus defines the framework for the design of the
production process for biojet fuels. The policy instrument
implemented in Sweden in 2021 and that suggested by the
EU are both based on life cycle assessments (LCAs) of GHG
emissions. Advanced biojet fuels that cannot meet the strict
GHG reduction demands might not be relevant for further
development, and the life cycle emissions of advanced biojet
fuels from emerging production technologies must be con-
tinuously updated as technologies develop.

In addition to technological advances, the type and
availability of advanced feedstock regionally will affect
the resulting emissions [8]. Also, since regional GHG
emission factors are used for energy supply, the extent of
decarbonization in power supply and transport biofuels
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will have a high impact on the outcome. The matter is
further complicated by the fact that the LCA methodology
used in many North American studies and policy instru-
ments (the Greenhouse Gases, Regulated Emissions, and
Energy Use in Technologies Model, GREET, US Depart-
ment of Energy [9]) is based on different calculation prin-
ciples from those in the method specified in the EU RED
II, and the results can thus not be directly compared. The
recently internationally adopted GHG emission calculation
method for aviation fuels (CORSIA) [10] is, however, in
all relevant detail, comparable to the EU RED II method,
so the results obtained using this method will also be rel-
evant outside the EU.

Thus, as technological advances continue, information
on biomass availability and sustainability is updated, and
the decarbonization of our energy systems proceeds, there
will be a continuous demand for updated and region-specific
GHG emission calculations. Emissions calculated according
to EU RED II LCA methodology will be relevant for policy
instruments regionally, but also related to international avia-
tion [10].

Sweden has the lowest GHG emissions in the EU for heat
and power [11, 12] and the highest share (23% in 2020) of
renewable fuels in road transport, whereof 60% was pro-
duced from waste and residues like slaughterhouse and
household waste, and tall oil which is a by-product from pulp
and paper plants [13, 14]. There is also considerable knowl-
edge on the supply and conversion of residues from logging
and forest industries in combined heat and power plants and
forest industry facilities, together with well-developed logis-
tics chains [15]. Overall, this provides favourable conditions
for the development and commercialization of wood-fuel-
based biojet fuel production plants, where biofuels with low
GHG emissions could be produced.

1.1 Aim and objectives

The overall aim of this study was to assess the life cycle
GHG emissions and resource efficiency for a number of
wood-fuel-based production chains in a Swedish context
and to determine whether they meet Swedish and EU policy
requirements and expectations for aviation fuel in the future.
Several emerging technologies were compared under the
same conditions, focusing on production chains that have
been proven feasible on a demonstration or commercial scale
[16]. The novelty of this study lies in the comparison of a
range of technologies for the production of biojet fuel in a
country where the transition to a fossil-free energy system
is already underway. The results from this study can thus
provide decision support for actors planning to commercial-
ize novel wood-fuel-based production chains, as well as for
policy-makers.
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2 Biojet fuel production chains
2.1 Current policy instruments

There is currently no production of biojet fuels in Sweden,
and global production is negligible. The road transport
sector is also still dominated by fossil fuels, but the use
of biofuels in Sweden has increased markedly in recent
years. In 2020, biofuels accounted for 23% of the energy
use in the road transport sector [14]. Development has
been affected by the reduction obligation system for petrol
and diesel, which promotes biofuels with low GHG emis-
sions; the target for emission reduction is 66% for diesel
and 28% for petrol by 2030. Since 2021, this reduction
obligation also includes aviation fuels. In order to achieve
the 27% emission reduction in 2030, 15 PJ of biojet fuel
(430 000 m?) will be required, based on a 30% admixture
[6, 16]. The carbon footprint of the biojet fuel determines
the volume of biojet fuel required to fulfil the obligation.
To limit the level of admixture to 30% by 2030, it is pro-
jected that GHG emissions for biojet fuel sold in Sweden
must initially (in 2021) be no greater than 16 g CO,eq/M]J,
and must be further decreased to 8-10 g CO,eq/MJ (90%
lower than the reference value for fossil jet fuel) by 2025.
The proposed emission limit for sustainable aviation fuels
within the EU aligns with that for road transport biofu-
els, i.e., 65% lower than the fossil reference, or 31-33 g
CO,eq/MIJ [1].

2.2 Choice of biomass feedstock

The choice of wood fuel as feedstock in this study was
based on a recent national Swedish inventory of biomass
availability [17]. The potential supply of wood fuel con-
sisting of residues from current forestry and forest indus-
tries was found to be dominated by logging residues (LR),
which consist of tops and branches after the roundwood
has been removed for use in sawmills or the pulp and
paper industry. The outtake of LR is limited by techno-
economic and ecological constraints; for example, LR
are only removed from fertile soils, and not all LR are
removed [17-19]. The supply potential by 2030 has been
estimated to correspond to 6.0 million tons (Mt) of dry
matter (DM), or 115 PJ, per year [17]. The second most
abundant source of wood fuel was found to be sawdust
(SD) (including shavings) from sawmills, amounting to
2.3 Mt DM, or 43 PJ, annually [17]. These two types of
wood fuel were chosen in the current study, and the wood
fuel demand at each future processing site was assumed
to be 100 000-200 000 t DM/year. This inventory also
revealed that the availability of LR exceeded 100 000 t

DM/year in 17 of the 21 Swedish counties [17], and the
average density of LR in these counties (the amount avail-
able per unit area of the county) was 18.4 t DM/km?. The
corresponding values for SD were 11 counties [17] and
13.1 t DM/km?. These densities were used in the calcula-
tion of transport distances.

2.3 Current production chains

The production chains for biojet fuels that are, or are
expected to become, commercially implemented in the near
future are shown in Fig. 1. These production chains are
essentially the same as for road transport biofuels.

To date, three of the production chains shown in Fig. 1
are certified for the production of biojet fuels: the HEFA
process that relies on oil and fats; alcohol-to jet (ATJ), where
the alcohol may be bio-based ethanol or isobutanol; and the
Fischer-Tropsch (FT) process, where the raw material may
consist of both biomass and fossil raw material [7]. The
degree of technical maturity differs between and within the
different production chains. The HEFA process is the only
fully commercialized biojet fuel production chain while the
AT]J process can be considered partially commercialized
since a small volume of biojet fuel is currently produced via
this route using alcohols from easily degraded sugar- and
starch-rich crops [2]. A disadvantage of using sugar-, starch-,
and oil-rich crops is that they compete for cropland with
food production. None of the production chains that involve
wood fuels such as forestry residues as feedstock has been
commercialized so far.

2.4 Wood-fuel-based production chains

The use of residues from forestry and forest industries for
the production of advanced biofuels is currently limited. In
the Swedish investigation on biojet fuel, it was stated that the
good availability of wood fuels should be exploited for biojet
fuel production in Sweden, that such production is impor-
tant for cost efficiency, and should be supported by long-
term stable policy instruments [6]. The boundary conditions
for the current study are that wood fuels should be used as
feedstock, that the production chains should be included in
the Swedish biojet fuel investigation [6], and that data from
regional pilot- and demonstration-scale studies should be
prioritized, when available [2].

A number of demonstration-scale plants are in opera-
tion, or being planned [2, 21]. Figure 1 gives an overview
of production chains using forest biomass as a raw mate-
rial. The production chains included in the present study (in
the grey-shaded box in Fig. 1) are briefly described below;
more detailed information on the investigated production
chains, including the data used in the LCAs, can be found
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Fig. 1 The biojet fuel production chains that are, or are expected to
become, commercially implemented in the near future. Those in the
grey box are investigated in the present study. The figure also indi-

in Section 3.1. The present study was based on a production
chain divided into two steps, where the conversion of the
wood fuel to a liquid intermediate was decentralized, fol-
lowed by transport of the liquid intermediate to centralized
upgrading plants. All the production chains investigated will
give a range of different hydrocarbons as outputs; thus, the
biojet fuels will be co-produced with biofuels for the road
or marine transport sector.

2.4.1 Decentralized wood fuel conversion processes

In thermal gasification (TG) followed by Fischer—Tropsch
synthesis (TG-FT), biomass decomposition is catalysed
by heat at high temperatures (800-1100 °C) in the pres-
ence of steam or oxygen. After cleaning and condition-
ing, the resulting carbon monoxide (CO) and hydrogen
(H,) are polymerized in the FT synthesis process, where
hydrocarbons are formed in a catalysed reaction. The
reaction is highly exothermic. The biofuel intermedi-
ate is called FT crude. The degree of maturity is high
for the FT process, and it is a commercialized produc-
tion process for fossil jet fuel [2]. TG from wood fuels
with downstream production of biomethane has been
investigated on a demonstration scale, e.g., in the Swed-
ish GoBiGas project [22]. TG-FT is to be applied in an
American commercial-scale plant (Sierra biofuels plant,
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Nevada, construction completed 2021) where municipal
waste is used as feedstock [23].

Ethanol can be converted to hydrocarbons via dehydra-
tion and oligomerization, and then upgraded to jet fuels
(ATJ). Biochemical ethanol production from wood, which
was the investigated pathway in this study, relies on the
use of both chemical and biochemical catalysis. The bio-
mass is first chemically hydrolysed, whereafter enzymatic
hydrolysis is used to release sugars from the cellulose. The
sugars are fermented using yeast to produce the interme-
diate, ethanol. Ethanol production from sugar- and starch-
rich crops is a widespread commercial process, and the use
of wood as feedstock has been shown on a demonstration
scale (SEKAB, Sweden) [24, 25]. While a thermochemi-
cal conversion method can depolymerize all of the biomass
constituents, the biochemical conversion only depolymerises
the cellulose fraction (accounting for around 40% of the bio-
mass in spruce and pine) to the desired end product, ethanol
[26]. The hemicellulose is degraded to sugars that cannot
be utilized by non-metabolically engineered wild strains
of yeast and is mainly found in the liquid phase, while the
lignin fraction is recalcitrant to biochemical degradation and
is removed as a solid residue [26].

In hydrothermal liquefaction (HTL), the biomass is depo-
lymerized in the aqueous phase, at temperatures ranging
from 250 to 450 °C and pressures between 100 and 300 bar
[27, 28]. The reactions take place in water, often under
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supercritical conditions, and the process is therefore suitable
for wet feedstocks. In HTL, the wood fuel is finely ground
and mixed with water to form a thick slurry, which is heated
and pressurized, forming a gas phase, a water phase, and
the HTL biocrude as the biofuel intermediate. The reaction
is usually catalysed by an alkali catalyst/buffer. A research
pilot plant in Denmark (Steeper Energy ApS in collabora-
tion with Aarhus University) has been successfully used for
HTL of lignocellulosic biomass [29]. An HTL demonstra-
tion plant using forest industry residues was started up in
the autumn of 2021 in a Swedish-Norwegian collaboration
(Silva Green Fuel) [30].

Pyrolysis designed to yield a high share of liquid products
is called fast pyrolysis (FP) since it is performed at high tem-
peratures (500-600 °C) with a rapid heating rate. The time
between volatilization and condensation must also be mini-
mized. FP is performed in an oxygen-free environment at
atmospheric pressure [31]. The reaction requires no catalyst
and yields a gas phase, a solid char, and the intermediate,
the pyrolysis liquid. The oxygen and water contents of the
pyrolysis liquid are higher than in the other thermochemical
methods. The most widespread type of FP is in a fluidized
bed and has been implemented for wood fuels on commer-
cial scale, for example, by Fortum in Finland [32, 33].

2.4.2 Upgrading of intermediates

The need for upgrading by hydrotreatment differs greatly
between the different intermediates, mainly due to their oxy-
gen content. The upgrading of intermediates from TG-FT
and AT]J relies on established technologies. The FT crude
contains mainly olefins and paraffins of varying chain
lengths and must be hydrocracked to break double bonds
and to shorten long molecules [34]. The ethanol is dehy-
drated and oligomerized to olefins, followed by mild hydro-
treatment to break the olefin double bonds. The hydrogen
demand for hydrogenation in these cases is low.

The intermediates produced by HTL and FP consist of
complex mixtures of organic compounds with high oxygen
contents (up to 40% for intermediates from FP and 10-15%
for those from HTL). Oxygen removal by hydrogenation is
thus required. [35]. The hydrogen requirement may be large,
depending on the oxygen content and the process requires
hydrogen at elevated pressures, up to 140 bar [36]. Hydrogen
can be produced by steam reforming of fossil natural gas,
but can also be produced by non-fossil pathways, such as the
electrolysis of water (assuming the use of non-fossil power)
or by steam reforming of renewable hydrocarbons.

One challenge when performing a LCA is to establish the
catalyst requirement in upgrading. Rapid developments are
being made regarding catalysts, and many different types of
catalysts have been applied. A great deal of research is being

carried out on improving catalyst lifetime by stabilization
and regeneration (see e.g. [37, 38]).

A mixture of hydrocarbons is formed in the upgrading
of all intermediates. They are separated by distillation, and
the resulting fractions will be suitable as drop-in biofuels. It
should be noted that the properties of biojet fuel (C7-C17)
partly overlap those of diesel (C12-C20) and petrol (C4-
C12). The distribution of the refined products depends on
the composition of the biofuel intermediates as well as on
the configuration of the upgrading process. The yields pre-
sented in this study assume priority of biojet fuel over other
biofuels. More information on the upgrading, including data
on yields on hydrogen demand, is presented in Section 3.2.

3 Methods
3.1 Datainventory

Data on energy and material flows, additives, and yields in
the production processes were obtained from a literature
review of scientific publications and reports published in
English or Swedish. Recent publications were chosen as far
as possible, and publications with transparent data on energy
and material flows related to the use of logging residues
or sawdust were prioritized. This means that case-specific
studies on the integrated production of biojet fuels in other
industries often had to be excluded, since the energy flows
were not transparent.

3.2 Carbon footprint calculations

The aim of this study was to assess the life cycle GHG emis-
sions of a number of emerging production chains using the
calculation method in the EU RED II [4]. This method has
been employed by EU member states from 2021 to calculate
GHG emissions for road transport biofuels. Since road and
jet biofuels are co-products of the same production chain,
the findings of this study will also be applicable to road bio-
fuel production. The EU RED II method has been defined
as the method that should be used to determine the carbon
footprint in relation to the Swedish aviation fuel GHG emis-
sion reduction mandate [5].

An important principle in the method is the allocation of
the total GHG emission of each process step over the main
product and co-products of that step. The allocation is based
on the lower heating value (LHV) at product moisture con-
tent [4]. This means that co-products such as liquids with a
low content of organic material, with a LHV below zero, are
excluded. Excess heat from the process can be accounted for
as a co-product, but only if it can be shown that an economi-
cally justified demand for this heat exists. Since the potential
to offset excess heat in, for example, district heating grids
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or nearby industries was not studied here, all excess heat
is assumed to remain unused and is therefore not included
in the energy allocation. This means that the study will not
provide a complete picture of the energy flows of the process
chains, and only the energy in co-products that are relevant
for the allocation in stand-alone production facilities will
be presented.

National or regional emission factors are used for energy,
as directed in the EU RED II method [4]. The calculations
in this study were thus based on the average Swedish diesel
blend (with 22% biodiesel), the Swedish electricity mix, and
heat and steam generation from wood fuels. For other addi-
tives, the most recent literature data were used.

Upstream activities for logging residues included in the
study were collection and forwarding of tops and branches
at logging sites after final felling, wood chipping at the road-
side, and transport of the wood chips to the intermediate pro-
duction plant. For sawdust, only the transport from sawmills
is included. Life cycle emissions for transport fuels, process
energy, and processing additives were included. The results
are presented in two steps. In the first step, the functional
unit is 1 MJ intermediate at a decentralized intermediate
production facility. The intermediate is assumed to be trans-
ported to a centralized upgrading facility where hydrogena-
tion and distillation are performed. Both fossil-based and
fossil-free hydrogen production alternatives were inves-
tigated. In the second step, the final results are presented
with the functional unit of 1 MJ biojet fuel dispensed at a
Swedish airport.

4 Data inventory

The mass balance and energy and additive inputs are based
on data obtained from the literature. To allow compari-
sons, all data are expressed per MJ of the wood fuel feed-
stock (LHV DM) fed into the processing plant (MJ wood

fU'elfeed—in)'
4.1 Decentralized production of intermediates
4.1.1 Feedstock handling and transport

The energy demand for the handling of LR includes forward-
ing from the forest floor to storage at the roadside, chipping
and loading, and amounts to 0.0124 MJ diesel/MJ wood
fuelg,q.;, (Table 3 of the Appendix). Loading of sawdust
at the sawmill has an energy demand of 0.0007 MJ diesel/
MI wood fuelg,4;,. The average transport distance of the
wood fuel to decentralized processing plants was calculated
to 50 km for LR and 59 km for SD, respectively, based on
the regional average density of LR and SD of 18.4 and 13.1
t DM/km?, respectively (as presented in Section 2.2). The
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corresponding diesel demand was 0.0033 (LR) and 0.0055
(SD) MJ/MJ wood fuely..4.i,- The calculated transport dis-
tances are based on an annual wood fuel demand of 100 000
t DM at each processing plant, assuming that 50% of the LR
or SD in the region is available for processing. For com-
parison, it is planned that a large-scale TG-FT plant (Red
Rock Biofuel) under construction in Oregon, US, will pro-
cess 166 000 t DM wood fuel per year for the production of
biojet fuels [39]. Further details and references are presented
in Table 3 of the Appendix.

4.1.2 Intermediate and biojet fuel handling and transport

The transport distance from the decentralized production of
intermediates to a centralized upgrading facility was set to
500 km based on a Swedish SD-based FP plant that came
into operation in 2021 [40]. SD pyrolysis is performed at
the same industrial site as the sawmill, and the intermediate,
the pyrolysis liquid, will be refined at a centralized refinery
located 500 km away. This transport distance was applied to
all intermediates in the current study and entailed a diesel
demand of 0.378 MJ/kg intermediate. Further details are
presented in Table 3 of the Appendix.

The transport distances for the refined biojet fuel to the
blending site, and from the blending site to airport storage
tanks, are assumed to be 300 km and 48 km, respectively
[41], giving a total diesel demand of 0.0059 MJ/MIJ bio-
jet fuel. The electricity demand for blending and storage is
0.0042 MJ/MJ biojet fuel [42].

4.1.3 Production of intermediates

Information was found in some cases for either LR or SD, or
in the case of FP for both. The details and references to the
data used are presented in Tables 4—7 of the Appendix. The
energy of inputs and outputs is not balanced; only outputs
that are further used for the energy allocation in the LCA
are given. This means that dilute streams of organic matter
in water (as in ethanol production and HTL) are excluded.
In many cases, the excess heat can be efficiently utilized
in integrated processes, see, for example, Bjornsson et al.
(2021) and Eriksson (2021) [15, 31]. However, the possibil-
ity of utilizing excess heat was not explored in the present
study. The production chains investigated can be seen as
stand-alone production plants, and no emissions are thus
allocated to heat.

Thermal gasification of logging residues followed by FT syn-
thesis The data used for TG-FT apply to LR and are based
on experience from a Swedish demonstration-scale gasifica-
tion plant and modelling of the FT synthesis [22]. The gasi-
fication is carried out in a fluidized bed with steam, operated
at 800 °C. The data regarding the electricity demand are
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higher than in many other studies (Table 4 of the Appendix).
This is because the process includes an inductively heated
reformer [22, 43], where the aim is that this, together with
recycling of the tail gas instead of using it for process energy
supply will give a higher output of FT crude. Other studies
instead often report a net output of power [44, 45]. The gas
is cleaned before conditioning, and a renewable scrubber oil
with a carbon footprint assumed to correspond to that of the
HVO used in the Swedish transport sector was used. In the
conditioning, methane and longer hydrocarbons were broken
down to H, and CO, whereafter the H, content was balanced
in a water gas shift process. In the FT synthesis, where CO
and H, are polymerized into hydrocarbon chains, the aim
was to prioritize longer hydrocarbon chains by choosing
a cobalt catalyst and lower process temperature (250 °C)
[22]. The FT crude contains olefins (C H,,) and paraffins
(C,H,,,») and the yield in the chosen study was 0.47 MJ/
MIJ wood fuelg,.4 i, ( Table 4 of the Appendix), which can be
compared to the highest achievable yield of 0.4 MJ/MJ wood
fuel;,.q.i, previously presented in a study on wood chips [44].

Ethanol production from sawdust The data for ethanol
production were based on information from a commercial
operator of a Swedish demonstration-scale facility using SD
[24]. The biomass in this facility undergoes thermochemi-
cal steam pretreatment with SO, as a catalyst, followed by
simultaneous enzymatic hydrolysis and fermentation. LCA
of ethanol production based on lignocellulose often shows
high GHG emissions for enzyme production [46]. Here,
enzyme production was assumed to take place using renew-
able energy, and with locally sourced sugar beet molasses
as the carbon source [47] ( Table 5 of the Appendix). In
biochemical ethanol production, a high share of the energy-
containing compounds in the wood fuel will not be con-
verted, but remain in dried lignin-rich pellets ( Table 5 of
the Appendix). These pellets could have been used internally
to supply steam and power, but in line with the strategy pre-
sented by commercial operators, the lignin residue is pre-
sented as a co-product of the process [24].

Hydrothermal liquefaction from sawdust So far, no data
has been published from the Norwegian HTL demo plant
[30]. Instead, data for HTL from SD from Nie and Bi [48,
49] were used, where HTL is assumed to be operated with
nearly supercritical water at 355 °C and 20.3 MPa. The yield
of HTL biocrude of 0.74 MJ/MJ wood fuelg,.q;, (Table 6
of the Appendix) is higher in these studies than in others
(0.52 MJ/MJ wood fuelg.. 4., [36] and 0.58-0.67 MJ/MJ
wood fuelg..q;, [50, 51]). In HTL, a catalyst/buffer, often
Na,CO;, is needed, and the possibility of regeneration and
recycling of the catalyst is uncertain. Nie et al. based the
amount of buffer required on laboratory-scale data, giv-
ing a value of 6.5 g Na,CO5/MJ wood fuelg,.4.;,, Which in

their study contributed 46% to the GHG emission of the
upgraded jet fuel [48]. A similar amount of buffer was pre-
sented in a study including regeneration and recycling of
part of the Na,COj, but the addition of 6.8 g Na,CO,/MJ
wood fuely..4;, was still required [52]. The value given by
Nie et al. [48] was used in the present study.

Fast pyrolysis of sawdust and logging residues The data
on FP were taken from a study presenting data on both LR
and SD [31]. The energy demand and product yields from
the stand-alone operation were chosen to ensure transparent
information on total product output and the demand of heat
and power. In line with the approach used for ATJ and HTL,
the co-products are presented as outputs and are not used for
internal energy supply. The yield of FP liquid is 0.59 MJ/
MJ wood fuelg,4.i, for LR, compared to 0.68 MJ/MJ wood
fuelg,.4.i, for SD (Table 7 of the Appendix). No additives or
catalysts are needed in this process.

4.2 Centralized refining of intermediates
4.2.1 Hydrotreatment and yields

Hydrotreatment of FT crude is a commercial technology
(for fossil feedstock) with well-established data on hydrogen
demand and the output of refined hydrocarbons. The data
used were taken from a study by Tijmensen et al. [44]. The
hydrogenation of oligomerized ethanol (ATJ) is also based
on straightforward chemistry, with a well-defined product
output [53]. Data in the literature show that the hydrogen
demand is low for both these production chains (0.01 MJ/
M1J wood fuelg,.;,, Tables 4-5 of the Appendix).

The hydrogenation of intermediates from FP and HTL is
less developed. There are no commercial plants, and data were
thus obtained from demonstration-scale studies [2, 35, 50]. The
hydrogen demand has also been shown to contribute a large
share to the carbon footprint, and should therefore be evaluated
carefully [2]. The literature study revealed a wide range of the
data on hydrogen demand for upgrading. The hydrogen gas
(H,) demand for upgrading of the liquid intermediate from FP
ranged from 0.21 to 0.32 MJ/MJ wood fuelg,. 4, [36, 42, 50,
54, 55], and for HTL, from 0.06 to 0.19 MJ/MJ wood fuel .4,
[42, 48, 49, 51]. H, is added to favour oxygen removal by the
hydrodeoxygenation pathway, where no carbon is lost from
the hydrocarbons, and oxygen is removed as water. However,
it has been shown under experimental conditions that oxygen
is also removed by competing reactions, decarboxylation, and
decarbonylation, forming CO, and CO [50]. Thus, not only
the desired hydrocarbons will be formed. This makes the use
of theoretical hydrogen demands irrelevant. Furthermore, the
contents of carbon (C), hydrogen (H), and oxygen (O) in the
intermediates vary depending on the experimental conditions
and type of feedstock, also affecting the results. A combination
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of experimentally derived data and a theoretical calculation
were thus used in the current study. Pacific Northwest National
Laboratory and the US Department of Energy have published
several studies on the upgrading of intermediates from FP and
HTL [36, 50, 51]. These studies present transparent data based
on demonstration-scale experimental work. Literature data for
the contents of C, H, and O in the pyrolysis liquid (FP) and
biocrude (HTL) were used [31, 50] ( Table 8 of the Appendix).
Data from the most recent demonstration-scale study was used
in the following way:

— The yield of refined hydrocarbons and off-gas and the
composition of these were taken from the experimen-
tal study on a demonstration scale [S0] (Table 9 of the
Appendix)

— Based on the above, mass balances were set up for C, H,
and O. The O not found in the off-gas (as CO or CO,)
was assumed to be removed as H,O. The hydrogen that
would theoretically be required for this reaction, and the
H balance between intermediates and refined products,
was used to calculate the H, demand.

The resulting H, demand for FP was 0.24 MJ/MJ wood
fuelf..q.4, for LR and 0.27 for SD. The H, demand for HTL
biocrude was calculated to be 0.12 MJ/MJ wood fuelg.4.i,
(Table 10 of the Appendix). The calculated total output of
liquid fuels after upgrading of FP intermediate was 0.5 MJ/
MJ wood fuelg..q;, (for LR) and 0.6 MJ/MJ wood fuelg..q,
(for SD). These values can be compared to data from other
studies of 0.53-0.59 MJ/MJ wood fuel;..q., [36, 42, 50, 54,
55]. The upgraded liquid fuel yield for HTL intermediate was
0.62 MJ/MJ wood fuel,.q i, The range presented in the litera-
ture was 0.55-0.62 MJ/MJ wood fuelg.q;, [42, 48, 49, 51].

4.2.2 Fossil and renewable hydrogen production chains

The H, used in hydrogenation was assumed to be produced
by steam reforming of fossil natural gas, using Swedish emis-
sion factors for process energy (steam and power). The feed-
stock and energy demand were based on Nie and Bi [49]. In
addition, H, supply through electrolysis was evaluated [56].
Finally, a scenario in which the off-gas from hydrotreatment
was used in steam reforming was evaluated. The off-gas was
assumed to be first cleaned by amine-based absorption [57].
The cleaned off-gas was then co-processed with fossil natural
gas or biogas if necessary. The data on process energy and
feedstock inputs can be found in Fig. 5 of the Appendix.

4.3 Emission factors for energy carriers
and additives

The emission factors used for energy carriers are based
on the most recent national or regional emission data, in
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accordance with the EU RED II methodology. The most
recent information found in the selected references was used
for emissions arising from additives such as chemicals and
catalysts. The emission factors and references are summa-
rized in Table 11 of the Appendix.

5 Results and discussion
5.1 Energy inputs and product yields

The literature data used for the energy inputs and yields
of the investigated production chains are summarized in
Fig. 2, where the data is normalized to a wood fuel feed-in of
100 M1J at the decentralized wood fuel conversion plant. The
result is here presented using the LHV for DM. The alloca-
tion of GHG emissions between product and co-products
will be based on LHV at actual water content (EU RED
II), the background data for this conversion can be found in
Table 3 of the Appendix.

The production chains investigated have advantages and
drawbacks. A higher yield of biojet fuels is obtained with
the TG-FT and ATJ processes, where 22-23% of the energy
in the wood fuel can be recovered in a biojet fuel fraction.
FP and HTL, on the other hand, give a high total output of
liquid biofuels (50-62% of the energy in the wood fuel). The
co-products are used in the energy allocation of the GHG
emissions for each processing step. The shares of the GHG
emissions from the intermediate production step allocated
to the intermediate (based on LHV at product humidity) are
91%, 47%, 85%, 61%, and 72% for TG-FT, ATJ, HTL, FP
of LR, and FP of SD, respectively. The high yield of off-gas
(C1-C4 hydrocarbons) resulting from FP and HTL will be
further discussed in relation to the supply of hydrogen from
non-fossil sources.

It should be noted that the data presented in Fig. 2 were
chosen to illustrate the production of the intermediate in a
stand-alone process. The intermediate could be produced by
integration in existing heat and power plants or paper mills,
which has been shown to give a higher energy efficiency
[15, 31, 58]. However, the energy yields and GHG emis-
sions for such production systems will be site-specific and
must be calculated in each case. The aim of the present study
was to calculate the typical carbon footprint of stand-alone
production facilities where, for example, excess heat and
liquid waste streams with low organic content are difficult
to utilize.

5.2 Hydrogen production
The carbon footprint of the different sources of hydro-

gen is summarized in Table 1. The background data for
the energy demand of the different production chains
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Fig.2 Energy input and product yields (MJ) of the production chains studied based on a 100 MJ wood fuel feed-in

can be found in Fig. 5 and section 7.4. in the Appendix.
In the case of TG-FT, the integrated use of the off-gas
from upgrading for hydrogen production will completely
cover the hydrogen demand. For HTL, 51% of the feed-
stock demand in steam reforming can be covered by off-
gas, while for FP of LR and SD, 88% and 91% will be
covered (Fig. 5 of the Appendix). The rest is assumed
to be supplied by either fossil natural gas or biogas
(Table 1). No off-gas is generated in ATJ. In this case,
data from steam reforming of biogas, which in Sweden
is upgraded, pressurized, and distributed via the natu-
ral gas grid [59], were used as an alternative fossil-free
production chain.

5.3 Carbon footprint
5.3.1 Intermediates

The GHG emissions from the decentralized production of
intermediates are shown in Fig. 3. The emissions include
those from energy inputs as well as process additives. As
the processes lead to co-products in addition to the inter-
mediate, the total emission has been allocated between the
intermediate and the co-products based on energy content, as
presented in Section 4.1. The feedstock availability of SD is
lower than for LR, and the transport distance to the process-
ing site is thus longer. Despite this, the emissions from LR
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Table 1 GHG emissions for hydrogen produced via different produc-
tion chains

Hydrogen sup- GHG emission (g CO,eq/MJ H,)
plied by

Steam reforming ~ 81.3

of fossil natural

gas

Steam reforming  18.3

of biogas

Electrolysis 19.9

Steam reforming ~ TG-FT of LR HTL of SD FP of LR FP of SD

of off-gas together

with:
Fossil natural gas ~ 1.4* 41.0 11.1 8.9
Biogas 11.3 4.0 35

#The feedstock demand is completely covered by the off-gas, and no
additional natural gas or biogas is required.

are higher, due to the emission from handling at the forest
site (forwarding, chipping).

The intermediate from TG-FT has the largest carbon foot-
print. The production data used had a higher power demand
than in many earlier studies, due to the use of an inductively
heated steam reformer. The benefit of this will be a higher
output of the intermediate. Nonetheless, the total product
output, 50% of the energy in the wood fuel (Fig. 2), is low
compared to the other production chains. The emission aris-
ing from the scrubber oil is included in the additives, but the
emission resulting from the catalyst used in the FT synthesis
is not included due to a lack of data.

The data used for SD-based ethanol production were
obtained from a commercial operator, and all the required
additives (chemicals and enzymes) are included. The result
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ATJ SD

per MJ ethanol can be compared to the default value for
straw-based ethanol in the EU RED II, of 16 g CO,eq/M]J,
or the ambition for a recently opened demonstration-scale
sawdust-based ethanol production plant in Finland, of 10 g
CO,eq/MIJ [4, 60]. A large fraction of the sawdust ends up in
the lignin-rich solid co-product (Fig. 2) and more than half
of the emissions arising from intermediate production are
allocated to this lignin residue.

The data for the demand of alkali buffer/catalyst
(Na,CO;) for HTL are uncertain. In a previous study, this
has been shown to be responsible for almost half of the car-
bon footprint [48]. The emission factor used in the present
study is based on European production of Na,CO; (Table 11
of the Appendix), and the emission is half of that used in the
study by Nie et al. [48], which was based on American emis-
sion data. Alkali catalysts are currently considered to give
higher product yields [27], and in the review by Castello
et al. [28], Na,CO; or K,CO; was used in all the trials on the
HTL of wood. The possibility of regeneration and recycling
of the alkali, or the use of alternative buffers/catalysts, such
as metal catalysts, must be further investigated [28].

FP of both SD and LR has very low emissions. Here,
conversion is heat-induced, and no additives or catalysts
are needed. This, in combination with a high product yield,
results in low emissions for the intermediate. The heat
demand is higher for SD, which has higher humidity, but
transport and handling emissions are higher for LR, giving
a slightly higher total emission for FP of LR.

5.3.2 Biojet fuels

The intermediates are assumed to be transported to a central
facility for upgrading, and then to biojet fuel blending and

B rower
B HEAT/STEAM
ADDITIVES

TRANSPORT AND HANDLING
WOOD FUELS

HTL SD FP LR FP SD
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storage sites. The total GHG emission per MJ biojet fuel at
the airport fuel dispenser is shown in Fig. 4.

To illustrate the impact of the source of hydrogen on
the results, three or four different ways of hydrogen supply
(Table 1) are included for each biojet fuel production chain.
For intermediates with a low hydrogen demand in upgrad-
ing, a fossil-based hydrogen supply has less impact, but the
use of non-fossil hydrogen will reduce the GHG emissions
from 11.5 and 11.3 g CO,eq/MJ for TG-FT and AT]J respec-
tively to below 10 g CO,eq/MIJ. The emissions from inter-
mediate production dominate for both TG-FT and ATJ. For
further reduction of emissions, attention should be focused
on the use of co-products (ATJ) or excess heat (TG-FT), or
ways in which the emissions related to additives (ATJ) can
be reduced.

For FP, where the hydrogen demand in upgrading is
high, the GHG emissions are 30-33 g CO,eq/MJ when
hydrogen is produced from fossil natural gas. The hydro-
gen of fossil origin will thus still give rise to emissions
low enough to meet the sustainability criteria for biofuels
in the EU RED II, where 65% lower emission than the
fossil reference value is required (the upper dashed line
in Fig. 4). Producing hydrogen by electrolysis (with the
Swedish average electricity mix) will lead to low emis-
sions in all the production chains. The production chain
with the highest hydrogen demand, FP of SD, would,
however, require 0.4 MJ of power for hydrogen produc-
tion for every MJ of upgraded fuel.

Another approach would be to use the off-gas from
upgrading internally for hydrogen production. Especially
in the cases of FP and HTL, upgrading and fractiona-
tion will produce an off-gas with a high content of short-
chain hydrocarbons (Table 10 of the Appendix) that can
be upgraded and used in steam reforming. This approach
will change the total fuel output from upgrading, and the

Fig. 4 GHG emissions resulting 35
from the production of biojet
fuels. The uppermost dashed
line indicates the GHG emission
sustainability criterion of a 65%
reduction (to 32 g CO,eq/MJ)
according to the EU RED I,
and the other two dashed lines
the GHG emissions projected
for biojet fuels sold in Sweden
by 2021 (16 g CO,eq/MJ) and
2025 (9 g CO,eq/MJ) within the
Swedish reduction mandate

30

25

20

o

GREENHOUSE GAS EMISSION (g CO,eq/M jet fuel)
33

total emission of the production chain will be allocated
only over the liquid upgraded fuels, which means that
a higher share of the emissions will be attributed to the
biojet fuel. This is particularly clear in the case of FP
(Fig. 4). Integrated off-gas utilization will considerably
reduce the GHG emissions from HTL and FP, where off-
gas can cover 51% (HTL) or 88-91% (FP) of the hydrogen
demand, the rest is supplied by either fossil natural gas
or biogas (Fig. 4). Integrated off-gas utilization will lead
to emission levels that meet the expectation for current
biojet fuel production chains (16 g CO,eq/MJ), even if the
remaining hydrogen demand is covered by fossil natural
gas. Replacing this remaining demand with biogas will
reduce the emissions further, to below 9 g CO,eq/MJ.

Thus, it is likely that the projection of biojet fuels with
90% lower emissions than fossil jet fuels by 2025 [6] can be
met using all the emerging wood-based conversion technolo-
gies considered in this study. As can be seen from Fig. 4,
all the production chains can produce biojet fuel with GHG
emissions at or below 10 g CO,eq/MJ.

Comparisons of these findings with results in the litera-
ture are difficult, as the results of previously published stud-
ies on biojet fuel production from other types of feedstock
that include cultivation or land use change [8] are not rel-
evant. Also, results based on LCA using other calculation
principles cannot be used for comparison [42, 54].

6 Conclusions

To reach the GHG emission reduction mandate target
of 27% for jet fuel sold in Sweden by 2030, 15 PJ of
biojet fuels with a GHG emission below 10 g CO,eq/MJ
is required. There is currently no production of biojet
fuel in Sweden, but several emerging wood-fuel-based
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production chains are being investigated on a pilot or
demonstration scale. The LCA showed that all the pro-
duction chains investigated could contribute to reaching
the reduction mandate targets by producing biojet fuels
with emissions of 10 g CO,eq/MJ or below. Efforts must
be focused on non-fossil or low-carbon emission inputs
in all parts of the production chain, for both energy and
additives such as scrubber oils, chemical or biochemi-
cal catalysts and hydrogen. In the cases of HTL and FP,
hydrogen production through electrolysis or integrated
use of the off-gas from upgrading is a prerequisite for
low emissions.

The total output of liquid biofuels is high in FP and
HTL (50-60% of the energy in the wood fuels), while the
share of biojet fuel is higher in FT and ATJ (22-23% of
the energy in the wood fuels). All production chains thus
have advantages and disadvantages, and all are relevant
to pursue. The data used in the cases of FP and HTL are
partly based on studies on a pilot or demonstration scale,
which means that they are subject to greater uncertainty.
Increased knowledge through research is therefore very
important to facilitate the commercialization of these pro-
duction chains.

The high availability of residues and by-products
from forestry, in combination with low emissions from
electricity, process heat, and road transport, indicates
that conditions are favourable for the production of bio-
jet fuel with low GHG emissions in Sweden.

Appendix

Transport and handling of wood fuel, intermediates
and biojet fuel

The fuel demand for transport and handling is expressed per
MIJ wood fuel at feed-in to the intermediate production process.
Background data (with references) used for the calculation of
the energy demand in the transport and handling of wood fuels,
intermediates and biojet fuel are summarized in Table 3. An
additional loss of biomass of 5% at the intermediate produc-
tion site (after handling and transport but before feed-in) is
assumed, based on a reported 5% DM loss for uncovered wood
chips during a 6-month trial [61]. The transport distance of
wood fuel to decentralized processing plants was calculated
based on the regional average density of LR and SD of 18.4
and 13.1 t DM/km?, respectively (as presented in Section 2.2).
The wood fuel supply areas were assumed to be circular, with
the processing plant at the centre [62]. A tortuosity factor
of 1.2 was used [17], giving a distance of 50 km for LR and
59 km for SD. Further details are presented in Table 3.

Production chains

Many studies have been performed on the technical aspects
of catalysts in FT synthesis and in the upgrading of interme-
diates, but the lack of studies on the industrial scale means a
lack of data on catalyst lifetime and consumption [67]. It has

Table 2 Abbreviation table

Abbreviation Explanation

ATJ Alcohol to jet, formation of hydrocarbons by oligomerization of alcohols
BP Boiling point

DM Dry matter

FP Fast pyrolysis, decomposition of biomass at high temperature

FT Fischer—Tropsch synthesis, formation of hydrocarbons from CO and H,
GHG Greenhouse gas

HDO Hydrodeoxygenation

HEFA Hydrogenated esters and fatty acids

HO Hydrogenated oil, the biooil after upgrading by hydrogenation but before fractionation
HTL Hydrothermal liquefaction, depolymerization of biomass in aqueous phase
HVO Hydrogenated vegetable oil, a biodiesel based on fats and oils

LCA Life cycle assessment

LHV Lower heating value (net calorific value)

LR logging residues

NG Natural gas, fossil gas mainly containing methane

SD Sawdust

SMR Steam methane reforming

TG Thermal gasification

Wood fuelg.qq.in

the wood fuel feedstock fed into the processing plant
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Tgble 3 Background data for Activity/ aspect Unit Reference
biomass handling and transport
Handling of logging residues (LR)
Forwarding 1.51% L diesel/t DM [63]
Loss during roadside storage 12° % of DM [64]
Roadside chipping 4.6° L diesel/t DM [65]
Forest machinery lubricants 2 % of diesel consumption [65]
Handling of sawdust (SD)
Loading on truck 0.36¢ L diesel/t DM [65]
Diesel consumption, long-haul transport
Truck and semi-trailer, 26 t payload empty 23.5 L diesel/100 km [66]
Truck and semi-trailer, 26 t payload full 32.0 L diesel/100 km [66]
Power demand jet fuel handling
Jet fuel blending 0.0034 MI/MJ biojet fuel [42]
Jet fuel storage 0.00084 MIJ/MJ biojet fuel [42]
Moisture content at transport
Sawdust 56 % [31]
Logging residues 38 % [31]
HTL intermediate 5.6 % [50]
FP of SD intermediate 25.1 % [31]
FP of LR intermediate 26.3 % [31]
Ethanol 5 % [24]
Energy content (LHV) in intermediates
FT crude 43.8° Ml/kg DM [22]
Ethanol 26.7 Ml/kg DM
HTL intermediate 38.8 MlJ/kg DM [48]
FP of SD intermediate 20.6 MlJ/kg DM [31]
FP of LR intermediate 21.4 Ml/kg DM [31]

“Based on a diesel consumption of 10.8 L/h, 8.4 min for forwarding of 1 t DM.

2% loss of DM per month of storage, assumed storage time 6 months.
“Truck-mounted drum chipper, 51.1 L diesel/h, 54 min per t DM.

412 L diesel/h, 1-8 min per t DM.

Calculated value based on an assumed 50/50 mix of the two dominating hydrocarbons on the FT crude

(C,oHy and C,oHy,) [22]

been concluded in previous environmental and techno-eco-
nomic assessments that the contribution to GHG emissions
from catalyst consumption is likely to have a low impact [8,
48]. It has also been stated that improvements in catalyst life-
time and regeneration are taking place so rapidly that older
data on catalyst demand are unreliable [37]. No catalysts for
gas-phase reactions were thus included in the present study.

TG-FT

The data used for TG of LR followed by FT synthesis are
given in Table 4. The data for hydrogen demand and prod-
uct output in the upgrading of FT crude were taken from
Tijmensen et al. [44] and applied to the higher FT crude
yield from Larsson et al. [22]. The electricity input is higher
than that in other studies. For example, de Jong et al. [42]
present a net output of power of 0.03 MJ/MJ wood fuelg, .4 i,

Table 4 Data used for TG-FT

Category and reference MI/MJ
wood
fuelgeq in

Intermediate  Input [22] Steam/heat 0.032
production
Power 0.184
Output [22]  FT crude 0.47
Solid/liquid co-product  0.04
Upgrading Input [44] Hydrogen 0.01
Output [44]  Biojet fuel 0.22
Diesel 0.11
Petrol 0.11
Propane 0.01
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Table5 Data used for ATJ Category and reference MI/MJ wood fuelg,qq i,
Intermediate produc- Input [24] Steam/heat 0.254
tion
Power 0.084
g/MJ wood fuelg,.q.in
SO, 0.518
NaOH (50%) 1.575
H,SO, (50%) 0.249
Antifoam 0.025
Urea (40%) 0.003
Lignocellulosic enzymes * 0.138
Output [24] MJ/MJ wood fuelg,.q.;,
Ethanol 0.344
Solid/liquid co-product 0.441
Upgrading Input Hydrogen [53] 0.01
Power [42] 0.01
Output [53] Biojet fuel 0.23
Diesel 0.07
Petrol 0.03
Propane 0.01

# Weight enzyme protein.

The total liquid fuel output of 0.47 MJ/MJ wood fuelg,.q.,
can be compared to the output in the study by de Jong et al.
[42], where the total output of liquid fuels was 0.44 MJ/
MI wood fuelg, 4 i, The amount of scrubber oil added is
0.04 MJ/MJ wood fuely,. 4 ;,, and is by Larsson et al. defined
as biodiesel in the form of methylated rape seed oil [22]. It
was assumed in the present study that this was replaced by
biodiesel in the form of HVO, which has a smaller carbon
footprint (Table 11). No data could be found on the cobalt-
based catalyst in FT synthesis, so this was not included in
the LCA.

ATJSD

The data used were taken from a recently published LCA on
SD-based ethanol production in Sweden, using data from the
commercial operation of a demonstration-scale plant [24].
A number of additives are needed in lignocellulosic ethanol
production, both as chemical catalysts in pretreatment, and
as biochemical catalysts in enzymatic hydrolysis and fer-
mentation. All these additives are included in the LCA. The
intermediate, ethanol, is dehydrated and oligomerized, and
mild hydrotreatment of the resulting alkenes is required to
break double bonds.

Table 6 Data used for HTL

Reference
(boldface) and data from other

[48]  [36] [421*  [511 [50]  [49]

studies for comparison (as MJ/ Wood fuel type

MJ wood-fuelgey.in) Intermediate production  Inputs

Outputs

Upgrading Inputs

Products

LR LR LR SD SD LR

Heat/Steam 025 0.16 0.13 0.28
Power 0.03 0.04 0.01 0.01 0.04
HTL biocrude  0.74  0.52 0.58 0.67 0.78
Char 0.09 0.09 0.06
Off-gas 0.05 0.04 0.05
Heat/steam 0.006

Power 0.01 0.004 0.01
H, 0.09 0.06 0.08 0.19 020 0.09
Liquid fuels 0.55 0.50 0.60 0.61 065 0.62
Off-gas 0.07  0.07 0.15 0.08

“Energy is supplied by internal combustion of off-gas and further processing of dilute by-products, so no

data are given for energy inputs.
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Table 7 Data used for FP Reference BI1 [(B11 [36] [42° (8 [SIP* [S4T°
(boldface) and data from other
studies for comparison (given as Wood fuel type LR SD LR LR LR SD
MI/MJ wood-fuelrey in) Intermediate production  Inputs Heat/Steam  0.13  0.25 0.36 0.01
Power 0.03 0.02 0.03 0.01
Products CBO 059 0.68 0.63 054 0.60 0.62
Char 021 0.18 0.34
Oft-gas 0.15 0.07 0.07
Upgrading Inputs Power 0.01 0.04
H, 022 021 022 032 023
Products  Liquid fuels 0.54 053 050 059 059
Off-gas 0.23 0.22 0.06

“Energy is supplied by internal combustion of pyrolysis by-products, so no data on energy inputs are given,
and the information on product output is incomplete.

Table 8 Elemental composition of intermediates from HTL [50] and
FP [31]

Element HTLSD FPSD FPLR  Unit

C 0.782 0.553 0.560 kg/kg DM intermediate
H 0.072 0.064 0.060 kg/kg DM intermediate
O 0.145 0.383 0.380 kg/kg DM intermediate
HTL

HTL can be performed under a wide range of process condi-
tions, and the data found in the literature varied considera-
bly. Furthermore, most studies consider integrated processes
where it is difficult to extract data on the required process
energy inputs. The data used in the present study are given
in boldface in Table 6 and were chosen due to their transpar-
ency, and the possibility of extracting data for stand-alone
HTL not integrated with other processes. However, it should
be noted that the HLT biocrude yield is higher than in many
other studies. In addition to the energy input, a catalyst/
buffer is required. The catalyst in the selected study was
Na,COj;, which was added at 6.5 g/MJ wood fuelg,.4;,. No
information was given on the possibility of recovery or recir-
culation. The same catalyst, at 6.8 g/MJ wood fuelg.4 ;,, was
assumed in a recent Swedish study [52]. However, the pro-
cess set-up differed in that regeneration and recirculation of
some of the Na,COj; that had reacted with sodium acetate in
the HTL process was allowed. The amount of catalyst added
has a considerable impact on the GHG emission results and
should be further studied. The data on hydrogen demand
and product output in the upgrading of HTL biocrude vary
considerably in the literature and were therefore not used.
The calculations and input data on hydrogen demand are
presented in Tables 7-9.

Table9 Yields and product composition based on the study by van
Dyk et al. [50]. HO denotes the hydrogenated oil after hydrotreat-
ment, but before separation (distillation)

FP HTL  Unit
Yield HO 042 0.80 kg HO/kg DM, crmediate
HO properties
C 0.858 0.877 kg/kg HO
H 0.131 0.118 kg/kg HO
o* 0.011 0.005 kg/kg HO
Yields of components after distillation
Naphtha BP 0-155 °C 0.304 0.188 kg/kg HO
Jet fuel BP 155-250 °C 0.247 0.229 kg/kg HO
Diesel BP 250-345° C 0.244 0.288 kg/kg HO
Heavy fuel oil BP>345°C 0.205 0.295 kg/kg HO
Components of off-gas®
CH, 0.032 0.096 kg/kg off-gas
C,H¢ 0.089 0.147 kg/kg off-gas
C;Hqg 0.143  0.270 kg/kg off-gas
CHy, 0.324 0.210 kg/kg off-gas
CH,, 0.137 0.087 kg/kg off-gas
CO 0.010 0.000 kg/kg off-gas
CO, 0.265 0.191 kg/kg off-gas
Elements in off-gas ©
C 0.670 0.707 kg/kg off-gas
H 0.131 0.154 kg/kg off-gas
(0] 0.198 0.139 kg/kg off-gas

# Should be zero, but this is the experimental outcome, which was
used in the calculation.

® Sum of off-gas from hydrogenation in two steps for FP. Components
given by volume in [50], recalculated to weight, assuming a tempera-
ture of 293 K, and a pressure of 1 atm.

¢ Own calculation based on the composition above.

FP
Most published data on FP are presented for systems inte-
grated with other processes, such as heat and power plants

@ Springer
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Table 10 Resulting hydrogen demand and yield of products from
two-step hydrotreatment of FP liquid and one-step hydrotreatment of
HTL biocrude (MJ/MJ wood fuelg,q.i,)

HTL SD FP SD FPLR

H, consumption 0.120 0.274 0.244
HO yield 0.620 0.602 0.501
Petrol 0.121 0.189 0.158
Jet fuel 0.141 0.147 0.123
Diesel 0.176 0.144 0.120
Heavy fuel oil 0.181 0.122 0.101
Off-gas total 0.077 0.317 0.274
Off-gas components °

CH, 0.010 0.015 0.013
C,H¢ 0.014 0.040 0.034
C;H; 0.026 0.063 0.054
C,H,, 0.020 0.141 0.121
CsH,, 0.008 0.058 0.050
(6(0) <0.001 0.001 0.001

Given as naphtha with a boiling point up to 155 °C [50]

"The off-gas also contained 19% (w/w) CO, for HTL biocrude
upgrading and 28% (w/w) for upgrading of pyrolysis liquid (both FP
SD and FP LR).

[36, 54, 58], and no information can be extracted on co-prod-
uct formation or pyrolysis energy demand. The data used for
intermediate production are given in boldface in Table 7 and
were chosen due to their transparency, and the possibility
to create a dataset with non-integrated energy flows [31].
Data are presented for both the feedstocks investigated in the
present study, LR and SD. The data for hydrogen demand
and product output in the upgrading of FP liquid vary con-
siderably in the literature and were therefore not used. The
calculations and input data on hydrogen demand used in this
study are presented in Tables 8—10.

Calculated hydrogen demand and yields
in hydrotreatment and distillation

Due to the large variation in hydrogen demand for upgrading
HTL and FP intermediates in previous publications, a com-
bination of experimentally derived data and theoretical cal-
culations was used in the present study. The experimentally
derived data presented by van Dyk et al. were presented in
a transparent way, and the study was performed under com-
parable conditions for intermediates from HTL and FP [50].
These experimental data will reflect a deoxygenation process
where O is removed primarily as water, but where some
carbon is also lost from the liquid intermediates, both as
short-chain hydrocarbons and as CO and CO, in the off-gas.
The calculation was performed as follows.

@ Springer

The contents of carbon (C), hydrogen (H), and oxygen
(0O) in the intermediate are known (Table 8).

— The experimentally derived yield and elementary com-
position of HO (Table 9) allow the calculation of the
amount of C that ends up in the HO. The remaining C is
assumed to end up in the off-gas.

— The experimentally derived elementary composition of
the off-gas allows the calculation of the amount of H and
O found in the off-gas.

— The difference in the amounts of O in the off-gas and the
intermediate is assumed to have been removed as water
by reaction with hydrogen (HDO). The stoichiometric H,
demand for this reaction is calculated.

— The difference in the amounts of H between HO and the
intermediate is added or subtracted.

The above combination of theoretical and experimental
data allows the calculation of the hydrogen demand and
product output for hydrotreatment involving the desired
HDO, but also the loss of carbon due to decarboxylation
and carbonylation reactions. The yield of off-gas and refined
hydrocarbons after distillation will be outcomes of the same
calculation (Table 10). The advantage of this approach is
that the H, consumption is linked to a specific intermedi-
ate composition in a transparent way. Also, the hydrogen
demand and product output are not based on a theoretical
calculation but reflect the competing reactions where hydro-
deoxygenation is not the only reaction, and decarboxyla-
tion and carbonylation reactions also occur. Furthermore,
the desired longer-chain hydrocarbons will not be formed
exclusively, but some short-chain hydrocarbons will be lost
in the off-gas.

Background data on hydrogen production

The different cases for fossil-based and fossil-free
hydrogen production are summarized in Fig. 5. The
inputs of energy and feedstock in electrolysis and SMR
[49, 56] are normalized to the output of 100 MJ of
hydrogen. The data chosen for electrolysis are based on
the best available current technology, which is 67% elec-
tric efficiency (including auxiliaries). Future achievable
performance has been reported to be 72-77% electric
efficiency [56]. The power demand for electrolysis and
SMR includes the use of 0.03 MJ for the compression
of hydrogen from 20 bar, when exiting SMR, to 350 bar
before feed-in to upgrading [68]. The data given for
SMR of NG are also used in the calculation where NG
is replaced by biogas. The amounts of off-gas resulting
from the different process chains are shown in Fig. 2.
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Table 11 GHG emission factors for fuels and process additives

Fuel/compound Emission Reference
Energy carriers g CO,eq/MJ
Diesel, average blend Sweden, 2019 76.5 [59]
HVO Sweden, 2019? 13.2 [59]
Swedish electricity mix 13.1 [69]
Wood-fuel-based heat/steam 3.8 [70]
Natural gas 63.9 [59]
Biogas® 13.5b [59]
Process additives/materials g CO,eq/g

Catalyst (Na,CO;) HTL 0.322 [71]
Scrubber oil TG-FT* 13.2 [59]
Sulphur dioxide (SO, liquid) ATJ 0.36 [24]
Sodium hydroxide NaOH (50%wt) AT]  0.95 [24]
Sulphuric acid (H,SO, 50%wt) ATJ 0.09 [24]
Antifoam ATJ 1.33 [24]
Urea ATJ 2.63 [24]
Lignocellulosic enzymes ATJ® 6.06 [47]

®The original reference assumes rape seed oil as scrubber oil [22].
This is replaced by the average emission for hydrogenated vegetable
oils (HVO) sold as transportation fuels in Sweden in 2019.

b Average emissions for biogas that are upgraded, pressurized, and
used for road transport in 2019.

‘The emissions from cellulase enzyme production with renew-
able energy and sugar beet molasses as carbon source, given per kg
enzyme protein.

The off-gas is partly used for process energy, and partly
as feedstock in steam reforming. In the latter case, the
off-gas is first subjected to a gas cleaning process [57].
The TG-FT off-gas contains only short-chain hydrocar-
bons and thus no gas cleaning step is needed.

Emission factors for energy and additives
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