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Abstract: A greenhouse gas (GHG) emission reduction obligation system has been implemented in
the Swedish road transport sector to promote the use of biofuels. For transportation fuel suppliers to
fulfil this obligation, the volume of biofuel required decreases with decreasing life cycle GHG emission
for the biofuel, linking lower GHG emission to higher economic value. The aim of this study was to
investigate how the economic competitiveness of a Swedish emerging lignocellulosic-based ethanol
production system would be influenced by the reduction obligation. The life cycle GHG emission
for sawdust-based ethanol was calculated by applying the method advocated in the EU Renewable
Energy Directive (RED II). The saving in GHG emissions, compared with fossil liquid transportation
fuels, was 93% for a potential commercial production system in southern Sweden. This, in turn, will
increase the competitiveness of sawdust-based ethanol compared to the mainly crop-based ethanol
currently used in the Swedish biofuel system, which has an average GHG emission saving of 68%,
and will allow for an almost 40% higher price of sawdust-based ethanol, compared to the current
price of ethanol at point of import. In a future developed, large-scale market of advanced ethanol,
today’s GHG emission reduction obligation system in Sweden seems to afford sufficient economic
advantage to make lignocellulosic ethanol economically viable. However, in a short-term perspective,
emerging lignocellulosic-based ethanol production systems are burdened with economic risks and
therefore need additional economic incentives to make a market introduction possible.

Keywords: ethanol; lignocellulosic biomass; life cycle assessment; GHG emissions; political incentives;
economic performance

1. Introduction

In 2018, the Swedish Government imposed an obligation on the road transportation sector to
reduce the greenhouse gas (GHG) emissions from fossil fuels. This reduction obligation means that
fuel suppliers in Sweden are required to blend biofuels into fossil fuels to achieve an overall reduction
in GHG emission for the fuel blend compared to a fossil fuel comparator. The target for the reduction
obligation is increased annually following a predetermined GHG reduction trajectory. The lower the
GHG emission of the biofuel, the lower the amount needed to achieve the required overall reduction in
emission. This creates an economic advantage for biofuels with low life cycle GHG emissions. An
apparent question is, therefore, whether this increased economic advantage is a sufficiently effective
incentive to promote the large-scale commercial production of emerging advanced biofuels with low
GHG emissions.

The overall objective of this study was to evaluate the economic consequences of GHG emissions
from lignocellulosic ethanol in a reduction obligation system. The life cycle assessment-based calculation
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method defined in the EU renewable energy directive (RED II) was applied as this calculation method
is required in the Swedish reduction obligation system, to the case of ethanol produced from sawdust
in a potential commercial ethanol plant in Sweden. Sawdust is seen as a promising feedstock for the
production of liquid biofuels in Sweden, compared with different lignocellulosic feedstocks, due to its
physical proporties, e.g., a homogenus feedstock with no, or low, impurities, low costs, and abundant
volymes in the sawmill sector [1]. The risk for increased GHG emissions due to changes in various
factors during the planning process, or after the start of operation, such as production system design,
selection of inputs in the process, availability of feedstock, or interpretation of the GHG calculation
methodology, are evaluated. The resulting life cycle GHG emission for sawdust-based ethanol is
compared with statistics on the average cost and GHG emissions of the ethanol currently used to achieve
the Swedish reduction obligation target. Finally, the results are discussed in a broader perspective
including previous studies of economy and GHG performance of various lignocellulosic-based ethanol
production systems.

2. Background

2.1. Biofuel Policy in the EU and Sweden

EU member states must require fuel suppliers to supply at least 14% renewable fuels in road and
rail transport by 2030, where the amount of advanced biofuels should correspond to 3.5% (percentage
points) [2]. The average EU energy use for road transport during the period 2006–2017 was 12,500 PJ
year−1, with no sign of decline [3]. The average share of renewable fuels (including the double counting
allowed for some fuels) was 7.1% in 2016 [4]. An increase to 14% means that the market demand for
renewable transport fuels within the EU will approximately double in the coming decade (excluding
potential consequences of double counting). All biofuels must fulfil the sustainability criteria set out in
RED II, including a GHG emission saving of at least 65% compared to the fossil fuel comparator of 94 g
CO2-equivalents (CO2-eq)/MJ, which means a maximum allowed GHG emission of 33 g CO2-eq/MJ [2].
The specified method of calculating biofuel GHG emission is based on an life cycle assessment (LCA)
methodology with standardized procedures for system boundaries, functional unit and allocation (see
Section 4.1. for a detailed description of this calculation method according to RED II).

Sweden had the highest share of biofuels in domestic road transport in the EU in 2018, with 23%
on energy basis (30% including the double counting allowed for some fuels) [5]. The national target
set for 2030 is a 70% reduction in GHG emission from domestic transport, compared to 2010 levels.
One tool used to bring about this transition is the Swedish GHG emission reduction obligation in road
transport, introduced in 2018, which requires fuel suppliers to reduce the GHG emission of petrol and
diesel by blending it with biofuels [6]. The calculated reduction in GHG emissions is based on the
volume of biofuel utilized in combination with the life cycle GHG emission of the biofuel. Under the
GHG reduction obligation system, suppliers of petrol and diesel will need a lower amount of biofuel if
it has a low life cycle GHG emission, to achieve an equivalent total emission reduction, compared with
a biofuel with a higher life cycle GHG emission. The reduction obligation targets for 2020 are 4.2% for
petrol and 21% for diesel (compared to 2010). The reduction levels suggested by the Swedish Energy
Agency for 2030 (not yet adopted by the Swedish Parliament) are 28% for petrol and 66% for diesel [6].

2.2. Current Production and Use of Fuel Ethanol in the EU and Sweden

In Sweden, 5.3% (vol) ethanol was used for low blend in petrol in 2018, corresponding to 3.2
PJ. For the reduction obligation to be achieved in 2030, the estimated amount of ethanol required is
roughly twice that, i.e., 6.8 PJ [7]. During the period from 2011–2018, over 95% of the ethanol used
for domestic transport was produced from agricultural crops, and was mainly imported from other
EU countries. During the same period, the average ethanol GHG emission has decreased from 37 g
CO2-eq/MJ to 30 g CO2-eq/MJ. To achieve the target GHG emission reduction of 70% in the transport
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sector by 2030, the expected average emission from ethanol is 15 g CO2-eq/MJ [6]. Thus, a shift towards
ethanol with lower life cycle GHG emissions is necessary [6].

Default values of ethanol GHG emissions in the RED II for plants using process heat from biomass
fuels are 30–31 g CO2-eq/MJ when using crops such as corn and other cereals as ethanol feedstock, and
16 CO2-eq/MJ when wheat straw is used [2]. Straw is an example of a feedstock for so-called “advanced
biofuels”, as defined in the EU RED II Annex IX, including lignocellulosic waste and residues from
forestry and forest-based industries, such as sawdust [2]. The main reason why ethanol based on
lignocellulosic residues is calculated to have lower life cycle GHG emissions than ethanol based on
cereals, is due to lower GHG emissions from the production of the biomass feedstock (see e.g., [8]). All
GHG emissions from the cultivation phase of cerelas are included in the GHG calculation of crop-based
ethanol, whereas only the GHG emissions from the recovery of the lignocellulosic residues, and not
from the up-stream primary biomass production, are included regarding lignocellulosic residue-based
ethanol. The European fuel ethanol use in 2017 was 115 PJ, of which almost 90% was produced within
the EU [9]. The GHG emission from EU-produced ethanol, most of which is crop-based, decreased
from 42 to 24 g CO2-eq/MJ between 2011 and 2018 [9]. This decrease is not the result of a shift from crops
to advanced feedstock, but mainly due to measures permitted in the RED II calculation method, the
allocation of emissions to by-products (animal feed), and increasing capture and use of the biogenic CO2

produced during fermentation, allowing this to be subtracted from the life cycle GHG emissions [2,9].
Advanced ethanol represented less than 4% of the total European ethanol production in 2018 [9].

2.3. Advanced Ethanol Production

The link between GHG emissions and the economic value of a biofuel created through the reduction
obligation system will afford an economic advantage to low-emission biofuels [6]. Lignocellulosic
ethanol typically has low life cycle GHG emissions, from the default value of 16 g CO2-eq/MJ for
straw given in RED II, to around 10 g CO2-eq/MJ for sawdust-based ethanol production, recently
demonstrated on pilot scale in Finland [2,10].

Sweden has a long-standing tradition of research into lignocellulose-based ethanol production [11–13],
but has not yet a commercial large-scale plant dedicated to the production of advanced ethanol as
transportation fuel. A large proportion of the fuel production cost of a crop-based biofuel is the cost
of the biomass feedstock, while the production of advanced biofuels requires installations with higher
investment costs [6,14]. Globally, advanced ethanol production has stagnated, mainly due to technical
difficulties and high production costs [15], and advanced ethanol made up less than 2% of the ethanol
used in Sweden in 2018 [5]. The considerable financial risk means that long-term stable political incentives
will be required for this type of ethanol production to be commercialized [6]. The current GHG reduction
obligation system in Sweden may be such a long-term stable incentive, promoting the production and
use of biofuels with low GHG emissions, and having predetermined reduction targets until 2030.

3. The Case Study: Ethanol from Sawdust

To examine the economic advantage of advanced ethanol production in the Swedish reduction
obligation system, the case of ethanol production from sawdust was investigated. This case is based
on recent data provided in the scientific literature [16,17] and by construction planners for commercial
ethanol plants in Sweden with the capacity to process 200,000 ton (dry matter, DM) of sawdust per
year [18].

3.1. Raw Material Availability—Sawdust from Sawmills in a Forest Dense Region

The current production of sawdust in Swedish sawmills is approximately 1.9 million ton DM
per year, which in terms of energy represents some 35 PJ [19]. The region with the highest density of
forest, in form of conifers, and sawmills, is found in southern Sweden between latitude 56.5–58 ◦N
and longitude 13.5–16.5 ◦E. This region amounts to 2.1 million hectares of which 70% is covered by
forest [20]. The annual forest increment is equivalent to 14 million m3, while annual felling amounts to
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12 million m3 [20]. There are currently 34 sawmills in operation in the region, producing approximately
4 million m3 sawn timber per year, which is equivalent to roughly 8.7 million m3 of roundwood [19].
For comparison, this represents 22% of the total sawn timber production in Sweden.

Based on the generation of, on average, 48 kg sawdust (DM) per m3 of roundwood [21,22], the
total annual production of sawdust in sawmills in this forest region is approximately 420,000 ton DM,
equivalent to roughly twice the amount needed as feedstock for one ethanol plant of the size assumed
in this study.

The theoretical transportation distance of sawdust from existing sawmills in the studied forest
region to an ethanol plant with an optimal localization is calculated to be 56 km. This calculation is
based on the following assumptions: (i) the supply of sawdust is evenly distributed over the region
(based on the actual location of the 34 sawmills), (ii) the sawdust recovery area is circular and the
ethanol plant is located at the centre, and (iii) the practical transportation distance is 20% longer than
the theoretical linear distance [23]. It was also assumed that all the sawdust produced would be
allocated to the ethanol plant. However, only part of the sawdust generated will be commercially
available as feedstock for the ethanol plant since sawdust is also used for other purposes, such as the
production of pellets, district heating, etc. In the base case in the current study, it is assumed that
two thirds of the sawdust produced in the region will be available as feedstock for the ethanol plant,
giving an average one-way transportation distance of 70 km. If, on the other hand, only one third of
the sawdust is available, the transportation distance will increase to 100 km, which is applied in one of
the alternative assessments.

3.2. The Ethanol Plant

The process design was determined by data from [16–18,24]. The annual sawdust input and
product outputs of the ethanol production plant are illustrated in Figure 1. Detailed information on
inputs of material and utilities is presented in Appendix A.
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Figure 1. Annual feedstock input and ethanol and co-product outputs (DM) at the studied ethanol
production plant [ton/year].

The process for lignocellulosic ethanol production is based on previously published research on
pilot and demonstration scale (see e.g., [16,17,25]) and is briefly summarized here. The process consists
of acid-catalysed steam pre-treatment followed by liquid/solid phase separation. The cellulose- and
lignin-containing solid phase is treated by simultaneous saccharification (hydrolysis) and fermentation
(SSF). The ethanol produced is recovered through distillation, and the remaining lignin-rich solids are
dried and pelletized. The liquid phase from pre-treatment is treated by anaerobic digestion, where the
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biogas containing methane and carbon dioxide is recovered in the gas phase; further upgrading is
not included.

3.3. Alternative Cases

We considered six different alternative cases in the case study, in addition to the base case, which
was based on the data presented in Section 3.2. The impact on ethanol GHG emissions of factors that
could change during the planning process, as a consequence of a change in feedstock availability, or
that are the result of alternatives in the calculation method, were evaluated. The alternative cases (A–F)
are summarized in Table 1, and explained below.

Table 1. Overview of the alternative cases studied.

Factor Base Case Alternative Change

Enzyme Best available technology A Published data on commercial
enzymes

Power production Swedish electricity mix B Nordic electricity mix
Heat production Stand-alone wood chip boiler C Internal use of lignin pellets

Feedstock availability 2/3 (70 km transport distance) D 1/3 (100 km transport distance)
Transportation fuel Swedish diesel blend E Biodiesel, HVO100

CO2 capture No capture F 30% capture and use

Alternative A: The enzyme cocktails added for cellulose hydrolysis have been reported to
contribute with a large share of the GHG emissions for wood based ethanol. These emissions are
both linked to the required enzyme dose and an impact of the carbon source and energy use during
enzyme production [26–28]. For the base case, data representing low emissions for a future European
cellulose enzyme production are chosen based on [27], and an enzyme dose in the lower range (0.4 g
enzyme protein per MJ ethanol produced) suggested in the same study, corresponding to 2.7 kg enzyme
protein per t DM sawdust added. The emission data are based on enzyme production with sugar
beet molasses as carbon source, and with biogas as energy source for electricity, heating and cooling,
giving a carbon footprint of 6 kg CO2-eq/kg enzyme protein [27]. As an alternative, published data for
commercially available enzymes, with an enzyme dose corresponding to 30.4 kg enzyme formula per t
DM sawdust added, and a carbon footprint of 5.5 kg CO2-eq/kg enzyme formula are evaluated [29]
(N.B. Alternative A data are given in weight enzyme formula, while the base case data are given per
weight enzyme protein).

Alternative B: In the base case, the carbon footprint of the electricity mix is based on Swedish
national emissions, in line with the RED II methodology [2,30,31]. To illustrate the impact of higher
GHG emissions for electricity, the Nordic electricity mix was evaluated [32].

Alternative C: The fuel for the generation of process steam is assumed to be wood chips in the
base case. The largest quantity of product from the ethanol plant is lignin pellets (Figure 1). Therefore,
the use of internally produced lignin pellets for steam production is evaluated.

Alternative D: The proportion of sawdust in the province available to the ethanol plant is decreased
from two thirds to one third, increasing the one-way transport distance from 70 km to 100 km, as
described in Section 3.1.

Alternative E: The impact of changing the type of transportation fuel from the current Swedish
average diesel blend (77% fossil diesel and 23% biodiesel) to biodiesel (Hydrotreated Vegetable Oil,
HVO100) is evaluated [5].

Alternative F: The average share of CO2 capture from fermentation in European ethanol production
was 18% in 2018 [9]. The possibility of CO2 capture was evaluated, assuming that 30% of the CO2 from
the fermentation process (equal to 14,100 t/y, Figure 1) is recovered for further use, replacing fossil CO2.
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4. Methods and Data Inventory

4.1. Revised Renewable Energy Directive (RED II)

As described in previous sections, the life cycle-based GHG emission calculations were performed
according to the revised European Union’s Renewable Energy Directive, RED II [2], which is to be
implemented in national legislation after 2020. The reason why this specific methodology was utilized
is that the Swedish GHG reduction obligation system is built upon the GHG performance of the blend
in biofuels according to the calculation method defined in the EU RED.

According to the RED II [2], the GHG performance was calculated as global warming potential
with a 100-year time frame including emissions of CO2, CH4 and N2O, were 1 g of CH4 and 1 g N2O
were valued 25 and 298 g CO2-eq, respectively. The emissions of the intermediate and final products
were expressed in g CO2-eq, and the functional unit (FU) to which environmental impact is related was
1 MJ (lower heating value, LHV) of ethanol. According to the RED II, the default value for “the fossil
fuel comparator EF(t) was 94 g CO2-eq/MJ” (petrol and diesel) [2]. The equation used to calculate the
total life cycle emission from the produced fuel is given in RED II [2] as follows:

“E = eec + el + ep + etd + eu − esca − eccs − eccr, ” (1)

where “E is the total emissions from the use of the fuel, eec is emissions from the extraction or cultivation
of raw materials, el is annualised emissions from carbon stock changes caused by land-use change,
ep is emissions from processing, etd is emissions from transport and distribution, eu is emissions
from the fuel in use, esca is emission savings from soil carbon accumulation via improved agricultural
management, eccs, is emission savings from CO2 capture and geological storage, eccr is emission savings
from CO2 capture and replacement”.

In the present assessment, “emissions from carbon stock changes caused by land-use change”
was not relevant since the sawdust was defined as “advanced feedstock” and set to zero, according to
RED II [2]. The EU RED also state that the “emissions from the fuel in use shall be taken to be zero
for biofuels and bioliquids” [2], and therefore were not included. Furthermore, “emission savings
from soil carbon accumulation via improved agricultural management”, as well as “emission savings
from CO2 capture and geological storage” [2], were not relevant in this study. “Emission savings
from CO2 capture and replacement” [2], were set to be zero in the base case, but were included in
Alternative F (the CO2 capture case). These emission savings shall, according to RED II [2], “be related
directly to the production of biofuel or bioliquid they are attributed to, and shall be limited to emissions
avoided through the capture of CO2 of which the carbon originates from biomass and which is used to
replace fossil-derived CO2 in commercial products and services”. Thus, the parameters in the RED II
calculation methodology that were included in following life cycle GHG emission analysis (base case)
are “eec”, which includes the production of chemicals and enzymes used in the ethanol process (and no
up-stream primary biomass production activites since sawdust is seen as a residue), “ep”, covering the
production of the electricity and heat needed for the ethanol process, and “etd” which includes the
transport operations for the sawdust from sawmills to the ethanol plant, the transport of the ethanol to
the depot and the distribution of the ethanol to the filling stations.

4.2. LCA Data Inventory

It is assumed that sawdust (50% DM) [33] from the sawmill is transported via road by truck (40
ton total weight) with a load capacity of 26 tons. Data on diesel use during transport and the properties
of the truck were based on [34]. The total fuel use for transport, including the empty return of the
truck, was calculated to be 0.12 MJ/kg DM sawdust in the base case, for a transport distance of 70
km, and 0.17 MJ/kg DM sawdust in Alternative D where the transport distance was 100 km. The
fuel consumption for transporting the ethanol produced 150 km to a depot, and then a further 150
km to a filling station, based on assumed distances in [35], was calculated to be 0.26 MJ/kg ethanol,
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including the empty return of a truck for liquids. Electricity use at the depot and at the filling station
were assumed to be 0.84 kJ electricity/MJ ethanol and 34 kJ electricity/MJ ethanol, respectively [35]. It
was assumed that the heat required for steam production in the base case was generated from forest
residues (branches and tops) in a stand-alone wood chip boiler with a conversion efficiency of 95%. It
was assumed that the electricity was generated externally and was the Swedish electricity mixture.

The contributions of the chemicals and utilities used in the ethanol process to GHG emission are
given in Table 2.

Table 2. Input of chemicals, nutrients and enzymes in the production process.

Input [kg CO2-eq/kg] Reference

Sulphur dioxide 0.36 [36]
Sodium hydroxide 0.95 [36]

Sulphuric acid 0.09 [36]
Antifoam 1.33 [29]

Trace minerals 0.44 [37]
Urea 2.63 [36]

Enzymes: low carbon footprint 6.05 a [27]
Enzymes: Alternative A 5.50 a [29]

[g CO2-eq/MJ]
Swedish electricity mix 13.1 [30]
Nordic electricity mix 34.9 [32]

Heat (wood chip boiler) 3.4 b [38]
Diesel (77% diesel/23% biodiesel) 77.2 [5]

HVO100 8.8 [5]
a The emissions from enzyme production in the base case is based on future production data with renewable energy
and sugar beet molasses as carbon source, and is given per kg enzyme protein. The Alternative A data are given for
the commercial product Cellic®Ctec 3 (Novozymes) and per kg enzyme formula; b Per MJ wood chips.

In Alternative C, where a fraction of the lignin pellets is used for internal steam production, 47%
of the produced lignin pellets was required for heat production, leaving 805 TJ lignin pellets per year
as a co-product. This change in the amount of co-product changes the proportion of GHG emissions
allocated to ethanol, according to the RED II calculation methodology. In Alternative F, an additional
134 kWh/t CO2 recovered was assumed to be needed for the compression of CO2 [39].

4.3. The Swedish GHG Reduction Obligation System and Economic Background Data

The life cycle GHG emissions calculated in the current study were used as input values for the
economic assessment of sawdust-based ethanol. Results are presented for the base case, and for the
alternatives that give the highest and lowest emissions.

The fuel price at the filling station when the fossil fuel supplier complies with the reduction
obligation by blending ethanol with current GHG emission, and price is given in Table 3. The reduction
obligation for 2020 of 4.2% was used [6], allowing an emission of 89.4 g CO2-eq/MJ for petrol. With the
current average ethanol GHG emission, this required a blend-in of 9.2% (vol) ethanol, giving a petrol
price of 19.7 € GJ−1 (excl. taxes), based on the data in Table 3. This price per energy unit was kept
constant, and the lower volume needed for ethanol with lower GHG emissions was recalculated to give
an ethanol price at the filling station. The cost for domestic storage and distribution (including labour
and capital costs) and net margins (including profit) were taken from an inventory by the Swedish
Energy Agency for E85 in 2018 [40], and were assumed to be the same for sawdust-based ethanol. The
values used and the references are presented in Table 3.
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Table 3. Data used for economic calculations in the production of sawdust-based ethanol.

Parameter Unit Value Reference

Fossil petrol comparator g CO2-eq/MJ 93.3 [41]
LHV petrol a MJ/L 32.2 [42]

Tax (energy and CO2) b €/L 0.64 [43]
Petrol price c €/L 0.59 [44]

Current GHG emission from ethanol (2018) d g CO2-eq/MJ 30 [6]
Current ethanol price at filling station (excl. taxes) c €/L 0.896 [44]

Cost of domestic storage and distribution of
ethanol e €/L 0.017 [40]

Cost ethanol net margin (including profit) €/L 0.372 [40]
Exchange rate SEK/€ 10.33 [43]

a Petrol typically used in Sweden differs somewhat from the European average (32.0 MJ/L); b Tax levied on both
petrol and ethanol within the reduction obligation since 1 July 2019. The current tax is per L fuel, not per energy
unit, which gives the impact that renewable ethanol is taxed higher than fossil petrol per energy unit; c Average
price July-October 2019 to costumer at manned filling stations, excluding Value Added Tax (VAT) (25%) and tax; d

Average GHG emission from ethanol used as biofuel in Sweden in 2018; e Including labour and capital costs.

5. Results and Discussion

5.1. Ethanol Production and GHG Performance

A commercial sawdust-based ethanol plant of the scale evaluated in the current study would
use roughly half of the sawdust generated in sawmills located in a forest region in southern Sweden
having a high sawmill density, and some 10% of the total Swedish sawdust potential. The 63 million
L of ethanol produced corresponds to 1.3 PJ, or 19%, of the ethanol demand required to fulfil the
proposed reduction obligation in 2030 [7,45]. The theoretical maximum ethanol production potential
from sawdust in Sweden is consequently twice the national demand expected in 2030.

The ethanol produced from sawdust will have a life cycle GHG emission of 6.7 g CO2-eq/MJ in
the base case (see Figure 2), which is equivalent to a GHG emission reduction of 93% compared to
the fossil fuel reference value of 94 g CO2-eq/MJ given in RED II. The emission from sawdust-based
ethanol is less than one fourth of the life cycle emission of 30 g CO2-eq/MJ from the ethanol currently
used in Sweden.Energies 2020, 13, 1048  9  of  16 
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The results of the alternative calculations presented in Figure 2 show that the GHG emission could
have varied from 2.5 to 15.8 g CO2-eq/MJ, depending on system design and calculation assumptions. For
example, changes in the type and dosage of enzymes may have more than doubled the GHG emissions,
whereas changes in the electricity mix may have increased the emission by almost 50%. This clearly
shows the importance of using enzymes with low carbon footprint in combination with low enzyme
dosage, together with electricity having low GHG emissions. On the other hand, capture of biogenic
CO2, which was used to replace fossil-derived CO2, may have reduced the life cycle GHG emissions by
more than 50%. A change in transportation distance had a minor impact, whereas the replacement of
diesel fuel by biodiesel (100% HVO) led to a reduction in GHG emission of approximately 15%. Finally,
the use of lignin pellets for the internal generation of process heat, instead of an external supply of heat
based on wood chips, led to a somewhat poorer GHG performance (approximately 10% higher life
cycle GHG emissions). This is due to the calculation methodology in RED II and the allocation rules
regarding co-products.

The results presented in Figure 2 regarding the GHG emissions for sawdust-based ethanol can be
compared with previous studies of other lignocellulosic ethanol production systems. Becker et al. [46]
analysed the GHG emissions of ethanol production from wood chips from logging residues (tops and
branches after final felling), short-rotation coppice willow, and straw, also according to the EU RED
calculation method. The GHG emissions presented for logging residue- and straw-based ethanol were
5.4 and 5.2 g CO2-eq/MJ, respectively [46], which was similar to the base case result for sawdust-based
ethanol shown in Figure 2. Both logging residues and straw are defined as biomass residues, similar
to sawdust, thus no upstream GHG emissions from the primary biomass production (round wood
production and cereal cultivation, respectivley) are included. However, when a dedicated energy crop
such as short-rotation coppice willow was used as feedstock, the GHG emissions were somewhat
higher, 16.1 g CO2-eq/MJ, due to the inclusion of the GHG emission during the cultivation phase [46].
A conclusion is therefore that the economic competitiviness for willow-based ethanol systems will be
somewhat reduced in a GHG reduction obligation system, compared with lignocellulosic waste-based
ethanol systems (see Section 5.2).

In a study by Lantz et al. [47], the GHG emissions of both straw- and grain-based ethanol were
calculated (winter wheat) based on the EU RED calulation method. Their results showed somewhat
higher GHG emissions for straw-based ethanol, or 11 g CO2-eq/MJ, which can be explained by higher
GHG emissions from the electricity in use which was based on Nordic electricity mix. This system is
reflected in Alternative B in Figure 2, which is also based on Nordic electricity mix instead of Swedish
electricity mix. The Swedish national regulations of the EU RED about the GHG calculation method
were revised in 2018, including a change from the requirement of using Nordic electricity mix to the
requirement of using Swedish electricity mix [31].

The RED calculation method applied in EU legislation (Section 4.1) is a simplified LCA approach,
based on the ISO standard of LCA [48,49]. Several previous studies assessing the GHG emissions of
biomass-based ethanol systems have applied somewhat altered calcualtion methods, e.g., including
indirect effects of the production system by expanding the system boundaries, substituion effects from
by-products etc (see e.g., [29,38,47,50,51]). Depending on the aim of the study, and the life cycle GHG
calculation approach, the results will differ, which can lead to different conclusions when comparing
the GHG performance of ethanol production systems. However, since the EU RED calculation method
is applied in EU regulations and in national policy instruments, such as the Swedish GHG reduction
obligation system, this method will be applied by all actors within the biofuel sector in EU, and will be
the basis of comparison of economic consequences for various biofuels.

5.2. Economic Consequences of GHG Performance

The GHG emission from the production of sawdust-based ethanol in the base case was used
together with the alternatives that gave the highest (A) and lowest (F) GHG emissions in an economic
assessment. These values are given in Table 4, together with the average GHG emission for fuel ethanol
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currently used in Sweden. The blend-in demand required to fulfil the 2020 reduction obligation is also
given, together with the calculated prices of sawdust-based ethanol.

Table 4. Blend-in demand and price of ethanol in the Swedish reduction obligation system 2020.

Parameter Unit
Fuel Ethanol Sawdust-Based Ethanol

Average Sweden, 2018 High Base Case Low

Ethanol GHG emission g CO2-eq/MJ 30 15.8 6.7 2.5
Ethanol blend-in % energy 6.2 5.1 4.5 4.3

% volume 9.2 7.6 6.8 6.5
Energy (Lower Heating

Value) fuel blend MJ/L 31.2 31.4 31.4 31.5

Price of fuel to customer
(excl. taxes) a €/GJ 19.7

Price of fuel to customer
(excl. taxes) €/L 0.615 0.619 0.620 0.621

Price of ethanol at filling
station (incl. distribution

and margin, etc.)
€/L 0.90 1.01 1.09 1.12

Price of ethanol at the
point of import €/L 0.51 0.62 0.70 0.73

a Based on current ethanol and petrol price (2019) and current (2018) GHG emissions for fuel ethanol used in Sweden.
Used as a reference value for the sawdust-based ethanol calculations.

The price of ethanol at the point of import is shown in Figure 3. The cost of storage, distribution
and net margin for sawdust-based ethanol was assumed to be the same as for ethanol currently used in
Sweden (2018). The resulting comparable, GHG-adjusted, price of sawdust-based ethanol in the base
case was equivalent to 0.70 €/L. In other words, the price of sawdust-based ethanol can theoretically be
37% higher than the current price of crop-based ethanol (0.51 €/L) for the fuel supplier whithout leading
to an increased fuel price to the customer, due to the lower GHG emissions for the sawdust-based
ethanol (6.7 g CO2-eq/MJ) compared to the currently used crop-based ethanol (30 g CO2-eq/MJ). Process
improvement such as CO2 capture (Low, Table 4) would reduce the GHG emission to below 3 g
CO2-eq/MJ, and allow for a 44% higher sawdust-based ethanol price. If, on the other hand, the life
cycle emission was above 15 g CO2-eq/MJ, exemplified here by increased emissions related to the use of
enzymes (High, Table 4), the GHG-adjusted sawdust-based ethanol price would be only 22% higher
than that of ethanol currently used in Sweden.Energies 2020, 13, 1048  11  of  16 
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The GHG adjusted ethanol price presented in Figure 3 for sawdust-based ethanol can be compared
with other lignocellulosic ethanol production systems, which are described in Section 5.1. For example,
ethanol based on logging residues and straw has been shown to have similar life cycle GHG emissions
as sawdust-based ethanol [46]. Therefore, the price advantage compared to the currently used crop
based ethanol would be similar for ethanol from these feedstocks in the Swedish GHG reduction
obligation system. Regarding short-rotation coppice willow-based ethanol [46], the GHG emissions
are comparable with the alternative “High” in Figure 3, thus equivalent to a possible 22% higher price
compared to the ethanol currently used in Sweden.

The sort of findings presented in this paper will be increasingly valuable from the perspective
of a commercial operator planning to invest in advanced ethanol production, when new economic
policy instruments based on biofuel life cycle GHG emissions are introduced. These findings will
also be increasingly valuable for policy makers in designing similar policy tools, thereby striving to
promote advanced biofuels with low GHG emissions. The overall aim of this study was to show that
the introduction of a GHG emission reduction obligation system will favour lignocellulosic ethanol.
The results show that this policy instrument will allow for a significantly higher increase in the price of
lignocellulosic ethanol, compared with the price of biofuels currently used with higher GHG emission.
The next question would then be, whether the level of this potential price increase is enough to
stimulate the large-scale commercial introduction of lignocellulosic ethanol production systems.

Several previous studies have shown that lignocellulosic ethanol production systems require
economic support to be competitive with existing crop-based ethanol production systems, and
especially so compared to fossil liquid fuels [15,52–54]. The estimated production cost in the large-scale
commercial production of lignocellulosic ethanol has been reported to be up to 30% higher than the
production cost using existing wheat-based ethanol production in Sweden [47,51]. The production cost
of wheat-based ethanol is in the same range as the current price of ethanol at point of import [47,51] (see
Figure 3), thus indicating that future sawdust-based ethanol on a developed market could theoretically
be competitive under the existing reduction obligation system as long as the life cycle GHG emission is
limited to 10 g CO2-eq/MJ or below.

A recent summary of the costs of producing advanced ethanol (i.e., from agricultural residues and
woody biomass) found them to be in the range of 0.51–1.2 €/L [15]. In a techno-economic assessment
focusing on woody biomass [16], it was concluded that the minimum ethanol selling price, ensuring
profitable production, varied between 0.55 and 1.1 €/L ethanol. The lower minimum ethanol selling
price refers to the cheapest white wood feedstock (no bark) available today, such as sawdust, while the
higher price refers to feedstock with a high fraction of bark (80%), such as hog fuel. The production
of ethanol from logging residues was found to have a minimum ethanol selling price of around
0.70–1.1 €/L. Thus, these results indicate that economic viability is possible with sawdust-based ethanol
in a future developed market with large-scale production through the reduction obligation system,
allowing a price of around 0.70 €/L in the base case, compared to current crop-based ethanol having
a selling price of around 0.50 €/L. These results also indicate that ethanol systems based on logging
residues need a somewhat higher selling price than sawdust-based ethanol, even though the two
systems have similar GHG performance (see Section 5.1.), due to a slightly higher production cost for
logging residue-based ethanol.

However, the comparisons above are based on the assumption of a developed commercial market
of advanced ethanol including a large-scale production of e.g., sawdust-based ethanol production at
several production sites. The production cost is normally higher for the initial commercial production
plants implementing an emerging technology. This is due to remaining technological risks, not
fully optimised production systems, unforeseen events, etc [51,55]. Thus, investments in emerging
technologies requires a risk compensation in form of, for example, higher selling prices, investment
subsidies reducing the capital costs, etc. Furthermore, the above comparisons are based on the
assumption of an optimised ethanol production system from a GHG perspective, leading to very high
GHG savings compared with fossil fuels. As shown in this study, a less optimized sawdust based ethanol



Energies 2020, 13, 1048 12 of 15

production system, with an emission of 15 g CO2-eq/MJ (Figure 3), will give an important contribution
to the shift towards biofuels with low GHG emissions required for 2030, but the price advantage
created through the reduction obligation system might be too low to promote such a production.

To ensure that a specific lignocellulosic ethanol production system will be sufficiently profitable
and competitive in a future commercial market including a reduction obligation system, specific
local conditions and actual system designs must be taken into account. For example, the alternatives
presented in this paper (see Figure 2) show that the GHG emissions could be both decreased, for
example, by CO2 capture and use, or increased, for example, by uncertainties related to the type and
dosage of enzymes used. This also apply to other lignocellulosic-based ethanol production system
discussed in this paper. As shown in Figure 3, this will affect the GHG-adjusted price of sawdust-based
ethanol (as for alternative lignocellulosic-based ethanol). In addition, the current market price of
ethanol, which is mainly imported crop-based ethanol, may also change over time, affecting the
future economic viability of lignocellulosic ethanol. To conclude, the Swedish reduction obligation
system appears to be sufficient to promote the commercial production of primarily sawdust-based
ethanol, among various lignocellulosic-based ethanol systems, under future conditions in a large-scale
developed market of advanced ethanol. The reduction obligation system is also a long-term political
tool with a suggested reduction target for 2030, which is another important prerequisite if investors are
to minimize financial risks. However, in a short-term perspective, additional economic incentives are
needed for the implementation of these emerging production systems.

6. Conclusions

The main conclusions of the study presented in this paper can be summarized as follows.

• Sawdust-based ethanol can be produced with low life cycle GHG emission, leading to a GHG
emission saving of 93% compared with fossil liquid transportation fuels, but it may vary between
83% and 97%.

• This, in turn, will increase the economic competitiveness of sawdust-based ethanol in the road
transport sector under the Swedish GHG reduction obligation system, which promotes biofuels
with low GHG emissions.

• Based on the current price of ethanol at point of import, and estimated future production costs
of lignocellulosic ethanol in a large-scale developed market of advanced ethanol, calculations
indicate that sawdust-based ethanol could become economically viable, and potentially also other
lignocellulosic waste-based ethanol systems.

• However, in a short-term perspective, emerging sawdust-based ethanol production systems, as
well as other lignocellulosic-based ethanol systems, are burdened with higher costs and economic
risks and therefore need additional economic incentives to make a market introduction possible.

• The current GHG emission reduction obligation system in Sweden is a long-term stable political
incentive, and seems to have the potential to promote future investments in lignocellulosic ethanol
production systems in a developed, large-scale market.
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Appendix A

Table A1. Detailed description of material input per year based on data from [16–18,27].

Utilities Input Flow Unit

Feedstock Sawdust (DM) 200,000 t
Chemicals Sulphur dioxide (liquid) 2000 t

Sodium hydroxide (50% wt.) 6100 t
Sulphuric acid (50% wt.) 960 t

Antifoam 3200 t
Trace minerals 0.2 t
Urea (40% wt.) 12 t

Enzyme protein 530 t

Table A2. Detailed description of utilities required per year [16–18].

Utilities Input Flow Unit

Energy Electricity 89,600 MWh
Steam (16 bar) 350,000 t

Water Process water 883,000 t
Boiler feed water (3 bar) 97,000 t

Table A3. Detailed description of product output per year [16–18].

Utilities Output Flow Unit

Products Ethanol 50,000 t
Methanol 1600 t

Biogas from biogas generation
(65% vol. CH4/35% vol. CO2) 22,000 t

Dried lignin (10% moisture) 78,000 t
CO2 from fermentation 47,000 t
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