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A B S T R A C T

European Union bioeconomy policy emphasizes that the production of renewable transportation
fuels should replace fossil fuels as much as possible. In particular, the utilization of waste or side-
stream lignocellulosic materials for fuel production is highly recommended. Moreover, future
crises forcing a reliance on locally available sources for fuels and energy may become increas-
ingly common. Barley straw, a common agricultural residue in northern Europe, is a potential
raw material for bioalcohol production via fermentation. In this study, the technoeconomic and
environmental sustainability of bioethanol and biobutanol production from barley straw were
evaluated. When compared with fossil gasoline production and use, the greenhouse gas emissions
reduction 77.6% and 72.1% were achieved for ethanol and butanol production, respectively.
Thus, the emission reduction of 65% for biofuels demanded by the European Union renewable
energy directive was achieved in both biofuel production processes evaluated. However, our re-
sults indicated that ethanol production from barley straw, a well-known and mature technology,
was an economically feasible process (NPV positive, IRR 20%) but that butanol production with
Clostridium species through acetone-butanol-ethanol fermentation has still technoeconomic
challenges to overcome (NPV negative, IRR below 10%). This was mainly due to the low yield
and high recovery costs of butanol.

1. Introduction
In the European Union (EU), the production and utilization of renewable fuels is emphasized, and targets are set to increase the

share of renewable energy in EU. The aim of the revised renewable energy directive 2018/2001/EU (RED), launched in December
2018, is to enable meeting the agreed greenhouse gas (GHG) emissions reduction commitments under the Paris Agreement (European
Commission, 2018). In the transportation sector, the revised RED directive demands that at least 14% of energy should come from re-
newable sources (European Commission, 2018), and that the share of energy from biofuels and bioliquids produced from advanced
feedstocks should be at least 0.2% in 2022, 1% in 2025 and 3.5% in 2030. Advanced feedstocks cover a wide range of biomass, such
as lignocellulosic side-streams (bagasse, cereal straws, or forestry wastes), food cellulosic materials, animal manure, or algae.

Straws from cereal plants, such as barley, oat, rye and wheat, can be considered as side-streams from agriculture (Rasi et al., 2016)
and these materials are excellent material for bioenergy and for more valuable bioproducts, such as chemicals and materials produc-
tion in northern Europe (von Weymarn, 2007). Agricultural residues are one major biomass source together with others: municipal
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solid waste, sewage, animal residues, forest residues and industrial residues (Tursi, 2019). Agricultural residues in general, such as
straw, bagasse, cotton stalk and wheat bran, are rich in lignocellulose, which primarily consists of cellulose, lignin, hemicellulose, and
extractives (Saini et al., 2015). Cellulose behaves as a skeleton surrounded by hemicellulose and lignin, which act as encrusting mate-
rials. The carbohydrates in cellulose and hemicellulose are potential feedstocks for the production of fermentative bioalcohols,
mainly ethanol and butanol (Tursi, 2019). In addition, lignin could be combusted to generate electricity and/or steam, thereby con-
tributing to the process energy (Kim and Dale, 2004).

Both ethanol and butanol can be produced from the same lignocellulosic raw material (e.g., straw), although current production of
butanol is costly compared to ethanol and faces technological challenges that have to be tackled before breakthrough to commercial
production can be achieved. Industrial ethanol production commonly uses yeasts, such as Saccharomyces, which are not able to natu-
rally utilize C5 sugars, and bacterial strains or genetically engineered yeast strains are used with lignocellulosic feedstock to utilize
the hemicellulosic sugars (Liu et al., 2018). Butanol can be produced via acetone-butanol-ethanol (ABE) fermentation by several
species of Clostridium bacteria (García et al., 2011).

The main obstacle in ABE fermentation is low solvent yield and concentration due to product (butanol) inhibition (Veza et al.,
2021). With the conventional clostridial fermentation process, a butanol concentration of about 13 g/L can be reached, as 10–20 g/L
butanol is often stated as the limit tolerated by the natural strains and clearly lower than the value of corresponding ethanol produc-
ing strains (Luyben, 2008). This can be avoided by removing butanol in situ during fermentation. Therefore, in this research, the fer-
mentation is combined with simultaneous gas stripping which was modelled with rigorous kinetics. Gas stripping coupled with fer-
mentation has been evaluated as an economically attractive technology due to an increase in productivity (Tao et al., 2014) and in the
final ABE concentration (van der Merwe et al., 2013). Also, one major challenge in commercial butanol production from lignocellu-
losic raw materials is downstream processing. Methods to recover butanol include techniques such as adsorption (Fouad and Feng,
2009), liquid–liquid extraction, gas stripping and pervaporation (Liu et al., 2014; Saravanan et al., 2010) The methods have been
studied and developed and novel method such as using microwave radiation (Shibata et al., 2020) have been tested. In this study, bu-
tanol fermentation coupled with gas stripping for in situ product removal was employed, and product recovery and purification were
carried out in an extraction-distillation sequence. Extraction used with distillation has been shown to be potentially an energy-
efficient way to separate ABE solvents (Grisales Díaz and Olivar Tost, 2017).

Both ethanol and butanol can be intentionally added to gasoline as biocomponents. From the viewpoint of fuel properties, butanol
represents a preferable alternative to bioethanol. It is possible to add more than twice the amount of butanol (compared to ethanol) to
gasoline in terms of density, vapor pressure and oxidation stability, or even use it in its pure form as a 100% biofuel. Compared to
ethanol, butanol has better fuel properties: higher heating value, lower vapor pressure, lower heat of vaporization, and it tolerates
water contamination in the fuel (Cascone, 2008). In addition to biofuel use, butanol is a valuable precursor for chemical syntheses
(e.g., butyl acetates, butyl glycol ethers, plasticizers) or as an industrial solvent (Bankar et al., 2013). Thus, there is considerable inter-
est to convert biomass to butanol rather than ethanol. However, industrial butanol production from biomass lags behind ethanol pro-
duction, as the main obstacles are higher costs, insufficient product yield and feasibility of scale-up.

Technoeconomic analyses have been published for ethanol and butanol production scenarios from lignocellulosic agricultural
residues (Mailaram and Maity, 2022). However, for our knowledge, a comparison of butanol and ethanol production from the same
feedstock stream within one study are not available (especially in north European conditions). In addition, greenhouse gas emission
calculations are rarely combined with technoeconomical analysis. With this idea in mind, the aim of our research was to compare bar-
ley straw ethanol and butanol production by means of both technoeconomic analysis and environmental sustainability. Specifically,
we focused on butanol as it demonstrates better capability as a transportation fuel and exhibits greater possibility as a precursor for
chemical products. Each Member State in the EU has published a National Renewable Energy Action Plan and set targets for renew-
able energy production. Member states should meet the requirements for the share of renewable sources in consumption of energy in
transportation section. In those requirements, the share of biofuels and bioliquids from advanced feedstocks (e.g., straw) can be con-
sidered twice their energy content.

The novelty of the study arises from the comparison of bioethanol and biobutanol production from the same feedstock, particu-
larly barley straw, relatively abundant agricultural side-stream in northern Europe. Utilization of the straw from cereal crops, such as
barley, partly for biofuel production would also support regional sustainability in transportation fuel utilization and, at the same
time, would offer employment to farmers and other rural area entrepreneurs. Keeping these aspects in mind, barley straw (and other
domestic agricultural residues) could be a potential valuable feedstock for sustainable and domestic fuel and chemicals production in
northern Europe. Moreover, evaluation of domestic raw materials for renewable energy, chemical and material production should be
the focus of research interest, given the potential for future crises.

2. Materials and methods
2.1. The barley straw to alcohol process
2.1.1. General process description

Biofuel production from fermentation using barley straw as the raw material was studied in two scenarios where either ethanol or
butanol was the main product. Both fermentation processes were designed to utilize the hexose and pentose sugars from the cellulose
and hemicellulose fractions of the straw. Ethanol fermentation was designed to be carried out by recombinant bacteria Zymomonas
mobilis, while butanol was produced via ABE fermentation using a Clostridium strain. In addition to butanol, ethanol and acetone were
also recovered as products from ABE fermentation. The basis of the production was 300,000 tonnes (t) of raw barley straw, which (as
dry weight) corresponds to a feed flow rate of 272,400 t/yr. The straw was pretreated with dilute acid (H2SO4) treatment and the
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sugar oligomers and remaining cellulose were further converted to fermentable sugars with enzymatic hydrolysis. The remaining
lignin fraction after enzymatic hydrolysis was combusted for energy. The process design relies on the concept for ethanol production
from corn stover, where heat integration and water circulation in the process were also considered (Humbird et al., 2011).

2.1.2. Modelling of ethanol production
The process structures of ethanol production from barley straw were designed and simulated in Aspen Plus simulation software

(Aspen Plus V8.6–V8.8). The process concept was developed based on the NREL simulation models on ethanol production and the
simulation model was adapted for the requirements of this work to utilize barley straw. The model is presented in Fig. 1. The Aspen
Plus models were used to calculate the material and energy balances to assess the economics and sustainability of alcohol production
from barley straw.

Barley straw was pretreated with conventional methods that included the following main steps: dilute acid pretreatment, oligomer
hydrolysis, neutralization, and enzymatic hydrolysis of cellulose (Humbird et al., 2011; Sharma et al., 2015). First, the barley straw
was pretreated with the aid of steam and 0.5% H2SO4 at 180 °C for 10 min. During pretreatment, part of the hemicellulose was hy-
drolyzed, part of the lignin was dissolved, and the cellulose was affected for subsequent enzymatic hydrolysis. However, before the
enzymatic hydrolyzation of cellulose, secondary hydrolysis was carried out for oligomer degradation with the addition of H2SO4 at
130 °C and an ammonia (NH3) neutralization step. The latter was used instead of lime for neutralization to avoid sugar losses and to
eliminate the solid liquid separation step (Humbird et al., 2011). The hydrolysate is directed to enzymatic hydrolysis to free glucose
from the cellulose. Cellulase production was not included in the plant design, and we assume that the enzyme mixture will be pur-
chased.

The hydrolysate from the barley straw was fermented to ethanol with recombinant Zymomonas mobilis bacteria, which can utilize
both C6 and C5 sugars (Humbird et al., 2011). Next, 10% hydrolyzed slurry was fed to the seed fermenter. Fermentation takes place at
32 °C within 36 h. Details of the fermentation system are presented in Supplementary Material 1. Recovery and purification of
ethanol was similar to that described in (Humbird et al., 2011), where ethanol was recovered from the broth using two distillation
columns and the final ethanol purity was achieved by dehydrating ethanol-water vapor in a molecular sieve adsorption unit. The bot-
tom from the first distillation column contains lignin and other unconverted straw materials, which were separated and air-dried for
combustion in the combined heat and power production (CHP) section. The stillage water continued on to the wastewater treatment
section. Supportive operations, such as feed handling (A100), storage (A700), wastewater treatment plant (A600), steam and heat
generation plant (A800), and utilities (A900) were adapted as designed in (Humbird et al., 2011) (Fig. 1). A more detailed description
of the process conditions in the simulation can be found in Supplementary Material 1.

2.1.3. Modelling of butanol production
Butanol was produced via ABE fermentation and the production plant was designed on the same design basis as the ethanol pro-

duction plant. For butanol production, we assumed a similar pretreatment of the straw as in our ethanol plant, and major design mod-
ifications were made in the fermentation (A300) and separation (A500) sections to change the production from ethanol to butanol
(Fig. 2). In the production scheme for butanol, the hydrolysate is fermented by Clostridium acetobulicum, which produces acetone, bu-
tanol and ethanol. The main obstacle in ABE fermentation is low solvent yield and concentration due to product inhibition, which can
be avoided by removing butanol in situ during fermentation. Therefore, the fermentation is combined with simultaneous gas strip-
ping. Rigorous kinetic-based modelling was carried out in Matlab and Aspen Plus to simulate ABE fermentation combined with gas
stripping. A detailed description of the approach and the modelling involved is provided in Supplementary Material 2.

In butanol production, the recovery and purification of butanol, acetone and ethanol is based on extraction with mesitylene (1,3,5-
trimethylbenzene) and distillation, which has been suggested as an energy efficient butanol recovery method (Kraemer et al., 2011).

Fig. 1. General structure of the barley straw ethanol production plant.
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Fig. 2. General structure of the barley straw butanol production plant.

First, the ABE solution is extracted from the aqueous phase into an organic phase. Then, the first distillation column is used to sepa-
rate the ABE solvents from the extractant, which is recycled in the process. Further purification of the products to high purity is
achieved in sequence of total 8 distillation columns, a molecular sieve, and a decanter.

2.2. Evaluation of economics
The mass and energy balances were confirmed in Aspen Plus, and the equipment was mapped and sized using an Aspen Process

Economic Analyzer V8.8 (APEA) to evaluate the capital costs. Since the focus of the study is barley straw from northern Europe, the
location and currency base for the capital costs was set for Europe with Euro as the currency. The report by Humbird et al. (2011) was
used as a guideline and reference when evaluating the size and residence time of vessels and reactors, where applicable. The number
of reactors was calculated to give the desired total residence times. Based on the size calculations, the total installed equipment costs
(TIC) for both ethanol and butanol production from straw were calculated (Table 1). A detailed list of the equipment by area, with the
sizing specifications and calculated installation costs (APEA) are presented in Supplementary Material 1.

Butanol production from barley straw requires larger investment costs compared to ethanol production scenarios as visible in
Table 1. The higher investment costs result from the more complex fermentation and recovery processes involved in ABE fermenta-
tion. The financial viability of both ethanol and butanol production scenarios from barley straw was based on Internal Rate of Return
(IRR) and Net Present Value (NPV). Through economic evaluation of both scenarios, NPV and IRR are calculated to determine the
profitability and viability of each production process. An investment is regarded as profitable when the NPV value is positive, and the
IRR is higher or equal to the hurdle rate. In this study, the hurdle rate is set at 10%. In addition, sensitivity analysis of the major prod-
ucts, raw materials, enzymes, and capital expenditure (CAPEX) were conducted to evaluate the impact of the prices on NPV and IRR,
or the general overall profitability of the presented scenarios. Net cash flow was also calculated based on all calculated revenues, ex-
penses and initial investment. Without real values from existing or designed plant, CAPEX was calculated based on combined values
from the literature (Humbird et al., 2011), (Gonzalez et al., 2012), and the total installed equipment cost was derived from Aspen Plus
modelling. This, of course, has limitations and does not describe the real, actual situation of bioalcohol industrial plant established.

The plant was considered 100% equity financed. The construction timeframe was considered to be 3 years (Table 2), in which
30% of the construction costs would be incurred in the first year, 60% in the second year, and 10% in the third year, while the final

Table 1
Installed equipment costs (€) by area for ethanol (EtOH) and butanol (BuOH) production from barley straw.

Total Straw EtOH Straw BuOH

143,570,200 285,720,800

A200 Pretreatment 3,747,100 3,681,500
A300 Fermentation 70,092,500 208,260,300
A400 Enzyme 125,000 116,000
A500 Recovery 6,385,100 12,283,700
A600 Waste water treatment 43,346,800 36,470,500
A700 Storage 2,509,900 1,696,100
A800 Boiler 13,742,700 18,538,500
A900 Utilities 3,621,100 4,674,200
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Table 2
Parameters for the financial analysis.

Plant life 20 years

Salvage Value 0
Construction and Start Up time 3 years
Depreciation (Double Declining Balance Method) 20 years
Tax rate 20%
Barley straw price (€/t) 51
Ethanol (€/t) 805
Butanol (€/t) 1500
Acetone (€/t) 1253
Working Capital 5% of Fixed Capital Investment (sum of direct and indirect cost)
Maintenance 2% of CAPEX

year of construction was also assumed to be the start-up period where 67% of normal revenue would be received. A 10% discount rate
was used for the plant life, which was assumed to be 20 years.

2.3. Evaluation of sustainability
The most notable indicator for the considered biofuel environmental performance is the greenhouse gas (GHG) emission mitiga-

tion potential, which is described relative to the fossil fuel that it displaces. Life cycle assessment (LCA), standardized in ISO 14040/
14044 (German Institute for Standardization, 2006), is typically used for emission mitigation potential estimation and for emissions
calculations for biofuel provision chains (González-García et al., 2013). Here, GHG emissions from the production and use of biofuels
from barley straw were calculated according to RED 2018/2001 (RED), which is a simplified calculation method based on LCA
methodology.

To be certified as a biofuel in the EU, and to be counted in national biofuel targets of Member States, the produced biofuel must
meet the sustainability requirements of RED. The directive requires that for a biofuel to contribute to the EU target or to meet the re-
newable energy obligations, the GHG emissions savings compared to the fossil fuel reference (94 kg CO2 eq. GJ−1) must be at least
65%. for installations that commence production after 2021. Based on RED, an exact calculation of the emission savings with process
case-specific values was used for biofuel sustainability evaluation for bioethanol and biobutanol production from barley straw using
Equation (1):

E=eec + el + ep + etd + eu – esca – eccs – eccr – eee, (1)

where:
E = total emissions from the use of the fuel;
eec = emissions from the extraction or cultivation of raw materials;
el = annualized emissions from carbon stock changes caused by land-use change;
ep = emissions from processing;
etd = emissions from transport and distribution;
eu = emissions from the fuel in use;
esca = emission saving from soil carbon accumulation via improved agricultural management;
eccs = emission saving from carbon capture and geological storage;
eccr= emission saving from carbon capture and replacement;
eee = emission saving from excess electricity from cogeneration.
The following methodical approaches according to the RED were implemented here: barley straw was considered to be a residue

from the cultivation of barley, and emissions from the cultivation are not included in the GHG balance as a consequence. In addition,
indirect land use changes were excluded from the calculation as defined in RED, while direct land use changes were not considered, as
the land used for barley straw production was used as cropland. According to RED, emissions from the manufacture of the infrastruc-
ture were not taken into account. According to the allocation method, overall GHG emissions are allocated to the various products
based on their lower heating value.

For each process evaluated in this research study, parameters for the calculations were chosen with regard to the location (north-
ern Europe) of the industrial plant. Processes are described for a specific environment, based on raw material availability or the possi-
bility for industrial symbioses. In this study, calculation parameters are always assumptions, but are clearly stated here based on the
precise location of the production plant and the current economic situation.

3. Results and discussion
3.1. Technological evaluation of the processes

Ethanol production is an established technology, while there are still several issues to overcome in relation to butanol production.
In this work, production schemes for butanol (ABE) and ethanol based on lignocellulosic barley straw were presented. At a feedstock
rate of 272,400 t/a, the denatured ethanol (97.3 wt%) production rate was 82,396 t/a, which corresponded to a yield of 302 kg
EtOH/t raw material (Table 3).
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Table 3
Specifications for ethanol (Straw EtOH) and butanol (Straw BuOH) production from barley straw.

Straw EtOH Straw BuOH

Raw material (tdry weight) 272,400 272,400
Main Products (t/a) 82,396 EtOH (97.3%) 28,136 BuOH (98.9%)
Other products Electricity 5.8 MW Acetone 6723 t/yr 98.9%

Ethanol 1535 t/yr 99.3%
Process Dilute acid pretreatment Dilute acid pretreatment

Enzyme hydrolysis (enzymes purchased) Enzyme hydrolysis (enzymes purchased)
Co-fermentation with yeast ABE fermentation

Process energy Self-sufficient Mostly Self-sufficient

The butanol production rate (98.9 wt%) was 28,136 t/yr. Additional product streams were 6723 t/a of acetone (98.9 wt%), and
1535 t/a of ethanol (99.3 wt%). The production rate corresponded to a production capacity of 103 kg butanol/t dry straw. The total
ABE capacity was 134 kg/t dry straw. Productivity in the ABE process was not as high as in the ethanol process. Productivity is depen-
dent on the sugar conversion, fermentation productivity and the efficiency of the recovery of the solvents. The ABE fermentation was
coupled here with gas stripping to avoid product inhibition and to improve the solvent yield. The gas was condensed, and the prod-
ucts were recovered with extraction-distillation.

The straw to ethanol production plant was based on the model published by NREL (Humbird et al., 2011) for ethanol production
from corn stover. The same process layout and design was also implemented in the butanol production scheme, with appropriate fer-
mentation and recovery. The butanol fermentation was based on the kinetics of ABE fermentation by Clostridia, as suggested by
(Raganati et al., 2015). Butanol productivity suffers from poor utilization of sugars other than glucose by the fermenting Clostridium
strain, even though it can utilize both C5 and C6 sugars. Product inhibition by butanol is also a problem. In the current process, bu-
tanol is produced with ABE fermentation combined with gas stripping followed by liquid-liquid extraction and distillation to obtain
high purity products. Gas stripping has been shown to improve the efficiency of the ABE process (Haigh et al., 2018). With gas strip-
ping, the accumulation of butanol at inhibitory concentrations can be avoided, and it also provides higher solvent concentrations for
the subsequent product purification step. The design process that utilizes gas stripping and liquid-liquid extraction has been shown to
have the potential to be economically viable (van der Merwe et al., 2013). However, based on the kinetics (Raganati et al., 2015), bu-
tanol strongly inhibits xylose utilization by the Clostridium strain, and this was not sufficiently improved by in situ gas stripping. The
ABE solvents were recovered during in situ gas stripping and were condensed at −5 °C for recovery. The condensation was achieved
using propane as a refrigerant.

The purification of butanol was carried out with extraction and distillation. Extraction has been shown to be cost-effective com-
pared to direct distillation (Kurkijärvi et al., 2014). In this work, mesitylene was used as an extracting solvent, as suggested by
(Kraemer et al., 2011) as a cost-effective solvent for butanol recovery. The advantages of mesitylene are that it has a moderate boiling
point and an excellent distribution of butanol and acetone. Oleyl alcohol is one of the most commonly used extractants, but due to its
high boiling point (330–360 °C) it may become costly when the ABE solvents are distilled from the extractant on a large scale
(Kraemer et al., 2011). Mesitylene has a boiling point of 165 °C and a melting point of −45 °C, in comparison to oleyl alcohol with a
melting point just below room temperature (13–19 °C), which could potentially cause problems in large scale operations. Experimen-
tally, mesitylene toxicity is not known, but it has low solubility in water, which is one reason as to why it is probably biocompatible
(Kraemer et al., 2011). However, biocompatibility is not a necessity, as the extractant is not in direct contact with the fermentation
broth, but it is advantageous for water recirculation inside the process. Moreover, mesitylene is assumed to be less costly than oleyl al-
cohol (Grisales Díaz and Olivar Tost, 2017).

The lignin-rich residue is combusted to create heat and power. Steam turbines are used to generate electricity for all users in the
plant. The ethanol plant was fully self-sufficient and produced 5.8 MW of excess electricity. The butanol process consumed 31 MW
energy (electricity), from which 27 MW was generated by the in-plant power generator, while the remainder was obtained from the
grid. Most of the energy was utilized during ABE fermentation with gas stripping, since the stripping gas is condensed at low tempera-
tures of −5 °C which is very energy intensive. For ABE fermentation 20.5 MW was allocated to the fermentation section of the plant,
and roughly 85% of this was related to the strip gas transport pumps and cooling system. The butanol process, as described here, can-
not compete with the ethanol production process when fuel energy contents are compared. The poor utilization of sugars is one rea-
son for the inefficiency of butanol production by ABE fermentation. Glucose is the main carbon source for bacteria. While glucose
conversion by Clostridia was 99%, only 30% of xylose was converted to products. In ethanol production, the conversion of glucose was
97% and xylose conversion 92%. When designing and planning commercial production, conversion of C5 sugars to other products
than butanol, acetone and ethanol should be considered.

3.2. Economic evaluation with sensitivity analysis
Comparing the production cases of ethanol and butanol, the ethanol yield from the barley straw was nearly two times higher than

the butanol yield (Table 2). On the other hand, the capital costs in the butanol production process (€286 million) were considerably
higher than those for the more conventional ethanol production (€144 million) due to a more complicated fermentation and recovery
sections (Table 1). Based on the current design and product prices, the ethanol process showed a promising IRR rate of 20% with NPV
€108 million. According to the sensitivity analysis, ethanol price plays a crucial role in making the production case financially attrac-
tive with the promising IRR. Even when the ethanol price was decreased by as much as 30% the IRR still was equal to the hurdle rate
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i.e. 10 % (Fig. 3). CAPEX value also had a crucial role in determining the profitability of the ethanol case, while the feedstock price or
enzyme price do not show much effect in the sensitivity of IRR.

In the butanol production scenario, NPV was negative and IRR did not reach the hurdle rate of 10% with the current state of the
process design and productivity (Fig. 4). Through the sensitivity analysis, it is clear the higher price of butanol does not cover the final
product revenue difference of the production volumes between the ethanol process and the ABE process (Tables 1–3). The butanol
price, like the ethanol price, has a crucial role in IRR sensitivity as depicted (Fig. 4). But due to low butanol yield and high CAPEX
value in butanol production, related especially to the fermentation and recovery area (Table 1), the butanol production from straw is
not an economically reasonable investment in comparison to the ethanol production. To reach the hurdle rate of 10% IRR, butanol
yield would need to be 40% greater than the current yield (Fig. 4). In the research of (Ashani et al., 2020), ABE fermentation from mu-
nicipal solid waste (MSW) was evaluated economically feasible process. In their research, however, the raw material was with nega-
tive price, as it is possible with waste materials. In our case, barley straw had price 51 €/t, to offer sufficient and sustainable business
opportunity for farmers. Also, on a techno-economic analysis for biobutanol production from the sweet sorghum plant, results showed
that the economic feasibility was highly dependent on the feedstock, its hydrolysis and fermentation efficiency stage (Dehghanzad et
al., 2020).

Substantial reduction in the capital costs associated with the process equipment would result in a more profitable outlook regard-
ing ABE fermentation, while (Morales-Rodriguez et al., 2021) have calculated that C5 sugar conversion to xylitol would provide a
+17% price effect in comparison to butanol. Their study (Morales-Rodriguez et al., 2021) with sugarcane bagasse revealed positive
economic indicators be reached when ABE fermentation and production of xylitol and carbon dioxide (CO2), are produced simultane-
ously. Production of side products would naturally require additional facilities for separation, purification and storage and distribu-
tion. Full process calculations and simulation with a set of value-added side products from C5 sugars would require further research.

Fig. 3. Sensitivity of barley straw ethanol production based on Internal Rate of Return (IRR) and related to changes in ethanol yield, raw material price, enzyme price
and capital expenditure (CAPEX).

Fig. 4. Sensitivity of barley straw butanol production based on Internal Rate of Return (IRR) and related to changes in butanol yield, raw material price, product price,
enzyme price and capital expenditure (CAPEX).
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3.3. Greenhouse gas emissions from the processes and emission reductions achieved
Emissions from the biofuel production processes include pretreatment of the biomass, enzymatic hydrolysis, fermentation, and

separation of the products from the fermentation broth. All these were combined in the emissions calculations as emissions from bio-
fuel production (ep in Fig. 5). Total emissions for the whole value chain of the biofuel production process should also include emis-
sions from raw material production. As barley straw is considered as a side product from barley grain cultivation, emissions from raw
material production include collection, tedding, baling and transportation of the barley straw from the fields (Fig. 5). Emissions were
5.3 g CO2/MJ fuel from ethanol production, and 9.4 g CO2/MJ fuel from butanol production. Emissions were greater from the latter
due to the more complicated fermentation stage with a lower production yield, as well as more complicated separation stage in the
butanol process. In addition, emissions from the processes included the energy production unit, in which all the process energy
(ethanol) or most of the process energy (butanol) were produced. In the ethanol production process, it was assumed that all the en-
ergy needed for the process was produced from the solid lignin-rich residue separated after ethanol fermentation. For butanol produc-
tion, energy requirements, especially for fermentation coupled with gas stripping, were greater than for ethanol, and mainly for this
reason it was necessary to supply some surplus electricity for the process. For both ethanol and butanol production, emissions from
transportation and distribution of biofuel were estimated as 7.1 g CO2/MJ.

In RED, the sustainability criteria for liquid biofuels used in transport is defined, together with the solid and gaseous biomass fuels
for power, heating and cooling production. Energy from transportation biofuels can be accounted as EU CO2 emission reduction tar-
gets only if specific sustainability criteria are fulfilled. For the ethanol production process, total emissions of 21 g CO2/MJ fuel were
calculated, compared to 32.5 g CO2/MJ fuel for the butanol process. Regarding the co-product allocation rule in RED, the impact
should be proportional to the co-products lower heating value energy content. In the case of butanol from barley straw, the allocation
of emissions was carried out based on the energy contents of butanol and co-products acetone and ethanol, which were modelled to
be separated in the butanol production process. After the allocation, the total emissions for butanol were 26.2 g CO2/MJ fuel.

According to RED, EU Member States should reach their national targets for the share of energy from renewable sources consumed
in transport, electricity, heating and cooling. GHG emissions savings from the use of biofuels, bioliquids and biomass fuels calculated
for national accounting are required to be at least 65% (compared to the reference fossil fuel) for biofuels produced in installations
that commenced operations after 2021. Ethanol production from barley straw fulfilled the 65% emissions reduction requirement with
77.6% emissions savings (Fig. 6). In the case of butanol, when all the emissions calculated from the barley straw ABE fermentation
process were allocated to the butanol produced, emissions savings were 65.4%. If emissions from the process were allocated and di-
vided between the products from the ABE process (butanol, acetone, ethanol), then the emissions savings for butanol were 72.1%.

4. Conclusions and future outlook
The study revealed that barley straw, a common agricultural residue in northern Europe, has the potential to be utilized for bioal-

cohol production via fermentation. Ethanol production, currently the betterknown option, was compared here with butanol produc-
tion. For both processes, technoeconomic and environmental sustainability were evaluated, and it was found that the GHG emissions
savings in both ethanol and butanol production meet the demands of the EU revised energy directive. Moreover, IRR calculations
show that ethanol production from barley straw could be profitable in northern Europe. The yield of the bioalcohol (i.e., the produc-
tion rate of the product and the price obtained thereof) was the most important factor affecting profitability. The size of CAPEX also
affected the rate of return. On the other hand, butanol production was not found to be economically feasible. In the future, changes
that reduce CAPEX or improve the yield are necessary. Also, for future prospect, additional products refining from barley straw to-
gether with ABE fermentation could make the process profitable if, provided they do not reduce the yield of butanol. Further research
is required on production of butanol and the processing of other products from agricultural side-streams like barley straw. Developing
our knowledge of domestic raw materials that could be used for sustainable production of biofuels and biochemicals is essential for
future outlook.

Fig. 5. Renewable energy directive 2018/2001/EU (RED) calculation parameters for biofuel production from barley straw (g CO2/MJ fuel produced). eec = emis-
sions from raw material production, ep= emissions from biofuel production, etd = emissions from transportation and distribution.
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Fig. 6. Greenhouse gas (GHG) emissions savings (% compared to fossil fuel reference) of barley straw ethanol (EtOH) and butanol (BuOH) production.
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