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ABSTRACT
Increasing lignocellulosic feedstock for advanced biofuels can tackle the decarbonization of the transport sector. Dedicated bio-
mass produced alongside food systems with low indirect land use change (iLUC) impact can broaden the feedstock availability, 
thus streamlining the supply chains. The objective of this study was the design and evaluation of advanced ethanol value chains 
for the Emilia- Romagna region based on low iLUC feedstock. Two dedicated lignocellulosic crops (biomass sorghum and sunn 
hemp) were evaluated in double cropping systems alongside food crop residues (corn stover and wheat straw) as sources to sim-
ulate the value chains. A parcel- level regional analysis was carried out, then the LocaGIStics2.0 model was used for the spatial 
design and review of the biomass delivery chain options regarding cost and greenhouse gas (GHG) emissions of the different 
feedstock mixes. Literature data on bioethanol production from similar feedstocks were used to estimate yields, process costs, 
and GHG emissions of a biorefinery process based on these biomasses. Within the chain options, GHG emissions were overly 
sensitive to cultivation input, mostly N- fertilization. This considered, GHG emissions resulted similar across different feedstock 
with straw/stover (averaging 13 g CO2eq MJ−1 fuel), sunn hemp (14 g CO2eq MJ−1 fuel), and biomass sorghum (16 g CO2eq MJ−1 
fuel). On the other hand, the bioethanol produced from biomass sorghum (608 € Mg−1 of bioethanol) was cheaper compared with 
straw (632 € Mg−1), sunn hemp (672 € Mg−1), and stover (710 € Mg−1). The bioethanol cost ranged from 0.0017 to 0.020 € MJ−1 fuel 
depending on the feedstock, with operations and maintenance impacting up to 90% of the final cost. In summary, a single bioeth-
anol plant with an annual capacity of 250,000 Mg of biomass could replace from 5% to 7% of the Emilia- Romagna's ethanol fuel 
consumption, depending on the applied sourcing scenario.

1   |   Introduction

Policies on bioenergy expansion in the European Union (EU) 
paved the way for an increased contribution of biomass sources 
for advanced biofuels towards the net zero carbon emission tar-
get set by the Green New Deal (European Commission 2019). 

According to Andrés and Padilla  (2018) between 1990 and 
2014 greenhouse gas (GHG) emissions decreased by 22% in all 
EU- 28 sectors, with the exception of transport which increased 
by 13% (IRENA 2019). The share of transport before the pan-
demic raised up to 28% (IRENA 2019) of which 72% accounted 
for road transport (56% share to trucks and 44% to passenger 
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cars, National emissions reported to the UNFCCC and to the 
EU Greenhouse Gas Monitoring Mechanism: https:// www. 
eea. europa. eu/ data-  and-  maps/ data/ natio nal-  emiss ions-  repor 
ted-  to-  the-  unfcc c-  and-  to-  the-  eu-  green house -  gas-  monit oring 
-  mecha nism-  17). In 2022, biofuels accounted for more than 
3.5% of the global demand for transport energy, primarily 
in road transportation. In the NZE Scenario, the role of bio-
fuels in the transport sector is projected to more than dou-
ble by 2030, reaching 9% of total demand, which is a similar 
proportion to that for road vehicles alone (IEA 2023). Within 
biofuels, first- generation liquid biofuels are still predominant 
(European Parliament 2018), despite the fact that they have to 
be phased out by 2030 (EU Directive 2023/2413), due to the 
“food versus fuel” competition and the related indirect land 
use change (iLUC). In this light, the revised Renewable Energy 
Directive III 2023/2413 (EU Directive 2023/2413), defined the 
advanced biofuels as non- food/feed energy crops and listed 
dedicated lignocellulosic crops as possible feedstock sources, 
when they do not decrease food production. Bioethanol pro-
duced via saccharification and fermentation of lignocellulosic 
biomass is therefore an important alternative for transition-
ing out of fossil- based transportation fuels. In the Net Zero 
Emissions Scenario, biofuel production is projected to exceed 
10 EJ by 2030, necessitating an annual growth rate of approxi-
mately 11%. Moreover, there is a need for expanded utilization 
of advanced feedstocks, such as biofuels derived from waste, 
residues, and non- food energy crops. By 2030, these advanced 
feedstocks are expected to account for over 40% of total biofuel 
demand, a significant increase from their 9% share in 2021 
(IEA 2023).

While the supply chain refers to the multitude of suppliers con-
tributing to the final product (Bassett and Horne  2008), the 
value chain approach also incorporates socioeconomic and 
environmental sustainability perspectives within the analysis 
(Kaplinsky and Morris  2000). The biofuel's value chain struc-
ture is pyramidal hierarchically (Lazzarini, Chaddad, and 
Cook 2001; Singh 2008) in which the key apical position is held 
by the long- term policy framework together with fuel produc-
ers (Traverso et  al.  2020). Previously reported studies on the 
implementation of cellulosic bioethanol value chains in Europe 
highlighted that feedstock choice, logistics, and regional income 
level are contributing factors that greatly influence the sustain-
ability and economic viability of the value chain (Dautzenberg 
and Hanf 2008; Gabrielle et al. 2017; Traverso et al. 2020, 2021). 
In this light, Traverso et al. (2020) showed that in a post- mining 
area in Italy, 7000 ha of cultivated irrigated giant reed could pro-
duce 40,000 Mg year−1 of advanced ethanol with a positive GHG 
reduction (−69% CO2eq MJ−1 fuel compared with oil), but with 
negative profit of 4 million € year−1. Conversely, the same meth-
odology was applied to a 33,000 Mg year−1 willow plantation in 
Ukraine, which generated similar positive sustainability results 
coupled with 10 million € year−1 of GVA. In 2007, Germany 
produced about 1511 million L year−1 of bioethanol with the op-
portunity to increase its advanced biofuel share by exploiting 
set- aside agricultural land at feedstock prices between 40 and 80 
€ Mg−1 dry matter (d.m.) (Dautzenberg and Hanf 2008). These 
considerations suggest that the performance of biofuel value 
chains is strictly site- specific. More comprehensive studies, such 
as Vera Concha et al. (2021), which consider the supply poten-
tial of lignocellulosic energy crops on marginal land in the EU, 

highlight that perennial lignocellulosic crops only under certain 
conditions can meet the 50% GHG saving compared with fos-
sil fuel required in the RED III (EU Directive 2023/2413). The 
reason for this is the high GHG emissions related to the LUC 
from the current condition into cultivated land. However, the 
majority of advanced ethanol value chains were sourced from 
marginal, underutilized and/or contaminated (MUC) lands 
with dedicated perennial energy crops (Dahmen et al. 2019), i.e. 
short rotation coppice (Khawaja, Janssen, and Elbersen  2014; 
Mergner et al. 2017) or from food crop residues on productive 
arable lands (Hortsch and Corvo 2020). The contribution of such 
MUC areas has to be significantly increased to approach the 
European target, but realistically it will not be enough (Phillips 
et al. 2018). Moreover, MUC lands are often scattered, charac-
terized by low yield or contaminated biomass that could require 
expensive removal and logistical operations. Remote areas are 
flawed by scarce infrastructure, limitations to the use of heavy 
transport, a general low feedstock density per hectare, and ham-
pered access to the market (Zegada- Lizarazu et al. 2013; Zegada- 
Lizarazu and Monti 2012).

Even though residues are generally highly available, they 
are characterized by an unstable market price due to exist-
ing competing markets such as bedding for livestock, other 
non- fuel biorefineries (Gauder, Graeff- Hönninger, and 
Claupein  2011) or the need to maintain soil organic car-
bon (SOC) through straw incorporation (Anderson- Teixeira 
et  al.  2009; Parenti et  al.  2022). The mentioned feedstock 
shortage can be mitigated by adopting new cropping schemes 
with dedicated annual high lignocellulose yielding crops in 
intensive agricultural context. Dedicated energy crops do 
not have to replace food/feed crops, and thereafter could be 
double- cropped after a main crop thus avoiding competition 
for land (Feyereisen et  al.  2013; Heggenstaller et  al.  2008; 
Zegada- Lizarazu et al. 2022). Such schemes can significantly 
consolidate the feedstock availability thus shortening the sup-
ply distance and taking advantage of the high organizational 
level of the transportation network in such areas. In temper-
ate areas of the EU, there are many opportunities for double 
cropping, and therefore the development of advanced biofu-
els (Eurostat 2021; Perpiña Castillo et al. 2018). In particular, 
Emilia- Romagna has 212 biogas plants that account for 18% 
of the overall existing small- scale bioenergy value chains in 
Italy (Tamburini et al. 2020). Emilia- Romagna is the biggest 
and most fertile floodplain of Italy, where the farm acreage 
is large and intensive management is prevailing. The average 
farm area of 15 ha is almost double that of the Italian national 
average (8 ha), and a large portion of Emilia- Romagna's arable 
land can benefit from irrigation. The agricultural area covers 
50% of the regional surface (ISTAT 2022), whereas the arable 
crops represent 35% of this regional surface, accounting for 
about 790,000 ha in 2019 (ISTAT 2019). The potential for dou-
ble cropping in Emilia- Romagna is therefore high. In addition 
to that, production systems such as double cropping can help 
reduce the use of fertilizers and pesticides (Khanh et al. 2005; 
Willis et al. 1997; Zegada- Lizarazu et al. 2022), raising inter-
est in the light of agricultural sustainability for the ecological 
transition. There is growing evidence that double cropping 
with appropriate crops (rich in carbohydrates and with high 
biomass yields) can lead to increased yield stability (Graß 
et  al.  2013; Zegada- Lizarazu et  al.  2022), complementary 
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to food/energy production with no land competition, and a 
significant GHG emission reduction compared with fossil 
sources (Dong et  al.  2009; Parenti et  al.  2022). Among the 
warm- season annual lignocellulosic crops, biomass sor-
ghum, and sunn hemp have great potential yields in the tem-
perate climate zones. These crops are drought- tolerant and 
fast- growing (Mansoer, Reeves, and Wood  1997; Schomberg 
et  al.  2007) in temperate environments (Zegada- Lizarazu, 
Parenti, and Monti 2021) and can represent a valuable option 
in the light of climate change. Fallow soil is uncovered and 
subjected to harsh conditions such as soil erosion, which in-
creases CO2 emissions (Lal  2004). The prolonged soil cover 
can improve soil water retention, reduce water runoff, and 
several other ecosystem services that are positive with respect 
to climate change- related events such as floods. Furthermore, 
biomass sorghum is a well- known crop in Emilia- Romagna in 
that it is already utilized as feedstock for first- generation and 
advanced biofuels (Zegada- Lizarazu and Monti 2012).

The present study aims to evaluate a potential advanced eth-
anol value chain sourced through dedicated energy crops and 
residues integrated with existing cropping schemes, without 
competing with food crops or existing markets. The innova-
tions rely on a holistic approach based on: (i) the use of data 
from the testing of innovative cropping systems to produce 
food and feedstocks for advanced bioethanol production; (ii) 
the use of experimental data on the biochemical composition 
of the considered feedstocks and literature data on bioetha-
nol production on similar feedstocks; (iii) the design of a re-
gional supply chain for the Emilia- Romagna region; and (iv) 
the environmental and economic evaluation of the defined 
supply chain.

2   |   Materials and Methods

2.1   |   Experimental Methods

2.1.1   |   Field Determinations

Site characteristics, experimental layout, and cultivation of wheat 
(Triticum spp.) and dedicated lignocellulosic crops such as sunn 
hemp (Crotalaria juncea L.) and biomass sorghum (Sorghum bi-
color L.) were described in Parenti et al. (2020). Wheat and maize 
(Zea mais L.) were planted at the end of October and March, re-
spectively, and harvested in mid- June and mid- August with a 
combine harvester. The theoretical grain and straw yields were 
determined by manual sampling of an area of 8 m2, and then the 
technical yield was determined by weighing the grain and straw 
that resulted from the mechanical harvest of the whole parcel 
area (231 m2). As far as four reps were set each rotation, the over-
all harvested area to assess the crop yield was about 1000 m2. 
The d.m. was determined by oven- drying a sub- sample of the 
fresh mass at 105°C to constant weight. The same methodology 
was used for sorghum and sunn hemp at the end of September. 
The aboveground portion of the plants was cut/chopped at the 
soil level, windrowed twice to obtain uniform dry biomass, and 
then round- baled when biomass humidity decreased below 30%. 
The technical yield shown in Table 3 is the result of the rotations 
including the selected crops in the framework of the BECOOL 
project and published in Parenti et al. (2020). These data were 

then compared with other studies on long- term yield simulation 
in Emilia- Romagna (Parenti et  al.  2021; Serra, Colauzzi, and 
Amaducci 2017) to check their consistency across multiple years 
and locations. The sustainability of such systems was proved by 
Parenti et al. (2022), where the selected crop rotation did not de-
plete the soil's organic carbon, but rather showed an increasing 
trend over 6 years of monitoring.

To correctly simulate the double crop yield of the lignocellulosic 
crops a yield reduction coefficient was applied depending on the 
double cropping scheme (Table S1): (i) 0% reduction coefficient 
is applied when the double crop is planted in their optimal plant-
ing period; (ii) 25% when we have a slightly delayed period of 
planting (hence a shorter growing season); and (iii) 50% with 
a marked delayed planting compared with optimal. The yield 
reduction coefficient is based on crop yield simulations derived 
from the literature (caption Table  1). Finally, each yield value 
was attributed to the parcels detected from the spatial analysis.

2.2   |   Value Chains

The Emilia- Romagna land availability was selected from the 
Land Parcel Identification System (LPIS) for 2020. The LPIS 
parcel data provides information on land use at a 1 m2 resolu-
tion level. Among the available attributes, three were selected 
and used for the spatial analysis and allocation of potential feed-
stock: (i) dimension of agricultural plot; (ii) crop type and use; 
and (iii) irrigation.

Three land allocation scenarios ranging from baseline to high 
biomass productivity were investigated at a regional level. The 
intention was to study the possibility of increasing feedstock 
availability by double cropping and to reduce dependency on 
fossil fuels. Each allocation scenario was built by selecting the 
parcels with a dimension ≥10,000 m2. Then the crop type and 
use of interest were selected and assigned to the scenario ac-
counting for the potential irrigation availability.

The biomass yield value was adjusted (Table 1) depending on the 
simulated double crop rotation. The in- field technical biomass 
yield measurements were compared with a range from other 
studies (Table 3) and the values were used to assign each parcel 
a new attribute dealing with the potential harvestable biomass 
on an annual basis.

The baseline is Scenario 1 (S1), in which the actual maize sto-
ver and wheat straw will be intended for bioethanol production 
without double cropping. According to the assessment of Dees 
et  al.  (2017), which accounted for SOC maintenance and the 
competing uses of biomass in Emilia Romagna, 60% and 79% of 
removal was considered sustainable for wheat straw and maize 
stover, respectively. The acreage for maize stover and wheat 
straw was limited to the current grain production locations of 
such crops because the silage production of fodder/energy maize 
and wheat leaves no residue.

Scenario 2 (S2) foresees a low input crop intensification in which 
sorghum and sunn hemp are double- cropped after an early 
winter harvest of cereal forage crops such as Italian ryegrass, 
oats, and rye. When used as forages, such crops are cut at the 
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beginning of May, since in mid- May the sowing of a double crop 
in the warm season dedicated to energy production is feasible 
without irrigation. To estimate S2, S1 parcels were added to 
those of sorghum and sunn hemp.

Scenario 3 (S3) was defined to express the maximum biomass 
yield potential for the selected crops in Emilia- Romagna. 
These are established in late May or June after the harvest of 
main crops and also involve double cropping practice. Given 
the relatively late planting date, the energy crop considered in 
this study requires irrigation, hence only irrigable lands were 
considered in this scenario (Table 1) and added to the acreage 
from S1 and S2.

The LocaGIStics2.0 model (Annevelink et  al.  2021) was used 
for the spatial design and review of the biomass delivery chain 
options with regard to cost and emissions. LocaGIStics2.0 is a 
regional biomass supply chain assessment tool that simulates 
the supply of biomass from the fields to a conversion plant. It 
consists of a group of modules that can be connected to form 
a complete biomass supply chain. Each module represents an 
operation or process (e.g. transport, drying, or harvesting) and 
is independently constructed with a set of inputs and outputs. 
Costs, energy use, and GHG emission are common to all opera-
tions and processes.

In this assessment, a biomass delivery chain was designed 
where LocaGIStics2.0 was used to simulate the forwarding of 
the harvested biomass from the roadside of the field to the final 
conversion point in which the bioethanol conversion installation 

would hypothetically be based. For this purpose, the feedstocks 
were represented at a grid level of 2.5 km2 on a GIS map in 
LocaGIStics2.0. The mapped biomass creates an overview of 
biomass density in the Emilia- Romagna region. In addition to 
the three sourcing scenarios, different mobilization levels were 
assumed. For the logistical chain assessment, the assumption 
was that the bioethanol plant would have been located where 
the highest biomass density within a 50 km circle was found, 
since the bioethanol plant could be sourced most easily in that 
area; this was more applying a heuristical rule than an actual 
optimization. From that chosen position of the bioethanol plant 
the total biomass demand can be sourced with the shortest dis-
tance to the conversion point (Figure 1). The actual maximum 
distance could even be greater than 50 km in certain scenarios.

The amount of biomass required for one bioethanol plant per 
year was set at 250,000 Mg d.m. year−1 as a predetermined choice 
based on the size of similar power plants in the EU (Hortsch 
and Corvo 2020). This follows from the process design of the 
ethanol production presented in the value chain (Figure 2) with 
input levels between 171,000 and 242,000 Mg d.m. depending 
on the type of biomass. The logistical optimization concen-
trated on supplying the optimal feedstock mix given the size 
of this bioethanol plant and not on choosing the size of the 
plant. The value chain includes cultivation and harvesting, 
transport, biomass milling and further biomass pretreatment, 
fermentation, distillation, and downstream processes like still-
age separation, evaporation, and wastewater treatment. Lignin 
and biogas co- products are combusted to generate the heat and 
power required for processing. Surplus electricity is fed into 

TABLE 1    |    Selected food crops and acreage from LPIS in Emilia- Romagna (year 2020) to build the double cropping system with biomass sorghum 
and sunn hemp. Most of the parcels without irrigation were excluded in S3; otherwise, when the main crop is harvested early (Italian ryegrass, oat 
and rye) parcels without irrigation availability were included because realistically the double crop will benefit from seasonal rainfall. YR is the yield 
reduction applied to the optimal yield due to the double crop delayed sowing.

Main crop
Acreage 

(ha) Use Harvest time Scenario Irrigation

Double crop

Biomass sorghum 
YR (%)a

Sunn hemp 
YR (%)b

Barley 217 Forage May to June S3 Y 25 25

9361 Grain June S3 Y 25 50

Italian ryegrass 6136 Forage April to May S2, S3 Y + N 0 0

1724 Seed June S3 Y 25 50

Maize 69,313 Grain August S1, S2, S3 Y + N / /

Oat 299 Forage April to May S2, S3 Y + N 0 0

Rapeseed 468 Oil June S3 Y 25 50

Rye 143 Forage April to May S2, S3 Y + N 0 0

263 Seed June S3 Y 0 50

Wheat 5260 Forage May to June S3 Y 0 25

200,257 Grain June S1, S2, S3 Y + N 25 50

Triticale 1142 Forage May to June S3 Y 25 25
aAmaducci et al. (2000), Amaducci et al. (2016), Fazio and Barbanti (2014), Colauzzi, Serra, and Amaducci (2018), Zegada- Lizarazu et al. (2010), Zegada- Lizarazu and 
Monti (2012), Zegada- Lizarazu, Parenti, and Monti (2021), Zegada- Lizarazu et al. (2022), Serra, Colauzzi, and Amaducci (2017).
bParenti, Lambertini, and Monti (2018), Parenti et al. (2021), Zegada- Lizarazu, Parenti, and Monti (2021), Zegada- Lizarazu et al. (2022).
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the power grid. The biochemical composition of the feedstocks 
in scope was determined experimentally following an adapted 
protocol described in Smit et  al.  (2022) (Table  S2). From this 

analysis, two hydrocarbon fractions are quantified, namely C5 
sugars such as xylan and arabinan, and C6 sugars such as glu-
can, mannan, galactan, and rhamnan, from both hemicellulose 

FIGURE 1    |    Map of Emilia- Romagna showing the biomass concentration for S1 in a 2.5 km2 grid. The darker color represents higher concentration. 
The yellow star identifies the bioethanol plant location.

FIGURE 2    |    Process flow chart and energy balance of the biochemical advanced biofuel chain specific to the use of biomass sorghum. Two by- 
products such as lignin and biogas are used to provide heat (th) and electricity (el) needed for the bioethanol (EtOH) production process.

 17571707, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.70000 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 17 GCB Bioenergy, 2024

and cellulose fractions in the feedstocks. It is assumed that 90% 
w/w of the C5 and C6 sugars are released through acid pre-
treatment and enzymatic hydrolysis in the combined pretreat-
ment, saccharification, and fermentation processes (Humbird 
et al. 2011). Furthermore, conversion efficiencies of C5 and C6 
sugars through ethanol fermentation are assumed to be 85% 
and 95%, respectively, from the theoretical maximum achiev-
able yield (0.51 g ethanol per g of sugar) (Batog et  al.  2020; 
Novy et al. 2014; Novy, Longus, and Nidetzky 2015; Paul and 
Chakraborty 2019; Zhao, Damgaard, and Christensen 2018).

The three defined scenarios base feedstock potential on the un-
realistic hypothetical assumption that 100% of farmers would 
be willing to adopt the double cropping systems with sorghum 
and sunn hemp cultivated at a share of 50% each. Therefore, 
to simulate feasible value chains, four different chain organi-
zation cases were defined and combined with the scenarios 
(Table  2). These cases complied with two mobilization levels 
and two collection principles, which were defined as follows: 
(i) 25% mobilization level and collection according to lowest 
cost (c25); (ii) 25% mobilization level and collection according 
to lowest GHG (g25); (iii) 50% mobilization level and collection 
according to lowest cost (c50); and (iv) 50% mobilization level 
and collection according to lowest GHG (g50). In consequence, 
the feedstock from double cropping (sorghum and sunn hemp) 
contributes to varying shares to the overall stock for the con-
version plant. At this point, the LocaGIStics2.0 model selects 
the available feedstock in the nearby area of the conversion 
plant which can optimize alternatively cost or GHG perfor-
mances given two mobilization levels (25% or 50%).

2.2.1   |   Assessment of GHG Emissions

The life cycle assessment (LCA) method was used for the GHG 
balance. The requirements for conducting an LCA are set out in 
the international standards ISO 14040 and ISO 14044 for quan-
tifying the environmental impacts of products and services (ISO 
14040; ISO 14044).

The LCA tool focuses on analyzing the entire life cycle of the 
product under investigation, from cultivation to production and 
use and ultimately to disposal, in order to capture as fully as pos-
sible, the potential GHG emissions associated with this product. 

All auxiliary and operating materials used at any point within 
the life cycle were also considered. The following conditions and 
parameters were defined in order to carry out the GHG balance 
properly. The Umberto software (ifu Hamburg GmbH 2018) was 
leveraged for LCA tool and the internationally recognized ecoin-
vent database was employed as the life cycle inventory database 
for the purpose of the assessment (Simons 2016). The most im-
portant GHGs that are relevant for the calculation of GHGs are 
CO2, CH4, and nitrous oxide (N2O). The global warming poten-
tial (GWP), which describes the potential to change global tem-
peratures through GHG emissions, is expressed in kg of carbon 
dioxide equivalents (CO2eq). To convert a given CH4 mass into 
kg CO2eq, the CH4 weight is multiplied by 25 and the N2O mass 
is multiplied by 298 (based on a period of 100 years, according to 
IPCC 2007). CO2 emissions from CH4 use were not included in 
the calculation of GHG emissions. According to the IPCC, it is 
assumed that biogenic CO2 emissions are offset by CO2 sequestra-
tion during plant growth (IPCC 2007). Surplus electricity was con-
sidered using the credit method. The credit method assumes that 
the co- product produced can replace other products and that the 
other products therefore no longer need to be manufactured. The 
emissions avoided as a result are credited to the product system. 
The use of abandoned land, and thus possible SOC recovery due 
to re- cultivation has been assumed for the cultivation of sorghum 
and sunn hemp. The resulting GHG emissions from form direct 
land use change have been calculated according to the European 
Commission's guidelines (Commission decision on guidelines for 
the calculation of land carbon stocks for the purpose of Annex V 
of Directive 2009/28/EC) (European Commission 2010).

The results of the assessment are related to 1 MJ Ethanol.

 I. System boundaries. The assessment of the advanced bio-
fuels based on lignocellulosic biomass covers the entire 
supply chain, from biomass production, biomass logis-
tics, and conversion processes through to distribution of 
the bio- ethanol. The biomass production process includes 
the cultivation and supply processes for the use of culti-
vated biomass. If residues and waste are used for biofuel 
production, the assessment starts with the collection and 
transport of the feedstock to the conversion plant, where 
upstream emissions are not included.

 II. The functional unit has been defined as 1 MJ bio- ethanol. 
The functional unit is the reference value for the presenta-
tion of results.

 III. Impact assessment. The GWP, describes the potential to 
change global temperatures through GHG emissions. The 
relevant GHGs, CO2, CH4, and N2O, are presented as CO2- 
equivalents using characterization factors according to 
IPCC (2007). Biogenic CO2 emissions were not included in 
the calculation of GHG emissions but were considered to 
be offset by CO2 sequestration during plant growth accord-
ing to the IPCC (2007).

 IV. Consideration of by- products. Surplus electricity was con-
sidered using a credit. The credit method assumes that the 
produced co- product can replace other products and there-
fore the other products no longer need to be produced. 
The emissions thereby avoided are credited to the product 
system.

TABLE 2    |    Three scenarios and four sourcing cases: (i) 25% 
mobilization level and collection according to lowest cost; (ii) 25% 
mobilization level and collection according to lowest GHG; (iii)  
50% mobilization level and collection according to lowest cost; and (iv) 
50% mobilization level and collection according to lowest GHG.

Scenario

Mobilization level

25% 50%

Optimized by lowest

Cost GHG Cost GHG

S1 S1_c25 S1_g25 S1_c50 S1_g50

S2 S2_c25 S2_g25 S2_c50 S2_g50

S3 S3_c25 S3_g25 S3_c50 S3_g50
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 V. Assumptions for the calculation of emissions from LUC. 
The use of abandoned land, and thus possible SOC recov-
ery due to re- cultivation has been assumed for the culti-
vation of sorghum and sunn hemp. The resulting GHG 
emissions from direct land use change has been calcu-
lated according to the European Commission's guidelines 
(Commission decision on guidelines for the calculation of 
land carbon stocks for the purpose of Annex V of Directive 
2009/28/EC) (European Commission 2010).

The mass and energy flows for the assessment of the advanced 
biofuel value chains are based on actual data, information from 
the literature and own assumptions.

2.2.2   |   Lifecycle Costs

Manufacturing costs were addressed by setting a system bound-
ary, which contains all the available facilities at the production 
site, in particular those needed for conversion and storage. The 

methodology illustrated in Figure  3 was used to calculate the 
production costs.

Each component was assessed over a period corresponding to 
the time horizon of the useful life or depreciation period of the 
conversion asset. All payments for the cost calculation were 
considered over a period of 20 years, without considering the 
start- up costs and a rough estimate of the plant costs. Both the 
start- up costs and the dismantling of the plant are not consid-
ered in the calculation, as this is not done in the based analysis 
(De Jong et al. 2015) and these would only be in the low single- 
digit percentage range.

The employee- hours per day were multiplied by the operator's 
rate per hour and the single operations time consumption (hours). 
The operator rate was assumed at 28.5 € h−1 according to Turton 
et  al.  (2018). Additionally, an operating supervision rate (15%) 
(Peters, Timmerhaus, and West  2004) and two administrations 
cost components were added. The first administration payments 
were calculated from fixed capital investment (FCI) (0.5%), 

FIGURE 3    |    Schematic representation of the methodology used in the calculation of yearly based (year) production costs, which is then used to 
obtain the final LCC according to VDI- Richtlinie 6025 (2012).
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8 of 17 GCB Bioenergy, 2024

whereas the second was taken from an operating cost calculated 
with additional 20% (Peters, Timmerhaus, and West 2004).

Within other cost, items related to maintenance are worth being 
included. Assuming a process under normal conditions, the 7% 
from the payments for FCI was calculated. Within the other 
costs related to maintenance, assuming a process under normal 
conditions, the 7% was calculated from the payments for FCI. 
Furthermore, additional insurance and uncertainties costs were 
set at 1% and 0.5% of FCI, respectively (Peters, Timmerhaus, and 
West 2004).

3   |   Results and Discussion

3.1   |   Feedstock

3.1.1   |   Biomass Yields of the Double Cropping Systems

The measured food and biomass yield outcoming from double 
cropping experiments were within comparable range of other 
studies, (Table 3) with the exception of maize stover and wheat 
straw which resulted as slightly higher compared with Schils 
et  al.  (2018) assessment. The conservative technical biomass 
yield outcoming from multi- year and multi- location experi-
ments in the Emilia- Romagna area resulted in 8.7, 5.2, 21.5, and 
9.8 Mg ha−1, for maize stover, wheat straw, sorghum and sunn 

hemp, respectively. These values were allocated to the selected 
parcels in the regional assessment.

The ‘in house’ (Parenti, Lambertini, and Monti 2018; Parenti 
et al. 2021; Zegada- Lizarazu, Parenti, and Monti 2021; Zegada- 
Lizarazu et al. 2022) double cropping experimental yield val-
ues were actually used as input data for the simulation since 
they were considered more reliable than those taken from the 
literature. The reason for this is that most of the previously 
published studies present yields based on conventional farm-
ing systems (Gautam et al. 2020; Schomberg et al. 2007; Rotar 
and Joy 1983) or in different environments (Mansoer, Reeves, 
and Wood  1997; Enciso et  al.  2015). However, a sensitivity 
analysis on the feedstock sourcing was conducted by creating 
different scenarios and sourcing cases and not by varying the 
crop yield values.

3.1.2   |   Biomass Composition and Estimated 
Bioethanol Production

The composition of cultivated and residue feedstock was con-
sistent with data reported in literature for these biomasses 
(Table  4, Kamireddy et  al.  2013; Stefaniak et  al.  2012; Zhao 
et  al.  2009). Biomass sorghum showed the lowest C6 sugars 
content of the biomasses analyzed (27.8% d.m.), being the 
total sugar content lower than typically observed for this 

TABLE 3    |    Crop yields for food and biomass components assessed by manual harvest (theor.) and by mechanical harvest (tech.) to calculate the 
theoretical and technical yields.

Crop

Food (Mg ha−1)
Biomass 

(Mg ha−1)
Food 

(Mg ha−1)
Biomass 

(Mg ha−1)

ReferencesTheor. Tech. Theor. Tech. Literature (theor.)

Maize 7.6 7.4 9.9 8.7 3.5–10 3.0–8.0 Schils et al. (2018)

Wheat 9.9 8 12.2 5.2 1.2–8.9 3.0–7.0

Biomass sorghum 31.2 21.5 10.9–38.4 Amaducci et al. (2000), Amaducci 
et al. (2016), Colauzzi, Serra, and 

Amaducci (2018), Dou et al. (2014), 
Fazio and Barbanti (2014), Hassan 

et al. (2020), Hoffmann and 
Rooney (2014), Martinez Uribe 
et al. (2020), Serra, Colauzzi, 

and Amaducci (2017), Sun 
et al. (2020), Zegada- Lizarazu 

et al. (2010), Zegada- Lizarazu and 
Monti (2012), Zegada- Lizarazu, 

Parenti, and Monti (2021), 
Zegada- Lizarazu et al. (2022)

Sunn hemp 15.2 9.8 6.6–17 Balkcom et al. (2011), Cantrell, 
Bauer, and Ro (2010), Cherr, 

Scholberg, and McSorley (2006), 
Parenti, Lambertini, and 

Monti (2018), Parenti et al. (2021), 
Zegada- Lizarazu, Parenti, and 
Monti (2021), Zegada- Lizarazu 

et al. (2022), Schomberg et al. (2007)
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specific biomass (35%–40% d.m.) (Gomes et al. 2019; Phyllis2 
Database,  n.d.). These biomasses are rich in hemicellulosic 
sugars that can also be utilized as feedstock for yeast fermenta-
tion to bioethanol. In order to make these sugars available for 
the fermenting microorganisms, pretreatment and hydrolysis 
steps are needed. The most studied processing methods for 
lignocellulosic biomasses are based on a pretreatment under 
aqueous acidic conditions to disrupt the macrostructure of the 
biomass and make it accessible to saccharifying enzymes that 
can depolymerise cellulose and hemicellulose into monomeric 
sugars (Figure  2). Bioethanol production from both glucose 
and xylose from maize stover, wheat straw, sunn hemp and 
sorghum biomasses after acid pretreatment and enzymatic 
hydrolysis has been reported previously (Batog et  al.  2020; 
Humbird et  al.  2011; Novy et  al.  2014; Novy, Longus, and 
Nidetzky 2015; Paul and Chakraborty 2019; Zhao, Damgaard, 
and Christensen 2018). The data reported on conversion yields 
have been used to estimate the production of bioethanol from 
the specific biomasses used in this study, based on their re-
spective biochemical analysis (Table  4). Therefore, the data 
used as basis for the sustainability analysis of the value chains 
defined for bioethanol production are based on experimental 
data on chemical composition for each biomass and on litera-
ture data of experimental work on pretreatment and fermen-
tation of similar biomasses. Using this approach, the resulting 
estimations are representative for processes for bioethanol 
production using these feedstocks.

3.2   |   Value Chain Evaluation

Wheat and maize resulted as the crops with the greatest acre-
age in Emilia- Romagna. In 2020, they were cultivated on about 
270,000 ha, representing 24% of the utilized agricultural area 
(UAA). The potential main feedstock source contributor in S1 
(Figure 4) is wheat straw (416,534 Mg year−1 d.m. of feedstock), 
whereas maize stover could only deliver 301,512 Mg year−1 d.m. 
of feedstock due to a lower acreage.

S2 foresees the intensification of the traditional cropping 
systems with sorghum and sunn hemp on 6578 ha currently 

cultivated with italian ryegrass, oats and rye (Figure 4). These 
cereals cultivated for forage purposes become ready for har-
vest early in the season and they can be double cropped with 
sorghum and sunn hemp without irrigation. S2 could produce 
an additional 85,944 Mg year−1 d.m. of feedstock compared 
with S1.

S3 is characterized by a higher level of intensification where 
the irrigated areas were all considered for double cropping 
even with late planting in summer (Table  1). The calculated 
additional land availability for S3 in Emilia- Romagna was 
165,602 ha, considering that wheat acreage was accounted 
both for the straw and for the double cropping on irrigated 
lands (140,590 ha). The feedstock availability (Figure  4) in S3 
is higher for sorghum (1,803,260 Mg year−1 dw of feedstock), 
then for sunn hemp (557,546 Mg year−1 dw of feedstock), wheat 
straw (416,534 Mg year−1 dw of feedstock) and maize stover 
(301,512 Mg year−1 dw of feedstock).

The productivity map (Figure 4) displays a higher feedstock den-
sity in the plain areas in the northern part of Emilia- Romagna 
where agriculture is intensive and most profitable, whereas the 
gray hexagons in the southern part correspond to the hilly areas, 
which offer a lower amount of feedstock.

The comparison of the different sourcing scenarios (Table  5) 
shows that GHG emissions related to feedstock production, stor-
age, transport, and unloading were found to be lowest in S1_g50 
(3906 Mg CO2eq year−1), whereas the highest emissions were 
found in S3_c50 reaching 5341 Mg CO2eq year−1. This difference 
in range is relatively larger (37%) than the difference found be-
tween the highest and lowest cost levels. In S1, entirely based 
on straw and stover, 3% lower emission levels can be reached by 
increasing the mobilization level from 25% to 50%, thanks to the 
optimisation of the collection efforts (transport). Similarly, in S2, 
an 11% GHG emission reduction is obtained by increasing the 
mobilization level from 25 to 50% coupled with a higher share of 
straw and stover and a reduced share of sorghum. In S3, the gain 
in GHG efficiency is the largest with −22% moving from c25 to 
g50. This is particularly caused by the fact that LocaGIStics2.0 
adapts the collection strategy to prioritize the lowest emissions 

TABLE 4    |    Total bioethanol yield of sugars in cellulose and hemicellulose hydrolysate fermented separately.

Feedstock

Biochemical 
composition Sugar hydrolysatea Bioethanol productionb

C5 sugars C6 sugars c5 sugars C6 sugars c5 sugars C6 sugars Total sugars

(% of d.m.) (% of d.m.) (kg Mg−1 d.m.) (kg Mg−1 d.m.) (kg Mg−1 d.m.) (kg Mg−1 d.m.) (kg Mg−1 d.m.)

Maize stover 19.7 31.4 177.3 282.6 76.9 136.9 213.8

Wheat straw 22.7 36.0 204.3 324.0 88.6 157.0 245.5

Biomass 
sorghum

20.6 27.8 185.4 250.2 80.4 121.2 201.6

Sunn hemp 11.7 36.4 105.3 327.6 45.6 158.7 204.4
aConversion efficiencies of acid pretreatment (C5 sugars) and acid pretreatment and enzymatic hydrolysis (C6 sugars) of 90% (Batog et al. 2020; Humbird et al. 2011; 
Novy et al. 2014; Novy, Longus, and Nidetzky 2015; Paul and Chakraborty 2019; Zhao, Damgaard, and Christensen 2018).
bAssumed conversion efficiencies of fermentation of 85% and 95% for C5 and C6 sugars, respectively. Assumed bioethanol yield of 0.51 g of ethanol per g of sugar (C5 
and C6).
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and is able to significantly reduce the cultivation emissions by 
prioritizing the collection of sunn hemp over sorghum. Higher 
shares of sunn hemp can only be reached with higher mobilisa-
tion levels as is applicable to g50. Even though GHG emissions 
are relatively low for sunn hemp, the lower spatial distribution 
may cause the transport emissions of sunn hemp to be relatively 
higher than that of crop residues (Figure 5b). Indeed, leveraging 
residual biomass as the sole source for the value chain is always 
the most GHG efficient option as in S1. Overall, it is crystal clear 
that GHG emissions can be reduced significantly by basing the 
bioethanol chains on a combination of straw, stover and effi-
ciently produced sunn hemp where possible. Cost differences 
are not that significant between the different biomass sourcing 
mixes, as cost of residues and crops does not differ greatly and 
the final cost level is determined by the combination of biomass 
and transport cost.

Overall, the biomass sourcing cost range was not broader than 
10% of total sourcing costs across the different cases and sourc-
ing scenarios. In this light, the lowest average sourcing cost 
(Table 5) was 92 € Mg−1 d.m. (S1_c50), whereas the highest cost 
was at 100.7 € Mg−1 d.m. (S2_g25).

In S2, the lowest sourcing costs are reached with a biomass crop 
mix in which sorghum and straw/stover shares are as low and 
as high as possible, respectively. In S3, to reach the best costing 
performance the model selected a high share of sunn hemp and 
no straw. Sunn hemp is the cheapest biomass resource, but it has 
lower spatial density and therefore the cost of collecting it may 
be relatively higher than for other crops or residues. Therefore, 
LocaGIStics2.0 chooses the locations where sunn hemp is grown 
in combination with sorghum, which has a high spatial concen-
tration due to high yields per hectare. The biomass sourcing cost 
for maize stover was double that of Becerra- Pérez, Rincón, and 
Posada- Duque (2022), although the mobilization scenarios are 
a marked difference in methodology between the two studies. 
Traverso et al.  (2020) calculated a biomass sourcing cost of 71 
€ Mg−1 for dedicated perennial energy crop more aligned with 
the present study, but still about 25% lower. In this case, giant 
reed was produced in a post- mining area contaminated with 
heavy metals that are not constraining to giant reed yield, but 
conversely the area turned out to be unsuitable for food produc-
tion. Heavy metals in the aboveground biomass could, however, 
increase the advanced bioethanol conversion post- production 
costs for metal removal.

FIGURE 4    |    Left side: Emilia- Romagna acreage (ha) for food land which was considered for implementation with the double- cropped biomass 
sorghum and sunn hemp, for S1, S2, and S3, respectively. The acreage is cumulated as follows: S1 = S1; S2 = S1 + S2; S3 = S1 + S2 + S3. On the right- 
hand side, the availability of sustainable food residues removal and double crop feedstock is discretized in hexagons for S1, S2, and S3, respectively; 
(r) abbreviation for residues; ( f) abbreviation for forage production; (s) abbreviation for seed production.
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3.2.1   |   GHG Emission Components

The value chain assessment of sorghum, sunn hemp, straw, 
and maize stover (Figure 6) revealed different GHG emissions 
between the use of dedicated crops (sorghum and sunn hemp) 
and the use of agricultural residues (like straw and maize sto-
ver), with advantages for the latter (−10%). In particular, for 
dedicated lignocellulosic crops there are additional emissions 
due to the input of fertilizer and the use of fossil diesel for cul-
tivation and harvesting processes of sorghum and sunn hemp. 
The emissions from demand and use of fertilizer, such as N- 
fertilizer, are caused by energy intensive fertilizer production 
and N2O field emission from N- application. By contrast, the as-
sessment of value chains based on straw/stover starts with the 
biomass collection. Upstream emissions and expenditures from 
cultivation are not included, whereas compensatory fertilization 
for straw removal was. A further difference is associated with 
the improvement of SOC and the credits given for the carbon 
accumulation. However, the carbon credits cannot offset the 
higher emissions associated with cultivation and harvesting of 
sorghum and sunn hemp. In this regard, overall GHG emissions 
for the residue- based value chains are slightly lower compared 
with value chains using double cropping. The emissions associ-
ated with conversion are similar across the different feedstocks 
(Figure 6). Since the required process energy is provided inter-
nally using lignin and biogas, the emissions are largely related 
to the use of auxiliary and operating materials. In the present 
study, the GHG emissions associated with double cropping sys-
tems are in the range of 0 – 50 g CO2eq MJ−1 of fuel as assessed 

in a comprehensive European study for perennial energy crops 
on marginal land (Vera Concha et  al.  2021). In this light, the 
double cropping systems were surprisingly well performing 
even though they resulted slightly higher (15 g CO2eq MJ−1 of 
fuel) compared with residues (13.5 g CO2eq MJ−1 of fuel). This is 
due to a high biomass yield and broad feedstock availability per 
unit of land, offsetting the crop cultivation input with regard to 
N- fertilization compared with marginal areas.

3.2.2   |   Cost Components

The biomass supply operation showed a different impact on 
the final bioethanol costs (Figure  7). As the costs are pre-
sented proportionally to the total costs, the influence of dif-
ferent steps in one chain is illustrated. The production costs 
are compared for the individual production processes, and 
the total cost ranges between 608 and 710 € Mg−1 of bioetha-
nol corresponding to 0.52 to 0.60 € L−1 for sorghum and corn 
stover, respectively. Intermediate values were found for sunn 
hemp (672 € Mg−1) and straw (632 € Mg−1). Biomass production 
(cultivation and harvesting) represents the major driver influ-
encing the overall manufacturing costs. Disposal costs play no 
role in this context. The dependence of the production costs 
on the operation and maintenance is clear. In each case, these 
account for more than 90% of the overall production costs. The 
costs are reduced in part by profits from surplus electricity, 
which has a relevant impact because they can offset about 1/3 
of the overall costs. Even if these calculations were primarily 

TABLE 5    |    Feedstock contribution to each scenario, biomass collection, biomass cost and GHG emissions for the four sourcing cases: c25, 25% 
mobilization level and collection according to lowest cost; g25, 25% mobilization level and collection according to lowest GHG; c50, 50% mobilization 
level and collection according to lowest cost; g50, 50% mobilization level and collection according to lowest GHG.

Scenario ID
Food residues 

(%)
Biomass 

sorghum (%)
Sunn 

hemp (%)
Cost (€ Mg−1 of 

feedstock)
GHG (Mg 

CO2eq year−1)

25% lowest cost

S1 S1_c25 100 0 0 97.0 4020

S2 S2_c25 36 24 40 99.1 4945

S3 S3_c25 0 37 63 96.0 5341

25% lowest GHG

S1 S1_g25 100 0 0 97.0 4020

S2 S2_g25 43 15 42 100.7 4383

S3 S3_g25 0 22 78 97.2 4170

50% lowest cost

S1 S1_c50 100 0 0 92.0 3906

S2 S2_c50 36 24 40 99.1 4945

S3 S3_c50 0 37 63 96.0 5341

50% lowest GHG

S1 S1_g50 100 0 0 92.0 3906

S2 S2_g50 43 15 42 99.1 4383

S3 S3_g50 0 22 78 96.0 4170
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12 of 17 GCB Bioenergy, 2024

made for the comparability of the different raw materials, the 
result is relatively comparable costs for all raw materials. For 
a commercial use, these costs are to be compared in particular 

with conventional bioethanol and are already in the range of 
scale (around 500 € Mg−1) (Dögnitz, Etzold, and Meisel 2023). 
Commercialization would therefore be conceivable, especially 

FIGURE 5    |    (a) GHG emissions and (b) Cost structure of feedstock production and delivery, in three scenarios for the four sourcing cases: c25, 25% 
mobilization level and collection according to lowest cost; g25, 25% mobilization level and collection according to lowest GHG; c50, 50% mobilization 
level and collection according to lowest cost; g50, 50% mobilization level and collection according to lowest GHG.
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FIGURE 6    |    GHG emissions in gCO2eq MJ−1 of bioethanol for biomass sorghum, sunn hemp, straw and maize stover. These results are compliant 
with ISO 14040 methodology. The figure shows the results as a stacked bar chart. The resulting GHG emissions are superimposed on the individual 
GHG where CHP stands for ‘Combined Heat and Power’. Credits are shown as “negative” in the bar chart.
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when considering possible support under the Renewable 
Energy Directive.

A sensitivity study of the life cycle costs was carried out select-
ing corn stover as the reference, although the other feedstock 
behavior was similar. Figure 8 shows the variation in the key 
input variables from ±50% and the relevant percentile effect on 
the life cycle costs of the bioethanol costs. The sensitivity anal-
ysis highlights that feedstock price has the greatest influence 
on total production costs. With a 50% increase of the feedstock 
price, production costs rise by 47%, demonstrating a high posi-
tive correlation between the two variables. An increase and re-
duction of investment costs and surplus energy (electricity) by 
50% leads to about 18% (investment) and 15% (energy) increase 
and decrease, respectively, in the overall manufacturing costs. A 
great impact was also found in the operating grade of the plant. 
If the operating hours are lowered, for instance when influ-
enced by a non- continuous feedstock supply, the costs increase 
significantly. Conversely, variation of the remaining inputs such 
as labor or operating hours only lead to a marginal increase or 
reduction in the life cycle costs of the final product.

Figure 8 shows the variation of key input variables at different 
levels and the corresponding impact on the cost of bioethanol 
production. The sensitivity analysis shows that the feedstock 
price and investment costs have the greatest impact on total 
production costs. A 40% increase in the feedstock price or a 
100% increase in the investment cost increases the production 
cost by 37%, demonstrating a high correlation between the two 

variables. Similarly, an increase or decrease in production vol-
ume (−20%) or operating hours (−40%) leads to an increase or 
decrease in total manufacturing costs of around 25% (volume) 
and 31% (hours), respectively. If the operating hours are re-
duced, for example, due to a discontinuous supply of raw materi-
als, the costs increase significantly. Conversely, variations in the 
other inputs, such as labor or operating hours, only marginally 
increase or decrease the life cycle costs of the final product.

3.3   |   Final Remarks and Areas of Improvements

Advanced biofuel value chains sourced by lignocellulosic bio-
masses are strongly dependent on the site- specific characteris-
tics of the plant surroundings. Crop production inputs such as 
soil till and N- fertilization have been demonstrated to directly 
impact the value chain GHG emissions and cost (Becerra- Pérez, 
Rincón, and Posada- Duque  2022), thus the comparison of the 
presented results with those of other studies that focus on differ-
ent feedstock should be done with this in mind. The presented 
cropping systems were challenged and hampered somewhat 
by a lack of dedicated farm machinery, a lack of structured 
value chain, and limited crop variety availability, although 
they demonstrated to be promising (Berti et  al.  2015) and are 
currently adopted in small- scale Biogas- Done- Right concept 
(Tamburini et al. 2020) in Emilia- Romagna. In this light, agron-
omists and researchers are working to increase double cropping 
feasibility. A lack of an advanced biofuel value chain is acknowl-
edged as a serious barrier, in particular, the main weaknesses 

FIGURE 7    |    Results for different feedstock for specific manufacturing costs. The figure shows the results as a stacked bar chart. Resulting 
production costs are superimposed on the individual cost items. The costs are expressed as € Mg−1 of bioethanol. Revenues are shown as “negative” 
costs in the bar chart.

FIGURE 8    |    Sensitivity analysis, examples for corn stover. In green and yellow colors are represented the decrease and increase in feedstock price, 
respectively, due to the change of the parameters in the y- axis.
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identified by the IRENA (2019) report, were: stability of regu-
lation, availability, and cost of financing, conversion efficiency, 
technology risk, and process reliability, level of subsidies, level 
of blending mandates, feedstock price and availability, ranked 
from the most to least important, respectively.

A methodological tradeoff of GHG emissions was, however, nec-
essary due to the intrinsic nature of the assessment. The GHG 
emissions are calculated as individual balances that are highly 
dependent on process- specific characteristics, methodological 
assumptions, and data availability. Thus, the GHG emissions of 
the present study are, therefore, only valid under the specified 
framework conditions. Value chain cost assessments (Table S5) 
were primarily calculated for the purpose of comparing inter-
nal raw materials, enabling the comparison of different results. 
Assumptions were made for non- established process routes, and 
these specifically relate to the key figures which resulted from 
the BECOOL project and which were reported in Table  S3. A 
comparison and classification with other studies is hardly ap-
plicable in this case, as these highly specific routes can only be 
grouped within a broader overview of routes that lead to very 
different outcomes. Nonetheless, the findings align well with 
the ranges of previous research.

4   |   Conclusions

A holistic approach was used to design an advanced bioethanol 
value chain that combined conceptually innovative cropping sys-
tems, design of a regional supply chain for the Emilia- Romagna 
region, GHG emissions, economic evaluations and validation of 
the potential bioethanol production from dedicated energy crops 
based on literature. Sourcing a bioethanol plant with an annual 
capacity of 250,000 Mg of biomass entirely on wheat straw is the 
most attractive option in terms of GHG efficiency and is also rel-
atively feasible given the large amount of residue availability in 
Emilia- Romagna, although biomass sorghum is the most attrac-
tive with regard to costs. The produced bioethanol could replace 
from 5% to 7% of Emilia- Romagna's fuel consumption, depend-
ing on the applied sourcing scenario. The cost analysis showed, 
however, that the difference between the explored cultivation 
scenarios and feedstock mobilization level is low (10%), although 
the differences increase when accounting for GHG (37%).

Overall, lowest emissions were found from wheat straw and 
maize stover but also sunn hemp can be produced at relatively 
low emission levels. High spatial concentration of feedstocks 
particularly of sunn hemp, by increasing the mobilization levels, 
will make the sourcing of biomass significantly more GHG effi-
cient. Concentrating on double cropping of sunn hemp in certain 
Emilia- Romagna districts could increase feedstock availability 
with low GHG emissions and secure the supply chain. However, 
despite the highest mobilization per unit of land, sorghum is 
the cheapest feedstock, although with the slightly higher GHG 
emissions. The emission differences between dedicated crops 
(sorghum and sunn hemp) and crop residues (straw and stover) 
are mainly caused by demand and use of fertilizer, in particu-
lar N based, due to energy intensive production processes and 
N2O field emissions. Part of these emissions are offset by the 
increment of SOC which provides carbon credits. However, the 
carbon credits cannot offset the higher emissions associated 

with cultivation and harvesting of sorghum and sunn hemp. 
Emissions in the conversion process are partly balanced by the 
provision of process energy from internal sources such as lignin 
and biogas.

Biomass production (cultivation and harvesting) costs represent 
a relatively high share of the total LCC cost. However, there are 
no major differences between the individual feedstock options 
in price and conversion costs. The costs are reduced in part by 
profits from surplus electricity (i.e. internal sources from lignin 
and biogas internally provided in the process), which is highly 
relevant for cost reduction.

Besides feedstock cost, the operating grade of the plant also has 
a large influence on the LCC. The sensitivity analysis showed 
that if the operation hours are lowered, for instance when in-
fluenced by a noncontinuous feedstock supply, the costs rise 
sharply. Variation of the remaining input variables such as labor 
or operating materials only lead to a marginal increase or re-
duction in the life cycle costs of the final product. In this light, 
the feedstock diversification becomes crucial in order to secure 
a constant flow of supply to the plant, even in the case of harsh 
cultivation seasons.
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