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Abstract

Camelina can be considered a valuable crop for bio-based
products and biofuels, but, to date, there are still many uninvesti-
gated aspects concerning the optimization of its agricultural man-
agement and its environmental impact. Consequently, a low-input
camelina cultivation has been realized, in northern Italy environ-
ment, through a 4-year camelina-wheat rotation in open field. In
these conditions, camelina was grown as winter crop. Camelina
reached, over the years, a variable (CV=28%) mean seed yield of
0.82 Mg ha!. This notwithstanding, the oil content - 39.17%
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(CV=3%) - and its related quality were rather stable, reaching an
oil yield of 320 kg ha! particularly rich in omega-3 fatty acids.

The low input cultivation system here adopted implied an
energy ratio (output energy/input energy) of 4 and a 30% decrease
in Global Warming Potential per hectare, compared to the standard
value reported by the European Renewable Energy Directive for
sunflower, reducing, at the same time, other relevant environmen-
tal burdens. However, due to its relatively low oil production, the
full use of all camelina co-products should be considered in order
to fulfil the sustainability requirements for European jet fuel pro-
duction. In fact, stability of yields and quality of oil, oilcake and
straws makes low-input camelina eligible for many other novel
green chemistry applications.

Introduction

Camelina [Camelina sativa (L.) Crantz] is a minor annual
oilseed crop that has been cultivated in Europe since the Bronze
Age (Zubr, 1997). Over recent years, it has received increasing
attention as a dedicated oilseed feedstock for bio-based products
and biofuels. Indeed, commercial ventures and airlines find the
features of its oil of great interest, and suitable for many applica-
tions, particularly for jet fuel (Corporan et al., 2011). Camelina
shows several beneficial agronomic qualities, such as a short
growing season, ranging from 70 to 250 days, from sowing to
maturity, as spring or winter crop respectively. Furthermore, this
crop showed significant compatibility with existing farming prac-
tices and high adaptability to a wide range of environmental con-
ditions (Angelini et al., 1997; Berti et al., 2011; Angelini, 2012;
Guy et al., 2014; Masella et al., 2014). Camelina can resist at tem-
peratures lower than —15°C and, for this reason, it is well adapted
to the northern regions of the Boreal Hemisphere (Schillinger et
al., 2012). At this regard, Gesch and Cermak (2011) observed that
waterlogged soil could be more harmful to winter camelina sur-
vival, than cold stress. Camelina is also resistant to drought con-
ditions, and this characteristic makes it an ideal crop for areas with
insufficient rainfall to support other crops (Murphy, 2016). In
addition, due to its resistance to pests and diseases and reduced
nutritional requirements, camelina requires lower pesticide (Li et
al., 2005) and fertilizer amounts, compared to other traditional
oilseed crops, such as rapeseed/canola, soybean, and sunflower
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(Koncius, and Karcauskiene, 2010). For all these reasons, cameli-
na is classified as a well-adapted crop to northern cold areas,
southern arid regions, and, generally, suitable for less-favoured
areas (LFA) for agriculture. Indeed, in Italian climate conditions, it
can be cultivated both as a winter and spring crop (Angelini, 2012;
Zanetti et al., 2017).

Camelina siliques contain small, slightly oval seeds with a
thousand seed weight (TSW) around 1.0-1.25 g (Schillinger ef al.,
2012; Zanetti et al., 2017). Seed yield and oil content are highly
variable depending on environmental conditions, genotypes and
sowing time (Angelini et al., 1997; Zubr, 1997; Vollmann et al.,
2007). For instance, in Masella et al. (2014), the overall mean seed
yield, obtained in a plot trial carried out in northern Italy, was 1340
kg ha'!, with a large fluctuation (130-3900 kg ha!) according to
year, sowing time and genotype. Furthermore, in a 3-year trial, car-
ried out in Canada under different pedo-climatic conditions, Malhi
et al. (2014) reported seed yields ranging from 261 to 1603 kg ha™!
with no nitrogen fertilization. In central Italy, Angelini (2012)
found a seed yield of 610 and 1315 kg ha™! in winter and spring
crops, respectively, in a field experiment with a plant density of
500.000 plants ha!.

At the same time, according to Righini ez al. (2016), camelina
oil content varies from 26% to 43% in southern and northern
Europe, respectively. Similarly, seed quality is particularly affected
by environmental factors, such as temperature, precipitation, solar
radiation, evapotranspiration, air circulation, and by genotype
(Zubr, 2003; Righini et al., 2016; Zanetti et al., 2017). Camelina
oil is characterized by a very high content of unsaturated fatty
acids (FAs) such as oleic (18:1, 14-16%), linoleic (LA), (18:2, 15-
23%), eicosenoic (20:1, 12-15%) and, in particular, a-linolenic
acid (ALA) (18:3 n-3, 31-40%) (Berti et al., 2016), which is an
omega-3 FA with interesting potential benefits to human and ani-
mal diets (Ibrahim and El Habbasha, 2015). Similarly, the acidic
profile of camelina oil, as a whole, opens several potential applica-
tions for innovative bio-based products, bioenergy, cosmetic, and
in many other sectors (Shonnard ef al., 2010; Kirkhus et al., 2013;
Hixson et al., 2014; Iskandarov et al., 2014; Kim et al., 2015).
Furthermore, camelina defatted seed cake, in addition to its inter-
esting protein content, also contains several secondary bioactive
compounds such as glucosinolates, polyphenols, carotenoids
(Matthéus and Zubr, 2000; Matthéus and Angelini, 2005; Pagnotta,
2019). Promising studies have shown that seed yield and FA pro-
file can be improved through engineered genotypes (Dalal ef al.,
2015; Liu et al., 2015), but defining optimized and sustainable
management is equally important. In Europe, camelina has been
observed to have low nutritional requirements and is generally
regarded as a low-input crop; however, it responds to high N fer-
tilization rates when grown in environmental conditions that max-
imize seed yield potential (Solis et al., 2013).

Furthermore, camelina can be introduced in cropping systems
of less-favoured areas during fallow period, after wheat harvest. In
this case, camelina could increase net profits only if low-cost pro-
duction practices were adopted. In addition, the crop residues
incorporated into the soil are much greater in camelina-wheat than
in fallow-wheat rotation, which is likely to improve soil quality
and ecological sustainability in the long-term (Chen et al., 2015).

Currently, camelina is considered a valuable oilseed crop able
to provide a range of renewable products both for food and non-
food uses, but there are still several aspects that should be exam-
ined to assess its yield level and environmental impact. This is
especially true when external inputs were reduced with a simulta-
neous reduction of their impact on the environment, but often some
of benefits of such cropping systems are offset by lower yields.
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Few studies have been performed on camelina adaptability to low-
input techniques, in order to follow a proper biorefinery perspec-
tive, as required by the EU (Luguel, 2011), where a cascade use of
the entire biomass, consisting in a hierarchical utilization of plant
components, is applied.

Over recent years, the life cycle assessment (LCA, ISO
14044:2006) has been increasingly applied to support sustainable
agricultural cropping systems, and new methodology challenges
have been defined (Goglio ef al., 2017; Notarnicola et al., 2017).
Bioenergy crops are assessed mainly by carbon footprint (BSI,
2011) - following the Intergovernmental Panel on Climate Change
(IPCC, 2006) account methods - and by energy depletion
(Cherubini et al., 2009).

The main objective of this work was to increase the knowledge
associated to environmental impacts, related to camelina cultiva-
tion in the Mediterranean area. Accordingly, a 4-year camelina-
wheat rotation system was studied with the aim of: 1) assessing the
agronomic potential of camelina under low-input management
(seed and biomass yields, seed oil content and composition) and its
stability over time; ii) assessing the global warming potential
(GWP) and energy depletion by LCA applied to camelina; and iii)
identifying its eco-efficiency in terms of environmental impacts
per hectare and per seed yield.

Materials and methods

Experimental design and pedo-climatic conditions

The field trials were carried out at CREA experimental farm
located in Budrio (Bologna) in the Po Valley area (Emilia
Romagna region, 44°32°00”N; 11°29°33” E, altitude 28 m a.s.l.)
over four growing seasons (2012-2016), hereinafter numbered
from I to IV, applying a biennial rotation of camelina and wheat.
The experimental field was split in two contiguous fields, 500 m?
each, in order to rotate the crops both in space and time: i) field A4:
camelina-wheat-camelina-wheat; ii) field B: wheat-camelina-
wheat-camelina. The physical and chemical soil characteristics,
reported in Table 1, were measured on samples collected at the
beginning of the experiment, and two years later, when camelina

Table 1. Physical and chemical characteristics of the soils where
the experimental trials were carried out. Values are means + stan-
dard deviation.

Sand %) 8.3+1.0 17.7£3.1
Silt %) 56.7+£2.5 50.0+2.0
Clay %) 35.0«1.6 32.3+1.2
pH (H;0) - 8.1+0.1 8.2+0.1
Total CaCO; %) 10.3+0.3 9.2+0.1
Active CaCOs %) 48+0.5 3.2+0.3
Organic carbon (gkg'DM)  12.0+04 10.3+0.9
Organic matter (% DM) 2.1+0.1 1.8+0.2
Total nitrogen (gkg™ 14+0.1 1.3+0.2
Available phosphorus (mgkg)  33.3+245 23.7+4.9
Exchangeable potassium  (mg kg™ 233.5+4.7 210.0£15.5
C/N ratio - 8.8+0.9 8.0+0.4
*Soils were sample to the 0.3-m depth. DM, dry matter.
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and wheat had been cultivated at least once in the same field.

Soil was silty clay loam with a medium-high content of total
nitrogen, available phosphorus and exchangeable potassium, rela-
tively low content of organic matter and C/N, with a moderately
alkaline reaction (Table 1). Despite its good fertility, the soil phys-
ical characteristics make it prone to weak water infiltration capac-
ity and waterlogging, especially when abundant rainfall occurs.

Meteorological data were collected daily from a weather sta-
tion located in the farm where the trials were carried out. For each
camelina growing season, the GDD (Growing Degree Days) were
calculated as: GDD =3 Tican—Tvase, Where Trean Was the daily mean
air temperature, and Ty Was 5°C, as suggested by Blackshaw et
al. (2011) and Gesch (2014).

Cultivation techniques

A 2-year cropping system based on a wheat-camelina rotation
was planned. Wheat (7riticum aestivum L.) var. Bologna was cul-
tivated adopting integrated practices, according to Italian National
Integrated Farm Management Guidelines (2019). Camelina was
managed with the lowest possible inputs if compared with those
applied by other authors (Gesch et al., 2014; Bacenetti et al., 2017)
following the scale of importance proposed by SIMAPRO ver.
8.4.0.0 (pesticide>diesel>N-fertilizer>P,Os-fertilizer>K,O-fertil-
izer>seeds>organic fertilizer). Wheat was sown at the end of
October and was harvested every year at the end of June/beginning
of July. One treatment of pinoxaden 3%, clodinafop-propargyl 3%,
florasulam 0.76%, cloquintocet-mexyl 0.76%, 0.25 dm? ha! for
weed control was yearly applied in March/April. One treatment
with prothioconazole 12.7% and tebuconazole 12.7%, 1 dm3 ha!
was yearly applied in order to prevent fusarium and other diseases.
One treatment with Tau-Fluvalinate 0.25 dm? ha! against aphids
was yearly applied in May. Wheat was fertilized twice, in February
and in April, with ammonium nitrate (27% N), 70 kg N ha! each.

Camelina sativa var. Italia was provided by the Brassicaceae
seed collection of CREA-CI (Bologna) (Lazzeri et al., 2013). It
was sown in autumn on 5% October 2012, 16t October 2013, 20t
October 2014, and 30™ September 2015; harvests were accom-
plished on 7t June 2013, 29™ May 2014, 4% June 2015 and 8t June
2016. Cropping techniques and mechanization methods were
defined according to the pedoclimatic conditions and the specific
characteristics of the area (Table 2), with the aim of performing the
experiments under low input management. No products for pest,
pathogens nor weed control were applied. A high seeding rate of
12.5 kg ha! was used for a better crop competition against weeds.
Fertilization was provided through pelletized cattle and horse
manure-based amendment (organic C 30%, organic N 2%, and
moisture 18%) before sowing, at the rate of 583 kg ha! y!, inte-
grated with a low amount of ammonium nitrate (53 kg ha™! y!) in
April with standing crop (Table 2). At seed maturity, three sample
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areas of one square meter were randomly collected within each
experimental field to assess crop yield and yield components -
including thousand seed weight (TSW), grain yields, above- and
below-ground biomass- which were then used for the subsequent
LCA analysis. The plants were harvested manually and threshed by
a fixed machine, using sieves suitable for small seeds in order to
evaluate the expected grain yield. Thousand seed weight was
assessed according to ISTA (2005). Field crop residues were
removed.

Seed and oil characterization

After harvesting, seeds were cleaned, partially dried to reach a
moisture content around 4%, ground to 0.5 mm size and analysed
for their main components by the following procedures:

*  Dry matter was evaluated by weighing the seeds after oven-
drying at 40°C until constant weight.

* Oil content was measured by NMR (Nuclear Magnetic
Resonance) technique by a MQC benchtop NMR analyser
(Oxford Instruments) (ISO 10565:1998) calibrated for cameli-
na seeds following Soxhlet official method (ISO 659:2009).

*  Lower heating value (LHV) was determined by bomb
calorimeter and CHN analyser (LECO corp.) following ASTM
E711-87 (2004).

o Fatty acid composition. The oil was extracted from ground
seeds by hexane and trans-methylated in 2NKOH methanol
solution (Conte ef al., 1989). FA methyl ester composition was
evaluated by a gas chromatography equipped with a flame ion-
ization detector (Carlo Erba HRGC 5300 MEGA SERIES) and
a capillary column Restek RT x 2330 (30 m x 0.25 mm x 0.2
um), following the internal normalization method (ISO 12966-
4:2015).

Environmental and energy evaluation

An environmental impact analysis was carried out in order to
assess the sustainability of the implemented cultivation techniques.
The adopted methodology was the LCA compliant with ISO 14044
(2006) and the guidelines reported in the Renewable Energy
Directive (RED) 2009/28/EC (European Parliament, 2009).
Methodological framework essentially confirmed the current EU
Directive 2018/2001 (European Parliament, 2018), which will be
transposed by Member States by 30 June 2021. The impact coeftfi-
cients of the materials involved in cultivation were those reported in
the Global Warming Report (IPCC, 2006) and the Annual European
Union Greenhouse Gas Inventory 1990-2011 and Inventory Report
2013 (EEA, 2013). For further considerations regarding a possible
production chain based on camelina, the Ecoinvent database ver.3.3
was also used. According to the RED methodology, energy incorpo-
rated into machinery was not considered.

Table 2. Camelina crop management protocol adopted in the study area (Budrio, Bologna, Italy).

Farming operations Field set-up management

Primary tillage Two-furrow plough following by chisel plough

Seedbed preparation Spring-tine harrow

Sowing method 12.5 kg ha~'y~! on 15 cm spaced rows using a plot drill for wheat

Fertilization Pelletized manure-based amendment (583 kg ha! y-!, corresponding to 12 kg N ha-'y 1)
Ammonium nitrate (53 kg ha-'y~! on average, corresponding to 14 kg N ha'y)

Weed and Pest Control No chemical applications or manual weeding

Residue removal Tractor with cart
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As regards the environmental impact assessment, the GWP
with 100-year time horizon, expressed in terms of the amount of
CO; equivalents (CO,eq) was considered, as set out in the RED.
The LCA includes the choice and definition of a functional unit
that characterizes the production purpose of the analyzed system.
In this study, the impacts referred to: i) one cultivated hectare; ii)
one kg of grain; and iii) one MJ contained therein. As per RED rec-
ommendations, straw was not considered as a by-product. In fact,
in this analysis only oil and oilcake were allocated on the basis of
energy. The allocation factor was defined following D’ Avino et al.
(2015a). Residual oil content in in the cake was considered equal
to 8.3%, as mean value obtained from other comparable minor
Brassicaceae defatted seed meals (D’Avino et al., 2015b; Matteo
et al., 2018). Meal LHV was calculated from measured seed LHV
and LHV of camelina oil reported by Masella ez al. (2012). Energy
analysis was carried out using the Energy ratio (ER) between out-
put energy (OE) and input energy (IE), Energy cost (EC=IE/OE),
Energy balance (EB=OE-IE) and Net Energy balance
(NEB=EBV/EI) following parameters recommended in the literature
(Menichetti and Otto, 2009; Basset et al., 2010). Amongst a variety
of possibilities, use of the vegetable oil extracted from camelina in
Jet-fuel systems was considered. Indeed, the Jet-fuel supply chain
was the most quoted example from which impact data were avail-
able. The standard values and procedures adopted in software
BioGrace (2014) ver. 4d and SIMAPRO ver. 8.4.0.0, in line with
the RED sustainability criteria, were used to determine primary
energy resource depletion and greenhouse gas (GHG) emissions of
the agricultural phase. The specific input values used in this study
are reported in Table 3.

In addition, for the calculation of N,O emissions from fertiliz-
ers and crop residues, a specific spreadsheet was defined following
the IPCC (2006) guidelines and used to calculate the measured
biomass nitrogen content following Spugnoli er al. (2012).
Moreover, an allocation factor for the extraction phase (only one
with useful by-product) was obtained as follows:

0il (mass) * LHVoil

Allocation factor-= Oil(mass) * LHVoil + Meal(mass) * LHVmeal

(Eq. 1)

Statistical analysis

All the analyses were carried out at least in triplicate where not
otherwise specified, and statistical analysis of data, expressed as
mean + standard deviation and/or coefficient of variation (CV). To
understand the behaviour of the camelina productivity, five Linear
Mixed Effect (LME) models (Gatecki and Burzykowski, 2013)
were fitted to data to determine the relationship between grain
yield and oil content (Y) and the explanatory variables (X) Eq. 2-6.
Equations were based on R syntaxes in "nlme" package. These
models differed in terms of their explanatory variables (with/with-
out year, with/without plot effect and interactions), considering the
pseudoreplicates as nested random factor as shown in Eq. 2-6, and
the probability distribution of the residual error of the model and
the estimation method used (frequentist) based on Maximun
Likelihood (ML). All statistical analysis was performed with the R
Statistical Software 3.5.1 (Foundation for Statistical Computing,
Vienna, Austria). Particularly, LME were evaluated using “nlme”
package. Furthermore, ANOVA was applied as post hoc test to
models fitted. The criterions applied to select the best model were:
1) simplicity, the model choice is always the simplest model that
has the lower Akaike information criterion (AIC), and Bayesian
information criterion (BIC); ii) Likelihood ratio and p value, con-
sidering the probability and ratio that indicates the similarity with-
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in models:

Y ~ 1, random=~1|PLOT, method ="ML” (Eq. 2)
Y ~ 1, random=~REP|PLOT, method ="ML” (Eq. 3)
Y~ X, random= ~1|PLOT, method ="ML” (Eq- 4)
Y~ X, random= ~REP|PLOT, method ="ML” (Eq. 5)
Y~ X;+X;, random= ~1|PLOT, method ="ML” (Eq. 6)

Results

Meteorological data

Precipitation throughout the growing season was generally
higher than historical data recorded at the site from October to June
(mean annual precipitation = 547 mm as 30-year long-term data).
In particular, in the III growing season two intense rainy events
occurred in the 3" decade of January and in the 3" decade of May
(Figure 1). Temperature patterns were consistent with a long-term
trend (mean annual temperature =13.0°C as 30-year long-term
data). Generally, the GDD accumulated during the entire growing
cycle for camelina (GDD) were more stable across the I, 11 and 111
growing seasons, with a mean of 1250 GDD needed to reach matu-
rity (231 days after sowing) (Table 4). In the last growing season,
with an early sowing, the thermal time from seeding to harvest was
1513 GDD. Despite sowing in autumn, GDD remained similar to
that of most other surveys where spring sowing was adopted. For
example, Zanetti ef al. (2017) recorded an average of 1209 GDD,
across years and different locations, for spring-sown camelina
crop, and Gesch (2014) reported a GDD range between 1101 and
1216°C for full maturity of this crop. Additionally, Hunsaker et al.
(2013) reported values ranging from 1259 to 1274°C for camelina
sowed in January and harvested in May.

Overall, the weather conditions at the Po valley location were
appropriate for adequate camelina development when sown in
autumn in a wheat-based cropping system. The earlier harvest time
compared to other fall-sown oilseed crops, such as rapeseed, helps
to avoid summer drought conditions, typical of the area.

Table 3. Standard values for cultivation input and mechanical oil
extraction in terms of GHG emissions and primary energy deple-
tion. Source: BioGrace (2014) and SIMAPRO ver. 8.4.0.0.

Cultivation Input
Seeds* 729 79
Organic N (Manure) 0 10.0
Inorganic N (Ammonium nitrate) 3451 49.0
Diesel 3777 50.0

Mechanical oil extraction®
Electricity consumption for
seed crushing and defatting 41.86 0.3

*Value for rapeseed/sunflower; °by mean of an industrial pressing plant.
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Crop yields and characteristics

Through the four years of wheat-camelina rotation, wheat
reached a commercial yield around 7.2+0.7 t ha! (humidity con-
tent 10.4+1.5%) with an average crude protein content of 12%.
Camelina yield, yield components and seed oil content values are
reported in Table 5. TSW was rather stable through the years with
an average value of 1.03 g and a notably low variation (CV=8%).
Grain yield ranged from 0.60 to 0.94 Mg ha!, recorded on the III
and I growing seasons, respectively, with a relatively high fluctua-
tion (CV=28%, as shown in Table 5), but no significant differences
were highlighted, since the effect of the year is close to zero as
reported in Table 6. However, in three of the 4 years the grain yield
was quite stable (0.94, 0.91 and 0.84 Mg ha™! in the I, I and the IV
growing seasons, respectively), and the LME model supports this
affirmation. In fact, the overall effect is negligible in both cases
(yield and oil content). As reported in Table 6, the simpler model
Eq. 2 was chosen for the analysis. Models (Eq. 2-6) are statistically
similar and there were no significant effects on the response result-
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ed by plot (site) and year. The overall mean value for seed oil con-
tent (39.2%) remained stable from year to year (CV 3%). As
observed for grain yield, even the aboveground biomass (3.60 Mg
ha!, CV 32%) showed a strong reduction in the III year of trial.
The harvest index ranged from 20 to 25%.

Lower heating values (LHV) and biomass nitrogen contents
were implemented for LCA to increase reliability of energy alloca-
tion and N,O estimation, respectively. LHVs of above-ground and
below-ground residues resulted stable over the years (except for
the not available belowground value in 2016). On the contrary,
nitrogen content in the crop residues differed between years. It is
worth highlighting that, despite their relatively low amount, if all
the residues were simply incorporated into the soil, they would be
able to supply 28 kg ha™! of organic N on average, in addition to
their organic matter, improving, therefore, soil fertility. On the
other hand, probably due to the intensive rotation adopted, an N
reduction in the whole residual biomass emerged, as showed in
Table 5.
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Figure 1. Meteorological data (average monthly maximum and minimum temperatures and total monthly rainfall) of the area (Budrio,

Bologna, Italy) recorded in each growing season.

Table 4. Total rainfall, crop cycle length (days), and growing degree days (GDD), registered from sowing to harvest, for each growing season.

[-A 10/05 06/07 662.2 244 1190
II-B 10/16 05/29 752.1 224 1296
III-A 1020 06/04 863.6 226 1264
IV-B 09/30 06/08 683.2 251 1513

*Cumulate rainfall from sowing to harvest. Long-term rainfall = 547 mm; °Cycle length from sowing to harvest; ‘Base temperature for calculation 5°C (Blackshaw et al, 2011; Gesch, 2014).
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Camelina oil was naturally poor in erucic acid, and was, at the
same time, characterized by 58% of PUFAs, 32% of MUFAs and
10% of saturated FAs, as mean value over the 4 years (Table 7).
The rate between Q 6 and Q 3 was around 0.5.

Environmental and energy depletion impact

Table 8 shows the farming inputs applied for camelina (kg ha™'),
and the consequent consumption of fossil energy (MJ ha™!). As a
result of low rates of fertilizers applied, the main energy consump-
tion was attributable to diesel, ranging around 75% of the total, a
value that is quite representative of agricultural mechanization.

As regards cultivation output materials and their corresponding
energy, in this particular trial conditions, camelina seed yield was
rather low. For this reason, the energy produced (applying LHV
reported in Table 5) was 24.3 MJ kg! (approximately 20 GJ ha™!)
and 15.5 MJ kg! (approximately 55.8 GJ ha!), as mean values for
seeds and above-ground biomass, respectively.

The impact of cultivation expressed as GWP is reported in
Table 9, where the CO,eq emissions per hectare, per kg of grain
and per MJ of incorporated energy, are indicated. Regardless of

functional unit, diesel and N,O emissions caused the main GHG
sources.

Average oil and oil-defatted meal yield resulted equal to 281
and 541 kg ha™!, respectively, with corresponding energy values of
10,567 and 12,939 MJ. The required fossil energy - calculated with
a presumed energy cost of 0.97 MJ per kg of extracted oil, consid-
ering a cold press extraction system (Miller and Kumar, 2013) -
was 798 MJ. The energy values of the co-products allowed the
allocation of impacts based on energy content, using the percent-
age of energy of each co-product on the total as a breakdown fac-
tor. Thus, a factor of 48% was considered for the oil, and conse-
quently a residual percentage of 52% was applied to the meal.

The emissions of GHG to produce one kg and one MJ of
camelina oil was 2428 gCO.eq kg! oil during cultivation and 136
during the extraction process, which correspond to 62.3 and 3.4
gCOseq per MJ, respectively. Therefore, the total value obtained
was 65.7 gCOeq MJ.

In addition, when adopting mechanical oil extraction, several
uses for the oil-defatted meal could be considered, such as fish-
feed feedstock or high valued chemicals (Das et al., 2014). When

Table 5. Productive characteristics of Camelina sativa cv. Italia grown under low-input cultivation systems in Bologna, Italy over four
Erowin seasons (I, II, IIL, IV). Mean values + standard deviation are shown (n = 3). Variability among growing seasons was measured
y coefficient of variation (CV). Due to their stability, Lower Heating Values (LHV) were measured with one single replication per year.

TSW (g) 0.92+0.01 1.14+0.03 1.02+0.03 1.06+0.00 1.03 8
Grain Yield (Mg ha"! DW) 0.94£0.32 0.91+0.20 0.60+0.13 0.84+0.14 0.82 28
Oil content (%) 40.25+0.07 39.65+0.35 38.43+1.61 38.89+0.78 39.17 3
Total above-ground biomass* (Mg ha~! DW) 3.712+1.30 4.59+0.38 2.38+0.33 3.73+0.79 3.60 32
Below-ground biomass (Mg ha~! DW) 0.64+0.17 0.54+0.01 0.29+0.04 0.47+0.10 0.49 34
Seed LHV (MJ kg™) 24.13 23.12 2337 25.71 24.25

Above-ground residues LHV (MJ kg1 15.17 15.98 14.70 15.56 15.50

Below-ground residues LHV (MJ kg ™) 13.83 14.29 14.35 n/a 14.16

Above-ground residues Nitrogen (kg ha-! DW) 27.5+10.0 32.2+2.0 172£5.6 12.8+3.9 224 43
Below-ground residues Nitrogen (kg ha-! DW) 8.7+24 5.5+0.3 3.0£0.8 43+12 54 46

TSW, thousand seed weight; DW, dry weight. *Total above-ground biomass represents the sum of seed yield and above-ground residues production.

Table 6. ANOVA analysis of the linear mixed effect (LME) model fit by maximum likelihood. Akaike information criterion (AIC), and

Bayesian information criterion (BIC) for different LME models.

Eq.2 3 3.66 5.12 1.16 - -
Eq.3 6 4.04 6.95 3.97 5.61 0.13
Eq.4 7 6.03 9.43 3.98 0.01 091
Eq.5 16 24.03 3179 3.98 0.00 1.00
Eq. 6 6 3.92 6.83 4.03 0.10 1.00
Eq.2 3 40.34 41.80 -17.17

Eq.3 6 39.13 42.04 -13.56 721 0.06
Eq.4 7 41.02 4441 -13.51 0.10 0.74
Eq.5 16 59.02 66.78 -13.51 0.00 1.00
Eq.6 6 39.13 42.04 -13.56 0.10 1.00

OPEN aACCESS

[Italian Journal of Agronomy 2020; 15:1519]

[page 137]



emissions were energy allocated (oil and meal), the impact to pro-
duce one MJ of oil resulted 31.4 gCOseq.

However, the energy supply chain involves the use of camelina
oil for jet biofuel production. An impact of 24 gCO,eq MJ-! was

~z

dards to which a further 1 gCO,eq MJ~! was added for transport,
as recommended by RED. Adding these values to the totals, with-
out oilcake exploitation, the results returned an impact of 90.7
2CO,eq MJ-!. Similarly, the total impact resulting from the alloca-

attributed to the refinery phase. As described by Li and Mupondwa
(2014), this value was estimated following BioGrace (2014) stan-

tion was 56.4 gCO.eq MJ-1.,

Table 7. Fatty acid (FA) profile (percentage + standard deviation, n=4) and coefficient of variation (CV) among growing seasons (I, II,

111, 1IV).
FA Common name I Il I IV Mean CV (%)
Field .\ B .\ B
C16:0 Palmitic 6.0+0.0 5.7+0.0 6.3+0.1 6.4+0.3 6.2 5
C18:0 Stearic 2.6+0.0 2.7+0.0 2.5+0.1 2.8+0.1 2.6 6
C18l1 Oleic 14.9+0.1 15.0£0.1 17.3+04 16.0£0.4 16.2 6
C182 Linoleic 18.0+0.1 16.7+0.0 17.7+0.2 17.5+0.3 17.5 2
C183 Linolenic 37.0+0.1 36.6+0.1 36.3+1.2 38.6+0.6 373 4
C20:0 Arachidic 0.0 1.2+0.0 1.3+0.2 1.1x0.1 1.2 12
C20:1 Eicosenoic 14.0£0.0 14.5+0.1 12.8+0.1 12.7£0.3 13.1 5
C20:2 Cis-11,14-eicosadienoic 2.0+0.0 2.0+0.1 1.6+0.1 1.5+0.3 1.7 17
C20:4 Arachidonic 1.5+0.0 1.6+0.0 1.3x0.1 14+0.0 14
C22:0 Behenic 0.3+0.0 0.3+0.0 0.0 0.0 0.3
Cc22:1 Erucic 2.7+0.1 2.6+0.0 24+0.1 1.9+0.1 2.3 15
C24:0 Lignoceric 0.0 0.0 0.4+0.0 0.0 04 11
C24:1 Nervonic 0.7+0.1 0.7+0.1 0.5+0.1 0.4+0.0 0.5 24
SFA 8.9+0.0 9.8+0.2 9.4+0.7 10.2+0.3 9.7 7
MUFA 31.5+0.0 32.1£0.3 32.9+0.2 30.50.6 317 4
PUFA 58.4+0.1 56.8+0.14 56.6+1.0 59.9+0.6 51.7 2
Q-6/Q-3 0.5+0.0 0.5+0.0 0.5+0.0 0.5+0.0 0.5 5
0.5+0.0 0.5+0.0 0.5+0.0 0.5+0.0 0.5 5

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

Table 8. Camelina cultivation inputs and corresponding energy resource consumption per hectare.

Farming inputs Amount Input energy
kg ha! MJ ha'!

Seeds 12.5 98.4

Organic N (Manure) 12 120

Inorganic N (Ammonium nitrate) 14 685.9

Diesel 80.6 4030

Total 4934.2

Table 9. GWP specific impacts in camelina cultivation, expressed per hectare, per one kg of grain, and as MJ of incorporated energy.
Sources included emissions for production and use (i.e. diesel combustion and N,O emissions from fertilizers and residues).

Sources GWP specific impacts
kgCO:eq ha! % gC0zeq kg! of grain gC02eq MJ-! of incorporated energy
Diesel 304.4 45% 369.9 153
Seeds (sowing) 5.0 1% 6.1 0.3
Fertilizers (production) 48.3 % 58.7 2.4
Fertilizers (N,O emissions) 165.8 24% 201.5 8.3
Residues (N;O emissions) 158.4 23% 192.5 79
Total 682.0 100% 828.6 34.2
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Discussion

Camelina seed yield and quality

As regards agronomic observations carried out during the four
growing seasons, the proposed camelina-wheat rotation system
provided, for camelina, a rather stable TSW, similar to that report-
ed by other authors (Berti ef al., 2011; Angelini, 2012; Masella et
al.,2014). On the contrary, grain yields fluctuated across the years.
The intense rainy events that occurred during the Il growing sea-
son, from February onward, caused prolonged waterlogging to
camelina from the rosette stage until seed ripening, with a conse-
quent yield reduction of about 33%.

In the other seasons, winter rainfalls were efficiently stored in
the soil, thus allowing camelina to meet seasonal water require-
ments (French ez al., 2009). Furthermore, considering the intensive
rotation and, above all, the low input strategies adopted (Table 2),
the 4-year-average yield (0.82 £0.15 Mg ha!) was comparable to
those obtained in other studies in which reduced amounts of N fer-
tilizers were adopted (Malhi et al., 2014). In addition, in our study,
wheat was able to uptake 140 kg N ha™! by grain and 50 kg N ha!
by straw. Considering that wheat straw was removed from the
field, it is possible to state that camelina did not exploited residual
N deriving from wheat fertilization.

The overall mean value of seed oil content (39.2%) was similar
to, or higher than that reported by the literature (Blackshaw ef al.,
2011; Guy et al., 2014; Pecchia et al., 2014; Berti et al., 2016;
Zanetti et al., 2017).

Similarly to seed yield and oil content, also fatty acid synthesis
is deeply influenced by environmental conditions, genotype, and
sowing date (Berti et al., 2016; Zanetti et al., 2017; Righini et al.,
2019). In the tested Mediterranean environment, the autumn sow-
ing implied relatively low temperatures during the seed filling
phase, thus promoting polyunsaturated FA (PUFAs) production
and a rather high a-linolenic acid (ALA) content. At this regard, a
significant reduction in PUFAs with temperatures above 25°C,
during the seed filling stage, was observed by Obour et al. (2017)
for camelina oil. On the other hand, as expected, the content of
monounsaturated FAs (MUFAs) was relatively low. These findings
were in line with previous studies carried out in the same environ-
ment (Po valley), where different camelina accessions and autumn
and spring sowing were evaluated (Zanetti et al., 2017; Righini et
al., 2019).

It should be emphasized that the stable content of ALA makes
camelina oil an excellent source of this essential fatty acid. If con-
sumed in the human diet, camelina oil could account for, at least
partially, the recommended daily intake of 2 g day ! of ALA
according to the Regulation CE n°® 432/2012 (Official Journal of
the European Union, 2012). The rate between Q 6 and Q 3 ranged
around 0.5, according to modern recommendations for human
health. In fact, it has been established that a reduction in the dietary
intake of Q 6/Q 3 ratios and Q 6-derived metabolites could
increase Q 3 circulating long chain-PUFAs in most individuals
(Chilton et al., 2017). This result also confirms the interesting
properties of camelina for several applications in the food sectors.
Although the Q 3 content is lower than that of other vegetable oils,
such as linseed oil, the high content of natural antioxidants such as
tocopherol, phenols and terpenes make it an appreciable oil, with a
long shelf life (Berti et al., 2011; Terpinc et al., 2012; Rahman et
al., 2018). Moreover, the environmental conditions and the choice
of sowing date, especially temperatures during seed filling, are
able to influence the FA composition. The higher the temperatures
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during seed development, the lower is the ALA content, and, more
in general, PUFAs (Zubr and Matthdus, 2002), thus reducing the
quality of oil and residual defatted meal for food and feed applica-
tions. Under the tested Mediterranean conditions, this problem
could be partially overcome by adopting a winter cycle, which
allows to anticipate the camelina critical period of seed filling. On
the other hand, a lower PUFA/MUFA index and a lower C20-
24/C16-18 ratio enhance oil characteristics for industrial uses,
especially in terms of oxidation stability (Rodriguez-Rodriguez et
al., 2013).

Environmental sustainability

Following SIMAPRO ver. 8.4.0.0, the input referred to cameli-
na with higher GHG impact (as kgCO.eq kg!) were:
pesticide>diesel>N-fertilizer>P,0s-fertilizer>K,O-fertilizer>
seeds>organic fertilizer (assumed as 0).

Regarding chemical crop protection, comparing other studies,
weed control by chemical products such as Ethfluralin, Trifluralin,
Sethoxydim, or Quizalofop were reported, despite pest and disease
control was not described (Malhi et al. 2014). Gesh (2014) report-
ed an additional hand weeding, whilst Zanetti et al. (2017) report-
ed hand weeding in 10 m? plots. In this study, 500 m? plots were
managed avoiding pesticides and weed control interventions, in
order to evaluate the adopted strategy in a low-input scaled-up sys-
tem. The plot dimension helped in having more representative data
to base LCA on, in a system where competitive interactions, soil
fertility depletion, and other large-scale phenomena were involved.

In this study, diesel consumption was 35% lower than that
reported for sunflower cultivated in a similar area (Spugnoli ef al.,
2012) and it was similar to the reference value reported in the RED
for sunflower. In a study conducted by Bacenetti et al. (2017),
camelina cultivation under Mediterranean conditions required a
lower amount of diesel, roughly 7%, but, in our trials, the contri-
bution in terms of N-fertilizer were from 40 to 60% lower than
average values reported in other experimental trials performed in
Italy (Zanetti et al., 2017), United States of America (Krohn and
Fripp, 2012) and Canada (Miller and Kumar, 2013).

The cultivation output materials and their corresponding ener-
gy were notably lower than those reported by other authors
(Masella et al., 2012; Krohn and Fripp, 2012; Miller and Kumar,
2013) or in the RED for sunflower.

Again, considering sunflower as a term of comparison, the ER
(4.04) for camelina was slightly lower, whilst EC, EB and NEB
indices, which represent the energy performance in camelina grain
yield, were equal to 0.25, 15.02 and 3.33, respectively. This poor
energy performance of camelina in comparison to sunflower is not
only due to the lower grain yield, but also to the lower oil content
(39% in camelina compared to 45% in sunflower). However, as
already discussed, this aspect could be improved through different
approaches that do not affect the IE flows, such as different sowing
dates or new improved genotypes. On the other hand, camelina
cultivation implies several agronomical advantages that sunflower
cultivation does not: from brief cycle, if a spring sowing is adopt-
ed, to the cover crop effect considering a winter sowing. Even the
agroecological side effects already discussed need to be considered
in the whole balance, due to the very low pesticide and fertilizing
input that camelina requires.

The GWP impact (Table 8) resulted significantly lower than
that reported by Bacenetti et al. (2017) for camelina cultivated in
the Mediterranean area (1701 gCO,eq kg™). It is worth highlight-
ing that GWP per hectare resulted around 30% lower than sunflow-
er (RED value), thus confirming camelina adaptability to very low-
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input management, attaining minimum impact. The obtained
results were, in any case, in line with those obtained by other
authors in different cultivation areas such as Italy (Colombini et
al., 2014), United States of America (Moser, 2010; Agusdinata et
al., 2011) and Canada (Miller and Kumar, 2013; Li and
Mupondwa, 2014).

The GHG emissions in the production of one MJ from cameli-
na oil (65.7 gCOeq MJ!) compared to the RED threshold for
diesel (83.8 gCOseq MJ1), imply an interesting performance by
camelina. However, camelina biofuel will not meet the RED sus-
tainability criterion - a minimum savings rate of 35% in terms of
GHG emissions compared to diesel oil - when refinery and trans-
port impact are considered, and the oilcake unexploited. Even if,
exploiting the oilcake, impact resulting from allocation (56.4 g
CO,eq MJ! of biofuel) was lower (33% compared to diesel oil),
narrowly missing the sustainability criteria required by the RED.
The GHG emissions for jet fuel from camelina obtained in these
field trials were compared to the values reported by the literature
(Agusdinata et al., 2011; Li and Mupondwa, 2014; Lokesh et al.,
2015) and to the reference standard fuel values as shown in Figure
2. The importance of improving grain yields and exploiting co-
products to reduce the impact of the main product is highlighted.
For instance, camelina straws present interesting characteristics as
feedstock for pyrolysis due to its low protein content, for further
biofuel production after chemical processing (Hernando et al.,
2017) or for green building or the automotive sector. In fact, the
exploitation of removed aboveground residues (Table 4) would
allow an energy allocation (by LHV reported in Table 5) that
would reduce the impact of camelina oil. Thereby, in this experi-
ment the exploitation of straws (as part of total aboveground
biomass) became crucial to reach the RED sustainability require-
ment in the use of camelina oil as biofuel.

120

gCO, eq/MJ

Conclusions

This study confirmed the interesting adaptability of camelina
var. Italia, as winter crop, to the pedo-climatic conditions of north-
ern Italy, reaching, through the four growing seasons, satisfactory
and relatively stable seed yield, by adopting a low input cultivation
system. Besides this, the seed characteristics confirmed the very
high amount of Q 3 and Q 6 fractions in the oil, which could pro-
vide interesting opportunities, not only for the food and feed sec-
tors, but also for industry, particularly in high value sectors such as
cosmetics.

The environmental performance of camelina for biofuel
assessed in this study was worse if compared to the main non-food
oilseed crops such as rapeseced and sunflower. Furthermore,
camelina fuels would be not sustainable according to the RED
parameters and other cited research, unless the removed straws are
also exploited, reallocating GHG emissions. Nevertheless, the low
cropping inputs required for camelina-wheat rotation highlighted
interesting perspectives for temperate climates. Consequently,
reducing emissions to air (linked to increasing yield) and emis-
sions to water (eutrophication) due to limited use of N-fertilizers,
would reduce the burden on the environment.

Considering its by-products, camelina meal has shown inter-
esting applications in: i) animal feed, replacing soy meal; ii) bio-
gas, as feedstock, and; iii) soil management, as fertilizers.
However, these uses should be assessed in order to make a feasible
environmental balance of its potential reduction or increasing
GHG emissions into the system. Nowadays, green chemistry has
rekindled interest in a comprehensive promotion of all biorefinery
by-products. When these products are raw materials, they can pro-
vide an opportunity to replace highly polluting chemicals, i.e.
chemical origin N-fertilizer, pesticides or coal.

| I |
0 I i

Camelina JF Sunflower (Diesel) Diesel JF (Fossil) Camelina Camelina
JF (min}* JF {max}**
B Not allocated ‘ Allocated W Reference

Figure 2. Comparison of camelina Jetfuel (JF) GHG with different propellants (*Li and Mupondwa, 2014; **Lokesh ez al., 2015).

[page 140]

[Italian Journal of Agronomy 2020; 15:1519]

OPEN aACCESS



CPress

References

Agusdinata DB, Zhao F, Ileleji K, DeLaurentis D, 2011. Life Cycle
Assessment of Potential Biojet Fuel Production in the United
States. Environ. Sci. Technol. 45:9133-43.

Angelini LG, 2012. Exploitation of non-conventional biodiesel
crops for Southern European cropping systems. Proc. 20t
European Biomass Conference, Milan, Italy, pp 555-60.

Angelini LG, Moscheni E, Colonna G, Belloni P, Bonari E,
1997 .Variation in agronomic characteristics and seed oil com-
position of new oilseed crops in central Italy. Ind. Crops Prod.
6:313-23.

ASTM E711-87; 2004. Standard Test Method for Gross Calorific
Value of Refuse-Derived Fuel by the Bomb Calorimeter.
10.1520/E0711-87R04

Bacenetti J, Restuccia A, Schillaci G, Failla S, 2017. Biodiesel pro-
duction from unconventional oilseed crops (Linum usitatissi-
mum L. and Camelina sativa L.) in Mediterranean conditions:
Environmental sustainability assessment. Renew. Energy
112:444-56.

Basset N, Kermah M, Rinaldi D, Scudellaro F, 2010. The Net
Energy of Biofuels. EPROBIO IP. Available from:
http://www.iperasmuseprobio.unifg.it

Berti M, Gesch R, Eynck C, Anderson J, Cermak S, 2016.
Camelina uses, genetics, genomics, production, and manage-
ment. Ind. Crops Prod. 94:690-710.

Berti M, Wilckens R, Fischer S, Solis A, Johnson B, 2011. Seeding
date influence on camelina seed yield, yield components, and
oil content in Chile. Ind. Crops Prod. 34:1358-65.

BioGrace Project, 2014. Harmonisation of Greenhouse Gas (GHG)
Emission Calculations of Biofuels throughout the European
Union. Version 4d. Available from: http://biograce.net/

Blackshaw RE, Johnson EN, Gan Y, May WE, McAndrew DW,
Barthet V, McDonald T, Wispinski D, 2011. Alternative oilseed
crops for biodiesel feedstock on the Canadian prairies. Can. J.
Plant Sci. 91:889-96.

BSI, 2011. PAS 2050:2011 Specification for the assessment of the
life cycle greenhouse gas emissions of goods and services. 45
pages.

Cherubini F, Bird ND, Cowie A, Jungmeier G, Schlamadinger B,
Woess-Gallasch S, 2009. Energy-and greenhouse gas-based
LCA of biofuel and bioenergy systems: Key issues, ranges and
recommendations. Resour Conserv Recy. 53:434-47.

Chen C, Bekkerman A, Afshar RK, Neill K, 2015. Intensification
of dryland cropping systems for bio-feedstock production:
Evaluation of agronomic and economic benefits of Camelina
sativa. Ind. Crops Prod. 71:114-21.

Chilton FH, Dutta R, Reynolds LM, Sergeant S, Mathias RA,
Seeds MC, 2017. Precision Nutrition and Omega-3
Polyunsaturated Fatty Acids: A Case for Personalized
Supplementation. Approaches for the Prevention and
Management of Human Diseases. Nutrients 9:1165.

Colombini S, Broderick GA, Galasso I, Martinelli T, Rapetti L,
Russo R, Reggiani R, 2014. Evaluation of Camelina sativa (L.)
Crantz meal as an alternative protein source in ruminant
rations. J. Sci. Food Agric. 94:736-43.

Corporan E, Edwards T, Shafer L, DeWitt MJ, Klingshirn C,
Zabarnick S, West Z, Striebich R, Graham J, Klein J, 2011.
Chemical, thermal stability, sealswell, and emissions studies of
alternative jet fuels. Energy Fuels 25:955-66.

Conte LS, Leoni O, Palmieri S, Capella P, Lercker G, 1989. Half-
seed analysis: rapid chromatographic determination of the

OPEN 8ACCESS

[Italian Journal of Agronomy 2020; 15:1519]

main fatty acids of sunflower seed. Plant Breed. 102:158-65.

Dalal J, Lopez H, Vasani NB, Hu Z, Swift JE, Yalamanchili R,
Dvora M, Lin X, Xie D, Qu R, Sederoff HW, 2015. A photores-
piratory bypass increases plant growth and seed yield in biofu-
el crop Camelina sativa. Biotech. Biofuels 8:175.

Das N, Berhow NA, Angelino D, Jeffery EH, 2014. Camelina sati-
va defatted seed meal contains both alkyl sulfinyl glucosino-
lates and quercetin that synergize bioactivity. J. Agric. Food
Chem. 62:8385-91.

D’Avino L, Dainelli R, Lazzeri L, Spugnoli P, 2015a. The role of
co-products in biorefinery sustainability: energy allocation
versus substitution method in rapeseed and carinata biodiesel
chains. J. Clean. Prod. 94:108-15.

D’Avino L, Matteo R, Malaguti L, Pagnotta E, Righetti L, Ugolini
L, Lazzeri L, 2015b. Synergistic inhibition of the seed germi-
nation by crude glycerin and defatted oilseed meals. Ind. Crops
Prod. 75:8-14.

European Environment Agency (EEA), 2013. Annual European
Union greenhouse gas inventory 1990-2011 and inventory
report 2013. Technical report, 8/2013, 1-22. ISSN 1725-2237.

European Parliament Directive 2009/28/EC of the European
Parliament and of the Council of 23 April 2009. Off. J. Eur.
Union 2009 140:16-62.

European Parliament Directive 2018/2001/EC of the European
Parliament and of the Council of 11 December 2018. Off. J.
Eur. Union 2018 61:82-209.

French AN, Hunsaker D, Thorp K, Clarke T, 2009.
Evapotranspiration over a camelina crop at Maricopa, Arizona.
Ind. Crops Prod. 29:289-300.

Gatecki A, Burzykowski T, 2013. Linear mixed-effects model. pp
159-173 in Linear mixed-effects models using R. Springer,
New York, NY.

Gesch R, 2014. Influence of genotype and sowing date on cameli-
na growth and yield in the north central U.S. Ind. Crops Prod.
54:209-15.

Gesch R, Cermak S, 2011. Sowing date and tillage effects on fall-seed-
ed camelina in the northern Corn Belt. Agron. J. 103:980-7.

Goglio P, Brankatschk G, Knudsen M T, Williams AG, Nemecek T,
2017. Addressing crop interactions within cropping systems in
LCA. Int. J. Life Cycle Ass. 1-9.

Guy SO, Wysocki DJ, Schillinger WF, Chastain TG, Karow RS,
Garland-Campbell K, Burke IC, 2014. Camelina: Adaptation
and performance of genotypes. Field Crops Res. 155:224-32.

Hernando H, Fermoso J, Moreno I, Coronado JM, Serrano DP,
Pizarro P, 2017. Thermo-chemical valorization of camelina
straw waste via fast pyrolysis. Biomass Convers. Bioref.
7:277-87.

Hixson SM, Parrish CC, Anderson DM, 2014. Full substitution of
fish oil with camelina (Camelina sativa) oil, with partial sub-
stitution of fish meal with camelina meal, in diets for farmed
Atlantic salmon (Salmo salar) and its effect on tissue lipids and
sensory quality. Food Chem. 157:51-61.

Hunsaker DJ, French AN, Thorp KR, 2013. Camelina water use
and seed yield response to irrigation scheduling in an arid envi-
ronment. Irrig. Sci. 31:911-29.

Ibrahim FM, El Habbasha S, 2015. Chemical composition, medic-
inal impacts and cultivation of camelina (Camelina sativa):
Review. Int. J. Pharmtech. Res. 8:114-22.

Intergovernmental Panel on Climate Change (IPCC), 2006.
Guidelines for National Greenhouse Gas Inventories
Agriculture, Forestry and Other Land Use Intergovernmental
Panel on Climate Change, vol. 4. Available from:
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html

[page 141]



Iskandarov U, Kim HJ, Cahoon EB, 2014. Camelina: an emerging
oilseed platform for advanced biofuels and bio-based materi-
als. pp 131-140 in Plants and BioEnergy, Springer (Eds.), New
York, NY.

ISO 10565, 1998. Oilseeds - Simultaneous determination of oil
and water contents - Method using pulsed nuclear magnetic
resonance spectrometry. International Organization for
Standardization.

ISO 12966-4, 2015. Animal and vegetable fats and oils - Gas chro-
matography of fatty acid methyl esters - Part 4: Determination
by capillary gas chromatography. International Organization
for Standardization.

ISO 14044, 2006. Environmental management - Life cycle assess-
ment - Requirements and guidelines. International
Organization for Standardization.

1SO 659, 2009. Oilseeds - Determination of oil content (Reference
method). International Organization for Standardization.

ISTA, 2005. Handbook of Method Validation. ISTA, Bassersdorf,
Switzerland.

Italian National Integrated Farm Management Guidelines, 2019.
https://www.reterurale.it/flex/cm/pages/Serve BLOB.php/L/IT/
IDPagina/18841. DM 4890, 8/05/2014. Accessed: 01 April
2020.

Kim N, Li Y, Sun XS, 2015. Epoxidation of Camelina sativa oil
and peel adhesion properties. Ind. Crops Prod. 64:1-8.

Kirkhus B, Lundon AR, Haugen JE, Vogt G, Borge GIA,
Henriksen BI, 2013. Effects of environmental factors on edible
oil quality of organically grown Camelina sativa. J. Agric.
Food Chem. 61:3179-85.

Konc¢ius D, Karcauskiene D, 2010. The effect of nitrogen fertiliz-
ers, sowing time and seed rate on the productivity of Camelina
sativa. Zemdirbysté=Agriculture 97:37-46.

Krohn BJ, Fripp M, 2012. A life cycle assessment of biodiesel
derived from the “niche filling” energy crop camelina in the
USA. Appl. Energy 92:92-8.

Lazzeri L, Malaguti L, Bagatta M, D’Avino L, Ugolini L, De
Nicola GR, Casadei N, Cinti S, Matteo R, ITori R, 2013.
Characterization of the main glucosinolate content and fatty
acid composition in non-food brassicaceae seeds. Acta
Hort.1005:331-8.

Li H, Barbetti MJ, Sivasithamparam K, 2005. Hazard from
reliance on cruciferous hosts as sources of major gene-based
resistance for managing blackleg (Leptosphaeria maculans)
disease. Field Crops Res. 91:185-98.

Li X, Mupondwa E, 2014. Life cycle assessment of camelina oil
derived biodiesel and jet fuel in the Canadian Prairies. Sci.
Total Environ. 481:17-26.

Liu J, Tjellstrom H, McGlew K, Shaw V, Rice A, Simpson J,
Kosma D, Ma W, Yang W, Strawsine M, Cahoon E, Durrett TP,
Ohlrogge J, 2015. Field production, purification and analysis
of high-oleic acetyl-triacylglycerols from transgenic Camelina
sativa. Ind. Crops Prod. 65:259-68.

Lokesh K, Sethi V, Nikolaidis T, Goodger E, Nalianda D, 2015.
Life cycle greenhouse gas analysis of biojet fuels with a tech-
nical investigation into their impact on jet engine performance.
Biomass Bioenerg. 77:26-44.

Luguel C, 2011. European Biorefinery Joint Strategic Research
Roadmap for 2020, Star-COLIBRI. Available from:
https://books.google.it/books?id=ZhPSkQEACAAJ

Malhi SS, Johnson EN, Hall LM, May WE, Phelps S, Nybo B,
2014. Effect of nitrogen fertilizer application on seed yield, N
uptake, and seed quality of Camelina sativa. Can. J. Soil Sci.
94:35-47.

[page 142]

[Italian Journal of Agronomy 2020; 15:1519]

CPress

Masella P, Mapelli S, Pecchia P, Reggiani R, Russo R, Galasso I,
2012. Camelina sativa L. a non-food energy crop: Agronomic
and environmental performances in Lombardia, Italy. pp 503-
506 in Proc. 20th Biomass Conference & Exhibition, Milan,
Italy.

Masella P, Martinelli T, Galasso I, 2014. Agronomic evaluation
and phenotypic plasticity of Camelina sativa growing in
Lombardia, Italy. Crop Pasture Sci. 65:453—60.

Matteo R, Back MA, Reade JPH, Ugolini L, Pagnotta E, Lazzeri
L, 2018. Effectiveness of defatted seed meals from
Brassicaceae with or without crude glycerin against black
grass (Alopecurus myosuroides Huds.). Ind. Crops Prod.
111:506-12.

Matthdaus B, Angelini LG, 2005. Anti-nutritive constituents in
oilseed crops from Italy. Ind. Crops Prod. 21:89-99.

Matthéus B, Zubr J, 2000. Variability of specific components in
Camelina sativa oilseed cakes. Ind. Crops Prod. 12:9-18.

Menichetti E, Otto M, 2009. Energy balance and greenhouse gas
emissions of biofuels from a life-cycle perspective. In R.W.
Howarth and S. Bringezu (eds) Biofuels: Environmental
Consequences and Interactions with Changing Land Use. pp
81-109 in Proceedings of the Scientific Committee on
Problems of the Environment (SCOPE) International Biofuels
Project Rapid Assessment. Cornell University, Ithaca NY,
USA.

Miller P, Kumar A, 2013. Development of emission parameters
and net energy ratio for renewable diesel from Canola and
Camelina. Energy 58:426-37.

Moser BR, 2010. Camelina (Camelina sativa L.) oil as a biofuels
feedstock: Golden opportunity or false hope? Lipid Technol.
22:270-3.

Murphy EJ, 2016. Camelina (Camelina sativa). In: Industrial Oil
Crops- 1st Edition, T. McKeon, D. Hayes, D. Hildebrand, R.
Weselake (Eds.), Academic Press and AOCS Press, pp 207-230.

Notarnicola B, Sala S, Anton A, McLaren SJ, Saouter E, Sonesson
U, 2017. The role of life cycle assessment in supporting sus-
tainable agri-food systems: A review of the challenges. J.
Clean. Prod. 140:399-409.

Official Journal of the European Union, 2012. Commission
Regulation (EU) No 432/2012 of 16 May 2012. Establishing a
list of permitted health claims made on foods, other than those
referring to the reduction of disease risk and to children’s
development and health. L136/1-L136/40. Available from:
https://eur-lex.europa.cu/eli/reg/2012/432/0j

Pagnotta E, Ugolini L, Matteo R, Lazzeri L, Foschi L, Angelini
LG, Tavarini S, 2019. Exploring the Camelina sativa value
chain: a new opportunity for bio-based products and overall
crop sustainability. Riv. Ital. Sost. Grasse XCVI:259-68.

Pecchia P, Russo R, Brambilla I, Reggiani R, Mapelli S, 2014.
Biochemical seed traits of Camelina sativa - an emerging
oilseed crop for biofuel: environmental and genetic influences.
J. Crop Improv. 28:465-83.

Rahman Md., Costa de Camargo A, Shahidi F, 2018. Phenolic pro-
files and antioxidant activity of defatted camelina and sophia
seeds. Food Chem. 240:917-25.

Righini D, Zanetti F, Martinez-Force F, Mandrioli M, Toschi TG,
Monti A, 2019. Shifting sowing of camelina from spring to
autumn enhances the oil quality for bio-based applications in
response to temperature and seed carbon stock. Ind. Crops
Prod. 137:66-73.

Righini D, Zanetti F, Monti A, 2016. The bio-based economy can
serve as the springboard for camelina and crambe to quit the
limbo. Oilseeds Fats Crops Lipids 23:D504.

OPEN 8 ACCESS



Rodriguez-Rodriguez MF, Sanchez-Garcia A, Salas JJ, Garcés R,
Martinez-Force E, 2013. Characterization of the morphologi-
cal changes and fatty acid profile of developing Camelina sati-
va seeds. Ind. Crops Prod. 50:673-9.

Schillinger WF, Wysocki DJ, Chastain TG, Guy SO, Karow RS,
2012. Camelina: Planting date and method effects on stand
establishment and seed yield. Field Crops Res. 130:138-44.

Shonnard DR, Williams L, Kalnes TN, 2010. Camelina-derived jet
fuel and diesel: Sustainable advanced biofuels. Environ. Prog.
Sustain. Energy 29:382-92.

Solis A, Vidal I, Paulino L, Johnson BL, Berti M, 2013. Camelina
seed yields response to nitrogen, sulphur and phosphorous fer-
tilizer in South Central Chile. Ind. Crops Prod.44:132-8.

Spugnoli P, Dainelli R, D’Avino L, Mazzoncini M, Lazzeri L,
2012. Sustainability of sunflower cultivation for biodiesel pro-
duction in Tuscany within the EU Renewable Energy
Directive. Biosyst. Eng. 112:49-55.

Terpinc P, Polaka T, Makuc D, Ulrih NP, Abramovi¢ H, 2012. The

OPEN 8ACCESS

[Italian Journal of Agronomy 2020; 15:1519]

occurrence and characterisation of phenolic compounds in
Camelina sativa seed, cake and oil. Food Chem. 131:580-9.

Vollmann J, Moritz T, Kargl C, Baumgartner S, Wagentristl H,
2007. Agronomic evaluation of camelina genotypes selected
for seed quality characteristics. Ind. Crops Prod. 26:270-7.

Zanetti F, Eynck C, Christou M, Krzyzaniak M, Righini D,
Alexopoulou E, Stolarski MJ, Van Loo EN, Puttick D, Monti
A, 2017. Agronomic performance and seed quality attributes of
Camelina (Camelina sativa L. Crantz) in multi-environment
trials across Europe and Canada. Ind. Crops Prod. 107:602-8.

Zubr J, 1997. Oil-seed crop: Camelina sativa. Ind. Crops Prod.
6:113-9.

Zubr J, 2003. Qualitative variation of Camelina sativa seed from
different locations. Ind. Crops Prod. 17:161-9.

Zubr J, Matthdus B, 2002. Effects of growth conditions on fatty
acids and tocopherols in Camelina sativa oil. Ind. Crops Prod.
15:155-62.

[page 143]





