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Abstract: Camelina is a low input crop than can be cultivated in rotation with cereals to provide 
vegetable oil suitable for bioenergy production, industrial applications and even as source of food 
for livestock. At large scale farming, camelina seeds are currently harvested using a combine 
harvester, equipped with a cereal header, but the literature still lacks the knowledge of the 
performance of the machine, the harvesting cost and the related loss of seeds. The present study 
aims to fulfill that gap by reporting the results obtained from an ad hoc harvest field test. Camelina 
seed yield was 0.95 Mg ha−1 which accounted for the 18.60% of the total above ground biomass. 
Theoretical field capacity, effective field capacity and field efficiency were 3.38 ha h−1, 3.17 ha h−1 
and 93.7% respectively, albeit the seed loss was 80.1 kg ha−1 FM (7.82% w/w of the potential seed 
yield). The presence of material other than grain was rather high, 31.77% w/w, which implies a 
second step of cleaning to avoid undesired modification of the seed quality. Harvesting cost was 
estimated in 65.97 € ha−1. Our findings provide evidence on the suitability to use a conventional 
combine harvester equipped with a cereal header for the harvesting of camelina seeds, although 
some improvements are required to reduce both seed loss and impurities. 

Keywords: bioenergy; oil crops; work performance; harvesting loss 
 

1. Introduction 

The European Community has been facing ambitious challenges concerning the reduction of 
nonrenewable sources for energy production during the last decades. The new Renewable Energy 
Directives REDI and RED II aim to promote the exploitation of natural feedstocks while avoiding 
competition with food production, as for instance, the set target of 3.5% production of advanced 
biofuels in 2030 using either lignocellulosic residues or non-food crops [1]. Agriculture can 
significantly contribute to tackle the issue [2] providing a large spate of lignocellulosic residues [3–5] 
as well as energy crops for biofuel production [6,7]. Furthermore, biomolecules synthetized by energy 
crops can surrogate oil-derived compounds in several industrial sectors [8] to feed the so-called 
“green chemistry” which encompasses the production of many products, as solvents, cosmetics, 
building materials and biodegradable plastics [9]. Herbaceous crops are gaining interest across 
Europe as their biomolecules find many applications in the energy and industrial sectors [10]. Among 
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them, camelina (Camelina sativa L.) is an attractive one since the seeds exhibit high oil content (30–
49%) which is suitable for several industrial applications. Some studies investigated the possibility to 
exploit the camelina oil as valid alternative to fossil fuels and petroleum derivate compounds [11,12]. 
The critical aspects of using vegetable oil for fuel production are mainly linked to cost competitiveness 
of such industrial process [13,14]. In fact, Keske et al. (2013) reported the cultivation of camelina seeds 
for biodiesel production to be convenient for diesel fuel price higher than 1.31 $ L−1 [15]. Moreover, 
Yang et al. 2015 investigated the quality of the biodiesel fuel derived from the transesterification of 
camelina oil and found the fuel properties being in compliance with both American and European 
standards (e.g., ASTM D6751 and EN 14214) although the poor oxidative stability [16]. Jet fuel 
production is also possible from camelina oil [17,18] and Natelson et al. (2015) reported a break-even 
selling price of 0.80 $ kg−1 [19]. 

Moreover, camelina seeds are also suitable as a source of food for livestock [20–22], aquaculture 
[23,24] and feedstock for agrochemical, medical and veterinary products [25–27]. Additionally, the 
meal obtained from the oil extraction contains a high level of α-linolenic and for this reason, it can be 
used in animal diets resulting in an increase in the market value of the crop [28]. In facts, the same 
authors have recently reported that camelina meal can be incorporated into the poultry diet as a 
source of energy, protein, and essential n-3 and n-6 fatty acids and provided at low levels (5 up to 
10%) no changes in egg production or egg quality were found. Thus, the multiple usage of camelina 
seeds makes it interesting for biorefinery industries [29]. Another key issue which makes camelina 
particularly interesting is its adaptability to different environmental conditions [30]. Camelina can be 
indeed cultivated as a low input crop and on poor or marginal soils [31,32] and even in double 
cropping regime with cereal and other agricultural species [33–38] thus, showing interesting features as a 
sustainable crop as well [18,39]. According to Lohaus et al. (2020), in semi-arid regions of North America, 
86.4 L ha−1 of biodiesel (9.45% v/w of the seeds yield) can be derived from camelina cropping [40]. 

However, the main concerns arising with camelina cropping for biofuel production are linked 
the high costs of the supply chain, which currently makes it 30% more costly than petroleum derived 
fuels [41]. Moreover, the competition for land between food and non-food crops it is also nourished, 
particularly if considering that more than 95% of the current biodiesel production worldwide relies 
on the use of edible vegetable [42,43]. Although the possibility to cultivate camelina on marginal 
lands can make its supply chain ethically acceptable, costs of harvesting and logistic must be 
investigated to make the camelina cropping economically sustainable too. Most of the costs related to 
the production of biodiesel are related to the feedstock [44] and the development of new technologies 
in the agriculture sector can lower them significantly, particularly at the harvesting stage [45]. Camelina 
seeds can be mechanically harvested to keep costs lower, by using a combine harvester equipped 
with cereal header [46]. However, seeds loss can be high since they are very small and light in weight 
(1000-seed weight ranges between 0.8 and 1.8 g [47,48] and the proper setting of the combine 
harvester is fundamental to keep such loss as low as possible [49]. The presence of weeds among 
camelina plants can further contribute to increase that loss [50]. The lack of knowledge of such 
important aspects leaves profound uncertainty on the practical outcomes of camelina cropping. 

Notwithstanding the growing importance of camelina as a multipurpose oil crop, few studies 
have focused on the evaluation of work productivity, costs, and seeds loss in mechanical harvesting. 
For instance, Sintim et al. (2016) found 11.60% w/w of seed loss using a plot combine harvester [51], 
while Stolarski et al. (2019) recently reported the harvesting cost per surface unit of 46.70 € ha-1 when 
using a New Holland (New Holland, PA, USA) combine harvester [52]. However, the performance 
and the harvesting costs of conventional combine harvester have not been tested yet although such 
information plays an important role in the decision making of farmers and other stakeholders. 

Therefore, this study represents the first comprehensive investigation of camelina seeds 
harvesting in Spain reporting the work productivity, harvesting costs and seed loss related to the use 
of a conventional combine harvester, and it aims to provide the literature with relevant information 
for farmers and large enterprises. 
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2. Materials and Methods 

2.1. Field Site 

The test was carried out in the village of Villafruela, Burgos (Castilla y Leon, Spain) during the 
27th week of 2020 (Figure 1). The field area was 3.82 ha, the altitude 912 m a.s.l. with a negligible 
slope value. 

 
Figure 1. Map of the experimental field in Castilla y Leon region of Spain. 

The cultivar Alba, variety suitable for cultivation in Mediterranean climate, was sown in early 
December 2019 at the rate of 8 kg ha−1 and grown under conventional farming regime. Fertilizer was 
provided twice at the rate of 250 kg ha−1 of NPK 8-15-15 and 250 kg ha−1 of liquid Nitrogen fertilizer 
(32%) in winter and April, respectively. Successively, herbicide was applied for weed control. 

The edge effect on the crop was excluded by selecting a 2 hectares homogeneous area within the 
field. The rest was preventively harvested but not included in the calculations. 

2.2. Pre-harvest Tests: Theoretical Biomass Assessment 

Before harvesting, 10 sample plots of 1 m2 each were randomly selected to evaluate the whole 
aerial biomass (i.e., straw, siliques, and seeds). Plants were cut at collect level and shipped outside 
the field, then counted and measured in weight and height. Siliques and seeds were removed 
manually from the plants and weighed separately. Successively, siliques, seeds and a sample of straw 
form each sample plot were put in plastic sealed bags and shipped to the laboratory of Research 
Centre for Engineering and Agro-Food Processing (CREA-IT) for further measurements as: 
theoretical yield of seed, dry weight (DW), bulk density and moisture content. Dry weight and moisture 
content were measured according to the EN ISO 18134-2:2017 standard [53]. The bulk density and 1000 
seed-weight were also measured; seeds bulk density (kg m−3) was assessed according to ISO 17828:2015 
[54] in 10 randomly selected samples. 

2.3. Combine Harvester 

The contractor provided the combine harvester, a John Deere W650 (Figure 2) equipped with a 
conventional cleaning shoe and a 6.7 m wide cereal header. The machine was driven by 240 kW diesel 
engine and the setting applied (Table 1) was kept constant throughout the test. 
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Figure 2. John Deere W650 combine harvester equipped with a cereal header. 

Table 1. Combine harvester (John Deere W650) settings used during harvesting of camelina. 

Parameter Setting 
Rotor speed (rpm)  800  

Cleaning Fan Speed (rpm)  700  
Openings of Upper Sieve (mm)  closed  
Openings of Lower Sieve (mm)  5  

Straw treatment  threshed 

2.4. Harvesting Performance 

Five sample plots were randomly chosen within the selected area to test the performance of the 
combine harvester. The surface of each plot ranged between 1000 a 2500 m2, and the study of the 
working times was carried out according to methodology proposed by Comité International 
d’Organisation Scientifique du Travail en Agriculture (CIOSTA) methodology and the recommendations 
from the Italian Society of Agricultural Engineering (A.I.I.A.) 3A R1 [55]. The assessment evaluation 
of the working speed allowed to identify the Theoretical Field Capacity (TFC, ha h−1), the Effective 
Field Capacity (EFC, ha h-1) and Material Capacity (MC, Mg h−1). The ratio between EFC and TFC is 
named Field Efficiency (FE). The time required for discharge operations was recorded and considered 
as accessory time. 

At the end of the harvesting operation the material collected was discharged onto a trailer and 
weighted for the determination of the seed yield at the farm scale. A sample of the collected material 
was taken and put in sealed bag in order to determine the moisture content, the percentage of MOG 
(Material Other than Grain, e.g., weed seeds, threshed siliques, part of weed plants) and the 1000-
seeds weight. 

2.5. Costs Analysis 

The contractor, via interview, provided purchase and operating costs of the combine harvester, 
whilst the working performance of the machine was taken from the results of field tests and used as 
primary data. Finally, standard values for calculation were taken from CRPA (Research Centre on 
Animal productions) methodology [55]. 

Hourly costs of combine harvester were calculated considering the market value of the 
agricultural machinery [56]. The price of the machine was discounted to 2019, using the lending rate 
of 3% provided by Banca d’ Italia Institute [57]. Applied parameters for economic evaluation are 
given in Table 2. 
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Table 2. Parameters for cost analysis. 

 Parameter Measure Unit Value 
Machine Power kW 240 

Financial costs Investment € 380,000.00 
 Service life year 10 
 Service life H 3000 
 Resale % 19.00 
 Resale € 72,200.00 
 Depreciation € 307,800.00 
 Annual usage h year−1 312 
 Interest rate % 3 

Fixed costs Ownership costs € year−1 30,780.00 
 Interests € year−1 6783.00 
 Machine shelter m2 30.82 
 Value of the shelter € m−2 100.00 
 Value of the shelter € year−1 61.64 
 Insurance € year−1 950.00 

Variable costs Repair factor % 40 
 Repairs and maintenance € h−1 52.69 
 Fuel cost € L−1 0.57 
 Fuel consumption L h−1 37.37 
 Fuel cost € h−1 21.30 
 Lubricant cost € L−1 3.03 
 Lubricant consumption L h−1 0.36 
 Lubricant cost € h−1 1.08 
 Worker salary € h−1 11.5 

2.6. Post-harvesting Test: Seed Losses 

The total seed loss (TSL) was calculated as the mere difference between the theoretical biomass 
assessed during the pre-harvest and the effective quantity of seeds collected and weighted at the farm 
scale. This includes the seed loss due to the impact of the combine header and the ineffectiveness of 
the cleaning shoe of the machine to discriminate the seeds from the rest of the biomass processed. 
Therefore, a tarpaulin was installed at the end of two sample plots to collect the seeds lost by the 
combine harvester from the sieves and straw walkers. The entire amount of biomass expelled by the 
machine was thus collected by the tarpaulin laying on the ground. The biomass was shipped to the 
laboratory, then weighted and sieved for assessing the amount of seeds lost by the combine harvester 
(CSL). The weight of the seeds found was referred to a surface of 13.4 m2 given by the width of the 
combine header (6.4 m) multiplied by the length of the tarpaulin (2 m). Furthermore, the 1000 seed-
weight was recorded in order to compare it with the 1000 seed-weight of the harvested camelina 
seeds. The loss of seeds due to the impact (ISL) of the combine harvester with the siliques is calculated 
as TSL-CSL. 

2.7. Statistical Analysis 

Statistical analysis was performed to investigate the difference between the 1000 seed-weight of 
harvested seeds and not-harvested ones. Normality and Homoscedasticity were tested with Shapiro 
test and F test, respectively. Considering that Shapiro test revealed that the distributions of the data 
could not be considered normal, the investigation of the presence of statistically significant 
differences between 1000 seed-weight of harvested seeds and not harvested ones was carried out 
through Kruskal-Wallis test. The analysis was performed with Statistica 7.0 software [58]. 
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3. Results 

3.1. Biomass Characterization 

Results of the pre-harvest tests are given in Table 3. 

Table 3. Results of pre-harvest tests. 

Parameter Measure Unit Average St.Dev. 
Harvested surface ha 3.82 - 
Number of plants N m−2 311 43 

Plant height cm 70.53 6.27 
Straw weight Mg ha−1 FM 3.31 0.25 

Straw moisture content % 10.46 0.14 
Siliques weight Mg ha−1 FM 1.20 0.05 

Siliques moisture content % 7.27 0.59 
Potential seed yield Mg ha−1 FM 1.03 0.01 
Harvest Index (HI) - 0.186 0.013 

Seed moisture content % 5.18 0.58 

At the harvesting, 311 plants per m2 were standing on field and the plants measured 71 cm in 
height on average. Straw, siliques and seed moisture were 10.46%, 7.27% and 5.18% respectively. 

As shown on Figure 3, the most abundant aboveground biomass was represented by straw 
which accounted for the 59.67% of the total, then siliques and seeds accounted for the 21.73% and the 
18.60% respectively. Harvest Index (HI) resulted in 0.186. 

 
Figure 3. Percentage of straw, siliques and seeds of the aboveground biomass. 

3.2. Work Performance and Costs Analysis 

The performance of the combine harvester is given in Table 4. 

Table 4. Work performance analysis results. 

Parameter Measure Unit Average St.Dev. 
Seed yield Mg ha−1 FM 0.95 - 

Working speed km h−1 5.05 0.35 
Theoretical Field Capacity (TFC) ha h−1 3.38 0.24 

Effective Field Capacity (EFC) ha h−1 3.17 0.20 
Field Efficiency (FE) % 93.7 0.83 

Material Capacity (MC) Mg h−1 FM 3.01 0.19 
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The working speed of 5.05 km h−1 allowed to reach a TFC and EFC values as high as 3.38 ha h−1 
and 3.17 ha h−1, respectively. Since the seed yield was 0.95 Mg ha−1 fresh matter (FM), the MC was 
3.01 Mg h−1 FM while the FE reached the value of 93.7%. 

The working performance allowed to calculate the harvesting costs (Table 5) of 210.21 € h−1, 65.97 
€ ha−1 and 69.42 € Mg−1 FM. 

Table 5. Results of costs analysis. 

Parameter Measure Unit Value 
Costs per time unit € h−1 210.21 

Costs per surface unit € ha−1 65.97 
Costs per biomass unit € Mg−1 FM 69.42 

3.3. Seed Loss and Presence of MOG 

Results about seed loss and MOG analysis are given in Table 6. 

Table 6. Seed loss and MOG analysis. Weights are given in FM. 

Parameter Measure Unit Average St.Dev. 
Total Seed loss (TLS) Mg ha−1 0.0806 - 
Total Seed loss (TLS) % w/w 7.82 - 

Combine Seed Loss (CSL) Mg ha−1 0.0598 - 
Combine Seed Loss (CSL) % w/w 5.80 - 

Impact Seed Loss (ILS) Mg ha−1 0.0208 - 
Impact Seed Loss (ILS) % w/w 2.02 - 

Bulk density of collected material kg m−3 439.947 43.064 
Bulk density of cleaned seed kg m−3 642.332 7.435 

Material Other than Grain (MOG) % w/w 31.77 3.10 
Moisture content of harvested seeds % 15.71 0.53 
1000 seed-weight of harvested seeds g 1.1925 0.0168 

1000 seed-weight of not-harvested seeds g 1.2074 0.0113 

The TSL resulted in 80.1 kg ha−1 FM (7.82% w/w), whilst CSL was 59.8 kg ha−1 FM (5.80% w/w). 
Therefore, the ISL calculated as the difference between TSL and CSL, was 20.8 kg ha−1 FM (2.02% w/w). 
The percentage of MOG found in the trailer was 31.77% w/w. That high value triggered by the 
presence of poppy seeds (Papaver rhoeas L.) and fine biomass residues caused the decreasing of the 
bulk density measured in the harvested camelina seeds, if compared with the value found in the 
laboratory for sieved seeds. Moreover, the presence of green parts of weeds and camelina plants 
increased seed moisture by 10.53%. 

Finally, the means of 1000-seed weight recorded for the harvested seeds and CSL were not 
statistically different for the Kruskal Wallis test (p value 0.2482). 

4. Discussion 

4.1. Biomass Characterization 

The average value of camelina seed yield (1.03 Mg ha−1 FM) is in line with the values provided 
by other authors in Spain [59]. Schillinger (2019) reported values ranging from 0.34 to 1.18 Mg ha−1 
FM for cv. Calena in 8 years field experiment carried out in North-West USA [60]. Higher yield was 
experienced by Royo-Esnal et al. (2018) in Eastern Spain which reported values ranging from 0.92 to 
2.31 Mg ha−1 FM for cv. GP204 [36]. Imbrea et al. (2011) reported an average value of camelina seed 
yield for non-fertilized and fertilized fields of 0.93 Mg ha−1 FM and 1.81 Mg ha−1 FM, respectively [61]. 
These findings suggest that camelina is sensitive to the nutrient availability in the soil, although it is 
widely accepted that this species is suitable for marginal land cropping. High variability was also 
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highlighted by Zanetti et al. (2020) suggesting a mindful approach when it comes to cultivate 
camelina as rotation crop with cereals [32]. Currently, other herbaceous oil crops are gaining interest 
through Europe, sometimes exhibiting higher seed yield, like canola (Brassica napus L.) and sunflower 
(Heliantus annuus L.) which yield 2.19 Mg ha−1 FM and 1.97 Mg ha−1 FM of seeds on average, 
respectively. On the other hand, the global average seed yield for safflower (Carthamus tinctorius L.) 
is 0.99 Mg ha−1 FM [62]. 

The quantity of residual biomass found in the present study (i.e., straw and siliques) accounted 
for the 71.40% of the total biomass, whilst Stolarski et al. (2019) reported only 44% [52]. Camelina 
residues were not collected but chopped and left on the ground as a common practice. This would 
contribute to the accumulation of organic carbon in the soil. Findings in recent studies highlight the 
suitability of camelina residues for bioenergy production [63–65]. However, the exploitation of 
agricultural residues as a source of bioenergy, encompasses a comprehensive study of all the costs 
generated during collection and transportation. This is fundamental to provide reliable clues on the 
feasibility of a given supply chain. Nevertheless, further investigations are encouraged since it could 
represent a valid alternative to the already known agricultural residue supply chains. 

4.2. Work Performance and Cost Analysis 

The working performance of the combine harvester resulting from this study is similar to that 
found in other crops where the same machine is used, moreover with similar setting. Unfortunately, 
the lack of knowledge found in literature regarding the mechanical harvesting of camelina seeds does 
not allow a direct comparison of our results with other’s ones. 

In wheat harvesting, for instance, the TFC of the combine harvester ranges from 2.61 ha h−1 to 
3.72 ha h−1, the EFC is in the range of 1.92–2.28 ha h−1 while the FE lays between 67% and 83% [5,66,67]. 
In our findings TFC, EFC and FE were 3.38 ha h−1, 3.17 ha h−1, and 93.7% respectively. In harvesting 
camelina seeds, it seems that the combine harvester would perform better than in wheat grains 
harvesting. However, this difference can be explained by the average speed of the machine which 
was 5.05 km h−1 that could have been possible because of the wide headlands. In fact, the machine 
could quickly turn on the next pass without wasting time to undertake manoeuvres at the end of the 
plots. 

The EFC found in other oil crops were also similar, although the combine harvesters were 
equipped with different headers. For instance, in sunflower harvesting Chaplygin et al. (2019) [68] 
reported the EFC ranging from 1.50 to 3.70 ha h−1, whilst Pari et al. (2008, 2016) [69,70], in cardoon 
(Cynara cardunculus L.) harvesting, reported the EFC ranging from 1.57 to 2.10 ha h−1. In those cases, 
the lower values resulted from the lower working speed, i.e., 3–4 km h−1, which was needed for a 
proper harvesting of the crops [46]. 

Harvesting cost for camelina seed harvesting was 65.97 € ha−1 which is higher than the cost 
reported by Stolarski et al. (2019) which was 46.70 € ha−1 [52]. However, it is similar to that reported 
by Semerci et al. in 2010 and 2019 tests conducted in sunflower harvesting, whom found the 
harvesting costs of 57.23 and 82.11 € ha−1 respectively [71,72]. 

Nonetheless, when it comes to money, the harvesting cost are not the only parameter that is to 
be taken into account. The productivity and selling price of a given product are the major drivers in 
the farmers’ decision making. Thus, in some cases, camelina cropping cannot compete with other oil 
crops. For example, the average global seed yield for sunflower, i.e., 1.97 Mg ha−1 FM [62] is higher 
than the usual seed yield reported for camelina in Spain [59], with harvesting costs per biomass unit 
(69.42 € Mg−1) higher as well. A similar conclusion can be drawn if camelina seeds harvesting cost is 
also compared with wheat harvesting costs per biomass unit. Here, the higher yield of grains per unit 
of surface lowers the cost remarkably [5,73]. Additionally, wheat straw market can further contribute 
to generate an income for the farmers, which is still being missing for camelina straw. 

4.3. Seed Loss and Presence of MOG 

The TSL of 80.1 kg ha−1 FM (7.82% of the potential seed yield) is mainly related to the combine 
harvester threshing and cleaning system (CSL), i.e., about 60 kg ha−1 FM, whilst only 20.8 kg ha−1 FM 
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were due to the impact of the combine harvester header (ISL) on siliques. Sintim et al. (2016) reported 
that 11.70% of the seeds were lost during the harvesting when using a plot harvester [51], which is 
supposed to be more accurate than common combine harvesters and then generating as low seed loss 
as possible. Thus, future studies should focus specifically on the possible available strategies for 
reducing such source of seed loss. Interestingly, the mean 1000 seed-weight measured for harvested 
seeds and lost seeds were not statistically different. Indeed, this highlights that there was not enough 
physical difference among seeds to trigger loss. In fact, the idea behind to such investigation was that 
those seeds lost by the combine harvester could differ from the others because some physical 
properties, such as weight, shape or volume that, in turn, could have been linked to different content 
of oil, proteins or carbohydrates [74]. This was not the case; therefore, the seed loss is to be related 
only to either the machine setting or the working speed. Camelina seeds are very light in weight, then 
they are very keen to be blown by the fan installed in the cleaning shoe of the combine harvester. On 
the other hand, the fan speed cannot be lowered too much otherwise MOG would increase 
significantly. Unless the cleaning shoe of the combine harvester is profoundly improved by 
customizing the sieves and fans for the specific harvesting of camelina seeds, lowering the working 
speed is the most simple and effective expedient for decreasing the loss of seeds. 

During the harvesting, the loss of seeds should be as low as possible. For instance, the average 
seed loss in sunflower harvesting is approximately 2% w/w [69], which can be further lowered to 1% 
if some adjustments and modifications are applied to the header [75,76]. In canola seeds harvesting, if the 
combine harvester is equipped with a specific rapeseed header, seed loss ranges between 0.97 and 2.76% 
w/w [77–79]. Similar values of seed loss (3%) are also reported in the literature for safflower [46], crambe 
(Crambe abyssinica R.E.Fr.) [80], and cardoon seeds [70]. 

However, the quantity of seeds lost (therefore the quantity of seeds harvested) is not the only 
parameter that should be carefully evaluated, but there is another noteworthy aspect to consider that 
is the high percentage of MOG (weed seeds and fine camelina residues) found in the harvested seeds. 
MOG is related to the capability of the combine harvester to discriminate efficiently seeds form 
impurities because they can affect negatively the quality of the seeds in different ways: by lowering 
the market value and, in the worst-case scenario, jeopardizing the proper conservation of the seeds. 
Our findings clearly show that the residuals from camelina plants blended with the harvested seeds 
increased their moisture content up to 15.71% which is above the threshold value of 8% for avoiding 
spoiling processes [59,81]. The high amount of poppy seeds implied the need to further clean the 
camelina seeds (test not performed) before being delivered either to the industries for oil extraction 
or to farmers for sowing. Additionally, the lower bulk density of the collected material caused by the 
presence of MOG, could increase the cost for transportation, which is a key parameter for the 
economic sustainability of a biomass supply chain [82–84]. 

5. Conclusions 

The cultivation of camelina for vegetable oil production can contribute to reduce the dependence 
on fossil as valid source for both energy production and raw material supply for industries. 
Meanwhile, the agricultural fields can benefit from the rotation of cereal crops with camelina. In 
Spain camelina is cultivated as winter crop and harvested in summer with a combine harvester 
equipped with cereal header. Seed yield was 0.95 Mg ha−1 which represented the 18.60% of the total 
aboveground biomass. Straw and siliques were not collected but chopped and returned to the 
ground. Currently a proper supply chain for their exploitation is still missing; proposals to use them 
as fuel for bioenergy production are found in literature, but still not confirmed at the industrial scale. 
The combine harvester performed better on camelina seeds harvesting in comparison with wheat, or 
other herbaceous oil crops as sunflower or cardoon in terms of TFC, EFC and FE, although the latter 
two species require a dedicated header. Harvesting cost was assessed in 65.97 € ha−1 (or 69.42 € Mg−1 
if considered per Mg of seeds harvested) which is close the cost for wheat harvesting. However, the 
revenue may change according to the productivity and the market price of the two products. 
Interestingly, the seed loss was lower than reported by a similar study (even though a plot combine 
was used) but still not as low as found in other oil crops. Our findings suggest that 5.80% of seed loss 
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out of the TSL of 7.2% derives from the ineffectiveness of the cleaning shoe of the combine harvester, 
then supporting the hypothesis that further investigations as well as improvements should be done 
in order to lower that value. Moreover, the harvested seed showed a high presence of MOG which 
can jeopardize the proper maintenance of the seeds (high moisture content) if impurities are not 
promptly removed. The lower bulk density could affect negatively the cost of transportation. In 
conclusion our findings address the main controversial passages of the camelina oil value chain, 
which are mainly linked to the harvesting stage. Reducing such aspects would in turn contribute to 
lower costs and increase the overall profitability of the value chain, thus further studies are 
encouraged to lower MOG content and seed loss. 
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