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Abstract: agriculture and forestry can strongly contribute to achieve the energetic independence for European 

Union. Among the possible solutions offered by the two sectors toward the supply of bioenergy, dedicated 

crops could play a major role. However, the mechanical harvesting of dedicated energy crops still represents 

a challenge for different species. In this PhD course I focused on the assessment of the mechanical harvesting 

issues related to different oilseeds, perennial grasses and Medium Rotation Coppice (MRC) plantations, this 

last with particular reference to the Mediterranean forestry context. The obtained findings showed that 

perennial grasses like giant reed, miscanthus, switchgrass and reed canary grass can be harvested without 

particular problems by using harvesting systems typical of haymaking. Similar conclusions can be drawn for 

the oilseed crop camelina, that can be harvested by a combine harvester equipped with a cereal header with 

limited adjustments to the combine cleaning shoe settings. The mechanical solution for castor bean is instead 

still far, considering that both sunflower and cereal headers did not show satisfactory performance in terms of 

seed loss and correct processing of the capsules by the cleaning shoe. The development of dedicated headers 

or a double passage harvesting can be listed among the possible solutions to be implemented. Finally, focusing 

on MRC poplar plants in the Mediterranean context, the evaluated small-scale prototype revealed very 

satisfactory working performance, although it can be applied only in the case the chipping operation can be 

performed on the field and there is no the need to ship the stems to a proper landing site. 

Keywords: working performance; harvesting loss; energy independence; bioenergy; oilseeds; medium 

rotation coppice; perennial grasses 
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1. Introduction 

After the new Green Deal policy program was introduced in 2019, addressing climate change has 

risen to the top of the list of priorities in Europe. Due to the increased geopolitical difficulties the EU 

is currently experiencing, it is more crucial than ever for this continent to spearhead the energy 

transition and achieve early market independence. 

In 2020, the EU consumed 37,086 PJ of energy overall, with 22.1% of that coming from renewable 

sources (Stefanoni et al. 2023). The primary objective of Europe, which now imports 97 and 83.6% 

of its petrol and natural gas, respectively, for domestic consumption, is energy independence. The 

market for renewable energy in Europe is also not entirely autonomous from those in other continents; 

for instance, the vast majority of solar panels used there are produced in Asia, and uranium used in 

nuclear energy is imported. As a result, during the past several years, Europe has seen an increase in 

worries about energy security, which has prompted the implementation of new initiatives targeted at 

lowering reliance on imported energy (Buonomano et al. 2022). The domestic production of raw 

materials is essential for the development of bioenergy. 

By producing renewable energies from both specialized energy crops and residues, agriculture and 

forestry might significantly improve the security of the European energy supply (Latterini et al. 

2020a; Latterini et al. 2020b; Pari et al. 2020; Latterini et al. 2022). On the other hand, there are still 

some significant obstacles to the sustainable implementation of bioenergy production from energy 

crops, most of which are associated with the high production costs, which are mostly caused by 

biomass harvesting and logistics (Wang et al. 2020a). 

Energy crops can be classified in: herbaceous lignocellulosic, short and medium rotation forestry and 

oilseeds. For all these three categories, depending obviously on the specific species, harvesting 

operations are among the biggest challenge along the overall supply chain. In my PhD studies I 

focused on every of the three categories, in particular studying the mechanical harvesting issue for 

Camelina sativa L. Crantz and Ricinus communis L. concerning oilseeds; Populus spp regarding 

medium rotation forestry plantations; Arundo donax L., Miscanthus × giganteus, Phalaris 

arundinacea L. and Panicum virgatum L. concerning herbaceous lignocellulosic crops (perennial 

grasses). 
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1.1 Camelina 

Camelina belongs to Brassicaceae family (Natelson et al. 2015). South-East Europe and South-West 

Asia are the origins of this species (Larsson 2013). The typical height range for plants is 65 to 110 

cm (Berti et al. 2011). Silique, also known as seed capsules or pods, are pear-shaped, slightly flattened 

structures that range in length from 5 to 14 mm and contain eight to fifteen seeds (Berti et al. 2016). 

They are extremely tiny (0.7 mm 1.5 mm), weighing between 0.8 and 1.8 g per 1000 seeds, depending 

on the cultivar and growing environment (Zubr 2003). From 30% to 49% of seeds are said to contain 

oil (Zubr 2003; Vollmann et al. 2007; Blackshaw et al. 2011; Mupondwa et al. 2016). Camelina is 

particularly well suited for double cropping with small grain cereals, soybean, and sunflower since it 

is available in both winter and spring types, and because of its brief life cycle (Gesch and Archer 

2013; Berti et al. 2017). When it comes to the establishment of the crop, sowing takes place at a depth 

of 6–13 mm (Berti et al. 2016), using 4–6 kg of seeds per hectare (Dobre et al. 2014). 

Several causes are connected to the recent increase in interest in camelina cultivation. In addition to 

the double cropping, camelina exhibits high seed oil content (30–49%) (Florin and Duda 2011) and 

is used for a variety of purposes, including the production of biodiesel (Yang et al. 2016) and jet fuel 

(Wang et al. 2020b), animal feeding (Orczewska-Dudek and Pietras 2019), aquaculture (Hixson et al. 

2014), raw material for agrochemical products (Pernak et al. 2018), and medical and veterinary 

applications (Pawlowska-Olszewska et al. 2018). 

Furthermore, camelina requires fewer inputs than the majority of the commodity crops used for the 

manufacture of biofuels (Gesch and Archer 2013), which reduces its environmental effect (Li and 

Mupondwa 2014), especially when considering the suitability of camelina straw for the production 

of bioenergy (Mohammad et al. 2019; Krzyżaniak et al. 2020). According to the literature, even in 

the Mediterranean region, can be grown on poor soils and soils with challenging circumstances 

(Zanetti et al. 2020). 
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1.2 Castor 

The world production of castor oil seeds (Ricinus communis L.) increased from 1.19 Mt in 1998 to 

1.4 Mt in 2018, with a pick of 2.74 Mt in 2011 (FAO 2021), demonstrating a steadily increasing 

interest in this species. More than 80% of the world's castor oil is produced in India, which is followed 

in productivity by Mozambique, China, Brazil, Myanmar, Ethiopia, Paraguay, and Vietnam (Polito 

et al. 2019). Castor can thrive in poor soils and is pest- and drought-resistant. For high yield breed 

types, the oil content of the seeds ranges from 35% to 55% w/w (more than 1,000 L ha1 can be 

produced when grown), has one of the greatest viscosities among vegetable oils, and has a molecular 

weight of 298 (Khatiwora et al. 2010). It barely makes up 0.15 percent of the total vegetable oil 

produced globally (Scholz and Silva 2008), but it has a wide range of potential uses, from lubricants 

and oil-derived goods to the pharmaceutical and cosmetic industries (H Nautiyal 2018). The produced 

biooil can potentially be used as a source of chemical feedstock and sustainable fuel (Mohammed et 

al. 2014). However, the feasibility of widely cultivating castor plants is limited by the presence of 

harmful substances like ricin in castor beans. In reality, between 1981 and 2011 there were numerous 

incidents of intentional or unintentional ricin contaminations worldwide (Roxas Duncan 2011), yet 

scientists have never lost up on researching this species. When compared to other oil crops, such as 

soybean, castor is rather high-demanding in terms of nitrogen requirements, and soil nitrogen 

availability encourages leaf and stem elongation. Such impacts cause a significant amount of aerial 

biomass to develop, which lowers the crop's harvest index (Wnuk et al. 2013). 

 

Figure 1. Castor field before harvesting. 
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1.3 Poplar medium rotation coppice (MRC) 

The terms Short and Medium Rotation Coppice of Forestry (SRC/MRC – SRF/MRF) refers to 

dedicated plantations for the production of lignocellulosic biomass for bioenergy purposes (Spinelli 

2011). The first instance of SRC was in Sweden in the early 1900s, and it thereafter expanded over 

all of Europe. Poplar is currently the most commonly used species, however eucalyptus and black 

locust also play a significant role (Spinelli and Visser 2009). In fact, SRC displays a harvesting cycle 

of 1-3 years with a planting density of 6000–7000 N/ha while MRC has a harvesting cycle up to 5–6 

years with a planting density of 1000–1500 N/ha. This is the main difference between SRC and MRC. 

With an average diameter at the cut point of 5-8 cm for SRC and up to 15-20 cm for MRC, it is 

obvious that longer, higher cycles of MRC also imply larger dimension of plants to be harvested 

(Santangelo et al. 2015). 

The sector's growing need for industrial roundwood and fiber wood has encouraged the growth of 

massive MRC poplar plantations (Hetemäki and Hurmekoski 2016). The majority of the new poplar 

MRC plants in Europe have been built in nations like Poland, Romania, and Slovakia, which have an 

excellent combination of fertile soil, affordable land prices, and a growing economy (Werner et al. 

2012). 

 

Figure 2. MRC poplar plantation. 
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1.4 Giant reed 

The Poaceae family's herbaceous perennial crop known as giant reed can survive a variety of 

ecological and abiotic environments, is resistant to a wide range of pests and diseases, and may 

produce comparatively large biomass yields with minimal agronomic inputs. These characteristics 

have made huge reed appealing for the generation of bioenergy in many parts of the world. The 

growth of giant reed is done using either hydroponic or in vitro methods because it is thought to be a 

sterile plant (Popp et al. 2016). However, in flooded places, giant reed can become an invasive 

species. Currently, this crop is planted for the management of grasslands, phytoremediation, and 

primarily for the generation of bioenergy (Prochnow et al. 2009). In comparison to other energy crops, 

giant reed has a number of benefits, including great adaptability to environmental, soil, and growth 

conditions; a high biomass output; and the capacity to be produced as a low-input crop (Piccitto et al. 

2022). Additionally, it has been shown that giant reed can produce a significant amount of biomass 

under high salinity circumstances (Angelini et al. 2009). Additionally, it can be grown on submarginal 

or marginal fields, including contaminated areas and low soils (Cosentino et al. 2006). This species' 

biomass output ranges from 30 to 40 Mg DM/ha annually (Angelini et al. 2009). Regarding its 

bioenergy properties, giant reed has a greater heating value between 18 and 20 MJ/kg (Bonanno et 

al. 2013). The ash content is between 5.0 and 8.0% (Lewandowski et al. 2003). 

1.5 Miscanthus 

Miscanthus (Miscanthus × giganteus) is a sterile, rhizomatous perennial C4 grass (Lewandowski et 

al. 2000). Up to 44 Mg/ha*yr of potential biomass output are shown (Lewandowski et al. 2003). It 

exhibits cold resilience and the capacity to grow under low-input management, particularly in terms 

of fertilizers and herbicides, in European temperature conditions (Robson et al. 2012). Miscanthus 

biomass has a wide range of applications, including combustion, the generation of bioethanol or bio-

based products like paper, construction materials, or essential chemicals. Because this plant has been 

evaluated in so many various environmental situations, the miscanthus yields reported in the literature 

likewise exhibit significant diversity. In a Southern European irrigation regime, the yield might reach 

up to 30 Mg/ha DM, whereas in Central European settings, it was between 10 and 25 Mg/ha DM 

(Lewandowski et al. 2000). Miscanthus biomass typically has a heating value of 17 MJ/kg 

(Lewandowski et al. 2000). With an ash fusion temperature of 1020 °C, the ash concentration reported 

in the literature is lower than for other herbaceous energy crops, ranging between 1.6 and 4.0% 

(Lewandowski et al. 2000). 
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Figure 3. Miscanthus harvesting by self-propelled forage harvester. 

1.6 Reed Canary Grass 

Reed canary grass belongs to the Gramineae family. It is a naturally occurring perennial grass found 

in temperate parts of North America, Europe, and Asia. In Europe, the Nordic nations are particularly 

prone to it. This grass is typically found in wet locations, such as lakeshores. 

Despite the fact that today the primary function of interest for this species is energy generation, reed 

canary grass (Phalaris arundinacea) is still primarily used as a grazing crop in North America 

(Lewandowski et al. 2003). It exhibits strong drought resistance, but is best suited for cultivation in 

poorly drained soils since it can withstand flooding (Lewandowski et al. 2003). The biomass output 

varies between 7.5 and 9 Mg/ha DM under favourable conditions (Becker et al. 1992). The biomass 

of reed canary grass has been observed to have heating values between 16.6 and 19.3 MJ/kg (Nilsson 

et al. 2015). 

1.7 Switchgrass 

Switchgrass is a member of the same family as reed canary grass, the Graminae. Its native range is 

in North America, from Central Mexico to a latitude of 55° North. It has primarily been grown as 

fodder grass in the central United States (Lewandowski et al. 2003). Switchgrass exhibits high soil 



10 
 
 

adaptation and considerable drought tolerance (Larnaudie et al. 2022). The maximum yields, with 

values ranging from 16 to 22 Mg/ha DM, can be obtained with one or two harvests each year 

(Larnaudie et al. 2022). The biomass of this species has a reported heating value of 17 MJ/kg (Sladden 

et al. 1991). Ash melting temperature is estimated to be around 1016 °C, and the proportion of ash 

remaining after combustion ranges between 4.5 and 10.5% (Sladden et al. 1991). 
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2. The main issues in mechanical harvesting for the investigated species 

2.1 Camelina 

Similar to canola, camelina is either swathed and then combined with conventional wheat or 

combined straight with it. Similar seed yields are obtained using both techniques. The main issue in 

mechanical harvesting of camelina is related to the very tiny dimension of the seeds, therefore to 

avoid seed loss, the combine harvester's settings should be adjusted to the characteristics of the 

species, such as speed, wind flow (fan speed), small aperture screens, leak sealing, and the distance 

between the threshing cylinder and the concave. 

 

Figure 4. Camelina field just before harvesting. 

 

2.2 Castor 

Due to castor's indeterminate growth and evergreen habit, which both lead to considerable fresh aerial 

biomass generation and heterogeneous capsule ripening, there are problems with mechanically 

harvesting castor beans (Pari et al. 2020). The huge volume of fresh biomass readily clogs the 

combine harvester's cleaning shoe, and it is difficult to choose the ideal time for combine harvesting, 

which results in considerable seed loss. These two characteristics make direct combine harvesting all 

but impossible. Castor plants' indeterminate growth tendency is now virtually well understood. In 

fact, dwarf genotypes are presently on the market, and numerous studies have shown that they 

perform well even in challenging environments (Carrino et al. 2020). On the other hand the 

mechanical harvesting by direct combining is still a key issue. 
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2.3 Poplar MRC plantations 

In contrast with SRC plantations, the single passage harvesting option for MRC is fairly challenging 

since the size of the stems makes the cutting components of the adapted self-propelled forage 

harvester work harder. Therefore, a twofold passage biomass collection is the foundation for the 

potential harvesting systems. Naturally, some adjustments are required to address the bigger stem 

diameter issue, and a reduced field capacity (ha/h) is expected, even though a higher biomass output 

may still result in a suitable material capacity (Mg/h). These types of plantations are typically 

harvested using equipment used in forest operations, such as feller-bunchers, skidders, and forwarders 

(Sperandio et al. 2021). Fully mechanized systems should be employed in order to get higher working 

performances, even though these systems depend on expensive machinery (Spinelli et al. 2021). 

However, only a few sizable forest firms in the Mediterranean region have access to these machines. 

As a result, it is critical to look for alternative solutions that may guarantee high levels of productivity 

by using simple and inexpensive machinery, which is appealing to small-scale operators with limited 

capital availability (Spinelli et al. 2020). 

2.4 Perennial energy grasses 

Perennial grasses can be used to produce bioenergy sustainably, but there are still some significant 

challenges to overcome, most notably the high production costs that are primarily caused by biomass 

harvesting and logistics (Wang et al. 2020a). 

The bulk density and moisture content of lignocellulosic feedstocks are typically low, which raises 

the costs of the supply chain and the risk of storage losses (Pari et al. 2017). When attempting to solve 

these problems, the harvesting approach used may be crucial. 

Table 1. Summary of the main harvesting issues for the investigated energy crops. 

Species Main issues for mechanical harvesting 

Camelina 
Tiny dimension of the seeds that requires fine 

tuning of the setting of the combine harvester 

Castor 
Scalar ripening, high leaves and stem biomass 

with high moisture 

Poplar MRC 
In the Mediterranean area it is needed to 

develop small-scale harvesting systems 

Perennial grasses 
Overall optimisation of the harvesting 

operations 
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3. Research questions and goals 

3.1 Research hypotheses 

The activities carried out during the PhD course were established to test three main research 

hypotheses which can be listed as: 

1. It is possible to harvest camelina seeds with a combine harvester equipped with a cereal header 

2. It is possible to harvest castor seeds with a combine harvester equipped with a sunflower 

header 

3. The developed prototype for harvesting medium rotation poplar plants is a valuable option for 

small-scale harvesting operations in the case of suitable topographical and logistic conditions 

3.2 Specific goals 

By investigating the validity of the mentioned above hypotheses the research was aimed to deepen 

the scientific knowledge on the complex topic of mechanical harvesting of various energy crops. We 

focused the research activities on the main bottlenecks for each investigated crop, with particular 

reference to the needs of cultivation in the Mediterranean area. In particular on the possibility of a 

single passage harvesting by combine harvester for camelina and castor, and on the development of 

sustainable small-scale harvesting systems for poplar medium rotation coppice. Furthermore, we 

focused the attention also on perennial grasses, trying to understand by a detailed literature review if 

the current technology readiness level of the available harvesting option is suitable for large scale 

cultivation of these species. 

We aimed to assess to what extent the current harvesting systems are suitable and efficient, and what 

can be possible possibilities for improving their performance. All can be summarised in the aims of 

the study listed below. 

3.3 Aims of the study 

1. Assessing the mechanical harvesting of camelina and castor by combine harvester and 

identifying the main bottlenecks 

 

2. Evaluating the working performance of a prototype to harvest poplar MRC plantation biomass 

in the framework of small-scale forestry 

 

3. Reviewing the current literature in the topic of mechanical harvesting of perennial grass 

Species 



14 
 
 

4. General methods and approaches 

The characteristics of each experimental field will be presented in the dedicated section. In this 

section, the general methods applied for studying the performance of the machineries, pre-harvest 

conditions, post-harvest conditions, seed loss and cost will be presented 

 

4.1 Performance of the machineries: study of the working times and fuel consumption 

 

4.1.1 Working times 

Concerning oilseeds, in each experimental unit, the performance of the machines was evaluated 

through the study of the working times according to the standards ASAE S496.2, according to the 

most recent scientific publications in the topic. In addition to working times, the machinery test was 

used to obtain other data such as the field speed and the fuel consumption. All the gathered data was 

used to define the performance of the machine and the operative costs. Below are explained in detail 

how these data were collected in each experimental unit.  

The field speed (FS) is the average rate of machine travel in the field during an uninterrupted period 

of functional activity (m/s or km/h). Average field speed can be measured by marking off a fixed 

distance (at least 100 m) in the field, placing a mark at each end, and counting the seconds it takes to 

drive between the marks. Average field speed can then be calculated from equation deriving from the 

formula of the velocity:   

 

Velocity (v) = Space/Time 

 

In this case the space is intended as the linear meters covered by the machine between a mark and the 

other. In case the combine is equipped with digital tachymeter, it is possible to obtain the field speed 

recording the value directly from the display.  

Working times: the study of the working times and the evaluation of the field speed allowed 

determining parameters such as Theoretical field capacity (ha/h), Effective field capacity (ha/h), and 

the Field efficiency (%). By knowing the yield of the field (Mg/ha), it was possible to obtain the 

Material capacity (Mg/h).   

Theoretical field capacity (TFC): depends only on the full operating width of the machine and the 

average travel speed in the field. It represents the maximum possible field capacity that can be 
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obtained at the given field speed when the full operating width of the machine is being used. It is 

calculated multiplying the field speed for the working width of the machine.   

Effective field capacity (EFC): The Effective Field Capacity of a farm machine is the rate at which it 

performs its primary function, i.e., the number of hectares that can be harvested per hour.   

Measurements or estimates of machine capacities are used to schedule field operations, power units, 

labor and to estimate machine operating costs. The effective field capacity (EFC) of a machine in the 

field can be easily calculated by dividing the hectares completed by the hours of Operative Time 

(OT).   

 

EFC = worked area (ha) / OT (h) 

 

The operative time is the real time necessary to complete the harvest of the surface object of the test, 

including also turnings, stops, regulations, etc.   

 

The formula used for the estimation of the operative time is the following:  

 

Operative Time (OT) = ET + AT 

 

ET = is the effective time, i.e. the time in which the machine is actually harvesting the product.   

 

AT = are the accessory times which includes accessory time for maintenance (ATM), that includes 

the pauses required for filling or unloading the hoppers (seeds, fertilizers, grains, etc.); accessory time 

for turning (ATT), corresponding to the time needed to reverse the direction; accessory time for 

regulations (ATR), corresponding to the times for adjustments in relation to the conditions of the field 

or the work.  

 

Field efficiency (FE): expressed as percentage, the field efficiency is the ratio of actual or effective 

field capacity (EFC) to theoretical field capacity (TFC)  

 

FE (%) = EFC (ha/h) / TFC (ha/h) 

 

Material Capacity (MC): The working capacity of harvesting machines can be measured also by the 

quantity of material harvested per hour. This capacity is called the machine's material capacity (MC), 
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expressed as tons per hour (Mg/h). It is the product of the machine's EFC and the average yield of 

crop per hectare and can be calculated from equation (5).  

 

MC (Mg/h) = EFC (ha/h) x crop yield (Mg/ha) 

 

Regarding the test on poplar medium rotation coppice plants, the time to carry out each working cycle 

was measured and recorded with a handheld chronometer with an accuracy of 1/100 min, separating 

work time from delay time. By knowing the working times and the volume of the trees in each 

working cycle, it was possible to derive the net work productivity measured in m3 PMH−1 (productive 

machine hour, calculated not accounting for delay) and gross productivity measured in m3 SMH−1 

(scheduled machine hour, calculated accounting for delay). 

 

 4.1.2 Fuel consumption  

 

Fuel consumption can be determined through machine tank refilling until full level at the end of each 

experimental unit (plot) using a graduated large cylinder to define the volume of fuel consumed (l/ha 

or l/t of biomass harvested). Another way could be to weight the amount of fuel consumed (kg of 

diesel/ha or kg/t of biomass harvested) considering that 1 liter of diesel is 0.835 kg.   

It is important to start each experimental unit with the tank completely full. The fuel consumed must 

be proportioned to the exact surface of the experimental unit tested in order to define the fuel 

consumed per hectare in that experimental unit. In case of onboard computer availability, the fuel 

consumption can be derived directly from the dashboard of the tractor or the combine harvester. 

 

4.2 Pre­harvest test: aerial biomass, expected seed yield and dehiscence  

 

To estimate the main crop features 10 sample plots (2-3 m2 of area) were randomly selected within 

the experimental field. In each plot the plants were counted, and measured in height. In case of castor, 

the respective capitula and racemes were counted and sampled for potential yield (PSY) estimation 

and moisture content assessment. Stems and leaves were also sampled for moisture, fresh and dry 

weight estimation. At the laboratory, samples from each plot were weighted through a precision scale. 

Subsequently, a representative subsample was weighted and put into the oven at 105 °C until constant 

weight in order to estimate residual moisture. Eventually, h-index was also calculated.  
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During the pre-harvest, seed loss due to dehiscence (DSL) was also assessed. In castor, the capsules 

found on the ground were collected and processed at the laboratory for the fresh and dry weight of 

DSL. Samples were processed in laboratory as already described. In camelina, dehiscence was not 

evaluated. 

 

4.3 Post­harvest test, seed loss and seed quality 

 

Regarding camelina, 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 (ISL) 

and the ineffectiveness of the cleaning shoe of the machine (CSL). 

Subsequently, 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, weighted and sieved to estimate 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. In camelina, an evaluation of Material Other 

than Grain (MOG) was carried out sampling the material collected from the combine harvester and 

discharged into the trailer. 

In castor, after setting the cleaning shoe of the combine harvester, the harvesting phase started. The 

machinery was positioned at the beginning of each plot assuring that the cutting bar could work at 

full capacity; then the harvesting started. Once the cleaning system started working at full capacity 

(approximately 50-80 meters after the start) a sample of about 20 kg of seeds were collected from the 

tank and brought to the laboratory for qualitative analysis. During the last 15 m of the plot, the 

threshed biomass was harvested behind the combine harvester (Figure 5a) and carried to laboratory, 

then sieved to permit the quantitative assessment of loss seeds due to the cleaning shoe (CSL). In 

correspondence to the sampled area for CSL assessment, all capsules laying on the ground were 

manually collected and weighted (Figure 5b). The weight was reduced by dehiscence value for the 

impact seeds loss assessment (ISL).  
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Figure 5. Collection of threshed biomasses (a) and lost capsule (B) for CSL and ISL assessment respectively. 

 

Seeds collected from the combine harvester’s hopper were further processed for the determination of 

the ratio between damaged seeds, undamaged seeds and unopened seeds (Figure 6). In particular, 

from the 20kg bags collected from each plot, three subsamples approximately 500g each were 

randomly taken and dispersed on a flat disk. The foreign material was removed manually and the 

remaining part was classified either as damaged seeds, undamaged seeds or unopened seeds (stuck in 

a valve of the capsule) then dried and weighted. Unopened seeds were manually opened to allow the 

weighting.   

  

 

Figure 6. Sample of seeds collected within the tank of the combine harvester showing: a) damaged seeds; b) undamaged 

seeds; c) unopened seeds. 
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4.4 Estimation of harvesting costs 

An interview with the contractors allowed to identify purchase and operating costs of the applied 

machineries, whilst the performance of the harvesting system was gained from the results of the field 

tests and used as input data. Finally, standard values for calculation were taken from CRPA (Research 

Centre on Animal productions) methodology (Pari et al.). Hourly costs of combine harvester were 

estimated taking into account the market value of the agricultural machinery. The price of the machine 

was discounted through the application of a lending rate of 3%. 

Regarding poplar plants, machine costs were estimated by applying the Harmonized European 

Costing Model developed within EU COST Action FP0902. 

4.5 Statistical approach 

Each developed trial represented a separated case-study, as it very often happens in complex field 

trials in which it is needed to organize a multitasking team of researchers, farmers and contractors, 

Being the obtained data spatially independent within the same trial, we could exclude any nested 

structure of the data and thus we decided to apply a statistical approach based only on fixed effects, 

thus excluding random factors. We basically used paired samples T-test and One-Way Analysis of 

Variance (ANOVA). Prior of the application of these tests their further requirements (data normality 

and homoschedasticity) were checked by Shapiro-Wilk and Levene test respectively. HSD Tukey test 

was applied as post-hoc. 
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5. Organization of the results 

The following scheme represents the applied approach for achieving the goals behind the rationale of 

the PhD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aim 1 

Assessing the 

mechanical harvesting of 

camelina and castor by 

combine harvester and 

identifying the main 

bottlenecks 

Solution 

Field trials in different 

parts of Europe in 

established realities 

(Camelina Company in 

Spain) and emerging 

ones (experimental 

field of castor in 

Greece) 

Output 

Three publications: 

Latterini et al. 2021 10.3390/agronomy12010146 

Stefanoni et al. 2021a 10.3390/en15092999 

Stefanoni et al. 2021b 10.3390/su13010195 

Aim 2 

Evaluating the working 

performance of a 

prototype to harvest 

poplar MRC plantation 

biomass 

in the framework of 

small-scale forestry 

Solution 

Field trial in controlled 

conditions 

(experimental field in a 

research center in Italy) 

comparing the 

developed prototype 

with the state-of-the-art 

machinery 

Output 

One publication: 

Latterini et al. 2022 10.3390/f13040569 

Aim 3 

Reviewing the current 

literature in the topic of 

mechanical harvesting of 

perennial grass 

species 

Solution 

Systematic Literature 

Review 

Output 

One publication: 

Stefanoni et al. 2023 10.3390/en16052303 
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6. Summary of the activities implemented during the PhD studies 

6.1 Harvesting test of camelina in Spain 

Publication: Stefanoni,W.; Latterini, F.; Ruiz, J.P.; Bergonzoli, S.; Palmieri, N.; Pari, L. Assessing 

the Camelina (Camelina sativa (L.) Crantz) Seed Harvesting Using a Combine Harvester: A Case-

Study on the Assessment of Work Performance and Seed Loss. Sustainability 2021, 13, 195. 

https://doi.org/10.3390/su13010195 

Abstract: The growing demand in food and non-food industries for camelina oil is driving the interest 

of farmers and contractors in investing in such feedstock. Nonetheless, the cost, performance and 

critical aspects related to the harvesting stage are still not properly investigated. In the present study, 

an ad-hoc test was performed in Spain in order to fulfill this gap. The results support the hypothesis 

to harvest camelina seeds with the same combine harvester used for cereal harvesting without further 

investment. Theoretical field capacity (TFC), effective field capacity (EFC), material capacity (MC), 

and field efficiency (FE) were 4.34 ha/h, 4.22 ha/h, 4.66 Mg/h FM, and 97.24%, respectively. The 

harvesting cost was estimated in 48.51 €/ha. Approximately, the seed loss of 0.057 - 0.028 Mg/ha FM 

was due to the impact of the combine harvester header and dehiscence of pods, whilst 0.036 - 0.006 

Mg/ha FM of seeds were lost due to inefficiency of the threshing system of the combine harvester. 

Adjustment of the working speed of the combine and the rotation speed of the reel may help to reduce 

such loss. 

Harvesting test was performed in the town of Astudillo, Palencia (Castilla y Leon, Spain) during the 

27th week of 2020 (Figure 7). The experimental field (WGS84-UTM30T coordinates 390,896 E; 

4,661,826 N) was flat and it measured 24.00 ha in surface and 893 m a.s.l in altitude. 



22 
 
 

 

Figure 7. Experimental field location. 

In the experimental field, camelina was grown using conventional farming regime. Using a seeding 

rate of 8 kg/ha, cultivar Alba (a commercial variety given by Camelina Company Espana) was planted 

in the first half of December 2019. Barley was the preceding harvest. Fertilization was applied twice, 

once in the winter using a trailed fertilizer spreader and once in April using a mounted liquid fertilizer 

spreader, at a rate of 250 kg per hectare of NPK 8-15-15. Before the distribution of nitrosulphate 

ammonium, weeds were chemically controlled by using the graminicide Pilot, Quizalofop-p-ethyl 

10%, to eradicate the narrow-leaf weeds. 

Biomass and seed yield; working performance, harvesting costs and seed loss were evaluated. 

 

 

Figure 8. biomass and seed yield. 
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Figure 9. work productivity analysis. 

 

Figure 10. Seed loss evaluation. CSL (seed loss from the cleaning system of the combine harvester), SS (seed 

shattering), ISL (seed loss from the impact of the harvester header), TSL (total seed loss), ESL (seed loss 

evaluated after weighting the tractor trailer in which the seeds were unloaded). 

 

Our results corroborate the hypothesis that a combine harvester equipped with a wheat header is 

acceptable for harvesting camelina seeds. Since the same machine can be used for both crops, this is 

especially useful for farmers and contractors who use camelina as a rotation crop in winter cereals. 

In addition, the price and performance are comparable. There is little cause for alarm when it comes 

to seed loss, which is mostly caused by the impact of the combine harvester's header and the cleaning 

shoe's inability to effectively separate the seeds from the rest of the biomass. Simply lowering the 

machine's speed can somewhat solve the latter issue. Instead, natural pod breakage only slightly 

increases seed loss. 
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6.2 Castor mechanical harvesting to test various terminating products 

Publication: Latterini, F.; Stefanoni, W.; Cavalaris, C.; Karamoutis, C.; Pari, L.; Alexopoulou, E. 

Effectiveness of Three Terminating Products on Reducing the Residual Moisture in Dwarf Castor 

Plants: A Preliminary Study of Direct Mechanical Harvesting in Central Greece. Agronomy 2022, 

12, 146. https://doi.org/10.3390/agronomy12010146 

Abstract: The contribution of castor oil for reaching the targets set by RED1 and RED2 in Europe 

can be tangible if the problem related to the mechanical harvesting is overcome. Dwarf hybrids 

suitable for mechanical harvesting are already available on the market but the residual moisture of 

plants and capsules has to be lowered in order to allow mechanization. In the present case of study, 

three common terminating products (Glyphosate GLY, Diquat DIQ and Spotlight DEF) were tested 

on Kaiima C1012 hybrid in a complete randomized block design to assess the effectiveness of using 

chemical products to decrease residual moisture in castor plants. Plants were harvested via combine 

harvester equipped with cereal header to evaluate seed loss (due to dehiscence, impact and cleaning 

shoe) and the dehulling capacity of the combine harvester’s cleaning shoe. DIQ decreased 

significantly moisture content of capsules (7.32%) in comparison to the other treatments, while the 

lowest plant moisture was recorded in DIQ (62.38%) and GLY (59.12%). The use of DIQ triggered 

the highest impact seed loss (61.75%) in comparison with GLY (46.50%) and DEF (29.02%). Control 

plants could not be harvested mechanically due to the high residual moisture content and high density 

of weeds. The present case of study provides highlights regarding the need to further investigate the 

best practice to terminate castor plants and to develop a specific combine header to reduce seed loss 

from impact. 

The experimental field (0.94 ha) was located in the center of Greece (651591 E, 4362784 N, 68 m 

asl) at the University of Thessaly farm. Clayey (47.1 clay, 32.7 silt, 20.1 sand), with 1.48% OM and 

PH 7.9, is how the soil is classified. The field was fallow the year before. The average annual rainfall 

in the area is 434 mm, with 1/4 of that amount falling between April and September. On April 24, 

2021, 62,300 seeds per ha were used in direct drilling to establish the hybrid Kaima C1012. To control 

natural vegetation, glyphosate was administered ten days before seeding at a rate of 5 L per ha. In 

June, a row crop cultivator was used to eradicate weeds with a single mechanical operation. Prior to 

planting, basal fertilization was done by applying 13 kg N and 46 kg P per hectare. Throughout the 

growing season, fertigation was gradually increased to provide an additional 58.5 kg N/ha. For the 

first two irrigation events, sprinkler irrigation was used; following that, a drip irrigation system was 

created with pipes every other row. Water for plants came from irrigation (5100 m3 per hectare), and 
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rainfall added another 2840 m3 to that total. The objective was to compare seed loss triggered by the 

four experimental treatments. 

 

Figure 11. Experimental design. 

 

Figure 12. Effects of Glyphosate, Spotlight and Diquat on mechanical harvesting of hybrid Kaiima C1012 

castor beans. Seed loss due to dehiscence (DSL), impact of the header (ISL) and cleaning shoe (CLS); and 

dehulling capacity of the cleaning shoe. 

 

The present case study was undertaken in Central Greece, and the preliminary findings shed more 

light on the mechanical harvesting of castor beans. It has been demonstrated that dwarf hybrid castor 

plants are suitable, however a terminating procedure needs to be used to prevent clogs and damage to 

equipment. The residual moisture in plants was sufficiently decreased by glyphosate, spotlight, and 

defoliant to enable mechanized harvesting. None of them, however, turned out to be particularly 

effective for this crop. Furthermore, during mechanical harvesting, cereal header was the cause of the 
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most seed loss. The right dosage of termination products and various heads for direct mixing castor 

beans should therefore be the subject of future research. 
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6.3 Mechanical harvesting of castor to test cereal and sunflower headers for the combine 

harvester 

Publication: Stefanoni, W.; Latterini, F.; Malkogiannidis, V.; Salpiggidis, V.; Alexopoulou, E.; 

Pari, L. Mechanical Harvesting of Castor Bean (Ricinus communis L.) with a Combine Harvester 

Equipped with Two Different Headers: A Comparison of Working Performance. Energies 2022, 15, 

2999. https://doi.org/10.3390/ en15092999 

Abstract: Castor bean (Ricinus communis L.) is a promising industrial crop suitable for cultivation 

in marginal conditions in the Mediterranean area, but the mechanical harvesting of the seeds is still 

usually performed manually. In this manuscript, the authors present a preliminary test to assess the 

effectiveness of equipping a combine harvester with a sunflower header to mechanically harvest 

castor beans. Machinery performance, seed loss from impact (ISL) and cleaning systems (CSL), and 

seed cleaning were evaluated and compared with the results obtained from the same combine 

harvester equipped with a cereal header. According to the results, no statistically significant 

difference in CSL was found. Values ranged from 162. 41 kg dry matter (DM) ha−1 in the cereal 

header to 145.56 kg DM ha−1 in the sunflower header, corresponding, respectively, to 8% w/w and 

7% w/w of the potential seed yield (PSY). Using the sunflower header significantly lowered ISL 

(158.16 kg DM ha−1, i.e., 8% w/w of PSY) in comparison with the cereal header (282.02 kg DM ha−1, 

i.e., 14% w/w of PSY). This suggests more gentle cutting and conveying capability of the sunflower 

header to harvest the plants without losing capsules. On the other hand, the use of different headers 

did not significantly affect the cleaning of the seeds which averaged at 20% of the total seeds collected 

in both cases. In conclusion, the study highlights that a conventional combine harvester equipped 

with a sunflower header could be the first step towards the development of a fully mechanized harvest 

phase in castor beans which triggers lower seed loss and does not negatively affect the cleaning 

capacity of the combine harvester. Further studies are also encouraged to confirm these findings in 

other hybrids. 

 

Tests of mechanical harvesting of castor bean seeds were performed on an experimental field located 

in Koutso (Xanthi, Greece) (WGS84-UTM35T coordinate 334961 E, 4546505 N) on 8th September 

2021. 

The overall surface of the field was 0.46 ha. Pre-seeding operations consisted of ploughing (20th 

April 2021) and harrowing (29th April 2021). 

Sowing was carried out on 29th April 2021 applying 21 kg/ha of seed of hybrid C1012 with sowing 

distance 95 cm X 22 cm through a cotton seed sowing machine. 
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The same day a first fertilization with 270 kg/ha of fertilizer NPK 21-17-3 was performed. To contrast 

weeds a chemical control with 4000 g/ha of Stomp (BASF, Ludwigshafen, Germany) was performed, 

as well as a mechanical control via ripper on 8th June 2021, further refined with a manual weeds’ 

removal on 14th June 2021. Irrigation was carried out on 30th April, 9th May, 14th July, 22th July, 

28th July 6th August and 20th August, it was not needed on June because there was sufficient natural 

rainfall. 

On 29th July 2021 a foliar fertilizer Nutri-Gemma B-Zn (Biolchim, Bologna, Italy) was applied at a 

rate of 10 l/ha. The same day also 500 cm3/ha of Score 25C fungicide (Syn-genta, Basel, Switzerland) 

were applied. On 28th August 2021 crop was terminated via the application of 6000 cm3/ha of 

Reglone 20 SL (Syngenta, Basel, Switzerland). 

A combine harvester New Holland CX8060 (New Holland, Pennsylvania, USA) was provided by a 

local contractor and utilized for the harvesting trial. Half of the experimental field was harvested with 

a New Holland cereal header with 5.5 m working width, while the remaining half with a Fantini 

(Mantova, Italy) sunflower header with 4 m working width. A vision of the combine harvester 

equipped with the two different headers is given in Figure 18. The applied settings of the combine 

harvester were: Threshing speed 400 rpm, Fan speed 800 rpm, Concave clearance 10 mm, Upper 

sieve clearance 17 mm, Lower sieve clearance 10 mm. 

The goal was to investigate the difference in seed loss between the two headers. 

 

 

Figure 13. a) Comparison of ISL between the two headers. b) Comparison of CSL between the two headers. 

“**” indicates statistically significant differences at 0.01% according T-test. 

 

Its greater potential for mechanical castor bean harvesting was highlighted by sunflower header's 

much lower ISL than cereal header. CSL, on the other hand, showed no differences, as would be 

predicted given that this variable is mostly impacted by the cleaning shoe's setting, which in this trial 

was the same for both treatments. 
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The key conclusion of this trial is that there is still much work to be done before developing a castor 

bean seed harvesting method that would be effective. A sunflower heading does indeed serve as a 

solid starting point, but its ISL performance is still behind that of other oilseeds. The creation of 

specifically tailored heads for castor bean appears to be the way forward, along with additional 

developments in this crop's genetics and agronomy. 

The quality of the seeds that were harvested is another crucial factor that was examined in this 

research. The results were not at all good; in fact, for both treatments, the percentage of seeds that 

were correctly opened (not harmed and without capsules) was around 20%. The majority of the seeds 

were either incompletely opened (still inside the capsule) or damaged (broken or without an 

envelope). This is likely due to the significant amount of fresh biomass that was introduced into the 

threshing system along with the seeds, which reduced the cleaning shoe's efficiency. This problem 

might be solved by creating a special header that can only let seeds and a small amount of biomass 

into the combine, as well as by enhancing crop drying before harvesting. Another option is to adjust 

the combine's concave clearance and threshing speed to harvest castor bean seeds without cracking 

them open but without damaging them, and then perform the dehulling as a second passage operation 

with stationary equipment. 
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6.4 Small­scale prototype for harvesting poplar MRC plantations 

Publication: Latterini, F.; Stefanoni, W.; Alfano, V.; Palmieri, N.; Mattei, P.; Pari, L. Assessment 

of Working Performance and Costs of Two Small-Scale Harvesting Systems for Medium Rotation 

Poplar Plantations. Forests 2022, 13, 569. https://doi.org/10.3390/f13040569 

Abstract: Considering the increasing need to produce energy from renewable sources, the interest 

towards Medium Rotation Coppices (MRC) plantations has increased. One of the main issues that 

require tackling for the comprehensive sustainability of these plantations is related to the development 

of sustainable harvesting systems. Indeed, as a consequence of the average tree diameters at a breast 

height (dbh) of about 15 cm, single-pass harvesting typical of short rotation coppice is not applicable. 

Therefore, these plantations are generally harvested with machinery specifically developed for forest 

operations, as for instance harvesters, feller-bunchers and forwarders. In the Mediterranean area, the 

availability of such machines is still limited to a few big forest enterprises. In- deed, the majority of 

forest contractors carry out their activities in the framework of small-scale forestry, without the 

financial possibility of purchasing expensive machineries. Thus, the present study had the objective 

to evaluate the performance of two small-scale harvesting systems in a 7- year-old poplar plantation 

in Central Italy. The difference between the two systems was the different machinery applied for 

wood extraction, i.e., a forestry-fitted farm tractor equipped with winch (WINCH) and a fork lift 

prototype, attached to a crawler tractor (CFL). Extraction via CFL system reached very high working 

performance with about 21.5 m3 SMH−1 (Scheduled Machine Hours, including delays), comparable 

to the productivities reported in the literature for forwarders work- ing in similar plantations. 

Harvesting costs with CFL were 24.74 EUR m−3, of which 4.48 EUR m−3 was for felling with 

chainsaw, 4.61 EUR m−3 for extraction with CFL prototype and 15.64 EUR m−3 for wood chipping. 

WINCH showed unsatisfactory results instead, possessing a wood chip production cost of 41.95 EUR 

m−3, which is practically equivalent to the market price of wood chips. 

The study area was located in Monterotondo Municipality (Latium, Italy), and it con- sisted of an 

experimental poplar (clone AF-8) plant with an overall area of 0.42 ha (Coor- dinates in 

WGS84UTM33T 303994 E; 4663859 N). Terrain has a plain morphology and no roughness. Since 

the plantation had been established for seven years and the intervention constituted the first harvest, 

the plants had a single stem. Planting was done at a density of 1666 N ha-1 (2 m between rows). 

According to the national allometric equations created for poplar, the average diameter at breast 

height (dbh) was 13 cm, and the average height was 13.2 m, resulting in an average plant volume of 

0.08 m3. The developed prototype is a crawler fork lift (CFL). A Fiat 80C crawler tractor outfitted 

with the fork lift prototype was used for extraction operation. This was a fork lift that was fastened 
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to the tractor's front loader. To make it easier to unload cut trees, the fork lift was fitted with a metal 

frame connected to a hydraulic piston. The trees were cut down perpendicular to the orientation of 

the row for extraction by CFL. The crawler tractor then proceeded to push or load the trees as it 

approached them so they were outside the field. Therefore, the extraction distance was 50 m, or one-

half of a row. 

 

Figure 14. (a) Vision of CFL. (b) CFL while loading trees. (c) CFL while unloading trees. 
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Figure 15. Work productivity SMH (including delays) for the two investigated extraction systems. “***” 

indicates statistically significant differences at p > 0.001 between the mean values of the treatments. 

 

In a seven-year poplar plantation, the current study sought to assess the effectiveness of two small-

scale harvesting technologies. The technologies for harvesting that were under investigation relied on 

stationary chippers and motor-manual chainsaw felling. A forestry-equipped farm tractor with a 

winch (WINCH) and a fork lift prototype mounted on a crawler tractor (CFL) were the two machines 

utilized for extraction operations that were distinct between the two systems. The obtained results 

revealed the unsuitability of the WINCH system in the study context. On the other hand, CFL reached 

very satisfactory working performance, comparable to those reported in the literature for harvesting 

systems based on much more ex- pensive machines. Therefore, CFL represents a very interesting 

harvesting system for these plantations; in the case that there is no need to shift the trees to a landing 

site, but it is possible to accumulate the trees in the headland before chipping. 
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6.5 A review of harvesting systems for perennial grasses 

Publication: Stefanoni, W.; Latterini, F.; Pari, L. Perennial Grass Species for Bioenergy Production: 

The State of the Art in Mechanical Harvesting. Energies 2023, 16, 2303. 

https://doi.org/10.3390/en16052303  

Abstract: Future European strategies to reduce dependence on foreign markets for energy supply and 

energy production will rely on the further exploitation of the primary sector. Lignocellulosic 

feedstock for bioenergy production is a valuable candidate, and dedicated crops such as giant reed 

(Arundo donax L.), miscanthus (Miscanthus × giganteus), reed canary grass (Phalaris arundinacea 

L.), and switchgrass (Panicum virgatum L.) have been proven to be suitable for extensive cultivation 

on marginal lands. The present review aimed at providing a comprehensive picture of the mechanical 

strategies available for harvesting giant reed, miscanthus, reed canary grass, and switchgrass that are 

suitable for the possible upscaling of their supply chain. Since harvesting is the most impactful phase 

of a lignocellulosic supply chain in dedicated crops, the associated performance and costs were taken 

into account in order to provide concrete observations and suggestions for future implementation. 

The findings of the present review highlighted that the investigated species have a sufficient 

technology readiness level concerning mechanical harvesting for the upscaling of their cultivation. 

All the species could indeed be harvested with existing machinery, mostly derived from the context 

of haymaking, without compromising the work productivity. 

  



34 
 
 

6. Conclusion 

This thesis represents an attempt to put higher light on one of the most complex topic in the framework 

of bioenergy production, i.e. the mechanical harvesting. This part of the supply chain is indeed still 

the most challenging and the one with generally higher costs. We focused on different crops, ranging 

from poplar, to oilseeds to perennial grasses. Thus having the possibilities of testing both established 

species investigated since many years, and emerging crops which are gaining more and more 

attention, as suggested by the several Horizon projects funded and dealing with them. We focused 

our attention on the Mediterranean area, which is a very sensitive zone in the framework of bioenergy, 

considering the long road ahead for Mediterranean Countries to achieve the energy independence. 

The main results for each of the investigated crop are listed below: 

 

• Camelina: A traditional combine harvester fitted with a cereal header is capable of gathering 

camelina seeds. Due to the microscopic size of camelina seeds, extra care must be taken 

throughout the growing phase to prevent an excessive weed presence, which can be 

particularly harmful during harvesting. Limiting the machine speed is as well recommended 

to limit the losses from the cleaning shoe, which resulted the most sensitive part of the 

combine harvester during camelina harvesting. The research hypothesis “It is possible to 

harvest camelina seeds with a combine harvester equipped with a cereal header” is therefore 

confirmed. 

 

7. Castor: Before developing a castor bean seed harvesting method that is effective, there is still 

considerable work to be done. Even while a sunflower header is a solid place to start, the 

performance in terms of seed loss still falls short of the average for other oilseeds. The creation 

of specifically tailored heads for castor bean appears to be the way forward, along with additional 

developments in this crop's genetics and agronomy. When it comes to the quality of the collected 

seeds, the findings were far from adequate; in fact, only 20% of the seeds were correctly opened 

(i.e., not damaged and without capsules). The majority of the seeds were either incompletely 

opened (still inside the capsule) or damaged (broken or without an envelope). This is likely due 

to the significant amount of fresh biomass that was introduced into the threshing mechanism 

along with the seeds. This problem might be solved by creating a special header that can only let 

seeds and a small amount of biomass into the combine, as well as by enhancing crop drying 

before harvesting. Another option is to arrange the combine to have a higher concave clearance 

and a slower threshing speed in order to harvest castor bean seeds without damaging them and 
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without opening them, and then to carry out the dehulling as a second passage operation using 

stationary machinery. The research hypothesis “It is possible to harvest castor seeds with a 

combine harvester equipped with a sunflower header” is therefore rejected. 

 

• Poplar MRC plant: Coppices with a medium rotation are an intriguing source of clean energy 

and high-quality lignocellulosic biomass for other industrial uses. However, in a plantation of 

this nature, harvesting procedures call for special consideration. In fact, due to the dimension 

of the trees, the single-pass harvesting method typical of short rotation coppice is not an 

appropriate choice. These stands are currently harvested using machinery created expressly 

for forestry operations, such as harvesters, feller-bunchers, and forwarders. Such equipment 

is still not widely available in the setting of Mediterranean forestry, particularly in Central and 

Southern Italy. In fact, the majority of forest contractors work within the parameters of small-

scale forestry and lack the resources to buy expensive machinery. The tested small-scale 

harvesting systems revealed different performance. On the one hand the typical forestry-fitted 

farm tractor equipped with a winch did not achieve satisfactory results. On the other hand, the 

crawler fork lift prototype achieved very high working productivity and low costs, even if it 

is a solution appliable only in the case there is no need to move the biomass to a landing site. 

The research hypothesis “The developed prototype for harvesting medium rotation poplar 

plants is a valuable option for small-scale harvesting operations in the case of suitable 

topographical and logistic conditions” is therefore confirmed. 

 

• Perennial grasses: The examined species are technologically prepared enough for the 

expansion of their cultivation in terms of mechanical harvesting. With currently available 

equipment, which is mostly from the haymaking context, all species might be gathered 

without sacrificing work productivity. 
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Abstract: The growing demand in food and non-food industries for camelina oil is driving the
interest of farmers and contractors in investing in such feedstock. Nonetheless, the cost, performance
and critical aspects related to the harvesting stage are still not properly investigated. In the present
study, an ad-hoc test was performed in Spain in order to fulfill this gap. The results support the
hypothesis to harvest camelina seeds with the same combine harvester used for cereal harvesting
without further investment. Theoretical field capacity (TFC), effective field capacity (EFC), material
capacity (MC), and field efficiency (FE) were 4.34 ha h−1, 4.22 ha h−1, 4.66 Mg h−1 FM, and 97.24%,
respectively. The harvesting cost was estimated in 48.51 € ha−1. Approximately, the seed loss of
0.057 ± 0.028 Mg ha−1 FM was due to the impact of the combine harvester header and dehiscence of
pods, whilst 0.036 ± 0.006 Mg ha−1 FM of seeds were lost due to inefficiency of the threshing system
of the combine harvester. Adjustment of the working speed of the combine and the rotation speed of
the reel may help to reduce such loss.

Keywords: work productivity; harvesting costs; harvesting efficiency; wheat header; seed loss;
header impact

1. Introduction

The European Union is currently fostering the replacement of fossil-based products
with bio-based surrogates [1,2]. Oil crops play a key role concerning this issue, thanks to
their suitability to synthesize molecular structures which could be used to displace substan-
tial amount of petroleum oil derived compounds [3,4]. Worldwide production of vegetable
oil is given for 75% by few crops, such as soybean, oil palm, cottonseed, rapeseed and
sunflower; while the remaining 25% is obtained from other minor oilseeds [1]. On the other
hand, some of these minor oilseeds show particular features, which make them particularly
suitable in the concept of bio-economy. In particular, camelina (Camelina sativa (L.) Crantz)
belonging to Brassicaceae family [5] and originating from South-East Europe and South-West
Asia [6], is a very promising oil crop for multiple reasons [7]. Camelina oil can indeed
be used as edible oil rich in omega-3 fatty acids [8], and its oil and meal are also suitable
sources of protein for both fish and ruminant diets [9–12]. Camelina oil has also multi-
ple industrial applications, such as biodiesel and jet-fuel production, even if with some
drawbacks related to cetane number, iodine value, oxidation stability and linolenic acid
methyl ester content [13,14]. Furthermore, camelina oil can be used in the production of
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plasticizers, lubricants, polyols, resins, composites, coatings, elastomers, and adhesives [15].
Other interesting features of camelina are related to its cultivation. This species is indeed
resistant to both drought and frost stress [16]. It has low nutritional requirements [17–19],
with subsequent positive effects on the environment highlighted by life cycle assessment
(LCA) studies [20,21], and can be grown on poor soils, also in a Mediterranean context [22],
even if both seed yield and oil yield show substantial variability, i.e., 1.0–3.0 Mg ha−1 and
30–49% w/w respectively [23]. Finally, camelina, considering the presence of both winter
and spring cultivar and the relatively brief life cycle, is suitable for double cropping with
small grain cereals, soybean, and sunflower [24–29].

On the other hand, one of the main issues in camelina cultivation is the high costs of
the supply chain [30]. Indeed, the higher percentage of costs for biodiesel production are
related to the feedstock [31] and optimizing harvesting operation can lead to a substantial
decrease of such costs [32].

According to this, costs of harvesting and logistic have to be evaluated, in order
to make camelina cultivation fully sustainable and give support in the decision-making
process to farmers and other stakeholders. Currently, mechanical harvesting of camelina is
mainly carried out by using a combine harvester equipped with wheat header [33], only
few experiences on cutting and swathing are reported [34]. However, seed loss can be very
high, as a consequence of the tiny dimension of the seeds which are very small and light in
weight [35,36] moreover, presence of weeds can further increase seed loss amount. Indeed,
the entrance within the combine harvester of the green material of weeds, which generally
shows higher moisture content than camelina, can reduce the efficiency of the threshing
and cleaning system of the combine harvester, leading to higher seed loss [37]. Considering
this, appropriate setting of the combine harvester and adjustment of working speed are
fundamental to reduce seed loss [38]. However, combine harvester settings are not the only
important aspects to take into account. In fact, camelina suffers seed loss for shattering
as the ripeness is completed. Pods can easily open as consequence of external mechanical
input, as the cutting bar of the combine harvester can provide. Hence, it is also important
to finely regulate the rotary speed of the reel as well as the working speed of the machine
in order to reduce such a phenomenon as much as possible. Some authors also suggest to
consider the swathing method for harvesting in case of uneven ripeness [38].

Notwithstanding the centrality of this topic in the optic of a sustainable cultivation
of camelina, few studies have focused on the evaluation of work performance, harvesting
costs, and seeds loss.

The only comprehensive study reported in literature is Stefanoni et al. (2020), who
reported a work productivity of 3.17 ha h−1, with harvesting costs of 65.97 € ha−1 and seed
loss of 7.82% w/w for a John Deere combine harvester (John Deere, Moline, IL, USA) [39].
In a previous work related to harvesting loss evaluation using a plot combine Sintim et al.
(2016) found seed loss of 11.60% w/w [40], while Stolarski et al. (2019) reported harvesting
cost per surface unit of 46.70 € ha−1 with a New Holland (New Holland, PA, USA) combine
harvester [41].

Considering what is written above, there is still a need to investigate such a topic with
specific field tests, in order to fill the knowledge gap that still exists. The aim of the present
work is properly to provide the literature with significant information for both farmers and
contractors; about work performance, costs and seed loss when collecting camelina seeds
by combine harvester.

2. Materials and Methods
2.1. Experimental Field

Harvesting test was performed in the town of Astudillo, Palencia (Castilla y Leon,
Spain) during the 27th week of 2020 (Figure 1). The experimental field (WGS84-UTM30T
coordinates 390,896 E; 4,661,826 N) was flat and it measured 24.00 ha in surface and
893 m a.s.l in altitude.
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Figure 1. Experimental field location.

Camelina cultivation in the experimental field was carried out in conventional farming
regime. Cultivar Alba (commercial variety provided by Camelina Company España) was
sown in the first half of December 2019 with a seeding rate of 8 kg ha−1. The previous crop
was Barley. Fertilization was provided two times, with a rate of 250 kg ha−1 of NPK 8-15-15
in winter using a trailed fertilizer spreader and 250 kg ha−1 of liquid Nitrogen fertilizer
(32%) in April by means of a mounted liquid fertilizer spreader. Chemical control of weeds
was carried out before the nitrosulphate ammonium distribution by using a graminicide
(Pilot, Quizalofop-p-ethyl 10%) to control the narrow-leaf weeds.

2.2. Pre-Harvest Test

Prior to the harvesting operation, 10 squared sample plots of 1 m2 each were ran-
domly established in order to assess the amount of the whole epigeous biomass (straw,
siliques, and seeds). Camelina plants were cut at ground level with a shear, counted and
then measured in both weight and height. Siliques and seeds were pulled and weighed
separately. Consequently, siliques, seeds and a sample of straw from each plot were closed
in sealed bags and transferred to the laboratory of Research Centre for Engineering and
Agro-Food Processing (CREA-IT, Monterotondo, Rome, Italy) in order to perform further
analysis. In particular, potential seed yield (PSY), dry weight (DW), 1000 seed-weight,
bulk density and moisture content were evaluated. Dry weight and moisture content were
estimated according to EN ISO 18134-2:2017 standard [42]. Seeds bulk density (kg m−3)
was calculated according to ISO 17828:201 [43] in 15 randomly selected samples.

2.3. Combine Harvester Model and Setting

The harvesting machinery was provided by the contractor. In particular the operation
was carried out with a Claas Lexion 570 (Westfalia, Harsewinkel, Germany) combine
harvester equipped with a conventional cleaning shoe and a 6.6 m wide cereal header.
The machine had 273 kW diesel engine and the applied setting was as follow: rotor speed
800 rpm, cleaning fan speed 700 rpm, opening of the upper sieve 5/22 mm while lower
sieve was closed. The combine harvester was moreover equipped with a straw chopper
system, to thresh the straw and spread it on the ground.
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2.4. Work Productivity

Harvesting productivity was tested in 6 sample plots randomly established in the
study area. The area of each plot ranged between 420 to 950 m2, and the evaluation of
the working times was performed according to the methodology developed by Reith et al.
(2017) [44]. The investigated parameters were: working speed (km h−1), Theoretical Field
Capacity (TFC, ha h−1, calculated knowing the working speed and the width of the header),
Effective Field Capacity (EFC, ha h−1, calculated taking into account accessory times) and
Material Capacity (MC, Mg h−1, calculated knowing the EFC and the effective seed yield).
The percentage ratio between EFC and TFC is named field efficiency (FE, %).

After harvesting operation, the collected material was unloaded onto a trailer and
transported to the farm scale in order to be weighted.

2.5. Cost Analysis

Purchase and operating costs of the machinery were obtained interviewing the contrac-
tor, whilst the work productivity of the combine harvester was derived from the results of
field tests and standard values for calculation were obtained from CRPA (Research Centre
on Animal productions) methodology [45] as reported in Suardi et al. (2020) [46–48].

Hourly costs of harvesting machinery were calculated taking into account the market
value of the combine harvester. The price of the combine harvester was discounted to 2019,
using the lending rate of 3% provided by Banca d’Italia [49]. The parameter used for cost
analysis are given in Table 1.

Table 1. Applied parameters for cost analysis.

Parameter Measure Unit Value

Machine Power kW 240

Financial costs

Investment € 362,615
Service life year 10
Service life H 3000

Resale % 19.00
Resale € 68,896.85

Depreciation € 293,718.15
Annual usage h year−1 312
Interest rate % 3

Fixed costs

Ownership costs € year−1 29,371.82
Interests € year−1 6472.67775

Machine shelter m2 35.64
Value of the shelter € m−2 100
Value of the shelter € year−1 71.28

Insurance € year−1 906.5375

Variable costs

Repair factor % 40
Repairs and
maintenance € h−1 50.28

Fuel cost € l−1 0.57
Fuel consumption l h−1 42.50

Fuel cost € h−1 24.23
Lubricant cost € l−1 3.03

Lubricant
consumption l h−1 0.38

Lubricant cost € h−1 1.14
Worker salary € h−1 11.5

2.6. Seed Loss Evaluation

Camelina seed loss was evaluated by counting the number of the seeds lying on the
ground after the passage of the combine harvester. Specifically, two different areas behind
the machine were selected as shown in Figure 2a: (A) in correspondence of the swath; (B)
beside the swath but within the maximum cutting bar width. Ten squared sampling plots
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10 cm × 10 cm (Figure 2b) were randomly selected within each region. Thus, in A, the
seed loss was due to natural shattering (SS), impact of the header (ISL) and inefficiency
of the cleaning shoe (CLS). On the other hand, in B, the seed loss was due to SS and ISL.
Consequently, CLS was calculated as difference between the total seeds found in A and B
regions. Since the loss due to CLS was concentrated in 1.6 m (the width of the swath), the
difference in seed number between A and B was divided by 4.125 (the ratio between the
cutting bar width and the swath width). By knowing the 1000-seed weight, the amount of
seed loss was calculated in weight and referred to hectares.

 

Figure 2. On the left (a), identification of the areas A and B behind the combine harvester. On the
right (b), example of a sample plot to detect seeds on the ground.

Furthermore, the effective seed loss (ESL) was also estimated by calculating the
difference between the potential seed yield (PSY), measured in the pre-harvesting plot, and
effective seed yield (ESY), measured by the farm scale after weighing the trailer.

The difference of the two methodologies was used to estimate the SS.

2.7. Statistical Analysis

The analysis of variance (ANOVA) was performed using the R 3.6.1 software to
separate statistically different means among the groups (p ≤ 0.05) [50].

3. Results
3.1. Pre-Harvest Test

Results of the pre-harvest tests are shown in Table 2. Before harvesting, 424 plants per m2

were standing on the field and the mean plant height was 60 cm. Straw, siliques and seed
moisture were 44.40%, 9.91%, and 6.45% respectively.

As reported in Figure 3, the largest aboveground portion was straw (69.62% w/w),
then siliques and seeds (14.44% w/w and 15.94% w/w respectively). The harvest index (HI)
was 0.223 and the potential seed yield was 1.17 Mg ha−1 FM.

 

Figure 3. Percentage of straw, siliques and seeds of the aboveground biomass.
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Table 2. Results of pre-harvest test reporting the mean quantity of available aboveground biomass,
moisture content, and allocation among siliques, seeds and stalks. Weigh and bulk density of seeds is
also reported.

Parameter Measure Unit Average St.Dev.

Harvested surface ha 24 -
Number of plants N m−2 424 176

Plant height cm 60 8
Straw weight Mg ha−1 FM 5.10 1.15

Straw moisture content % 44.40 6.21
Siliques weight Mg ha−1 FM 1.06 0.25

Siliques moisture content % 9.91 0.49
Potential seed yield (PSY) Mg ha−1 FM 1.17 0.18

Seed moisture content % 6.45 0.40
1000-seed weight g 1.04 0.07
Seed bulk density kg m−3 687.82 13.60

3.2. Work Productivity and Costs

Working performance of the combine harvester is reported in Table 3. The work-
ing speed was estimated being 6.57 km h−1, while TFC and EFC were 4.34 ha h−1 and
4.22 ha h−1, respectively. Considering the effective seed yield (1.10 Mg ha−1 FM), the MC
and FE resulted in 4.66 Mg h−1 FM and 97.24%, respectively.

Table 3. Evaluation of the work performance of the combine harvester: theoretical and effective field
capacity, field efficiency and material capacity.

Parameter Measure Unit Average St.Dev.

Working speed km h−1 6.57 1.00
Theoretical Field
Capacity (TFC) ha h−1 4.34 0.66

Effective Field
Capacity (EFC) ha h−1 4.22 0.63

Field Efficiency (FE) % 97.24 0.41
Material capacity

(MC) Mg h−1 4.66 0.69

The analysis of working performance allowed to estimate the harvesting costs which
were: 205.17 € h−1, 48.51 € ha−1 and 43.92 € Mg−1 FM.

3.3. Seed Loss Evaluation

The seed loss calculated for each source of is reported in Table 4. TSL was 0.093 ±
0.033 Mg ha−1, or 7.95 ± 0.28% of PSY. The majority of seed loss (4.87 ± 2.35% w/w) is linked to
the impact of the header and the natural shattering. The latter further estimated in 1.97% w/w of
the PSY as difference between TSL and ESL. On the other hand, CLS accounted for 3.08 ± 0.54%
w/w of the TSL. The effective seed loss measured as the mere difference between the PSY and
ESY, was 0.07 Mg ha−1.
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Table 4. Seed loss assessment according to the two methodologies. Common letters within columns
denote the absence of significant difference (p < 0.05).

Parameter
Average

Mg ha−1 FM %

Area A (CSL) 0.036 ± 0.006 b 3.08 ± 0.54
Area B (SS+ISL) 0.057 ± 0.028 a 4.87 ± 2.35

Total seed loss (TSL) 0.093 ± 0.033 7.95 ± 0.28

Potential Seed Yield (PSY) 1.17 ± 0.18
Effective Seed Yield (ESY) 1.10 *
Effective seed loss (ESL) 0.07 * 5.98 *

Note: (*) this value was not replicated since all grains were collected within one trailer and weighted
only once at the end of the harvesting.

4. Discussions
4.1. Aboveground Biomass Yield

The potential seed yield assessed in the pre-harvest test of 1.17 ± 0.18 Mg ha−1 FM
(seed moisture content of 6.45 ± 0.40%) is in line with the findings reported in Mauri et al.
(2019) and Stefanoni et al. (2020) for similar experiments conducted in Spain [39,51] as
well as in USA as reported by Schillinger et al. 2019 [52]. Higher values of seed yield
are reported by Royo-Esnal et al. (2018) in Eastern Spain with seed yield ranging from
0.92 to 2.31 Mg ha−1 FM after a comparison of different sowing rates: 8 kg ha−1 and
11 kg ha−1 [27]. However, the authors did not find a significant effect of the sowing rate
upon potential seed yield, nor with the weed coverage. Similarly, Zanetti et al. (2020)
reported a negligible effect of the plant density on seed yield, whilst later sowing could
improve oil content [22]. In the present study, instead, fertilizer and chemicals were used
to both providing nutrients and controlling the weeds. In similar studies, where camelina
was grown under conventional farming, the potential seed yield doubled in comparison
with not fertilized fields (namely, 0.93 Mg ha−1 FM and 1.81 Mg ha−1 FM) [53]. Comparing
with other herbaceous oilseeds, for instance, camelina performs slightly lower than castor
(Ricinus communis L. up to 4.4 Mg ha−1), canola (Brassica napus L. 2.19 Mg ha−1 FM),
sunflower (Heliantus annuus L. 1.97 Mg ha−1 FM) [33], although it is suitable for cropping
in marginal land [54]. After harvesting, seeds usually face some storing which could be
also long in time before being processed. This condition can lead to low quality product, or
even loss of the entire product if moisture is too high. In the present study, seed moisture
was found as low as 6.45 ± 0.4% which is far below the threshold of 8% as reported by [55].
1000 seed-weight was also recorded and it averaged to 1.04 ± 0.07 g in fresh weight which is
consistent with the value found by other authors [39]. If compared with other Brassicaceae
family and seed weight, it is rather low. In fact, Kuai et al. (2015) reported 3.3 and 3.5 g in
rapeseed (Brassica napus L.) [56], Zhu et al. (2016) reported values ranging from 6.0 to 9.5 g
per thousand seeds in crambe (Crambe abyssinica) [57].

Despite the seeds that find application on both food and non-food sectors, straw and
siliques from camelina (5.10 ± 1.15 Mg ha−1 FM and 1.06 ± 0.25 Mg ha−1 FM respectively)
can also be attractive for energy industry. In fact, they both are valid feedstocks for
bioenergy production via pyrolysis due to the low nitrogen content (0.4–0.5%) and the low
char production (approximately 25.5%) [58]. However, the chemical-physical properties
of camelina residual biomass can vary according to the growth conditions. For instance,
camelina grown in the Central Italy exhibits high cellulose and hemicellulose content
in comparison with camelina grown in the Northern Italy while the ash content is not
affected by such factor [59]. This implies that different scenarios are opened for the
exploitation of camelina residual biomass in a sustainable green chemistry approach.
Moreover, the development of a proper value chain of the residual biomass may contribute
to the reduction of greenhouse gas emissions that occur during the degradation of the
organic matter in the soil as reported in other oil crops [60].
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4.2. Work Productivity and Costs

In the present study, a conventional combine harvester equipped with a cereal header
was used. The literature still lacks the knowledge on such kind of strategy for harvesting
camelina seeds, therefore a comparison is possible relying on the findings reported in
Stefanoni et al. (2020) [39]. Here, the working speed of the machine was 30.1% higher.
This caused the increase of TFC, EFC, FE, and MC by 29.29%, 33.12%, 3.54%, and 54.82%
respectively. Interestingly, the cutting bars of the combine harvesters measured 6.6 and
6.7 m wide. Such a negligible deviation leads to the conclusion that the difference in the
performance are exclusively related to the different working speeds.

Interestingly, comparing the performance of the combine harvester found in the
present study with those reported in similar studies but conducted on wheat grains har-
vesting, here again the findings are higher. Normally, TFC ranges from 2.61 ha h−1 to
3.72 ha h−1, while the EFC is 1.92–2.28 ha h−1 and the FE is as high as 83% [46–48].
However, it is important to underline that such high working performance is related to
the dimensions and to the particular shape of the experimental field, which allowed to
minimize the turnings, thus decreasing the accessory time and increasing the EFC and FE.

The harvesting cost was assessed in 48.51 € ha−1 and 43.92 € Mg−1 FM which are con-
sistent with the cost shown by Stolarski et al. (2019) [41], but much lower than that calcu-
lated in a similar harvesting trial performed in Spain on camelina crop (65.97 € ha−1 and
69.42 € Mg−1 FM) [39]. Other trials performed on wheat and corn grain harvesting with com-
bine harvester showed harvesting costs being 77.98 and 129.51 € ha−1, respectively [46,61].

4.3. Seed Loss Evaluation

The evaluation of the seeds loss during harvesting stage is an important parameter
to take into account since it contributes to reduce the revenue of farmers and contractors
therefore, the loss of seeds should be as low as possible. Generally, the amount of seed lost
is calculated as the difference between the potential seed yield (1.17 ± 0.18 Mg ha−1 FM)
and the effective seed yield (1.10 Mg ha−1 FM) which, in this specific trial, was 0.07 Mg ha−1

FM (5.98% w/w). Higher values were found by Stefanoni et al. (2020) and Sintim et al.
(2016) which found 7.82 and 11.70% w/w, respectively [39,40]. In other herbaceous oil
crops, seed loss ranges from 1% as in sunflower [62,63] or in canola [64,65], and 3% as in
safflower [33], or even higher as in castor bean harvesting [33]. However, such information
only provides evidence regarding the total amount of seed loss, but it fails in pointing out
what is responsible for that loss. A combine harvester is a complicated machine which
can generate different sources of loss particularly if seeds are small and light in weight
(only 1.04 ± 0.07 g FM per 1000 seeds). The main sources of loss are the impact of the
header and the inefficiency of the cleaning shoe. If some actions have to be taken against
the seed loss in camelina harvesting, their respective contribution to the TSL must be
investigated. According to Table 4, the inefficiency of the cleaning shoe of the combine
harvester (CSL) triggered the loss of 0.036 ± 0.006 Mg ha−1 FM (3.08 ± 0.54% w/w) of
the seeds, while 0.057 ± 0.028 Mg ha−1 FM (4.87 ± 2.35% w/w) of seeds were lost due
SS and ISL. Interestingly, TSL and ESL differed for 0.023 Mg ha−1 FM (1.97% w/w of the
PSY) which can be partially explained as the loss due to SS (natural pod shattering) which
occurs spontaneously in camelina as it ripens. In fact, late harvesting can lead to a loss
of seeds due to SS as high as 25% w/w in some cultivars [66]. Moreover, pod shattering
can be triggered by a minimum external input in completely ripened pods. Therefore, the
mechanical disturbance provided by the combine harvester can contribute significantly
to increase such phenomenon, particularly as working and rotation speed of the reel (the
latter value was not measured in the present study).

5. Conclusions

Camelina is gathering more and more attention throughout the Europe since its multi-
purpose oil as well as the aboveground suitability for bioenergy purposes. However, the
related value chain is still not well developed, partially because the crucial phase of the
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harvest has not been comprehensively investigated so far. Our findings support the hy-
pothesis that a combine harvester equipped with wheat header is suitable for camelina seed
harvesting, which is particular convenient for farmers and contractor who use camelina as
rotation crop in winter cereals since the same machine is valid for both crops. Furthermore,
the cost and the performance are similar. Little concern may arise regarding the seed loss
which are mainly linked to impact of the header of the combine harvester, and the inability
of the cleaning shoe to efficiently discriminate the seeds from the other portions of the
biomass. This latter problem can be partially addressed by simply reducing the speed of
the machine. Instead, natural pod shattering contributes marginally to the loss of seeds.
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2. Krzyżaniak, M.; Stolarski, M.J.; Graban, Ł.; Lajszner, W.; Kuriata, T. Camelina and Crambe Oil Crops for Bioeconomy—Straw

Utilisation for Energy. Energies 2020, 13, 1503. [CrossRef]
3. de Espinosa, L.M.; Meier, M.A.R. Plant oils: The perfect renewable resource for polymer science? Eur. Polym. J. 2011, 47, 837–852.

[CrossRef]
4. Carlsson, A.S. Plant oils as feedstock alternatives to petroleum—A short survey of potential oil crop platforms. Biochimie 2009, 91,

665–670. [CrossRef]
5. Natelson, R.H.; Wang, W.C.; Roberts, W.L.; Zering, K.D. Technoeconomic analysis of jet fuel production from hydrolysis,

decarboxylation, and reforming of camelina oil. Biomass Bioenergy 2015, 75, 23–34. [CrossRef]
6. Larsson, M. Cultivation and processing of Linum usitatissimum and Camelina sativa in southern Scandinavia during the Roman

Iron Age. Veg. Hist. Archaeobot. 2013, 22, 509–520. [CrossRef]
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41. Stolarski, M.J.; Krzyżaniak, M.; Tworkowski, J.; Załuski, D.; Kwiatkowski, J.; Szczukowski, S. Camelina and crambe production—

Energy efficiency indices depending on nitrogen fertilizer application. Ind. Crops Prod. 2019, 137, 386–395. [CrossRef]
42. NSAI ISO 18134-2:2017 Solid Biofuels—Determination of Moisture Content—Oven Dry Method—Part 2: Total Moisture—

Simplified Method. Available online: https://www.iso.org/standard/71536.html (accessed on 6 July 2020).
43. ISO 17828:2015 ISO 17828:2015 Solid Biofuels—Determination of Bulk Density. Available online: https://www.iso.org/obp/ui/

#iso:std:iso:17828:ed-1:v1:en (accessed on 23 July 2020).
44. Reith, S.; Frisch, J.; Winkler, B. Revision of the working time classification to optimize work processes in modern agriculture.

Chem. Eng. Trans. 2017, 58, 121–126. [CrossRef]
45. Assirelli, A.; Pignedoli, S. Costo di esercizio delle macchine agricole. Cent. Ric. Prod. Anim. 2005, 5, 1–10.



Sustainability 2021, 13, 195 11 of 11

46. Suardi, A.; Stefanoni, W.; Bergonzoli, S.; Latterini, F.; Jonsson, N.; Pari, L. Comparison between Two Strategies for the Collection
of Wheat Residue after Mechanical Harvesting: Performance and Cost Analysis. Sustainability 2020, 12, 4936. [CrossRef]

47. Suardi, A.; Stefanoni, W.; Alfano, V.; Bergonzoli, S.; Pari, L. Equipping a Combine Harvester with Turbine Technology Increases
the Recovery of Residual Biomass from Cereal Crops via the Collection of Chaff. Energies 2020, 13, 1572. [CrossRef]

48. Suardi, A.; Saia, S.; Stefanoni, W.; Gunnarsson, C.; Sundberg, M.; Pari, L. Admixing Chaff with Straw Increased the Residues
Collected without Compromising Machinery Efficiencies. Energies 2020, 13, 1766. [CrossRef]

49. Banca d’Italia Banca d’Italia Lending Rate. Available online: https://www.bancaditalia.it/ (accessed on 11 July 2020).
50. R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing:

Vienna, Austria, 2010. Available online: http://www.r-project.org/ (accessed on 6 August 2020).
51. Mauri, P.V.; Mostaza, D.; Plaza, A.; Ruiz-Fernandez, J.; Prieto, J.; Capuano, A. Variability of camelina production in the center of

Spain in two years of cultivation, a new profitable and alternative crop. In Proceedings of the 27th European Biomass Conference
and Exhibition, Lisbon, Portugal, 27–30 May 2019; pp. 196–200.

52. Schillinger, W.F. Camelina: Long-term cropping systems research in a dry Mediterranean climate. Field Crop. Res. 2019, 235, 87–94.
[CrossRef]
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Abstract: The contribution of castor oil for reaching the targets set by RED1 and RED2 in Europe
can be tangible if the problem related to the mechanical harvesting is overcome. Dwarf hybrids
suitable for mechanical harvesting are already available on the market but the residual moisture
of plants and capsules has to be lowered in order to allow mechanization. In the present case of
study, three common terminating products (Glyphosate GLY, Diquat DIQ and Spotlight DEF) were
tested on Kaiima C1012 hybrid in a complete randomized block design to assess the effectiveness of
using chemical products to decrease residual moisture in castor plants. Plants were harvested via
combine harvester equipped with cereal header to evaluate seed loss (due to dehiscence, impact and
cleaning shoe) and the dehulling capacity of the combine harvester’s cleaning shoe. DIQ decreased
significantly moisture content of capsules (7.32%) in comparison to the other treatments, while the
lowest plant moisture was recorded in DIQ (62.38%) and GLY (59.12%). The use of DIQ triggered the
highest impact seed loss (61.75%) in comparison with GLY (46.50%) and DEF (29.02%). Control plants
could not be harvested mechanically due to the high residual moisture content and high density of
weeds. The present case of study provides highlights regarding the need to further investigate the
best practice to terminate castor plants and to develop a specific combine header to reduce seed loss
from impact.

Keywords: vegetable oil; feedstock; biofuel; advanced biofuel; seed loss; combine harvester

1. Introduction

Herbaceous oil crops are gaining interest all over the world for vegetable oil production
suitable for industrial applications [1]. Furthermore, the European Directives on Renewable
Energy (RED I and RED II) aim to increase the contribution of renewable energy to the
overall domestic energy production in Europe [2]. Castor (Ricinus communis L.) is among the
most promising crops to achieve these goals, and the production of vegetable oil generates
a large quantity of press cakes, husks and crop residues that, in a framework of bioeconomy,
could be used as by-products for different purposes [3].

Castor oil accounts for 0.15% of the global vegetable oil production [4] and more
than 80% of it is produced by India, Mozambique, China, Brazil, Myanmar, Ethiopia,
Paraguay and Vietnam [5]. Although castor is a low-input crop also suitable for cultivation
in European climate conditions [6,7], the low degree of mechanization associated with
castor beans harvesting [8] limits the production to either undeveloped or developing
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countries where harvesting is performed manually since the low labor cost [9]. The issues
associated with castor beans mechanical harvesting lie in the fact that castor naturally
exhibits indeterminate growth and evergreen habit, which both trigger high fresh aerial
biomass production and heterogenous ripening of the capsules [8,10,11]. These two features,
make the direct combine harvesting practically impossible: firstly, high volume of fresh
biomass easily clogs the combine harvester’s cleaning shoe; secondly, selecting the best
period for combine harvesting is challenging and high seed loss is unavoidable. Nowadays,
the indeterminate growth tendency in castor plants has been almost solved. In fact, dwarf
genotypes are currently available on the market and several studies have proved them
performing well also in marginal conditions [1]. Generally, dwarf hybrids exhibit higher
harvest index, lower seed dehiscence [10,12] and even early flowering, which helps to
shorten the productive cycle [13]. They can also perform well in the Mediterranean climate,
but though the maximum height ranges between 0.83 and 1.12 m which is acceptable for
combine mechanical harvesting, the residual moisture in stems and leaves was reported
extremely high (76–78.5%) [6,14]. For this reason, the effectiveness of using terminating
products to lower the residual moisture in castor plants to permit the mechanical harvesting
was investigated.

In this case of study, a systematic herbicide (Glyphosate), a non-selective herbicide
(Diquat) and a defoliant (Spotlight© BASF) were selected for field trial and tested on hybrid
Kaiima C1012.

2. Materials and Methods
2.1. Experimental Field and Plant Coltivation

The experimental field (0.94 ha) was situated at the farm of University of Thessaly in
central Greece (651591 E, 4362784 N, 68 m asl.). The soil is characterized as clayey (47.1 clay
32.7 silt 20.1 sand), with 1.48% OM and PH 7.9. The previous year the field was at fallow.
The mean annual rainfall in the region is 434 mm with about 1

4 of it allocated from April
to September.

Hybrid Kaima C1012 was established on 24 April 2021 by direct drilling at rows 0.75 m
apart using 62,300 seeds per ha. Glyphosate was applied ten days prior sowing at a rate
of 5 L per ha to control natural vegetation. Weed control was accomplished with one
mechanical operation with a row crop cultivator in June. Basal fertilization was performed
before sowing by applying 13 kg N ha−1 and 46 kg P ha−1. Further 58.5 kg N ha−1 were
provided gradually with fertigation during the growing period. Sprinkler irrigation was
applied for the first two irrigation events and afterwards, a drip irrigation system, with
pipes every second row, was established. Irrigation provided plants with 5100 m3 ha−1 of
water, whilst rainfall provided further 2840 m3 ha−1 of water.

2.2. Terminating Products and Experimental Design

Glyphosate, Diquat and Spotlight© BASF were selected for testing the efficacy in
reducing residual moisture in castor plants before mechanical harvesting. Glyphosate is
a broad spectrum systematic herbicide that acts via inhibition of aromatic amino-acids
synthesis involved in plant growth [15]. Glyphosate is widely used worldwide although re-
cently some concerns arose regarding possible correlation with some human disorders [16]
and environmental pollution [17]. On the other hand, Diquat is a non-selective herbicide
that, in presence of light, causes the destruction of chlorophyll a and inhibits photosystem
I [18]. Eventually, Spotlight© BASF (a.i. carfentrazone-ethyl) causes photobleaching and
necrosis on leaves. It is commonly used as defoliant in cotton [19].

The experimental design was a randomized plot with four replications per treatment
(as shown in Figure 1). All products were diluted in 400 L ha−1 of water and applied
as follows:

• Glyphosate (GLY): sprayed at a dose of 6 L ha−1 20 days before harvesting
• Spotlight© BASF (DEF): Sprayed at a dose of 6 L ha−1 20 days before harvesting
• Diquat sprayed (DIQ): At a dose of 5 L ha−1 10 days before harvesting
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• Control (CON): No chemicals were applied.

 

Figure 1. Aerial picture of the field trial with indication of the experimental design Gly = Glyphosate,
Def = Defoliant, Diq = Diquat, Con = Control.

2.3. Pre-Harvest Test: Aerial Biomass, Expected Seed Yield and Dehiscence

In each replication, two sample plots of 3 m2 each were randomly selected to assess
growth parameters, expected seed yield, natural dehiscence (DSL) and h-index. Specifically,
all plants within the plot were counted and measured in height. The number of racemes
per plant were also recorded. Then, all capsules borne on racemes were harvested by
hand and put in a sealed bag. Successively, plants were cut at the collect level and put
in sealed bag. Afterwards, loss capsules (lost due to natural dehiscence) were collected
from the ground and put in sealed bags. Eventually, all bags were collected and brought
to laboratory for assessing fresh and dry weight of seeds, hulls, stems and leaves. At the
laboratory, capsules were manually opened to retrieve the seeds. Capsules for DSL were
processed likewise. At the laboratory, fresh and dry weight of samples were measured using
a precision scale Kernel mod. FXN10K-3N. Samples were dried in the oven at 105 ± 1 ◦C
until constant weight.

2.4. Settings of the Combine Harvester

The combine harvester used was a New Holland mod. CX 780 equipped with a New
Holland cereal header Type 17 V 5.10 m wide. Before beginning with the mechanical
harvesting of castor beans, a preliminary test was performed in order to figure out the
best setting of the combine harvester for that experimental field. Briefly, the cleaning
shoe of a combine harvester relies on sieves and fans to select seeds by size and weigh
without chaff or damages to kernels. Therefore, the goal of the preliminary test was to find
out the best compromise between beater speed and clearance. Sieves opening was set at
17 mm and 10 mm for upper and lower sieve, respectively, whilst fan speed was set at
800 r.p.m. Three different rotation speeds of the threshing drum (i.e., 300, 400 and 500 r.p.m.)
were tested three times at 10 mm and 12 mm clearance values. Seeds were sampled three
times per run and processed immediately outside the field calculating the percentage of
undamaged, not opened and damaged seeds per each combination of drum speed and
clearance opening. According to results (Figure 2), the best setting for the cleaning shoe
of the combine harvester was: 400 r.p.m. for the threshing drum, 10 mm of clearance for
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the concave, while fan speed and sieves were set as reported above. This setting was kept
constant throughout the harvesting in all treatments.

Figure 2. Percentage of undamaged, not opened and damaged seeds in relation to the rotational
speed of the thrashing drum (A) and the clearance (B).

2.5. Harvest and Seed Loss Evaluation

After setting the cleaning shoe of the combine harvester, the harvesting phase started.
The machinery was positioned at the beginning of each plot assuring that the cutting bar
could work at full capacity; then the harvesting started. Once the cleaning system started
working at full capacity (approximately 50–80 m after the start) a sample of about 20 kg
of seeds were collected from the tank, put in a sealed bag and brought to the laboratory
for qualitative analysis (see Paragraph 2.5). During the last 15 m of the plot, the threshed
biomass was harvested behind the combine harvester (Figure 3a) and carried to laboratory,
then sieved to permit the quantitative assessment of seed loss due to the cleaning shoe
(CSL). In correspondence to the sampled area for CSL assessment, all capsules on the
ground were manually collected and weighted (Figure 3b). The weight was reduced by
dehiscence value for the impact seeds loss assessment (ISL).

 

Figure 3. Collection of threshed biomass (a) and lost capsule (b) for CSL and ISL assessment,
respectively.

As shown in Figure 4A1,2, unterminated plants exhibited vigorous aerial biomass
and high density of weeds within the plots. After some attempts of harvesting these plots,
authors along with the contractor declared the mechanical harvesting of castor plants grown
in this condition unsuitable and dangerous for the machinery. The prohibitive conditions
are particularly evident from the comparison between terminated and non-terminated
plants shown on Figure 4B1,2.
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Figure 4. Difference between control (A1,A2) and terminated castor plants (B1,B2).

2.6. Evaluation of the Combine Harvester’s Cleaning Shoe: Percentage of Damaged Seeds,
Undamaged Seeds, Broken Seeds

During the mechanical harvesting of terminated plants, approximately 20 kg FM of
seeds were sampled from the combine harvester’s hopper and brought to the laboratory for
assessing if GLY, DIQ and DEF had different effects on the resulted harvested seeds. At the
laboratory, three subsamples of about 500 g FM each were used to estimate the percentage
of damaged seeds, undamaged seeds and unopened seeds. A representation of the before
mentioned categories is given in Figure 5. Unopened seeds (either completely or partially
contained in the hull) were opened manually. Then dried and weighted.

 

Figure 5. Sample of seeds collected within the tank of the combine harvester and classified as:
(a) damaged seeds; (b) undamaged seeds; (c) unopened seeds.

2.7. Statistics

ANOVA and Tukey HSD tests were performed through STATISTICA StatSoft version
7.0. to separate different means among treatments (p ≤ 0.05) [20].
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3. Results and Discussions
3.1. Pre-Harvest

In the pre-harvest, several parameters were estimated, and results are given in Table 1.
Crop terminations did not affect significantly plant height, aerial biomass, 1000-seed weight
and potential seed yield whom values are consistent with [21]. On the contrary, the Potential
Seed Yield (PSY) was lower than expected. In fact, Zanetti et al. reported seed yield ranging
from 1.6 to 2.2 Mg ha−1 of PSY for castor beans cultivated in Italy and Greece [14] with
possible values as high as 4.44 Mg ha−1 [6]. Moreover, the reported average plants’ height
was higher (83–153 cm) than what found in the present study (55–64 cm on average). These
differences are probably related to the adopted crop system. In fact, in the present study
plants were seeded directly in the soil without tillage and with reduced nitrogen use. These
practices could have slightly reduced the performance of the plants. Indeed, castor plants
are considered sensitive to high soil bulk density [22] and to limited access to available
nitrogen [23].

Table 1. Effects of Glyphosate, Spotlight and Diquat on hybrid Kaiima C1012: plant growth, aerial
biomass production, seed yield, residual moisture in seeds, capsules and stems.

Variable Significance GLY DEF DIQ CON

Plant height (cm) ns 55.63 59.88 64.53 61.43
Truss height (cm) ns 20.05 22.38 21.75 21.25

Raceme height (cm) ns 35.15 37.50 37.95 40.18
Plant density (n m−2) ns 4.42 4.58 4.50 4.58

Raceme density (n m−2) ns 9.96 10.21 9.88 9.54
Racemes per plant (n plant−1) ns 2.27 2.23 2.17 2.10

PSY (kg DW ha−1) ns 1181.7 1245.86 1259.49 1165.35
Seed moisture (%) ns 4.46 4.51 4.75 5.26
Capsules biomass

(kg DW ha−1) ns 538.19 538.86 576.55 543.26

Capsules moisture (%) * 8.39 ab 7.63 ab 7.32 b 9.53 a
Plant biomass (kg DW ha−1) ns 592.83 760.21 681.29 968.46

Plant moisture 1 (%) *** 59.12 b 69.63 a 62.38 b 74.06 a
H-index * 0.51 a 0.49 a 0.51 a 0.43 b

1000-seed weight (g) ns 260.28 253.52 253.28 255.69

ns, *, *** non-significant or significant at p < 0.05, 0.001, respectively. 1 refers to stems, leaves and racemes without
capsules. Different letters indicate different homogeneous groups according HSD Tukey test.

However, the use of terminating products affected positively the residual moisture
in organs of the plants. For instance, the lowest value of capsule moisture was recorded
in DIQ treatment which reduced the humidity by 22% in comparison with control. Plant
moisture was reduced significantly by 19% in both DIQ and GLY treatments; whilst DEF
did not perform better than control. Nonetheless, the significant reduction in plan moisture
experienced after application of DIQ and GLY are still not satisfying as 59–62% of residual
moisture is still present in plant. Interestingly, the 19% of residual moisture reduction
permitted the mechanical harvesting of castor plants without clogging and damages to the
cleaning shoe of the combine harvester. Seed moisture averaged at 4.5–5% w/w that was
lower than 7% found in literature [24] which is an accepted values for good processing and
storage of seeds in general [25]. Nevertheless, GLY, DEF and DIQ significantly improved
h-index by 15.7, 12.2 and 15.7%, respectively.

3.2. Seed Loss and Dehulling Capacity of the Combine Harvester’s Cleaning Shoe

During the mechanical harvesting of castor beans treated with terminating products,
interesting results were found. Although the present study refers only to one year experi-
ment and to a single hybrid of castor, it is undoubtful that the use of terminating practice is
mandatory for the mechanical harvesting of castor beans grown in these environmental
conditions. In fact, in CON treatment the vigorous plants and the presence of weeds within
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rows did not permit the harvesting operation. However, the weed management can also be
performed mechanically without use of pesticides but this practice, probably, it is of low
interest since it may trigger capsules’ shattering [26]. Furthermore, spacing row in castor
plant cultivation systems is generally set at 0.75 m which is neither enough for manual
weed removal nor for rototiller use. A special tractor with narrow and high wheels should
be use in order to fit with both row distance and plant height.

The highest and lowest values of DSL were recorded in DEF and DIQ, respectively.
On the contrary, the use of DIQ was responsible of the highest impact loss of seeds (61.5%
w/w). Among the three products, DEF performed better (29% w/w of ISL), whilst GLY
averaged at 46.5% w/w. The results for ISL found in DEF are encouraging in comparison
with DIQ, but still one third of seed loss only from the combine header is not acceptable.
The loss of seeds from the impact is a critical aspect that must be solved. Scientific literature
still lacks specific studies carried out on this matter. Some research has been conducted
by private companies like Evogene Ltd. and Fantini s.r.l which announced in 2018 the
development of a specific header for castor beans harvesting able to reduce ISL from 50%
to an astonishing 5% in 2017 and 2018 on proprietary castor varieties [27]. Concerning the
loss of seeds found at the exit of the combine harvester’s cleaning shoe, namely CSL, a
tidy difference among treatments was highlighted: 0.41, 1.6 and 4.36% in DIQ, GLY and
DEF, respectively. As found in the pre-harvest test (Table 1), the absolute value of residual
moisture in plants treated with Diquat was the lowest and, probably, this helped the sieves
and the fan within the cleaning system of the combine harvester to discriminate better
the seeds from the other fraction of harvested biomass. On the other hand, the highest
value of residual moisture in plants treated with DEF corresponded to highest value of CSL
reported in Table 2. This relationship was not investigated via statistical analysis but, it
can be speculated that the residual moisture content affects the loss of seeds from straw
walkers and sieves.

Table 2. Effects of Glyphosate, Spotlight and Diquat on mechanical harvesting of hybrid Kaiima
C1012 castor beans. Seed loss due to dehiscence (DSL), impact of the header (ISL) and cleaning shoe
(CLS); and dehulling capacity of the cleaning shoe.

Variable Significance GLY DEF DIQ CON

DSL (kg ha−1) * 66.10 ab 135.84 a 38.75 b 60.17 ab
ISL (kg ha−1) ** 549.55 ab 342.97 b 729.71 a
CSL (kg ha−1) *** 18.87 b 51.54 a 4.83 c

DSL (%) * 5.59 ab 11.50 a 3.28 b 3.28 ab
ISL (%) ** 46.50 ab 29.02 b 61.75 a
CSL (%) *** 1.60 b 4.36 a 0.41 c

Undamaged seeds DW (%) ** 26.79 b 38.34 a 26.91 b
Not opened seeds DW (%) ns 50.72 39.65 48.95
Damaged seeds DW (%) ns 22.49 22.01 24.14

ns, *, **, *** non-significant or significant at p < 0.05, 0.01, 0.001, respectively. Different letters indicate different
homogeneous groups according HSD Tukey test.

Harvested seeds were also divided into three main categories to assess the dehulling
capacity of the combine harvester’s cleaning shoe, namely: undamaged, not opened and
damaged seeds as shown in Figure 5. The percentage of not opened (40–50% w/w) and
damaged seeds (22–24% w/w) was similar in all treatments, whilst the percentage of
undamaged seeds was highest in DEF (38.34% w/w). Undamaged seeds in GLY and DIQ
averaged at 26.79 and 26.91%, respectively. Unfortunately, if considering not opened and
damaged seeds altogether, between 62 and 73% w/w of seeds have to be further processed
to either removed damaged seeds or eliminate the hull in unopened seeds. During the
storage, broken seeds and foreign material can trigger fermentative process that increase
the temperature and reduce the quality of the seeds in few months [28]. Therefore, it is
important to investigate the most suitable terminating product to reduce residual moisture
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in castor plant and allow effective mechanical harvesting, to reduce cost and passes within
the value chain.

Considering the three sources of seed loss (DSL, ISL and CSL) the effective seed yield
in GLY, DEF and DIQ averaged at 51.90, 68.33 and 41.68% of the PSY, respectively. The
most responsible factor of seed loss was the combine header as reported in Table 2. Usually,
when the mechanization is properly developed, the loss of seeds due to impact is 1% w/w
canola (Brassica napus L.) [29], or 2.58% w/w in cardoon (Cynara cardunculus L.) [30] up
to 7.95% w/w in camelina (Camelina sativa (L.) Crantz) [31,32]. CSL also contributed to
increase the total seed loss. Its values usually ranges between 0.58% w/w as reported in
cardoon [30] and 5.80% w/w as reported in camelina whose seeds are small and light in
weight, thus easy to lose via sieves and fans [31,32].

4. Conclusions

The preliminary results obtained by the present case of study conducted in Central
Greece provide deeper understanding in the castor beans mechanical harvesting. The suit-
ability of dwarf hybrids of castor plants has been proved although a terminating practice
must be adopted to avoid clogs and damages to machinery. Glyphosate, Spotlight and
Defoliant reduced the residual moisture in plants sufficiently to perform the mechanical
harvesting. However, none of them proved to be specifically suitable for this crop. More-
over, cereal header was the responsible of the highest seed loss experienced during the
mechanical harvesting. Therefore, further investigations should focus on the proper dosage
of terminating products and different headers for direct combining castor beans.
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Abstract: Castor bean (Ricinus communis L.) is a promising industrial crop suitable for cultivation
in marginal conditions in the Mediterranean area, but the mechanical harvesting of the seeds is
still usually performed manually. In this manuscript, the authors present a preliminary test to
assess the effectiveness of equipping a combine harvester with a sunflower header to mechanically
harvest castor beans. Machinery performance, seed loss from impact (ISL) and cleaning systems
(CSL), and seed cleaning were evaluated and compared with the results obtained from the same
combine harvester equipped with a cereal header. According to the results, no statistically significant
difference in CSL was found. Values ranged from 162. 41 kg dry matter (DM) ha−1 in the cereal
header to 145.56 kg DM ha−1 in the sunflower header, corresponding, respectively, to 8% w/w and
7% w/w of the potential seed yield (PSY). Using the sunflower header significantly lowered ISL
(158.16 kg DM ha−1, i.e., 8% w/w of PSY) in comparison with the cereal header (282.02 kg DM ha−1,
i.e., 14% w/w of PSY). This suggests more gentle cutting and conveying capability of the sunflower
header to harvest the plants without losing capsules. On the other hand, the use of different headers
did not significantly affect the cleaning of the seeds which averaged at 20% of the total seeds collected
in both cases. In conclusion, the study highlights that a conventional combine harvester equipped
with a sunflower header could be the first step towards the development of a fully mechanized
harvest phase in castor beans which triggers lower seed loss and does not negatively affect the
cleaning capacity of the combine harvester. Further studies are also encouraged to confirm these
findings in other hybrids.

Keywords: combine harvester; supply chain; seed loss; working performance; dehulling; castor bean

1. Introduction

According to the most recent directives on bioeconomy issued by the European Union,
the industrial sector should rely more on bio-based materials instead of conventional petrol-
based sources [1–3] and the primary sector can help to achieve this goal via improving
the exploitation of oilseed products and by-products [4,5]. However, the cultivation of
industrial crops causes concerns regarding land use and the consequent competition be-
tween food and non-food cultivation [6], and the possibility to cultivate industrial crops
on marginal lands can represent the best compromise to meet the future EU energy goals
without reducing land availability for food production [7,8]. Consequently, the value chains
of low-input-demanding crops should be further investigated to solve the current bottle-
necks for large-scale applications. With this in mind, castor bean (Ricinus communis L.) is a very
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promising non-food crop, which can be grown in low-input regimes in the Mediterranean
area, reaching seed yields up to 4.44 Mg ha−1 [9,10]. Moreover, castor oil can be used
for several purposes, i.e., biodiesel, cosmetic, pharmaceutic, paint, varnish, and lacquer
production as well as lubricant in two-stroke engines or a component of semirigid foams in
thermal insulation [11–15]. Its contribution to making the EU less dependent on the foreign
vegetable oil market for industrial and energy purposes could be tangible if an effective
domestic castor oil supply chain would be properly developed.

Ricinus communis L. is known as many wild and semiwild types which can differ
in genetic and phenotypic traits, reaching heights similar to a moderate-sized tree [16].
In castor, the seeds grow inside capsules born on one or more racemes which develop
progressively during the life of the plant. Consequently, seed ripening is heterogenous
among racemes [17,18]. For this reason, the mechanization of castor seed harvesting is
challenging, and the market still lacks dedicated machineries. Therefore, seeds must be
harvested manually which increases costs for production of castor oil and related by-
products. Thus, the supply chain has developed only in low labor cost countries such
as Brazil, India, Ethiopia, or Mozambique [19] and this makes developed countries more
dependent on the foreign market for castor oil. In order to also develop castor bean oil
value chains in Europe and make the EU more independent, castor bean harvesting must be
performed mechanically. The first challenge is represented by crop homogeneity which has
been tackled by geneticists during recent decades by selecting highly performing hybrids of
castor exhibiting higher harvest index and lower seed dehiscence [20,21]. Currently, some
dwarf hybrids are available on the market and perform well in terms of productivity and
suitability for developing a reliable mechanization of seeds. In fact, mechanical harvesting
is still the main constraint for the development of a supply chain of castor bean due to the
high heterogeneity of castor phenotypes [22]. Some prototypes have been made and tested,
although never tested scientifically, for instance, by applying modifications to common
maize headers for combine harvesters meant for harvesting castor seeds in a single passage.
However, specific scientific studies dealing with the setup of the combine harvester, the
related seed loss, and the overall performance of the machinery are still lacking. Only
a few tests have been conducted, including those performed by Evogene Ltd. (Rehovot,
Israel) and Fantini s.r.l (Mantova, Italy). Both companies also developed a prototype of a
combine harvester header specifically meant for castor bean harvesting. In the literature, a
different approach was suggested by Zhao et al. (2019) [23] who investigated a dual stage
harvesting where only capsules were harvested from the field using an innovative vibrating
system to shake the plants and collect the capsules only. However, scientific evidence of its
suitability is still vague. The only scientific test on castor bean mechanical harvesting has
been conducted recently in Greece. The authors specifically investigated the possibility to
ease the mechanical harvesting by terminating the crop with different chemicals. However,
in the same study, the authors also reported two important results: firstly, the cereal header
triggered the loss of 29% to 62% of the potential seed yield due the impact and, secondly, the
percentage of seeds correctly selected by the combine harvester ranged from 26.79% w/w
to 38.34% w/w of the overall collected seeds [24]. Combine harvesters offer the possibility
to harvest seeds from several herbaceous species, which may be quite different in shape
and size, by adjusting the setup and using a proper header. Since dwarf castor plants
exhibit thick and hard stems, similar to a sunflower’s stem, we hypothesized that using a
sunflower header would stress castor plants less than a cereal header. In fact, contrary to
the cereal header, the sunflower header relies on a different feeding system consisting of
a header table arranged in rows and transport chains conveying the cut plants to a crop
elevator without a reel. These main differences could help to reduce seed loss, particularly
due to the impact.

Therefore, this preliminary study investigates the possibility of using a sunflower
header for: (i) reducing the seed loss at the impact (ISL), (ii) reducing seed loss deriving
from the cleaning shoe of the combine (CSL), (iii) increasing the percentage of correctly
selected seeds stored in the seed tank of the machinery.
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2. Materials and Methods
2.1. Study Area and Experimental Field

Tests of mechanical harvesting of castor bean seeds were performed on a sandy soil
located in Koutso (Xanthi, Greece) (WGS84-UTM35T coordinate 334961 E, 4546505 N) on
8 September 2021.

The overall surface of the field was 0.46 ha. Pre-seeding operations consisted of
ploughing (20 April 2021) and harrowing (29 April 2021).

Sowing was carried out on 29 April 2021 by applying 21 kg ha−1 of seed of hybrid C1012
(provided by Kaiima company, Moshav Sharona, Israel) with sowing distance 95 cm × 22 cm
through a cotton seed sowing machine.

The same day, a first fertilization with 270 kg ha−1 of fertilizer NPK 21-17-3 was carried
out. To remove weeds, a chemical control with 4000 g ha−1 of Stomp (BASF, Ludwigshafen,
Germany) was carried out, as well as a mechanical control via ripper on 8 June 2021, further
refined with manual weed removal on 14 June 2021. Irrigation was performed on 30 April,
9 May, 14 July, 22 July, 28 July, 6 August, and 20 August; it was not needed in June because
of sufficient natural rainfall.

On 29 July 2021, the foliar fertilizer Nutri-Gemma B-Zn (Biolchim, Bologna, Italy) was
applied at a rate of 10 L ha−1. The same day, 500 cm3 ha−1 of Score 25C fungicide (Syngenta,
Basel, Switzerland) was also applied. The crop was terminated via the application of 6000 cm3

ha−1 of Reglone 20 SL (Syngenta, Basel, Switzerland) performed on 28 August 2021.
A picture of the experimental field before harvesting is given in Figure 1.

 

Figure 1. Experimental field just before harvesting operation.

2.2. Pre-Harvest Test: Aerial Biomass, Expected Seed Yield, and Dehiscence

To estimate the main crop features, 10 sample plots of 1.90 m2 each (2 rows wide and
2 m long) were randomly established within the experimental field. In each plot, both
the number of plants and the number of racemes per plant were recorded. Then, plants
were measured in height, and truss distance from the collect level was recorded as well.
Subsequently, capsules were carefully manually collected from the plants, put into sealed
bags, and carried to the laboratory for fresh and dry weight estimation. Likewise, all
plants from each plot were cut with a shear at the collect level and fresh aerial biomass
was weighed. Capsules on the ground were collected manually and brought to the lab
to assess the natural dehiscence (DSL), i.e., the loss of seeds that was not imputable to
the mechanical harvesting per se. At the lab, five randomly chosen plants from each plot
were used for dry weight estimation. To estimate potential seed yield (PSY), aborted and
unripened capsules were excluded by visual assessment. Then, all capsules from each plot
were weighed with a precision scale. Subsequently, a representative subsample of capsules
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from each plot was manually processed to separate hulls from seeds, then weighed and
put in an oven at 105 ◦C until constant weight to estimate seed and capsule moisture. Then,
the dry weights of seeds, hulls, and whole capsules were recorded and used for both PSY
and h-index assessment.

2.3. Combine Harvester and Headers

A New Holland CX8060 (New Holland, PA, USA) combine harvester was used
throughout the test. The cleaning shoe was set as follows: threshing drum 600 r.p.m.,
concave clearance 10 mm, fan speed 700 r.p.m., upper sieve clearance 9 mm, and lower
sieve clearance 9 mm. The setting was kept constant throughout the trial for both treatments
(cereal header and sunflower header).

Approximately half of the field was harvested after equipping the combine harvester
with a 5.5 m wide New Holland cereal header. Then, the machinery was stopped and a 4 m
wide Fantini (Mantova, Italy) sunflower header was installed instead. Consequently, the
second half of the field was harvested.

A view of the combine harvester equipped with the two different headers is given
in Figure 2. The average working speed of the combine harvester was 2.3 km h−1, corre-
sponding to an effective field capacity (EFC) of 1.03 ha h−1, with a fuel consumption of
21.27 L h−1. This low value of EFC is related to the small dimensions of the experimental
field which negatively influenced the turning time of the machinery.

 

Figure 2. (a) New Holland CX8060 combine harvester with cereal header. (b) New Holland CX8060
combine harvester with sunflower header.

2.4. Seed Loss Evaluation

Seed loss was evaluated by applying the methodology proposed by Stefanoni et al. [25],
involving collecting the capsules and seeds lying on the ground after the passage of the
combine harvester. In detail, two different areas behind the machinery were selected as
shown in Figure 3a: (A) on the swath; (B) beside the swath but within the cutting bar
width. Five sample plots (Figure 3b) were randomly identified for both treatments (cereal
header vs. sunflower header). The sample plot surface was 8 m2 (4 × 2 m) of which 4 m2

corresponded to the A zone (considering 2 m of swath width) and 4 m2 corresponded to
the B zone.
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Figure 3. (a) Identification of the different zones behind the machinery, image from Stefanoni et al. [25].
(b) Sample plot to determine ISL and CSL.

Therefore, in the A zone, the seed loss was due to natural dehiscence (DSL), impact of
the header (ISL), and inefficiency of the cleaning shoe (CLS). Instead, in B, the seed loss
was due to only DSL and ISL. Thus, CLS was calculated as the difference between the total
seed loss found in A and B areas, while ISL was calculated as the difference between total
seed loss found in the B zone and DSL value.

Capsules lying on the ground in the different zones were collected and put into sealed
bags, then taken to the laboratory, manually processed to separate seeds from hulls, and
then weighed for the estimation of ISL and CSL.

2.5. Seed Quality Assessment

To evaluate the ratio between correctly processed seeds, unprocessed seeds (not
hulled), and damaged seeds, three randomly selected samples per treatment were taken
from the seed tank of the combine harvester. The fresh weight of the samples ranged
between 1.247 kg FM and 1.553 kg FM. Firstly, material other than grain was removed from
the samples. Subsequently, each sample was separated into the three abovementioned
categories. A representative subsample for each category was oven dried at 105 ◦C until
constant weight to estimate moisture content and calculate the results in dry weight. The
ratio between the weight of each category and the total weight of the sample indicates the
percentage of correctly processed seeds, unprocessed seeds, and damaged seeds.

2.6. Statistical Analysis

Data were tested for homoscedasticity and normality by applying Levene and Shapiro–
Wilk tests, respectively. Statistically significant differences between treatments were eval-
uated via unpaired t-test. The statistical analysis was carried out with Statistica Statsoft
(Tulsa, OK, USA) software version 7.0 [26].

3. Results and Discussions
3.1. Castor Bean Crop Features

Results of the pre-harvest test are reported in Table 1.
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Table 1. Morphologic traits of dwarf Kaiima hybrid C1012, potential seed yield, and natural dehis-
cence of seeds.

Parameter Measurement Unit Avg. St. Dev

Plant height cm 78.29 18.29
Truss height cm 38.81 10.37

Racemes per plant n 1.33 0.67
Plant density n m−2 4.11 0.30

Plant biomass * kg DM ha−1 3067.63 1959.39
Plant moisture % 80.71% 3.62%

Capsules biomass kg DM ha−1 1117.77 285.59
Capsules moisture % 7.45% 0.21%

Potential seed yield (PSY) kg DM ha−1 2003.01 511.77
Seed moisture % 4.15% 0.22%

DSL kg ha−1 13.86 7.83
DSL % 0.69% 0.39%

H-index 0.36 0.12
*: Plant biomass is the total fresh weight of the aerial biomass excluding capsules and seeds.

Data on agronomic features of the crop are consistent with previous studies conducted on
castor bean in the Mediterranean area. Zanetti et al. (2017) reported a range of PSY from 1.6 to
2.2 Mg DM ha−1 which is very similar to the recorded value of 2.03 Mg DM ha−1 [27]. Plant
height averaged at 80 cm as reported by Alexopoulou et al. (2015) in a similar study [10].
Interestingly, the plant aerial biomass was higher than reported by Latterini et al. (2022) in
a similar study conducted in Greece on castor bean cv. C1012, and this also affected the
harvest index, which was lower (0.36 vs. 0.49–0.51) [24].

Interestingly, the average number of racemes per plant was 1.33 (0.94 lower than
reported in the study cited above). A lower number of racemes per plant eases the cutting
and conveying of plants into the header of a combine harvester. In addition, lower aerial
biomass shall enter the cleaning systems which, in turn, can better discriminate seeds.

Seed moisture at harvesting was 4.15% w/w, considerably lower than the threshold of
7% proposed for proper storage of seeds [28]. By contrast, stems and leaves still averaged
at 80.71% w/w residual moisture. This high value could represent a problem during baling
or storing due to possible fermentation of the vegetable tissues. However, mechanical
harvesting can also benefit from lower residual moisture in castor aerial biomass. In fact,
the coefficient of friction between biomass and metal increases with moisture content in
solid biomass [29,30]. Furthermore, some moisture can be released during the cleaning and
be absorbed by seeds with possible negative effects during storage.

In the present preliminary study, it is noteworthy to highlight the negligible loss of
seeds from dehiscence, namely DSL. In a similar study, Latterini et al. (2022) reported DSL
ranging from 3.28 to 11.50% w/w [24].

3.2. Comparison between the Two Different Headers

ISL averaged at 282.02 ± 60.22 kg DM ha−1 (14% w/w of PSY) in the cereal header and
158.16 ± 18.8 kg DM ha−1 (8% w/w of PSY) in the sunflower header (Figure 4a). On the other
hand, CSL averaged at 162.41 kg DM ha−1 in the cereal header and 145.56 kg DM ha−1 in
the sunflower one, corresponding to 8% and 7% w/w of PSY, respectively, as shown in
Figure 4b. In the latter case, the difference is not statistically significant.
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Figure 4. (a) Comparison of ISL between the two headers. (b) Comparison of CSL between the two
headers. “**” indicates statistically significant differences at 0.01% according to t-test.

The sum of ISL and CSL led to a harvested seed yield of 1558.57 kg DM ha−1 and
1699.28 kg DM ha−1, respectively, for the cereal header and sunflower one.

The results confirmed the hypothesis that using a sunflower header to mechanically
harvest castor beans triggers lower seed loss. In fact, the sunflower header showed sig-
nificantly lower ISL than the cereal header, which means less mechanical stress to plants
when cut and conveyed to the crop elevator. During the cut, plants neatly enter the cutting
bar because of the presence of long divider points before the cutting bar. Afterwards,
two gathering chains hold the plants gently but firmly and transport them to the central
auger, maintaining a consistent flow. On the other hand, the cereal header needs the reel to
accompany the plants to the cutting bar of the header and the rotary movement of the reel
triggers the loss of capsules.

However, no differences were found regarding CSL, confirming that this variable is
mainly affected by the setting of the cleaning shoe, which in this trial was the same in both
treatments. Since the cleaning system of combine harvesters is also sensitive to the quantity
and quality (moisture and size of the particles) of the biomass entering it, from this result
it is possible to speculate that cereal and sunflower headers do not damage stems, leaves,
and capsules differently. Then, the critical passage that negatively affects ISL in castor bean
mechanical harvesting has to be sought in the cut and conveying stages which in sunflower
headers is performed more smoothly.

The comparison with previous literature suggests further food for thought. Firstly,
the values of CSL were higher than those found by Latterini et al. (2022), i.e., 7–8% vs.
0.4–4.3% [24]. This is probably related to the higher plant moisture and lower harvest index
shown in the present study. This aspect further highlights the importance of both genetic
and agronomic studies in castor bean cultivation. The selection of cultivars exhibiting high
harvest index is indeed fundamental to improving the mechanical harvesting in castor bean
crops. Simultaneously, a lower moisture content of the aerial biomass should be reached.

Focusing on ISL, values obtained with the cereal header are definitely lower than ISL
reported by Latterini et al. (2022) when applying the same equipment [24]. In fact, the
authors reported ISL ranging from 29% and 72% w/w of PSY in the case of cereal header use.
The lower values obtained in the present study could be related to the very low working
speed of the combine harvester (lower than 2 km h−1). However, the working speed of
the machinery was not reported in the cited study, therefore a straightforward conclusion
cannot be drawn yet.

Regarding the capability of the cleaning shoe to select and clean castor beans cor-
rectly, the results highlight that the two combine headers tested did not affect it differently
(Figure 5). In fact, only 20% w/w of the seeds were correctly removed for capsules with no
damage in either case with no statistically significant difference between the two headers.
Indeed, it is even lower than literature values [24]. Clearly, approximately 80% of the
harvested seeds require further processing before being suitable for either storing or direct
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oil extraction. Storing damaged seeds can trigger high loss in quality of castor oil [31,32]. This,
eventually, leads to high production costs that negatively affect the economic sustainability
of the whole supply chain [33]. Interestingly, the ratio of unprocessed seeds and damaged
seeds is affected by the header. The cereal header triggered a higher percentage of unpro-
cessed seeds (52.15% w/w vs. 19.00% w/w), while the sunflower header did the opposite
(57.63% w/w vs. 29.22% w/w). This could be related to the higher cutting height of the
sunflower header (data not shown). In fact, when cutting height is higher from the ground,
a lower quantity of fresh biomass (stems and leaves) is expected to enter the cleaning shoe
of a combine harvester. Fresh biomass indirectly acts like a buffer between seeds and the
iron parts of the cleaning system. Since the drum speed and beater and counter-beater
clearance were not adjusted after shifting from the cereal to sunflower header, it can be
speculated that capsules crashed more violently against the rods of the drum beater, causing
damage to kernels. However, this is a hypothesis proposed from a preliminary study which
should be confirmed in ad hoc trials.

 

Figure 5. Percentage share of correctly processed seeds, unprocessed seeds, and damaged seeds for
both treatments. “***” indicates statistically significant difference at p < 0.001 according to t-test. “n.s.”
indicates no significant difference between the treatments according to t-test.

The comparison between the two headers highlighted important aspects in the me-
chanical harvesting of castor beans that have been lacking in the literature for a long time.
In fact, the results obtained in the present study point out that two fundamental aspects
have to be addressed: seed loss (mainly due to the impact of the header on the racemes) and
inadequate capacity of the cleaning shoe of the combine harvester to produce clean intact
seeds. Concerning the first problem, the sunflower header has been proved to be a good
candidate for developing an ad hoc header for castor bean mechanical harvesting. Fine
adjustments can help to reduce ISL as much as possible to values recorded in other oil seed
crops [22,25,34]. On the other hand, improving the cleaning shoe of a combine harvester
requires much more effort. Firstly, specific studies should focus on the relationship between
fresh aerial biomass entering the combine harvester and seed quality (quality is the ratio
between processed seeds vs. unprocessed seeds vs. damaged seeds). Consequently, the
material of the parts composing the beater and counter-beater can be investigated with the
aim to make the system operate more gently on capsules and seeds.

4. Conclusions

Castor bean mechanical harvesting has to date been considered either impracticable
of exclusive of specific hybrids cultivated only in arid regions of the world to due to the
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high loss of seeds and remarkable damage to kernels that jeopardize seed storage and
oil extraction. In the present preliminary study, the possibility of using a conventional
combine harvester equipped with cereal header or sunflower header was investigated on
the dwarf Kaiima hybrid C1012 of castor beans. Hybrid C1012 exhibited short height and
high potential seed yield. The reduced height permitted the mechanical harvesting of its
seeds with both headers without clogging in the machinery. The cutting and conveying
systems constituting the sunflower header performed better on castor bean harvesting in
comparison with a common cereal header. The latter probably causes more mechanical
stress to plants which triggers the detachment of the capsules from the raceme. This is
demonstrated by the higher impact seed loss found in cereal header usage. On the contrary,
the use of a sunflower header demands further investigations concerning the reduction of
damage to kernels via: (a) fine tuning of the cleaning shoe and (b) the possibility to modify
both beater and threshing cylinder so that they separate seeds more gently from capsules.
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Abstract: Considering the increasing need to produce energy from renewable sources, the interest 

towards Medium Rotation Coppices (MRC) plantations has increased. One of the main issues that 

require tackling for the comprehensive sustainability of these plantations is related to the develop­

ment of sustainable harvesting systems. Indeed, as a consequence of the average tree diameters at a 

breast height (dbh) of about 15 cm, single­pass harvesting typical of short rotation coppice is not 

applicable. Therefore, these plantations are generally harvested with machinery specifically devel­

oped for forest operations, as for instance harvesters, feller­bunchers and forwarders. In the Medi­

terranean area, the availability of such machines is still limited to a few big forest enterprises. In­

deed, the majority of  forest contractors carry out  their activities  in  the  framework of small­scale 

forestry, without the financial possibility of purchasing expensive machineries. Thus, the present 

study had the objective to evaluate the performance of two small­scale harvesting systems in a 7­

year­old poplar plantation in Central Italy. The difference between the two systems was the differ­

ent machinery applied for wood extraction, i.e., a forestry­fitted farm tractor equipped with winch 

(WINCH) and a fork lift prototype, attached to a crawler tractor (CFL). Extraction via CFL system 

reached very high working performance with about 21.5 m3 SMH−1  (Scheduled Machine Hours, 

including delays), comparable to the productivities reported in the literature for forwarders work­

ing in similar plantations. Harvesting costs with CFL were 24.74 EUR m−3, of which 4.48 EUR m−3 

was for felling with chainsaw, 4.61 EUR m−3 for extraction with CFL prototype and 15.64 EUR m−3 

for wood chipping. WINCH showed unsatisfactory results instead, possessing a wood chip produc­

tion cost of 41.95 EUR m−3, which is practically equivalent to the market price of wood chips. 

Keywords: work productivity; harvesting costs; sustainable forest operations; whole tree harvesting 

 

1. Introduction 

Enhancing the supply of renewable energy is fundamental in order to meet the ex­

pected increase in global energy demand in the following years, as well as fighting climate 

change through the reduction in pollutants [1–4]. 

In this framework, lignocellulosic biomass has been considered as a promising re­

newable and sustainable source of energy, considering its neutral or even negative carbon 

budget [5–8]. 

Moreover, in the frame of the growing development of the bioeconomy sector, the 

demand for lignocellulosic biomass has been increasing for different industrial purposes: 

for instance, building materials, wood pulp, wood­based panels and other biomaterials 

[9–11]. 
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Fast growing woody plantations are of particular interest in this context, being able 

to supply the woody biomass that traditional agroforestry systems cannot provide [5,12]. 

Fast growing plantations consist of woody cultivation, characterised by a high planting 

density of fast­growing species, such as poplar (Populus spp.), willow (Salix spp.) and eu­

calyptus (Eucalyptus spp.) capable of sprouting from the stump after being cut and which 

can provide high biomass yield in short periods of time (usually less than 7 years).   

According to the harvesting cycle and plantation scheme, it is possible to distinguish 

between Short Rotation Coppice (SRC), where plants are harvested at 2–3­year intervals 

reaching an average diameter of 5–8 cm at cut levels with a planting density of 6000–7000 

plants ha−1; and Medium Rotation Coppice (MRC), with a harvesting cycle up to 5–7 years, 

a planting density of 1000–1500 plants ha−1 and trees with a diameter in the range of 15–

20 cm at harvesting [13]. 

In recent years, there has been a growing interest in MRC cropping system. This is 

due to the higher biomass yield achievable by extending the harvesting age, along with a 

better biofuel quality given by a reduced bark/fiber ratio [13,14].   

The  length of  the harvesting cycle  influences  the harvesting system,  the  level and 

type of mechanisation and its costs. In fact, harvesting is the part of the cropping cycle 

which shows the highest cost, and the amount of costs is largely affected by the level of 

mechanisation [9,15].

In SRC, it is possible to use a high productivity­modified forage harvester that per­

forms cutting and chipping in a single pass. In MRC, due to the larger size of stems, it is 

instead necessary  to use double passage biomass  collection. Generally,  these  forms of 

plantations are harvested with machineries usually applied in forest utilisation, such as 

feller­bunchers, skidders and forwarders [16]. 

In MRC harvesting, partially to fully mechanised levels of mechanisation, they can 

be adopted for tree cutting and extraction to the landing area, with varying work produc­

tivity and related costs. 

In semi­mechanised systems, felling is performed manually with a chainsaw while 

extraction is performed with forestry­fitted farm tractors, skidders or forwarders. In fully 

mechanised harvesting, in addition to dedicated logging machines, feller­bunchers (shear, 

disc saw or chainsaw head) are used [16]. 

To  reach  higher  working  performances,  fully  mechanised  systems  should  be 

adopted, even if these systems rely on expensive machinery [17]. However, in the Medi­

terranean area, the availability of such machines is still limited to a few large forest enter­

prises. Thus, the growing demand from woody processing industry and bioenergy plants 

for good quality lignocellulosic biomass makes it crucial to look for alternative solutions 

that may guarantee high levels of productivity by using simple and inexpensive machin­

ery, which is attractive to small­scale operators with limited capital availability [18]. 

Thus, the objective of the present short communication was to carry out a preliminary 

evaluation of the performance of two small­scale harvesting systems in a 7­year poplar 

plantation in Central Italy. In addition to estimating the cost of the full harvesting systems 

(felling + extraction + wood chipping), a particular focus was placed on extraction opera­

tion, comparing the performance of a forestry­fitted farm tractor equipped with a winch 

(WINCH) and a fork lift prototype attached to a crawler tractor (CFL). 

The research hypothesis behind the experimental design was as follows: in the com­

mon situation of poplar plantations in flat terrains with sufficient manoeuvre space, CFL 

performs similarly to machineries that are much more expensive, similarly to forwarders 

and grapple skidders. A  lower productivity  is  instead expected  for  forestry­fitted  farm 

tractors equipped with a winch. 

The novel aspect of the study consists of investigating the performance of a proto­

type, which has never been evaluated in the current literature. 
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2. Materials and Methods 

2.1. Study Area and Dendrometric Characteristic of the Plant 

The study area was located in Monterotondo Municipality (Latium, Italy), and it con­

sisted of an experimental poplar (clone AF­8) plant with an overall area of 0.42 ha (Coor­

dinates in WGS84UTM33T 303994 E; 4663859 N). Terrain has a plain morphology and no 

roughness.   

The plantation was 7 years old and the intervention carried out represented the first 

harvest; therefore, the plants showed a single­stem structure.

Planting density was 1666 N ha−1 (2 m on the row and 3 m between rows). Average 

diameter at breast height (dbh) was 13 cm, and the average height was 13.2 m, resulting 

in an average plant volume of 0.08 m3 according to the national allometric equations de­

veloped for poplar. Average wood density was derived by cutting 15 wood samples from 

different trees after felling, measuring their top diameter and base diameter with a caliper 

and length with a measure tape to determine volume, then weighing each sample with a 

precision scale. Derived fresh wood density was 0.869 Mg FM (fresh matter) m−3. A further 

15 wood samples were taken from the same trees for wood moisture assessment via oven 

drying at 105 °C until constant weight. Average wood moisture was 54.05%; therefore, the 

dry wood density resulted in 0.399 Mg DM (dry matter) m−3. Therefore, the average whole 

tree weight was 0.070 Mg FM and 0.032 Mg DM. The resulting biomass yield was 108.132 

m3 ha−1, corresponding to 93.975 Mg FM ha−1 and 43.178 Mg DM ha−1. 

2.2. Experimental Design and Machineries Involved 

The plantation consisted of 14 rows prior to starting the working time evaluations, 

and the two external rows were removed in order to avoid edge effects. The same applied 

to the first and the  last plant of the remaining 12 rows. Randomly, 6 rows were subse­

quently extracted with a forestry­fitted farm tractor equipped with winch (WINCH) and 

6 rows with the crawler fork lift prototype (CFL). The two experimental treatments dif­

fered  for extraction system, while  felling and chipping were carried out with  the same 

machineries. The felling operation was performed by a single operator using a Stihl 201TX 

chainsaw (Waiblingen, Germany). Single trees were directionally felled perpendicularly 

to the rows’ direction. WINCH extraction was carried out with a 60 kW Landini tractor 

(Fabbrico, Italy) equipped with a Schwarz Tajfun kN 45 forest winch (Frangarto, Italy). 

The tractor did not enter directly into the stand, but it stood at the limit of the plantation 

winching trees outside the field, thus limiting the possibility of triggering substantial dis­

turbance to soil and stumps. Considering that the dimension of the plantation winching 

distance ranged from 10 to 100 m, CFL extraction was performed with a Fiat 80C crawler 

tractor (Torino, Italy) equipped with the fork lift prototype. This consisted of a fork lift 

attached at the front loader of the tractor. The fork lift was equipped with a metal structure 

attached to a hydraulic piston in order to facilitate unloading harvested trees. 

Extraction via CFL was carried out by felling half a row with the trees perpendicular 

to the row’s direction. The crawler tractor then moved towards the trees, loading them or 

simply pushing them outside the field. The extraction distance was, therefore, 50 m (half 

of the length of a row). A vision of CFL is provided in Figure 1. 

Chipping operations were performed with a Farmi  forest chipper CH260  (Iisalmi, 

Finland) powered by a 104 kW Landini tractor (Fabbrico, Italy), discharging the material 

into a trailer attached to the mentioned above 60 kW Landini tractor (Fabbrico, Italy). 
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Figure 1. (a) Vision of CFL. (b) CFL while loading trees. (c) CFL while unloading trees. 

2.3. Work Productivity and Costs Evaluation 

The experimental field was subdivided into 12 blocks of 300 m2 each, corresponding 

to the various rows. Each block corresponded to about 45 trees. The dbh of all the plants 

in each block was measured and recorded, while a height­to­diameter equation was de­

veloped using 45 sample  trees  (felled and measured  in height with a measuring  tape). 

Each plant was subsequently  identified with paint mark. Half of  the blocks were  ran­

domly assigned to WINCH, while the others were assigned to CFL. The working cycles 

analysed for work productivity evaluation were as follows: 10 plants for felling, one block 

for extraction and the single tree for chipping. The time to carry out each working cycle 

was measured and recorded with a handheld chronometer with an accuracy of 1/100 min, 

separating work time from delay time [19]. Since delay time is typically erratic and there 

is a high possibility that a short­term study performed on small study areas can fail to 

represent  the actual  incidence of delay  time  in  the  long­term perspective, a 20% delay 

factor,  revealed by  long­term  studies, was  added  to  extraction  and  chipping working 

times [20], as suggested by several previous research studies on a similar topic [17,18,21]. 



Forests 2022, 13, 569  5 of 10 

This value for the delay factor was selected in order to represent the favorable work con­

ditions constituted by a rational plantation  in  flat  terrain, close  to all maintenance and 

repair facilities [18,21]. 

A 40% delay factor was adopted for motor­manual felling via chainsaw, considering 

the need of recuperation as a consequence of the heavy physiological workload [22]. 

Knowing working times and the volume of the trees in each working cycle, it was 

possible to derive the net work productivity measured in m3 PMH−1 (productive machine 

hour, calculated not accounting for delay) and gross productivity measured in m3 SMH−1 

(scheduled machine hour, calculated accounting for delay). The presence of statistically 

significant differences  between  the working productivity  in  extraction  operation with 

WINCH and CFL was investigated by using an unpaired sample t­test, after checking for 

normality  and  homoscedasticity  of  the  data,  respectively,  with  Shapiro–Wilk  and 

Levene’s tests. 

Machine costs were estimated by applying the Harmonized European Costing Model 

developed within EU COST Action FP0902 [23]. Costing assumptions were obtained from 

previously conducted interviews from local forest enterprises. Calculated scheduled ma­

chine hour (SMH) costs and component for cost calculations are provided in Table 1. 

Table 1. Components of cost calculations for the machines. SMH refers to scheduled machine hour, 

inclusive of delays. 

Cost Component  Unit  Chainsaw 
Tractor for Winch 

and Trailer 
Winch 

Crawler 

Tractor 

Fork Lift 

Prototype 

Tractor for 

Chipper 
Chipper 

Investment price  EUR  1000  59,071.00  6000.00  55,717.00  6000.00  122,020.00  20,000.00 

Salvage value  EUR  0.00  17,448.64  1131.78  16,457.92  1131.78  36,042.77  2954.81 

Service life  Years  4  10  10  10  10  10  12 

Annual use  SMH  500 1000  1000  150  150  1000  1000 

Operator wage 
EUR 

SMH−1 
16.00  16.00  16.00  16.00  0.00  16.00  0.00 

Interest  %  4  8  8  8  8  8  8 

Depreciation 
EUR 

year−1 
250.00  4162.24  486.82  3925.91  486.82  8597.72  1420.43 

Interest 
EUR 

year−1 
20.00  3060.79  285.27  2887.00  285.27  6322.51  918.19 

Insurance 
EUR 

year−1 
2.50  147.78  15.00  139.29  15.00  305.05  50.00 

Maintenance 
EUR 

year−1 
200.00  4730.00  480.00  51.00  270.00  9760.00  1330.00 

Fuel and lubricant 
EUR 

year−1 
1660.00  6200.00  0.00  1914.00  0.00  13,610.00  0.00 

Personnel
EUR 

year−1 
8000.00  16,000.00  16,000.00  2400.00  0.00  16,000.00  0.00 

Overhead and profit  %  20  20  20  20  20  20  20 

Overhead and profit 
EUR 

year−1 
2026.15  6863.73  3453.82  2268.23  215.02  10,923.78  745.99 

Total 
EUR 

year−1 
12,156.90  41,180.00  20,720.00  13,609.38  1290.11  65,542.10  4475.95 

Total 
EUR 

SMH−1 
24.31  41.18  20.72  90.73  8.60  65.54  4.48 

3. Results and Discussion 

The obtained values of working productivity for felling operations, including delays, 

are provided in Table 2. The results were only slightly lower than the findings of Spinelli 
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et al. 2011, i.e., 6.3 m3 SMH−1 [24], and Tavankar et al. 2020, i.e., 7.101 m3 SMH−1 [25], not­

withstanding the smaller dbh of the trees in the present study (average dbh 13 cm vs. 32–

38 cm). Tree size is generally positively related to work productivity, i.e., the higher the 

average tree volume, the higher the productivity [16,26,27], but the application of entire 

tree harvesting  system,  therefore  avoiding delimbing  and  bucking,  allowed obtaining 

comparable values of productivity [28]. 

Table 2. Productivity SMH (including delays) of felling operation. 

  AVG  ST.DEV 

m3 SMH−1  5.43  1.46 

Mg FM SMH−1  4.72  1.27 

Mg DM SMH−1  1.88  0.51 

The share of working times (without considering delays) for the two different inves­

tigated extraction systems is provided in Figure 2. As it is possible to notice, for CFL, there 

were only two working phases: travel loaded (including loading and unloading of trees), 

which accounted for more than 60% of total net time; and travel unloaded, which corre­

sponded to about 40%. Regarding WINCH, the share of working times is more complex, 

referring to four different phases, of which the one that accounted for the major percent­

age of working times was winching. 

 

Figure 2. Share of working time without considering delays for CFL (a) and WINCH (b). 

The results of working performance for the two investigated extraction systems are 

reported in Table 3. As it is possible to notice, CFL performed much better than WINCH. 

A forestry­fitted farm tractor equipped with a winch revealed, therefore, to not be a valid 

option for extracting timber from this kind of stand, characterised by low tree dimensions, 

showing unsatisfactory productivity. Winching is, however, a suitable solution for poplar 

plants but only dealing with plantations dedicated to high value timber, where the aver­

age tree dimension is substantially higher [25]. Furthermore, the application of machiner­

ies specifically dedicated to forest operations is recommended, replacing forestry­fitted 

farm tractors with skidders. A cable skidder in a poplar plantation for high­value timber 

production in Northern Italy achieved a productivity of 28.846 m3 h−1 [25], while grapple 

skidder productivity was 20.7 Mg FM SMH−1 in a plantation with an average dbh of 15 cm 

and mean height of 16.5 m [18]. 

On the other hand, CFL showed very interesting results, with performances that are 

in line with those of much more expensive extraction machineries, thus confirming the 

research hypothesis. Magagnotti et al. reported a productivity of 24 m3 h−1 SMH for a for­

warder working in very similar conditions to the ones of the present study, with the same 

planting density and average tree dimensions [21]. In another similar plantation, a second­

hand forwarder reached a productivity value ranging from 7.8 to 11.2 Mg FM SMH−1 [17], 

which is, therefore, even lower than what was revealed for CFL. However, in this last case, 
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the landing was located at a distance between 400 and 700 m from the harvesting site [17], 

obviously leading to increased working time in comparison to the situation in the present 

trial, where there was not a proper landing but the trees were unloaded just outside the 

plantation. 

Table 3. Work productivity SMH  (including delays)  for  the  two  investigated extraction systems. 

“***” indicates statistically significant differences at p > 0.001 between the mean values of the treat­

ments. 

  CFL  WINCH  Significance 

  Avg.  St.Dev  Avg.  St.Dev   

m3 SMH−1  21.524  3.839  2.836  0.728 ***

Mg FM SMH−1  18.706  3.337  2.465  0.633 ***

Mg DM SMH−1  8.595  1.533  1.132  0.291 ***

Work productivity for the chipping operation is shown in Table 4. The results were 

in line with those reported in the current literature for the wood chipper of limited dimen­

sion, such as the tested Farmi Forest CH260 [29]. 

Table 4. Work productivity SMH (including delays) for chipping operation. 

  Avg.  St.Dev 

m3 SMH −1  4.477  1.057 

Mg FM SMH−1  3.891  0.919 

Mg DM SMH−1  1.787  0.422 

The results of cost analysis for producing wood chips with the investigated harvest­

ing systems are provided in Figure 3. The substantial difference in extraction productivity 

between the two systems led to a much lower cost for CFL in comparison to WINCH. Cost 

for extraction with CFL was indeed 4.61 EUR m−3, while in WINCH, the cost was 21.83 

EUR m−3. 

The combined cost for felling and extraction in CFL was 9.10 EUR m−3 (10.46 EUR MG 

FM−1 and 22.77 EUR Mg DM−1), in line with 9.1–9.4 EUR m−3 reported for a system based 

on the harvester and forwarder [21] and slightly lower than the value of 8.0 EUR Mg FM−1 

revealed for a system based on the feller buncher and grapple skidder [18]. In CFL, har­

vesting the chipping operation had the highest cost; therefore, a possible improvement of 

the system could be the adoption of a larger wood chipper that is able to guarantee higher 

performance [30]. A shift to mechanised felling with the application of a feller­buncher 

could also be as well a suitable option to further reduce harvesting costs. 

The application of the WINCH harvesting system was, instead, not economically sus­

tainable as the cost of wood chips production was very close to the market value of wood 

chips in the zone, i.e., 50.00 EUR Mg FM−1 [31–33]. 
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Figure 3. Costs of the two investigated harvesting systems. 

In summary, CFL was revealed to be a very interesting solution in harvesting me­

dium rotation poplar plantations in the framework of small­scale forestry. The obtained 

productivity and costs are in line with those reported in the literature for other harvesting 

systems, based on much more expensive machineries such as forwarders. It is, however, 

worth highlighting some limitations of CFL system. Firstly, the crawler tractor equipped 

with the fork lift prototype allows only unidirectional movement. Thus, it is applicable in 

fields where there is enough space to accumulate trees in the headland that do not consti­

tute a real landing site, a situation of which is, however, common in poplar plantations. If 

the trees have to be accumulated on a dedicated site outside the plantation, CFL  is not 

applicable. Furthermore, a  lower wood chip quality  in comparison to the one obtained 

from material extracted via forwarding is expected. This is related to the fact that trees are 

extracted touching the terrain, with the possibility of ground particles remaining attached 

to the stems resulting in increased ash content during combustion. This aspect has to be, 

however, evaluated in further dedicated studies.   

4. Conclusions 

Medium rotation coppices represent an interesting source of renewable energy and 

good quality lignocellulosic biomass for other industrial purposes. However, this kind of 

plantation requires particular attention to be paid to harvesting operations. Indeed, as a 

consequence of  the dimension reached from the trees, single­pass harvesting typical of 

short rotation coppice is not a suitable option. Currently, these stands are harvested by 

relying on machineries  specifically developed  for  forest operations  such as harvesters, 

feller­bunchers and forwarders. In the context of Mediterranean forestry, particularly in 

Central and Southern Italy, the availability of such machines is still limited. Indeed, the 

major part of forest contractors operates in the framework of small­scale forestry and do 

not possess  financial ability of purchasing expensive machineries. Taking  this  into ac­

count, the present study aimed to evaluate the performance of two small­scale harvesting 

systems in a 7­year poplar plantation. The investigated harvesting systems were based on 

motor­manual felling with a chainsaw and chipping via a stationary chipper. The differ­

ence between the systems consisted of the different machineries used for extraction oper­

ations, which were a forestry­fitted farm tractor equipped with a winch (WINCH) and a 

fork lift prototype attached to a crawler tractor (CFL). 

The obtained results revealed the unsuitability of the WINCH system in the study 

context. On the other hand, CFL reached very satisfactory working performance, compa­

rable to those reported in the literature for harvesting systems based on much more ex­

pensive machines. Therefore, CFL  represents  a very  interesting harvesting  system  for 
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these plantations; in this case, there is no need to shift the trees to a landing site, but it is 

possible to accumulate the trees in the headland before chipping. 
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Abstract: Future European strategies to reduce dependence on foreign markets for energy supply 

and energy production will rely on the further exploitation of the primary sector. Lignocellulosic 

feedstock for bioenergy production is a valuable candidate, and dedicated crops such as giant reed 

(Arundo donax L.), miscanthus (Miscanthus × giganteus), reed canary grass (Phalaris arundinacea L.), 

and switchgrass (Panicum virgatum L.) have been proven to be suitable for extensive cultivation on 

marginal lands. The present review aimed at providing a comprehensive picture of the mechanical 

strategies available for harvesting giant reed, miscanthus, reed canary grass, and switchgrass that 

are suitable for the possible upscaling of their supply chain. Since harvesting is the most impactful 

phase of a  lignocellulosic supply chain  in dedicated crops,  the associated performance and costs 

were taken into account in order to provide concrete observations and suggestions for future imple­

mentation. The findings of the present review highlighted that the investigated species have a suf­

ficient technology readiness level concerning mechanical harvesting for the upscaling of their culti­

vation. All the species could indeed be harvested with existing machinery, mostly derived from the 

context of haymaking, without compromising the work productivity. 

Keywords: Arundo donax; Miscanthus × giganteus; Phalaris arundinacea; Panicum virgatum; machine 

performance; supply chain 

 

1. Introduction 

Climate action has become one of the priorities in Europe after the presentation of 

the new Green Deal policy programme in 2019. As a consequence of the new geopolitical 

challenges that the EU is facing nowadays, it is even more important for this continent to 

drive the energy transition and become independent from foreign markets as soon as pos­

sible. The overall energy consumption in the EU in 2020 amounted to 37,086 PJ, and 22.1% 

of this derived from renewable sources [1,2]. However, energy independence is the main 

goal of Europe, which currently imports 97 and 83.6% of  its petrol and natural gas, re­

spectively, for domestic consumption [2]. Nor is the European renewable energy sector 

completely independent from foreign markets, since, for instance, the majority of photo­

voltaic panels used in Europe are made in Asia, and uranium for nuclear energy is im­

ported from foreign countries [3]. 

Therefore, during the last few years, Europe has experienced rising concerns regard­

ing energy security, which have stimulated the adoption of future strategies aimed at re­

ducing dependency on foreign energy supplies [4]. The domestic production of primary 

sources for bioenergy production is fundamental. 

Agriculture could strongly contribute to European energy security by providing re­

newable energies from both dedicated energy crops and agricultural residues [5–11]. Ded­

icated energy crops can be subdivided into two main categories: oilseeds and lignocellu­

losic crops. Among the latter, perennial grasses have gained more and more interest over 
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annual crops as a potential sustainable source of bioenergy in Europe [12]. Their high bi­

omass yield is a favorable characteristic [13,14], but they have also been proven to grow 

and  thrive on marginal  lands,  thus partially avoiding  the competition with  food crops 

while being cultivated, for instance, on polluted soils [15]. Furthermore, perennial grasses 

require less intensive management and lower agronomic inputs in comparison to annual 

crops, with subsequently lower environmental impacts in terms of nitrogen leaching and 

GHG emissions [16]. Finally, scientific research has highlighted how perennial grass crop­

ping promotes greater biodiversity and related ecosystem services—for instance, major

pollinator abundance and the greater storage of organic carbon in the soil [17,18]. Further­

more, the possibility of intercropping with other food or non­food crops may help to in­

crease farmers’ revenue, farm biodiversity, and the sustainability of agricultural systems. 

On  the other hand,  the sustainable  implementation of bioenergy production  from 

perennial grasses still faces some major issues, mostly related to the high production costs, 

which are largely due to biomass harvesting and logistics [19]. 

Lignocellulosic  feedstocks generally exhibit a  low bulk density and high moisture 

content, two features that contribute to increasing both the supply chain’s costs and po­

tential losses during storage [20–22]. The harvesting strategy adopted may play a funda­

mental role in trying to address these issues. 

The goal of the present review was to delineate the state of the art of the mechanical

strategies currently adopted  for harvesting  the  following perennial grasses: giant  reed 

(Arundo donax L.), miscanthus (Miscanthus × giganteus), reed canary grass (Phalaris arundi­

nacea L.), and switchgrass (Panicum virgatum L.). In this way, we wanted to test the follow­

ing hypothesis: the technology readiness level concerning the mechanical harvesting of 

these four species is sufficient to allow the upscaling of their cultivation. 

The authors aimed at selecting the perennial grass species most suitable for cultiva­

tion in Europe and which also allow for mechanical harvesting, in order to provide a clear 

picture of the possible upscaling of these crops. 

2. Materials and Methods 

A systematic  literature review was carried out within  the Google Scholar, Scopus, 

and Web of Science databases. No time restriction was applied, but only manuscripts in 

the English  language were  considered. The  research keywords were  the  scientific and 

common names of the various species, linked via the Boolean operators “AND” or “OR” 

with other keywords such as “harvesting”, “harvest”, “swathing”, “chopping”, “shred-

ding”, “self­propelled forage harvester”, “baler”, “baling”, “mower”, “mowing”. 

After this operation, articles were refined by reading the title, abstract, and (when 

needed) the main text, in order to select only manuscripts dealing with the mechanical 

harvesting of the target crops, reporting the working performance and/or the costs of the 

investigated harvesting system. In this way, 35 papers were selected, and the percentage 

of papers for each investigated species is reported in Figure 1. 
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Figure 1. Percentage of papers per species dealing with mechanical harvesting identified after sys­

tematic literature search. 

3. Results 

3.1. Giant Reed 

3.1.1. General Features of the Crop 

Giant reed  is a herbaceous perennial crop belonging to the Poaceae family that can 

tolerate diverse ecological and edaphic conditions, is resistant to many pests and diseases, 

and can provide relatively high yields of biomass with lower agronomic inputs [23]. These 

features have made giant reed attractive for bioenergy production in many regions of the 

world. Giant reed  is considered a sterile plant; the propagation  is performed via either 

hydroponic or in vitro techniques [24]. On the other hand, giant reed can act as an invasive 

species in flooded areas. Currently, this crop is grown for grassland management; phy­

toremediation; and, mostly, bioenergy production [24–26]. 

Arundo donax presents several advantages in comparison to other energy crops, for 

instance,  its high plasticity  in  relation  to environmental,  soil, and growing  conditions; 

high biomass yield; and ability to be grown as a low­input crop [27,28]. Furthermore, it 

has been demonstrated that giant reed can also achieve a substantial biomass yield under 

high­salinity conditions [29]. It is moreover suitable for cultivation on marginal or sub­

marginal lands, such as polluted areas and poor soils [30]. The biomass yield of this spe­

cies is in the range of 30–40 Mg DM ha−1 per year [29]. Regarding its bioenergy features, 

the higher heating value of giant reed ranges between 18 and 20 MJ kg−1 [31,32]. The ash 

percentage is in the range of 5.0–8.0% [28]. 

3.1.2. Mechanical Harvesting 

The first issue to be taken into account when selecting a harvesting system for giant 

reed is the final destination of the biomass. Indeed, giant reed can be used for both ther­

mochemical processes and second­generation biofuels. In this last case, the biomass can 

be  processed with a  high moisture content, while for  combustion  a  drying  period  is

needed [33]. 

Therefore, Arundo donax harvesting can be performed with a single­ or double­pas­

sage operation  [34]. Regarding single­passage harvesting  for second­generation biofuel 

production, harvesting takes place during summer, considering that anaerobic digestion 

is fostered by a high moisture content and the presence of leaves [35]. 
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The most common system for the single­passage harvesting of giant reed consists of 

a self­propelled forage harvester (SPFH), a machine commonly applied  in silage maize 

harvesting.  In  this  system,  biomass  is  flanked  by  a  tractor–trailer  unit  receiving  the 

chopped material, which is then shipped to a collection point [36]. 

The work productivity of SPFH for giant reed reached a field capacity of 1.34 ha h−1 

with an operative speed of 3.90 km h−1, thus resulting in harvesting costs of EUR 17.9 Mg 
−1 DM [33]. The same system can, however, be strongly limited in the case of lodged crops, 

with harvesting costs more than doubled [34]. Furthermore, it is important to underline 

how the intrinsic developing pattern of giant reed causes the messy development of the 

cultivation, with a layout not as ordered as maize crop, leading to operational difficulties 

in applying such harvesting systems in older giant reed fields. To reduce such problems, 

a row­independent attachment is strongly recommended. 

Biomass harvesting for thermochemical conversion takes place during winter, when 

plants are in quiescence and have a low moisture content. The possible alternatives for 

giant reed biomass harvesting in winter period consist of mowing and shredding or shred­

ding and baling [34]. A typical haymaking harvesting system consisting of mowing and 

baling  is not applicable  to giant  reed, considering  the dimensions and hardness of  the 

stems. Mowing and shredding can be applied with a conventional mower powered by a 

tractor, followed by a shredding and collecting phase using a self­propelled forage har­

vester, which discharges the biomass onto a tractor–trailer. In a field trial with this har­

vesting system, the field capacity of mowing was 0.86 ha h−1, and that of shredding was 

1.01 ha h−1. The consequent harvesting costs were EUR 378.94 ha−1 and EUR 26.40 Mg−1 

DM [33]. A similar harvesting system was also tested in Spain, applying a SPFH equipped 

with a Kemper header to mow the crop; the header was modified, allowing it to leave the 

cut and windrowed plants on the ground prior to baling (one and a half months later). 

This system showed a field capacity of about 1 ha h−1 for mowing, crushing, and wind­

rowing and about 0.3 ha h−1  for baling,  leading to overall harvesting costs of EUR 34.4 

Mg−1 DM [33]. 

Regarding shredding and baling systems, the literature reports a working speed of 

about 4–5 km h−1 for a shredder powered by a tractor, with a varying field capacity de­

pending on the working width of the machinery, i.e., 0.69 ha h−1 [34] to 1.77 ha h−1 [37]. 

The effective field capacity of baling shredded biomass of giant reed varied as well be­

tween 0.44 ha h−1 [34] and 0.95 ha h−1 [37]. 

Harvesting costs for this system were reported as about EUR 200 ha−1, corresponding 

to EUR 10.4 Mg−1 DM in an experimental trial carried out in Italy [38]. Interestingly, in the 

same working conditions, the possibility of single­pass harvesting through shredding and 

baling was tested. This required a tractor with frontal power take off (PTO), to which the 

shredder was attached, and the baler was instead  linked to the conventional rear PTO. 

However, the results for the working productivity and costs were poorer than those of the 

two­passage system  [38].  It  is  interesting  to note  that  the shredding and baling system 

showed the  lowest harvesting costs among  the possible alternatives; however,  it  is  im­

portant to note that to power a shredder that is able to efficiently work on giant reed, a 

tractor of at least 200 kW is needed [39]. 

In summary, technologies for the efficient harvesting of giant reed are already avail­

able on the market and do not need modifications, apart from row­independent equip­

ment; only a tractor with sufficient power to manage the hardness and dimensions of giant 

reed stems  is required. Considering that the machinery applicable to this species  is de­

rived from silage production, it is possible to recommend the cultivation of giant reed on 

farms that produce silage maize and already have in their fleet tractors with a power equal 

to or higher than 200 kW. 
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3.2. Miscanthus 

3.2.1. General Features of the Crop 

Miscanthus  (Miscanthus  ×  giganteus)  is  a  sterile,  rhizomatous  perennial  C4  grass 

[40,41]. It shows a very high potential biomass yield of up to 44 Mg ha−1 yr−1 [28]. In Euro­

pean climate conditions, it shows cold resistance and the ability to grow with low­input 

management, especially  in  terms of  fertilizers and herbicides  [42]. Miscanthus biomass 

can be used for a wide range of purposes—for instance, combustion, or the production of 

bioethanol or bio­based products such as paper, materials for the building sector, or basic 

chemicals [43]. The miscanthus yields reported in the literature also show great variability 

as a consequence of the plethora of different environmental conditions in which this spe­

cies has been tested. In an irrigation regime in Southern Europe, the yield could achieve 

values of up to 30 Mg DM ha−1, while in Central European conditions, the yield was in the 

range between 10 and 25 Mg DM ha−1 [40]. The heating value of miscanthus biomass is 

generally around 17 MJ kg−1 [40]. The ash content reported in the literature is lower than 

for other herbaceous energy crops, being in the range between 1.6 and 4.0%, with an ash 

fusion temperature of 1020 °C [40]. 

3.2.2. Mechanical Harvesting 

Biomass harvesting is a crucial phase in miscanthus supply chains [19]. As for giant 

reed, different harvesting strategies are also applicable for miscanthus. Each of these strat­

egies is based on existing machinery, such as self­propelled forage harvesters (SPFHs) and 

other silage­making and haymaking machinery. However,  it  is worth highlighting that 

these machines usually operate with a lower working productivity than when used for 

forage, as a consequence of the higher density and hardness of miscanthus biomass [44]. 

The harvesting strategies for miscanthus can be based on single­passage or double­

passage harvesting. In single­phase harvesting, biomass is picked up, chopped, or mowed 

and directly loaded onto a trailer or a baler (Figure 2). The most common single­phase 

harvesting system  for miscanthus consists of  the application of a self­propelled  forage 

harvester. In miscanthus crops that have already experienced a harvesting operation, the 

original rows are not distinguishable anymore, so a row­independent mowing attachment 

is required [45]. 

Multi­phase systems consist of mowing and conditioning followed by raking/swath­

ing, picking up, and baling. The typical two­step system requires a mower–conditioner 

that cuts the crop, rakes it to create a swath on the ground, and bales [46]. A conditioning 

operation is recommended in order to facilitate the baling operation [47]. 

The various harvesting systems  for  this  species derive  from haymaking or silage­

making machinery, but some modifications are needed to optimize the work performance 

[48]. Focusing on mowers, several studies highlighted that a higher angle of the blades 

allows one to improve the working productivity and reduce energy requirements [49,50]. 

The mowing–conditioning productivity for miscanthus biomass was reported to be 1.8 ha 

h−1, while baling with a large square baler showed a productivity of 1.4 ha h−1 [46]. Har­

vesting costs with this system have been reported to be about EUR 94.00 ha−1 [51]. 

Focusing on harvesting losses, the two­step harvesting system showed losses more 

than double those of single­passage harvesting, increasing from about 5% to about 12% 

[52]. 

Miscanthus can therefore be harvested with conventional machinery, but some mod­

ifications are recommended  to optimize  the working performance. Single­passage har­

vesting via an SPFH is particularly efficient when a row­independent mowing attachment 

is applied. Therefore, as is the case for giant reed, miscanthus cultivation could be suitable 

for farms cultivating silage maize. Double­passage harvesting is applicable based on hay­

making machinery, and the productivity can be  improved after  the modification of the 

mower’s blades. It is, however, expected that the higher hardness of miscanthus stems in 

comparison to typical haymaking species could increase the rate of deterioration of the 
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machinery elements, thus increasing the maintenance costs. The cultivation of miscanthus 

is therefore recommended for haymaking farms only in such cases when it is possible to 

establish a short energy chain using miscanthus biomass to produce energy for the farm 

itself. A short transport distance between the fields and the main buildings of the farm is 

required; in this case, the optimization of the costs for energy could overcome the higher 

expenses needed for machinery maintenance costs. 

 

Figure 2. Miscanthus harvesting in a single pass using a self­propelled forage harvester. 

3.3. Reed Canary Grass 

3.3.1. General Features of the Crop 

Reed canary grass belongs to the Gramineae family. It is a native perennial grass of 

the temperate regions of Europe, Asia, and North America. In Europe, it is particularly 

common  in Nordic  countries. Wet areas  such as  lake  shores are  typical  environments 

where this grass can be found. 

Reed  canary grass  (Phalaris arundinacea)  is used as a  forage crop mainly  in North 

America, even if nowadays the main function of interest for this species is energy produc­

tion [28]. 

It is particularly suitable for cultivation in poorly drained soils, as it is able to tolerate 

flooding; however, it also shows good drought resistance [28]. In suitable conditions, the 

biomass yield ranges between 7.5 and 9 Mg DM ha−1 [53]. Heating values for reed canary 

grass biomass have been reported in the range between 16.6 and 19.3 MJ kg−1 [54]. 

3.3.2. Mechanical Harvesting 

In contrast to the reports for giant reed and miscanthus, the harvesting operations for 

reed canary grass  in the current  literature are described only with reference to double­

passage harvesting carried out with haymaking machinery, consisting of mowing and 

then baling [55,56]. 

The harvesting costs for this harvesting system have been reported as about EUR 559 

ha−1 [55], based on a working productivity in the range between 8 and 21 Mg h−1 [57]. It is 

important to highlight that harvesting reed canary grass with this system can cause har­

vesting losses of up to 25% DM [54]. 

Considering  the  above,  the  cultivation of  reed  canary grass  could be  suitable  for 

farms in Northern Europe that usually carry out haymaking activities. 
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3.4. Switchgrass

3.4.1. General Features of the Crop 

Like reed canary grass, switchgrass also belongs to the Graminae family. Its natural 

range is in North America, from a latitude of 55° North to Central Mexico. In the central 

USA, it has been largely cultivated as fodder grass [28]. Switchgrass shows adaptability 

to a wide range of soils and a marked drought tolerance [58]. The highest yields can be 

reached with one or two harvests per year, with values ranging from 16 to 22 Mg DM ha−1 

[59]. The heating value  for  the biomass of  this species has been reported as 17 MJ kg−1

[60,61]. The percentage of ash after combustion has been reported to range between 4.5 

and 10.5%, with an ash melting point of about 1016 °C [60,61]. 

3.4.2. Mechanical Harvesting 

Similarly to other herbaceous energy crops, switchgrass can be harvested with com­

mercially available haying equipment, such as mowers, rakes, and balers. Bales can be 

either  round  or  square­shaped. Due  to  the  high  quantity  of  fresh  biomass  produced 

(higher than 10 Mg ha−1), self­propelled swathers with rotary headers should be preferred, 

due to their ability to handle a high volume of material. The cutting height is set at 10–15 

cm to facilitate air movement in order to decrease the moisture content below 20% before 

baling. Material losses during outside storage are lower in round bales than in rectangular 

bales, although the latter shape is easier to handle and transport in cases where there are

no width restrictions [62]. 

The large­scale production of switchgrass was also investigated by [63] in 2009, in­

troducing the possibility of using a loafer instead of a common baler to reduce the cost of 

production.  Loafing  is  performed  through  a  piece  of machinery  named  a  loafer  (or 

stacker), which picks up the switchgrass from the windrow (max moisture content at 15% 

w/w) and packs the biomass into large packages (2.4 m wide, up to 6 m long, and 3.6 m 

high) that weigh as much as 4 Mg, approximately. Although loafs have a lower density 

compared to bales, the transportation costs are lower than those recorded for loose mate­

rial. In the abovementioned study, the  loafing strategy was compared with baling, and 

the harvesting costs changed significantly according to the yield. Three yield values were 

considered: 10, 20, and 30 Mg ha–1. The respective costs per Mg of biomass for loafing were 

estimated to be EUR 14.86, 12.07, and 9.29, whilst for baling, the costs were EUR 22.29, 

16.72, and 14.86. The authors of [64] reported EUR 82.20 dry Mg−1 for mowing, raking, and 

baling with large square bales, whilst the authors of [65] reported about EUR 11.15 and 

12.07 FM Mg−1 for round and square bales, respectively. Additionally, the authors of [38] 

reported a production cost of EUR 9.9–12.1 Mg−1 dry biomass, though they used a proto­

type for shredding switchgrass before baling. 

Depending on the harvest strategy adopted (high­density versus loose chopped ma­

terial), a partial drying process might be necessary during field operations in order to re­

duce spontaneous fermentation. The use of both mower–conditioner and tedder harvest 

treatments promoted rapid switchgrass drying from 67% to 18% moisture content (wet 

basis) within 48 h after cutting [66]. According to [67], during baling, the loss in DM can 

range from 1 to 5% depending on the moisture content: the lower the humidity, the higher 

the loss. 

Concerning machinery performance, the mower–conditioner can operate at speeds 

of up to 16.4 km h−1 and process 57 Mg DM h−1. However, in extremely lodged switchgrass, 

the speed must be reduced to prevent clogging. On the other hand, a high volume of ma­

terial does not affect the performance of a rotary rake. Once dried, the round baler can 

bale switchgrass at speeds as high as 14.0 km h−1, corresponding to a material capacity of 

48 Mg DM h−1 [66]. 

The authors of [38] proposed the combination of a shredder and a baler connected to 

the same tractor as a promising strategy for collecting switchgrass in small farms in a sin­

gle pass. The shredder used was a prototype biotriturator RM 280 BIO, which combined 
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cutting, shredding, and crop windrowing. The strategy proposed provided interesting re­

sults in terms of cost and performance; however, in larger farms (>200 ha), the reduced 

EFC (0.61 ha h−1) dictated by the baler does not allow one to level­off the extra cost for 

labor  in  a  dual­stage  harvesting  strategy.  Therefore,  the  two­pass  strategy  must  be 

adopted. 

Alternatively to baling, switchgrass can be transported to the plant as loose chopped 

biomass. In this case, a self­loading forage­chopping wagon can be used, which picks up 

windrows prepared by a mower and windrow merger or rake. The effective field capacity

ranges between 0.93 and 1.03 ha h−1, whilst the material capacity ranges between 3.58 and 

11.86  Mg  h−1,  depending  on  the  distance  from  the  processing  site  [68].  Harvesting 

switchgrass as a loose material with a forage wagon costs EUR 4.10 FM Mg−1 [65]. 

Regardless  of  the  system  adopted, harvesting  is  the most  impactful phase of  the 

switchgrass supply chain. Establishment accounts for almost a third of the total cost. In 

fact, a comprehensive study on  lignocellulosic feedstock production performed  in 2020 

[19] reported the following cost breakdown, expressed as the percentage of switchgrass 

delivery: establishment 32.46, harvest 41.36, storage 4.77, processing 2.24, and transporta­

tion 19.17. 

In summary, switchgrass cultivation can be efficiently carried out with haymaking 

machinery. Considering the high amount of biomass, it is recommended to use self­pro­

pelled swathers. This kind of machine is not so common, being typically present only in 

the fleets of large haymaking farms. This type of farm could therefore be particularly suit­

able for switchgrass cultivation. Smaller farms could, however, cultivate switchgrass and 

carry out harvesting with conventional haymaking technology by mowing, raking, and 

baling. 

3.5. Summary Table 

In the current literature, a comprehensive review work focused on the topic of the 

mechanical harvesting of perennial grasses is still missing. This represents an important 

research gap, considering that harvesting is probably one of the most expensive phases of 

the cropping cycle [9,10,69,70]. 

Taking the above into account, we focused our literature review on four perennial 

grasses: giant reed, miscanthus, reed canary grass, and switchgrass. These are the species 

that have shown the highest potential in terms of yield and the possibility of successful 

growth on marginal lands [71]. 

The main findings of the present review work are presented in Table 1. As is notice­

able,  the harvesting  costs per hectare were  rather  similar  for miscanthus,  reed  canary 

grass, and switchgrass, while  the costs per surface unit  for giant reed harvesting were 

much higher. However, the costs per biomass unit were very similar among the various 

crops, considering that giant reed compensates for its high surface unit costs with a very 

high yield. 

The main contribution of this review work was to highlight how the harvesting op­

erations for all the investigated crops are already well­developed. All the crops can indeed 

be harvested with widely available machinery taken from forage­ or silage­making sys­

tems. Some modifications  could be helpful  to  improve  the productivity, but  such ma­

chines could essentially be applied as­is for all the investigated crops without excessively 

compromising the working performance or increasing the harvesting costs. This is a great 

advantage of lignocellulosic crops in comparison to several oilseeds, such as castor bean 

(Ricinus communis L.), for which the full development of mechanical harvesting is still a 

challenging topic [5]. The possibility of applying existing and widely used machines for 

harvesting operations represents another advantage of lignocellulosic perennial grasses, 

i.e., its easy integration into intercropping systems [72], with positive effects on biodiver­

sity and the resilience of agro­ecosystems [73,74]. 
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Table 1. Harvesting strategies and associated costs per species. 

Species Harvesting Strategy 
Machinery 

Performance 

Harvesting 

Cost 
Ref.  Notes 

Giant 

Reed

Self­propelled forage har­

vester + tractor–trailer 

unit 

1.34 ha h−1 

EUR 537 ha−1 

and EUR 

17.9 Mg−1 

DM 

[33] 
Row­independent attachment recommended 

after the first harvesting 

Mowing and shredding 

or shredding and baling 
0.46 ha h−1 

EUR 378.94 

ha−1 and 

EUR 26.40 

Mg−1 DM 

[33] 

A tractor with at least 200 kW is needed to 

power a shredder able to efficiently work on gi­

ant reed biomass

SPFH equipped with 

kemper header + baling 
0.23 ha h−1 

EUR 1032 

ha−1 and 

EUR 34.4 

Mg−1 DM 

[33] 

To allow for biomass drying, the header has to 

be modified so that it can leave the cut and 

windrowed plants on the ground prior to bal­

ing 

Miscan­

thus 

Self­propelled forage har­

vesters (single pass) 
1.05 ha h−1  ­  [46,51] 

Row­independent attachment recommended 

after the first harvesting 

Haymaking machinery 

(multi­phase) 
0.79 ha h−1 

EUR 94.00 

ha−1 
[46,51] 

A higher angle of the blades of the mower is 

recommended. Farmers have to take into con­

sideration possible higher maintenance costs 

when applying common mowers and balers on 

miscanthus biomass as a consequence of the 

higher hardness of the stems in comparison to 

typical haymaking grasses 

Red ca­

nary 

grass 

Haymaking machinery 

(multi­phase) 
0.57 ha h−1  EUR 90 ha−1  [55] 

High harvesting losses (about 25%) have been 

experienced 

Switchgr

ass 

Haymaking machinery 

(multi­phase) for round 

bales, square bales, or loaf 

production 

 

EUR 89.1 

ha−1 round 

bales, 

EUR 84.3 

ha−1 square 

bales, 

EUR 49.1 

ha−1 loafs 

[63] 

[64] 

[63] 

Considering the high biomass yield, large ma­

chinery such as self­propelled rotary mowers 

are recommended. Loafs should be preferred in 

the case of a greater transport distance to the 

biomass plant in order to lower the transport 

costs. 

Single pass with biotritu­

rator RM 280 BIO + baler 
0.61 ha h−1 

EUR 137.7 

ha−1 
[38] 

To feed a shredder suitable for switchgrass, the 

tractor should have a power of at least 150 kW 

Multi­phase + self­loading 

forage­chopping wagon 
1.0 ha h−1 

EUR 49.1 

ha−1 
[68]  Indicated for very short transport distance 

4. Conclusions 

Producing renewable energy from agriculture is fundamental to tackle the issue of 

energy independence for European countries. In this framework, the cultivation of peren­

nial grasses has shown potential, mostly thanks to the presence of species  that are fast­

growing and can achieve high biomass yields. However,  the mechanical harvesting of 

perennial grasses is still an issue to be comprehensively investigated in the scientific liter­

ature. Therefore, we conducted a review of the mechanical harvesting of four perennial 

grass species that are particularly suitable for cultivation in Europe. These species were 

giant reed, miscanthus, reed canary grass, and switchgrass. The investigated lignocellulo­

sic perennial grasses are ready for cultivation upscaling from the point of view of the tech­

nological  readiness  level  of mechanical  harvesting. All  the  investigated  species  could 
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indeed be harvested with conventional machinery mostly deriving from forage­making 

technologies, without an excessive decrease in working productivity or increase in har­

vesting costs. Concerning the future research directions,  it  is recommended on the one 

hand to focus attention on increasing the possibility of growing such species in marginal 

land conditions, working on agronomic solutions to allow the crop to also reach a sustain­

able biomass yield in difficult edaphic situations. On the other hand, research in the frame­

work of agriculture engineering should now be focused on the following parts of the sup­

ply chain: the optimization of transport and storage operations.
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