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Article 
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Usage on Flax and Hemp Oilseeds under Linear 
Pressing Process 
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Meseret Abraham Afework, Michael Onwuka and Akshay Raj 

Department of Mechanical Engineering, Faculty of Engineering, Czech University of Life Sciences Prague, 
16500 Prague, Czech Republic 
* Correspondence: kabutey@tf.czu.cz; Tel.: +420 224383180 

Abstract: Bulk flax and hemp oilseeds were evaluated under oven and vacuum heating temperatures 
concerning the percentage oil yield and energy demand under linear compression approach. The heating 
temperatures ranged from 40 oC to 90 oC at a constant drying time of 60 min. The oven pretreatment increased 
the oil yield of bulk flax oilseeds by 1.02% compared to the vacuum method. This increment resulted in a higher 
energy requirement of 23.06 J. The oil yield of bulk hemp oilseeds increased by 0.49% resulting in a higher 
energy usage of 65.03 J. It was found that bulk hemp oilseeds produced a higher percentage oil yield of 23.86 ± 
0.11% with a higher energy demand of 1641.66 ± 35.66 J than bulk flax oilseeds producing an oil yield of 17.52 
± 0.29% and energy need of 1014.84 ± 52.26 J under both drying conditions. The established regression models 
for predicting the percentage oil yield and energy demand of the examined oilseeds dependent on heating 
temperature under both drying conditions were significant based on the P-value of the lack of fit which was 
greater than 0.05 indicating the reliability of the established regression models. 

Keywords: heating methods; selected bulk oilseeds; extraction method; oil yield; regression models 
 

1. Introduction 

Oilseed crops are one of the most abundant sources of vegetable oils which are produced and 
processed in large quantities and utilized in many applications including food, feed, oleochemicals 
and biodiesel production. They contribute a significant role in human health due to their nutritional 
components [1,2]. The most cultivated oilseed crops are soybean, rapeseed, sunflower, peanut, cotton 
and oil palm [3]. Recently, flaxseed (Linum usitatissimum L.) and hemp seed (Cannabis sativa L.) are 
becoming increasingly popular around the world because of their growing demand and economic 
benefits [4–6]. Flaxseed is rich in various functional components such as oil, protein, polysaccharides 
and lignans. It is an important oilseed crop grown mainly in Canada, Argentina, USA, China and 
India [4,7]. Flaxseed accounts for about 35–45% oil located in the kernel composed of cotyledon and 
endosperm [4]. Hemp seed oil is also nutritious and rich in essential fatty acids, linoleic acid, linolenic 
acid, omega-6 and omega-3 polyunsaturated fatty acids [6]. Hemp seeds contain about 30–50% oil 
with some variation between varieties depending on the climatic conditions and regions of 
cultivation [6,8,9]. Currently, hemp crops are not only utilized in the textile processing industry but 
also applied in the production of new materials, food processing, medical and health products [10]. 
Hemp seeds oil have medicinal value, such as anti-oxidation, regulation of blood lipids, improvement 
of the digestive system, blood pressure reduction, ageing delay and brain nourishment [11,12]. The 
global market for industrial hemp will grow from USD 4.6 billion in 2019 to 9.4 billion USD in 2025 
with an annual growth rate of 12.8% [13]. Most hemp is currently grown for its oil and biomass [8]. 
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Mechanical pressing is commonly used for oil extraction from oilseeds. Its efficiency has 
improved over the years because of technological advancements in screw-press design. However, its 
percentage oil yield is still significantly lower compared to hexane/solvent extraction which 
adversely affects the economic feasibility of the extraction process [1]. Industrial processing of plant 
oils employs high-temperature (hot pressing) and cold pressing methods. A lower oil extraction rate 
is observed under cold pressing compared to hot pressing [6,14]. It has been reported that 
pretreatment/drying of oilseeds using various methods has a significant influence on the output of 
oil and the quality attributes [4,15–17]. The drying process involves the principle of simultaneous 
heat and mass transfer and is quite an energy-intensive method [18]. The effect of different drying 
methods including oven or hot air, vacuum, microwave and freeze on the extraction rate, oxidation 
degree, fatty acid composition, content of minor components such as total phenols, total sterols, 
vitamin E, chlorophyll and carotenoid of various agricultural products have been studied [4,6,19]. 
Oven/convective drying is the most used technique for agricultural products due to its feasibility and 
simplicity in operation, equipment design, and environmental requirements [17,19–21]. Vacuum and 
microwave are novel drying technologies which are gaining wider application in food processing 
[19,22]. The freeze-drying method can preserve food’s colour, flavour and nutritional content [17]. 
New drying technologies including hybrid drying systems are being developed to help reduce post-
harvest losses, delay deterioration, lengthen shelf life and ensure rapidity, affordability, simplicity 
and minimize energy consumption [17,23]. 

To obtain high oil yield and quality, mechanical extraction methods and new extraction 
techniques such as ultrasound-assisted extraction, microwave-assisted extraction, enzyme-assisted 
extraction, liquefied gases and supercritical extraction coupled with pretreatment methods have been 
employed in industrial-scale oil production [13]. The production of oil from oilseeds can also be 
visualized under the linear compression process involving a testing machine and a vessel diameter 
with a plunger [24,25]. The linear process provides an alternative approach for improving the 
mechanical extraction due to its relatively low oil yield which requires further processing of the 
oilseed cakes with a solvent to recover the residual oil content. Information on the linear process has 
not been adequately reported on bulk flax and hemp oilseeds under different heating methods. 
Therefore, the objective of the study was to examine different heating temperatures using the oven 
and vacuum drying methods for flax and hemp oilseeds by determining the percentage oil yield and 
energy demand under the linear compression process. The mechanical properties (maximum force, 
maximum deformation and hardness) of bulk flax and hemp seeds were also determined. 

2. Materials and Methods 

2.1. Samples 

Samples of flax and hemp oilseeds of 5 kg each were used. Prior to the experimentation, the samples 
were kept under laboratory conditions of a temperature of 20 ± 1.54 °C and humidity of 45 ± 2%. 

2.2. Determination of Samples Moisture Content 

The moisture content of the sample was determined using the conventional oven method of 105 
oC and a drying time of 17 hours [26]. The electronic balance (KERN & SOHN 440–35, Balingen, 
Germany) with an accuracy of 0.01 g was used for the samples’ initial and final measurements. The 
moisture content of the samples was calculated according to [27] as follows: 𝑀஼ = 𝑀ௌ஻ − 𝑀ௌ஺𝑀ௌ஻  (1) 

where 𝑀஼ is the moisture content in wet basis (%), 𝑀ௌ஻ is the mass of the sample before drying and 𝑀ௌ஺ is the mass of the sample after oven drying. 
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2.3. Samples Under oven 𝑶𝑽 and Vacuum 𝑽𝑪 Pretreatments 

The laboratory temperature of 20 °C served as the control of the samples. The samples were 
pretreated using DS_Memmert Universal oven UF 110 (MEMMERT GmbH + Co. KG, Germany) 
(Figure 1A) and vacuum dryer with a vacuum pump connection (Goldbrunn 1450, Zielona Gora, 
Poland) (Figure 1B). The heating temperatures for both drying methods ranged from 40 °C to 90 °C 
with 10 °C intervals at a constant drying time of 60 min. The oven voltage ranges from 115 to 230V, 
50/60 Hz and the electrical load of 1800 to 2800 W. The setting temperature ranges from +20 to 300 °C. 
The drying temperature and time were set using the control cockpit. The drying process time does 
not start until the set temperature is reached. The air circulation during the drying process was 
controlled by setting the fan and restrictor flap at 30%. On the other hand, the vacuum dryer was 
operated by first switching ON the vacuum pump at a 60 mbar. Afterwards, the vacuum dryer was 
also switched ON and the preset temperature (SV) was set. After the measured temperature (PV) had 
reached the preset temperature, the sample was loaded inside the dryer chamber. The vacuum drying 
process started at a pressure of 2.0·100 mbar. The heating time was controlled by a stopwatch. The 
vacuum dryer’s rated power is 1450 W. The temperature range is 50~250 °C with a heating rate of 
6~8 °C per min. 

2.4. Compression Tests  

Samples were measured at 80 mm pressing height using the pressing vessel of diameter 60 mm 
with a plunger. The initial mass of flax samples was measured to be 171.07 g and hemp was 127.3 g. 
The samples’ volume was calculated to be 22.62·10−4 m3. The universal compression testing machine 
(ZDM 50, Czech Republic) of a maximum load of 500 kN together with the pressing vessel with a 
plunger was used for the oil extraction process (Figure 1A,B). The compression rate was set at 5 
mm/min. The force-deformation curves data were used to calculate the energy demand. The tests 
were repeated twice, and data were presented as mean ± standard deviation. 

 

Figure 1. Oil extraction procedure of (A1) bulk flax seeds (A2) oven pretreatment (A3) compression test 
and (A4) flax seeds oil recovered from the entire experiments, (B1) bulk hemp seeds (B2) vacuum 
pretreatment (B3) compression test and (B4) hemp seeds oil recovered from the entire experiments. 
Heating pretreatment temperature of 70 °C represents the other input temperatures shown in Table 1. 

2.5. Percentage Oil Yield 

The oil yield was calculated as the ratio of the mass of oil to the mass of the sample multiplied 
by 100 using equation (2) [28,29] as follows: 
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𝑂௒஽ = ൤൬𝑀ை𝑀ௌ ൰ ∙ 100൨ (2) 

where 𝑂௒஽ is the oil yield (%), 𝑀ை is the mass of oil (g) calculated as the difference between the 
initial mass of the sample 𝑀ௌ (g) and mass of press cake (g). For each compression test, the press 
cake remains in the pressing vessel after the oil is recovered. 

2.6. Energy Demand 

The energy demand 𝐸ேீ was calculated based on the trapezoidal rule using equation (3) [30–
33] as follows: 𝐸ேீ  = ∑ ቂቀி೙శభାி೙ଶ ቁ ∙ ሺ𝑋௡ାଵ − 𝑋௡ሻቃ௡ୀ௜ିଵ௡ୀ଴   (3) 

where 𝐸ேீ is the energy demand (N·m = Joules, J), 𝐹௡ାଵ + 𝐹௡ and 𝑋௡ାଵ − 𝑋௡ are the force (N) the 
deformation (mm = 10−3 m), n is the number of data points and i is the number of sections in which 
the axis deformation was divided. 

2.8. Statistical Analysis 

Following the standard hypothesis test procedure, the null 𝐻଴ and alternative 𝐻஺ hypotheses 
of the study were specified as follows; 𝐻଴: there is no lack of fit in the regression model and 𝐻஺: there 
is a lack of fit in the regression model. If the P-value is smaller than the significance level alpha (α = 
0.05), the null hypothesis is rejected in favour of the alternative. However, if the P-value is larger than 
the significance level alpha (α = 0.05), the null hypothesis is not rejected (that is the null hypothesis is 
accepted while the alternative is rejected, or the alternative hypothesis is not supported). The 
experimental data were analyzed by employing the general linear regression technique at a 0.05 
significance level using STATISTICA 13 [34]. Graphical descriptions were also done using the same 
software. 

3. Results and Discussion 

3.1. Percentage Oil Yield and Energy Demand of Bulk Flax and Hemp Oilseeds 

The calculated amounts of percentage oil yield and energy demand of bulk flax and hemp oilseeds 
under oven 𝑂௏  and vacuum 𝑉஼  pretreatment conditions with heating temperatures are given in 
Tables 1 and 2. The heating temperature of 20 °C served as the control whereas the heating temperatures 
between 40 °C and 90 °C were examined. Under 𝑂௏ condition for bulk flax oilseeds, the percentage oil 
yield increased from 13.76 ± 0.15 to 20.84 ± 0.31% compared to the 𝑉஼ where the percentage oil yield 
increased from 12.91 ± 0.37 to 19.44 ± 0.50%. The energy demand increased from 963.42 ± 30.41 J to 
1105.20 ± 142.44 J under 𝑂௏ and from 881.69 ± 91.86 J to 1100.24 ± 2.54 J under 𝑉஼. The percentage oil 
yield linearly increased under both drying conditions, but the energy demand showed both increasing 
and decreasing trends with the increase in heating temperature. The 𝑂௏ increased the oil yield of bulk 
flax oilseeds by 1.02% compared to 𝑉஼ method. This increment resulted in a higher energy demand of 
23.06 J. For bulk hemp oilseeds under both drying conditions, the percentage oil yield increased from 
21.16 ± 0.00 to 25.75 ± 0.07% in comparison with the 𝑉஼ where the percentage oil yield increased from 
21.06 ± 0.58 to 25.05± 0.36%. On the other hand, the energy demand increased from 1518.83 ± 2.35 J to 
1778.96 ± 92.77 J under 𝑂௏ and from 1386.52 ± 35.33 J to 1722.23± 121.69 J under 𝑉஼. The 𝑂௏ increased 
the oil yield of bulk hemp oilseeds by 0.49% compared to 𝑉஼ method. This increment resulted in a 
higher energy demand of 65.03 J. It was observed that bulk hemp oilseeds produced a higher percentage 
of oil yield with higher energy demand than bulk flax oilseeds under both drying conditions. The 
results in Tables 1 and 2 are illustrated in Figures 2 and 3. 
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Table 1. Calculated 𝑂௒஽ and 𝐸ேீ for flax oilseeds under 𝑂௏ and 𝑉஼  conditions. 

* Control at laboratory temperature; ±: Standard deviation; 𝑇௉ோ: Heating temperature; 𝑂௒஽: Oil yield; 𝐸ேீ: Energy 
demand. 

Table 2. Calculated 𝑂௒஽ and 𝐸ேீ for hemp oilseeds under 𝑂௏ and 𝑉஼  conditions. 𝑇௉ோ 
(°C) 

Oven pretreatment, 𝑂௏ Vacuum pretreatment, 𝑉஼ 𝑂௒஽ (%) 𝐸ேீ (J) 𝑂௒஽ (%) 𝐸ேீ (J) 
20* 20.23 ± 0.64 1410.05 ± 77.49 20.23 ± 0.64 1410.05 ± 77.49 
40 21.16 ± 0.00 1518.83 ± 2.35 21.06 ± 0.58 1386.52 ± 35.33 
50 22.49 ± 0.27 1592.46 ± 20.63 22.15 ± 0.64 1503.26 ± 49.30 
60 23.82 ± 0.16 1578.53 ± 69.28 23.31± 0.34 1521.48 ± 116.92 
70 24.57 ± 0.26 1686.06 ± 26.21 23.76± 0.08 1671.99 ± 162.40 
80 25.35 ± 0.18 1778.96 ± 92.77 24.85 ± 0.42 1654.28 ± 48.39 
90 25.75 ± 0.07 1695.12 ± 72.43 25.05± 0.36 1722.23± 121.69 

* Control at laboratory temperature; ±: Standard deviation; 𝑇௉ோ: Temperature; 𝑂௒஽: Oil yield; 𝐸ேீ: Energy demand. 
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Figure 2. Multiple bar plot of oil yield against the heating temperature of bulk flax (FX) and hemp 
(HP) oilseeds under oven (𝑂௏) and vacuum (𝑉஼) pretreatment conditions. 

𝑇௉ோ 
(°C) 

Oven pretreatment, 𝑂௏ Vacuum pretreatment, 𝑉஼ 𝑂௒஽ (%) 𝐸ேீ (J) 𝑂௒஽ (%) 𝐸ேீ (J) 
20* 10.43 ± 0.32 847 ±9.47 10.43 ± 0.32 847 ±9.47 
40 13.76 ± 0.15 963.42 ± 30.41 12.91 ± 0.37 881.69 ± 91.86 
50 15.95 ± 0.29 1072.19 ± 82.92 14.96 ± 0.38 916.27 ± 38.29 
60 16.97 ± 0.95 1037.54 ± 15.23 15.64 ± 0.67 1035.31 ± 54.48 
70 18.48 ± 0.53 943.16 ± 10.63 16.84 ± 1.10 1009.81 ± 98.11 
80 19.11 ± 0.27 967.55 ± 20.25 19.19 ± 0.68 1100.24 ± 2.54 
90 20.84 ± 0.31 1105.20 ± 142.44 19.44 ± 0.50 1007.36 ± 73.23 
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Figure 3. Multiple bar plot of energy against the heating temperature of bulk flax (FX) and hemp (HP) 
oilseeds under oven (𝑂௏) and vacuum (𝑉஼) pretreatment conditions. 

3.2. Force-Deformation Curves under 𝑂௏ and 𝑉஼ Pretreatment Conditions 

The force-deformation curves of bulk flax and hemp oilseeds under 𝑂௏  and 𝑉஼  heating 
temperatures between 40 and 90 °C are illustrated in Figures 4 and 5. The area under the curve is the 
energy demand which was calculated according to equation (4). For all the tests conducted, the 
compressive force ranged from 174.97 ± 2.08 to 452.99 ± 3.97 kN with the corresponding deformation 
values from 37.70 ± 0.04 to 55.87 ± 0.40 mm. For bulk flax oilseeds under 𝑂௏, the maximum force of 
206.33 ± 1.78 kN was observed at the heating temperature of 80 °C whereas 211.60 ± 40.35 kN was 
noticed at 90 °C under 𝑉஼. Contrary, bulk hemp oilseeds under both 𝑂௏ and 𝑉஼, the compressive force 
increased linearly with the increase in heating temperatures. The maximum force of 452.99 ± 3.97 kN 
was observed under 𝑂௏ whereas 443.54 ± 9.29 kN was produced under 𝑉஼. This observation indicates 
that higher force is required for compressing the oil from bulk hemp oilseeds than flax bulk oilseeds 
either at heating temperature increment or laboratory temperature. The higher force also corresponded 
to a greater hardness of the hemp seeds with an amount of 8.08 ± 0.23 kN/mm at 90 °C compared to 6.22 
± 0.16 kN/mm at the laboratory temperature of 20 °C. The hardness values for flax and hemp seeds are 
displayed in Figure 6. The hardness was calculated from the ratio of the force to the deformation [25,33]. 
The force and the hardness values for bulk flax and hemp seeds were significant (P < 0.05) but that of 
deformation was insignificant (P > 0.05) under 𝑂௏ and 𝑉஼ heating temperatures. 
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Figure 5. Comparison of force-deformation curves of bulk flax seeds, FX and hemp seeds, HP for 
control and vacuum, 𝑉஼  heating temperatures (the area under the curve is the energy demand). 
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Figure 6. Bag plot of hardness of bulk flax and hemp seeds under control, 𝑂௏  and 𝑉஼  heating 
temperatures. 

3.3. Evaluation of Statistical Analysis Outcome of Calculated Parameters Under 𝑂௏ and 𝑉஼ 

The statistical outcome of the calculated parameters or dependent variables (percentage oil yield and 
energy demand) for both bulk flax and hemp oilseeds under oven 𝑂௏  and vacuum 𝑂௏  heating 
temperatures are presented in Tables 3 and 4. The results show that the effect of heating temperature 
(predictor variable) on the dependent variables was significant (P-value < 0.05). A positive linear 
relationship was found between the predictor variable and the dependent variables under both 
pretreatment conditions. The dependent parameters for bulk flax oilseeds under oven and vacuum 
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pretreatment conditions produced correlation coefficient values between 0.549 and 0.987 whereas the 
same parameters for bulk hemp oilseeds indicated correlation coefficient values between 0.813 and 0.981. 

Table 3. Analysis of variance outcome for bulk flax calculated parameter 𝑂௒஽ (%) under 𝑂௏. 

 𝑂௒஽: Oil yield (%) under 𝑂௏: Oven pretreatment 
Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 146.4650 146.4650 450.8847 0.0000* 

Residual Error 12 3.8981 0.3248   
Lacko of Fit 5 2.3441 0.4688 2.1118 0.1786** 
Pure Error 7 1.553992 0.221999   

Total 13 150.3631    
 𝑂௒஽: Oil yield (%) under 𝑉஼: Vacuum pretreatment 

Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 124.8500 124.8500 309.0554 0.0000* 
Residual Error 12 4.8477 0.4040   

Lack of Fit 5 2.0877 0.4175 1.0590 0.4549** 
Pure Error 7 2.7599 0.3943   

Total 13 129.6977    
 𝐸ேீ: Energy (J) under 𝑂௏: Oven pretreatment 

Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 36510 36510 5.1732 0.0421* 
Residual Error 12 84691 7058   

Lack of Fit 5 55756.14 11151.23 2.6977 0.1141** 
Pure Error 7 28935.28 4133.611   

Total 13 121202    
 𝐸ேீ: Energy (J) under 𝑉஼: Vacuum pretreatment 

Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 74021 74021 16.4604 0.0016* 
Residual Error 12 53963 4497   

Lack of Fit 5 26007.08 5201.415 1.302422 0.3614** 
Pure Error 7 27955.54 3993.649   

Total 13 127983    𝑇௉ோ: Heating temperature, df: degrees of freedom; * P-Value < 0.05 denotes significant; ** P-Value > 0.05 denotes 
non-significant. 

Table 4. Analysis of variance outcome for bulk hemp calculated parameter 𝑂௒஽ (%) under 𝑂௏. 

 𝑂௒஽: Oil yield (%) under 𝑂௏: Oven pretreatment 
Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 52.0477 52.0477 310.6972  0.0000* 

Residual Error 12 2.0102 0.1675   
Lacko of Fit 5 1.3929 0.2786 3.1591 0.0829** 
Pure Error 7 0.6173 0.0882   

Total 13 54.0580    
 𝑂௒஽: Oil yield (%) under 𝑉஼: Vacuum pretreatment 

Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 39.8145 39.8145 183.610 0.0000* 
Residual Error 12 2.6021 0.2168   

Lack of Fit 5 1.0108 0.2022 0.8893 0.5353** 
Pure Error 7 1.5913 0.2273   

Total 13 42.4166    
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 𝐸ேீ: Energy (J) under 𝑂௏: Oven pretreatment 
Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 159563 159563 39.4589 0.0000* 

Residual Error 12 48525 4044   
Lack of Fit 5 22751.01 4550.203 1.2358 0.3847** 
Pure Error 7 25774.19 3682.027   

Total 13 208088    
 𝐸ேீ: Energy (J) under 𝑉஼: Vacuum pretreatment 

Source df Sum of squares Mean Squares F-Value P-Value 𝑇௉ோ (°C) 1 182523 182523 23.3756 0.0004* 
Residual Error 12 93699 7808   

Lack of Fit 5 26821.56 5364.313 0.561481 0.7281** 
Pure Error 7 66877.10 9553.872   

Total 13 276221    𝑇௉ோ: Heating temperature, df: degrees of freedom; * P-Value < 0.05 denotes significant; ** P-Value > 0.05 denotes 
non-significant. 

3.4. Determined Regression Models for 𝑂௒஽ and 𝐸ேீ Under 𝑂௏ and 𝑉஼ 

Based on the results presented in Tables 1 and 2 above, for bulk flax oilseeds (FX), the regression 
models for determining the calculated parameters are provided in equations (4) to (7) and for bulk 
hemp (HP) oilseeds in equations (8) to (11) (Table 5). Each equation represents the conditions of the 
hypotheses specified in section 2.7. Since the P-value of the lack of fit is greater than 0.05, the null 
hypothesis cannot be rejected, or the alternative hypothesis is not supported indicating that there is 
no lack of fit in the regression models established. The regression models thus correspond to the 
scatterplots depicted in Figure 7 explains that the increase in heating temperature linearly increased 
the percentage oil yield and energy demand of bulk flax and hemp oilseeds under oven and vacuum 
pretreatment conditions. 

Table 5. Determined regression models for bulk flax (FX) and hemp (HP) oilseeds under 𝑂௏ and 𝑉஼ . 

Regression models Eq.  𝑂௒஽_𝑂௏_𝐹𝑋 = 0.145 + 8.016 ∙ 𝑇௉ோ  (4) 𝑂௒஽_𝑉஼_𝐹𝑋 = 7.792 + 0.134 ∙ 𝑇௉ோ  (5) 𝐸ேீ_𝑂௏_𝐹𝑋 = 856.828 + 2.289 ∙ 𝑇௉ோ  (6) 𝐸ேீ_𝑉஼_𝐹𝑋 = 780.243 + 3.259 ∙ 𝑇௉ோ  (7) 𝑂௒஽_𝑂௏_𝐻𝑃 = 18.278 + 0.086 ∙ 𝑇௉ோ  (8) 𝑂௒஽_𝑉஼_𝐻𝑃 = 23.539 + 0.096 ∙ 𝑇௉ோ  (9) 𝐸ேீ_𝑂௏_𝐻𝑃 = 1328.358 + 4.784 ∙ 𝑇௉ோ  (10) 𝐸ேீ_𝑉஼_𝐻𝑃 = 1253.133 + 5.117 ∙ 𝑇௉ோ  (11) 𝑂௒஽: Oil yield; 𝐸ேீ: Energy demand, 𝑂௏: Oven drying, 𝑉஼ : Vacuum drying, 𝑇௉ோ: Heating temperature. 
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OYD_FX_OV  (%) = 8.0161 + 0.1449*TPR; R2 = 0.9741

OYD_FX_VC (%) = 7.7924 + 0.1338*TPR; R2 = 0.9626

 OYD_FX_OV (%)  OYD_FX_VC (%)

10 20 30 40 50 60 70 80 90 100

Heating temperatures, TPR (oC)

8

10

12

14

16

18

20

22

O
il 

yi
el

d,
 O

YD
 (%

)

(a)

 

ENG_FX_OV  (J) = 856.8277 + 2.2885*TPR; R2 = 0.3012

ENG_FX_VC  (J) = 780.243 + 3.2585*TPR; R2 = 0.5784

 ENG_OV (J)  ENG_VC (J)

10 20 30 40 50 60 70 80 90 100

Heating temperatures, TPR (oC)

800

900

1000

1100

1200

En
er

gy
, E

N
G
 (J

)

 (b)

 
OYD_HP_OV  (%) = 18.2783 + 0.0864*TPR (oC) ; R2 = 0.9628

OYD_HP_VC (%) = 18.4908 + 0.0756*TPR (oC); R2 = 0.9387
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Figure 7. Scatterplots of (a) oil yield (b) energy for flax (c) oil yield (d) energy for hemp oilseeds. 

3.5. Paired t-Test of the Calculated Parameters under 𝑂௏ and 𝑉஼ 

The calculated parameters (percentage oil yield, energy demand, compressive force, 
deformation, and hardness) under 𝑂௏ and 𝑉஼ were subjected to paired t-test analysis to establish 
the statistically significant differences between the means at α = 0.05. For flax seeds oil yield under 𝑂௏ and 𝑉஼, the two-tail P-value of 0.01 was less than 0.05, hence the null hypothesis was rejected in 
favour of the alternative implying that the means of oil yield under 𝑂௏ is not equal to that of the 
means under 𝑉஼. A similar observation was found for the oil yield of bulk hemp oilseeds. On the 
other hand, the alternative hypothesis was not supported in the case of the energy demand for both 
bulk flax and hemp oilseeds because the P-value of 0.61 was greater than the significant level of 0.05. 
The force, deformation and hardness results also show that there is evidence to conclude that their 
means under 𝑂௏ and 𝑉஼ were not significantly different from each other based on the P-value being 
greater than 0.05 which was supported by the null hypothesis that the means of those parameters 
under 𝑂௏ and 𝑉஼ were equal. 

3.6. Effect of Moisture Content and Other Input Factors during Oil Extraction Processes 

The moisture content of flaxseed and hemp seed was found to be 6.18 ± 1.79 and 7.12 ± 0.91% 
w.b. The moisture content of oilseeds plays an important role in the oil extraction process [4]. Lower 
moisture content of seed increases friction whereas higher moisture content acts as a lubricant during 
the pressing operation [24,35–37]. Choking of the seeds or seedcake occurs with a lower seed moisture 
content. On the contrary, higher moisture content increases plasticity, thereby reducing the level of 
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compression and contributing to poor oil recovery [24,37–39]. The quality of the oil is also affected 
by moisture content. A lower moisture content increases chlorophyll and phospholipids content in 
the oil. Conversely, sulphur, calcium and magnesium contents in the oil increase at a higher moisture 
content [24,39–41]. The heating temperature, pressing speed, vessel diameter, nozzle diameter, screw 
shaft diameter, compressive force/pressure, sample pressing height, particle size and input energy 
are other input factors that affect the oil yield under linear or non-linear compression processes 
[24,42–51]. Higher screw speed results in higher speed of material throughput leading to higher 
residual oil content in the press cake since less time is available for the oil to drain from the solids 
[24,47,51]. At a higher speed the viscosity thus remains lower resulting in less pressure build-up and 
more oil content in the press cake [47,49–51]. Higher pressure will lead to higher temperature 
generation and higher oil recovery efficiency [49,50]. Lower energy input means lower oil recovery 
efficiency, higher oil residue in press cake and higher speed material throughput [51]. Theoretically, 
oil yield would be increased with the increase in heating temperature and pressure. However, under 
a certain level, the increase in heating temperature and pressure will probably decrease the 
percentage of oil yield [28,45,52,53]. The authors further explained that the decrease in oil yield at 
higher heating temperatures could be due to the change in moisture content and structural changes 
of the oilseed material during the heating process. In addition, the increase in heating temperature to 
a certain level will reduce the moisture content of the seeds thus resulting in a reduction in water 
content. This reduction of moisture content will not be able to help in breaking/cracking the seed cell 
which thus results in lower percentage oil yield. On the other hand, a smaller pressing vessel 
diameter in the case of the linear compression process, and a smaller nozzle size and screw shaft 
diameter in the case of mechanical screw press would provide higher pressure towards the seeds for 
higher oil yield compared to bigger sizes or diameters which allow larger space for the seeds to be 
filled, hence less pressure is provided towards the seeds resulting into lower oil yield [28]. 

4. Conclusions 

Heating temperatures ranging from 40 °C to 90 °C were investigated for bulk flax and hemp 
oilseeds under oven and vacuum drying methods. Compressive force, deformation, hardness, 
percentage oil yield and energy demand were calculated from the compression tests at a pressing 
rate of 5 mm/min using the pressing vessel of diameter 60 mm with a plunger by applying a 
maximum compressive force of 500 kN to the initial samples pressing height of 80 mm representing 
a sample volume of 22.62·10−4 m3. The force-deformation curves were described where the energy 
demand was calculated from the area under the curve. The compression data obtained for bulk flax 
oilseed pretreatments with varying heating temperatures showed that the means of compressive 
force under oven and vacuum drying methods ranged from 194.37 to 192.36 kN. The deformation 
values ranged from 39.47 to 39.48 mm. The hardness values ranged from 4.93 to 4.87 kN/mm. The oil 
yield ranged from 16.51 to 15.63% and the energy demand ranged from 990.87 to 971.09 J. The data 
for bulk hemp oilseeds also showed that the means of compressive force under both drying methods 
ranged from 402.78 to 392.57 kN. The deformation values ranged from 54.08 to 54.75 mm. The 
hardness values ranged from 7.45 to 7.17 kN/mm. The oil yield ranged from 23.34 to 22.92% and the 
energy demand ranged from 1608.57 to 1552.83 J. Based on the hypothesis testing using the t-test for 
paired two samples for means, only the means of oil yield of the flax and hemp oilseeds significantly 
differed (P < 0.05) from each other under the pretreatment methods whereas their means of 
compressive force, deformation and energy were not statistically different from other. It was evident 
that a higher percentage of oil yield from bulk flax and hemp oilseeds was produced in the oven than 
vacuum drying methods. However, their corresponding energy demands were not significantly 
different (P > 0.05) under both drying methods. A study on the relaxation force and time curves 
should be performed to determine the residual oil in the seedcake after the compression process. 
Several oilseeds should be examined under various pretreatment methods and to assess their oil 
quality indicators, fatty acid compositions, sensory and UV-spectral properties. The energy 
consumption of the drying methods for the pretreatment of the oilseeds before oil processing should 
also be determined. 
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