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This article analyzes the effects of different rates of nitrogen (0, 30, 60, 90, and 120 kg N ha–1) and 
sulfur (0, 15, 30 kg S ha–1) fertilizers on energy balance in oilseed radish biomass production. Energy 
inputs (EI) were determined at 6.8–7.1 GJ ha–1. Nitrogen application increased EI by 34% (30 kg ha–1) 
and 135% (120 kg ha–1). The energy output of seeds and total biomass peaked after the application of 
60 kg N ha–1 + 15 kg S ha–1 and 30 kg N ha–1 + 15 kg S ha–1, respectively. The energy gain from seeds 
and total biomass peaked in response to 30 kg N ha–1 + 15 kg S ha–1. The energy efficiency ratio (EER) of 
seeds peaked in response to 15 kg S ha–1 (without N fertilization). The EER of total biomass was highest 
in the absence of N and S fertilization. Nitrogen decreased the EER of seeds and total biomass by 47% 
and 56%, respectively. The N-induced decrease in the EER was reduced by 4–8% (seeds) and 4–10% 
(total biomass) when S was applied.

Keywords  Raphanus sativus L., Fertilization, Biomass yield, Energy inputs, Energy output, Energy gain and 
energy efficiency ratio

Crude oil is one of the leading energy sources worldwide with a 31% share of global primary energy 
consumption1. Between 2011 and 2021, oil consumption increased at an annual rate of 0.7%2. According to 
Shafiee and Topal3, global oil reserves will be depleted more rapidly than other sources of non-renewable fossil 
fuels (coal and gas). This problem can be addressed through sustainable fossil fuel mining, improved energy 
efficiency in transport, and the development of alternative fuels4–6. In addition to petroleum and diesel oil, 
alternative fuels are and will be the main sources of energy in the transport sector7,8. The share of oil in global 
transport is expected to decrease from the present value of 94% to around 82–85% by 2040/20502,9 or even to 
around 40% in a sustainable development scenario10. Flexible-fuel vehicles that can run on more than one type 
of fuel have been proposed as a solution to the anticipated fossil fuel crisis. At present, ethanol and biodiesel 
are the most popular alternative fuels for flexible-fuel vehicles7. Global bioethanol and biodiesel production 
reached 127 and 38 billion L, respectively, in 2023. According to the International Energy Agency11, the global 
demand for biofuels will increase from the present value of 165 billion L to 260 billion L in 2028 (by 58%). The 
world’s leading bioethanol producers are the USA (61 billion L), Brazil (31 billion L), and China (11 billion L). 
In turn, biodiesel is supplied mainly by the European Union (EU) (13 billion L), USA (7 billion L), and Brazil 
(6 billion L)12. The efforts to increase biofuel production were initiated mainly by the EU countries and the 
USA to mitigate the adverse effects of climate change13. In addition, Europe’s decoupling from Russian fossil 
fuels further prompted the EU countries to develop alternative energy sources, including biofuels14. The EU has 
met its target of increasing the share of renewable energy in transport to 10% by 202015, and in 2018, its energy 
policy for 2020–2030 was revised to guarantee food security and biodiversity in the face of adverse changes in 
land use16. The aim of the new energy policy is to decrease the share of biofuels derived from food crops (cereals, 
sugar crops, oilseed crops) and promote the use of non-food crops in energy production. Palm oil has been 
classified as a biofuel feedstock that significantly increases the risk of indirect land-use change (ILUC), and palm 
oil-based biofuels will be gradually phased out in the EU by 203013. According to the European Commission, 
palm oil-based biofuels must be phased out to prevent deforestation and ILUC. Soybean oil has been also 
labeled as a high ILUC-risk, and some EU countries are planning to phase out soybean oil as biofuel feedstock13. 
The EU Regulation on deforestation-free products (EUDR)17 was introduced in 2023 as part of the European 
Green Deal. The aim of the EUDR is to ensure that consumption and agricultural expansion in the EU do not 
contribute to global deforestation and forest degradation. According to the EUDR, operators and traders who 
place agricultural commodities on the EU market must be able to prove that these products did not originate 
from recently deforested land and have not contributed to forest degradation. The list of agricultural products 
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associated with the ILUC risk includes soybeans [Glycine max (L.) Merr.], palm oil, rubber, cocoa, and coffee17. 
At present, palm oil and soybean oil have a combined 14% share of biofuel feedstocks in the EU18. If the relevant 
restrictions are not imposed, palm oil and soybean oil could account for 36% of biodiesel feedstocks in the EU 
by 203013. According to Heimann et al.13, if only palm oil is phased out, the share of rapeseed oil and soybean 
oil on the EU biofuel market could increase to 41% and 20%, respectively. If both palm oil and soybean oil are 
phased out, nearly half of European biodiesel production (49%) will rely on rapeseed oil. The share of other oils, 
including sunflower oil (Helianthus annuus L.), will also increase, and their imports will have to be doubled in 
the EU13. Ukraine is the world’s largest supplier of sunflower oil with a 27% share of the global market19. The 
significance of rapeseed oil will increase in all EU biofuel market scenarios analyzed by Heimann et al.13. The 
demand for rapeseed oil in the EU petrochemical sector can be met by (i) increasing the area under oilseed 
rape (Brassica napus L.) or (ii) increasing rapeseed oil imports from non-EU countries. An increase in the area 
under oilseed rape could be difficult to achieve due to current limitations on its proportion in crop rotation (a 
high share of oilseed rape in crop rotation increases the risk of disease and decreases yields). In addition, oilseed 
rape and wheat (Triticum aestivum L.) have similar soil requirements, and increased competition between these 
crops could undermine the supply of wheat which plays a key role in global food security20–23. In turn, seed/
oil imports could be very expensive because the cost of oil production accounts for 75–80% of total biodiesel 
production costs24,25.

Oilseed crops of the family Brassicaceae offer a promising alternative in biofuel production. Species of the 
genus Brassica are well adapted to the European climate and have much lower soil requirements than oilseed 
rape26,27. Brassicas can be cultivated on marginal land27,28, which rules out competition with wheat. Oilseed radish 
(Raphanus sativus L. var. oleiformis Pers.) is a Brassica crop that is well-suited to the agroecological conditions 
of Europe and can be grown on marginal soils29,30. In Eastern Europe, oilseed radish yields are 10% higher 
than winter camelina [Camelina sativa (L.) Crantz] yields, 16–20% higher than spring camelina, spring oilseed 
rape, and oil flax (Linum usitatissimum L.) yields, and 24% higher than white mustard (Sinapis alba L.) yields31. 
In Central-Eastern Europe, oilseed radish yields exceed field mustard (Brassica rapa L.) and spring camelina 
yields by 5%, and spring oilseed rape and Indian mustard [Brassica juncea (L.) Czern.] yields by 19–28%32. The 
crude fat content of oilseed radish seeds ranges from 284 to 398 g kg–1 dry matter (DM)30–35. Oilseed radish 
oil is abundant in oleic (C18:1), erucic (C22:1), and eicosenoic (C20:1) acids (19–35%, 18–46%, and 3–11%, 
respectively)35–40. Oilseed radish oil cannot be used in food production due to a high content of C22:1 which 
increases the risk of congestive heart failure41. However, oilseed radish oil is highly abundant in very-long-chain 
fatty acids, and it constitutes a valuable resource for oleochemical40 and petrochemical industries34–36,38,42–45. 
Biodiesel produced from oilseed radish oil meets the standards of the American Society for Testing and Materials 
and EU norms38. Oilseed radish biodiesel does not compromise the performance of diesel engines, and the 
performance of engines running on diesel oil and soybean biodiesel was comparable to that of engines supplied 
with oilseed radish biodiesel. Oilseed radish biodiesel is also 24% cheaper to produce than soybean biodiesel38.

Oilseed radish has numerous advantages, including (i) a short growing season (90–120 days), (ii) low 
agronomic requirements, (iii) low cultivation costs, and (iii) high oil yields and easy oil extraction46,47. However, 
similarly to other spring Brassica oilseed crops, oilseed radish is characterized by a high demand for nitrogen 
(N)48–50 and low N fertilizer use efficiency (NFUE)51. Oilseed radish and winter oilseed rape have similar N 
requirements which are estimated at 50–60 kg N per 1 Mg of seeds and the corresponding straw yield52. However, 
spring Brassica oilseed crops are characterized by much lower NFUE than winter oilseed rape30,53–56.

Nitrogen fertilizer use efficiency is a very important parameter because N fertilizer is the most energy-
intensive input in modern production technologies of agricultural biomass. Mineral fertilizers have a high 
share of total energy inputs (EI) in the cultivation technology of cereals57,58, oilseed crops59–63, and perennial 
lignocellulosic energy crops64–67. The high EI associated with mineral fertilization result mainly from the high 
energy equivalent of fertilizer production rather than fertilizer transport and application in the field63. The 
demand for N fertilizers can be decreased by improving NFUE60,68. In agricultural practice, the effectiveness of N 
fertilization can be improved by harnessing the synergistic effects of combined N and sulfur (S) fertilization69–71. 
Sulfur enhances N metabolism72–74, and it can be easily incorporated into the fertilization regime of Brassica 
oilseed crops which have a high demand for S75. Oilseed crops of the family Brassicaceae require 15–20 kg S to 
produce 1 Mg of seeds and the corresponding straw yield76. In a study by Sokólski et al.56, S fertilization increased 
the NFUE of crambe by 22–39%. Similar observations were made in camelina, white mustard, Indian mustard, 
and field mustard54,77–81. By improving NFUE due to S application, it is possible to increase the energy efficiency 
ratio (EER) of the cultiuvation technology62,63. In the work of Jankowski and Sokólski62 and Jankowski et al.63, S 
applied to camelina and crambe induced an 8% and 3–17% increase in the EER of seed production, respectively.

In the literature, oilseed radish is described mainly as a valuable resource for biodiesel production. However, 
the energy balance of oilseed radish cultivation, including the energy output (EO) of seeds and the EI associated 
with the production technology, has not been thoroughly investigated to date. There are no published data on the 
effect of N fertilization, the most energy-intensive agricultural operation, on the energy balance of oilseed radish 
cultivation or potential improvements in the energy balance resulting from combined N and S fertilization. The 
present study fills in this knowledge gap by providing information about (i) the energy balance in the cultivation 
technology of oilseed radish, and (ii) the most energy-efficient method of managing N and S in oilseed radish 
cultivation. The research hypothesis states that the synergistic effects of N and S fertilization should improve 
energy efficiency in the cultivation technology of oilseed radish.

The aim of this study was to determine the effect of N and S fertilization on biomass yields (seeds, straw), EI, 
EO, energy gain (EG), and the EER of oilseed radish grown in a large-area farm in north-eastern Poland. The 
energy balance of oilseed radish cultivation was determined in two biomass production variants. The energy 
potential of seeds which can be used in the production of biodiesel (oil) and animal feed (fat-free seed residues) 
was determined in the first variant. In this variant, straw was chopped during harvest and left to decompose 
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naturally in the field. The energy potential of total biomass (seeds and straw) which can be used in the production 
of liquid biofuels (oil), solid biofuels (straw), and animal feed (fat-free seed residues) was determined in the 
second variant.

Materials and methods
Field experiment
The seed and straw yields of oilseed radish (Raphanus sativus L. var. oleiformis Pers.) were determined during 
a small-area field experiment conducted in the Agricultural Experiment Station (AES) in Bałcyny (53°35’46.4’’ 
N, 19°51’19.5’’ E, elevation 137 m) in north-eastern Poland between 2020 and 2022. The AES is a part of the 
University of Warmia and Mazury in Olsztyn. Five N fertilizer rates (0, 30, 60, 90, 120 kg ha–1) and three S 
fertilizer rates (0, 15, 30 kg ha–1) were applied in the experiment. Nitrogen rates of up to 90 kg ha–1 were applied 
once in BBCH stage 00 (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie82). The N rate 
of 120 kg N ha–1 was split into two applications: 90 kg ha–1 in BBCH 00 and 30 kg ha–1 in BBCH 12–13. Nitrogen 
was applied as ammonium nitrate (34% N). Sulfur was applied in BBCH stage 00 as potassium sulfate (18% S, 
50% K2O).

The experiment had a randomized block design (RBD) with three replications. Plot size was 15 m2 (10 by 
1.5 m). Winter wheat was the preceding crop. The experiment was established on Haplic Luvisol originating 
from boulder clay83. The chemical properties of soil (pH, humus content, content of plant-available fertilizer 
macronutrients), analytical methods, and weather conditions were described by Szatkowski et al.30. Agronomic 
treatments are presented in detail in Table S1.

Energy input analysis
Diesel oil consumption, labor, and the performance of agricultural machines and devices were measured directly 
in a field with an area of 85  ha in the AES in Bałcyny (own measurements, Table S2). The field is situated 
at a distance of 1.2 km from the AES (and this distance was included in the energy efficiency analysis). The 
experiment involved tractors and machines that are used in agricultural production in the AES in Bałcyny. The 
EI associated with the cultivation technology of oilseed radish were determined based on the energy indicators 
proposed by Wójcicki84 and Fore et al.85 (Table 1). The total EI were calculated by summing up the EI associated 
with diesel oil consumption, human labor, fixed assets (tractors and machines), and agricultural materials 
(seeds, fertilizers, and pesticides) (Eq. 1). Agricultural operations (tillage, sowing, mineral fertilization, chemical 
crop protection, seed harvest and transport, straw harvest and transport) and energy fluxes (labor, diesel oil, 
tractors and machines, agricultural materials) were included in the structure of EI associated with the cultivation 
technology of oilseed radish.

	 EI = EId + EIf + EIm + EIl� (1)

where: EI - total energy inputs for oilseed radish production (GJ ha–1), EId - energy input for diesel oil 
consumption (GJ ha–1), EIf - energy input for fixed assets (GJ ha–1), EIm - energy input for materials (GJ ha–1), 
EIl - energy input for human labor (GJ ha–1).

Biomass yields
The fresh matter yield (FMY) of seeds and straw was determined directly after harvest. The moisture content of 
biomass was determined by drying 1 kg samples of seeds and straw from each plot at a temperature of 105 °C in 
a ventilated oven FD 53 (Binder GmbH, Tuttlingen, Germany) until constant weight (Eq. 2). The dry matter yield 
(DMY) of seeds and straw was calculated with the use of Eq. 3.

	
W = (Mw − Md)

Mw
× 100� (2)

where: W - moisture content (%), Mw – wet sample weight, before drying (g), Md – dry sample weight, after 
drying (g).

Source Unit Input References

Labor MJ hour–1 80 Wójcicki95

Tractors MJ kg–1 125 Wójcicki95

Machines MJ kg–1 110 Wójcicki95

Diesel oil MJ kg–1 48 Wójcicki95

Seeds MJ kg–1 12 Wójcicki95

N MJ kg–1 77 Wójcicki95

P2O5 MJ kg–1 15 Wójcicki95

K2O MJ kg–1 10 Wójcicki95

S MJ kg–1 8.9 Fore et al.96

Pesticides MJ kg–1 active ingredient 300 Wójcicki95

Table 1.  Energy equivalents of inputs associated with the cultivation technology of oilseed radish.
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DMY = FMY × DM

100
� (3)

where: DMY – dry matter yield (Mg ha–1), FMY – fresh matter yield (Mg ha–1), DM – dry matter content (%).

Energy output analysis
The higher heating value (HHV) of seeds and straw was determined by adiabatic combustion in a calorimeter C 
6000 (IKA-Werke GmbH & CO. KG, Staufen, Germany) with the use of a dynamic method. The lower heating 
value (LHV) was calculated according to the method proposed by Kopetz et al.86 (Eq. 4). The EO was calculated 
as the product of FMY and LHV (Eq. 5), and it was determined separately for seeds and for total biomass (seeds 
and straw).

	
LHV = HHV × (100 − W)

100 − W × 0.0244� (4)

where: LHV - lower heating value of seeds or straw determined on a wet basis (MJ kg–1), HHV - higher heating 
value of seeds or straw determined on a dry basis (MJ kg–1), W - moisture content of seeds or straw (%), 0.0244 
- correction coefficient for water vaporization enthalpy (MJ kg–1 per 1% moisture content).

	 EO (GJ ha−1) = LHV (GJ Mg−1) × FMY (Mg ha−1)� (5)

Energy gain and the energy efficiency ratio
The energy efficiency of the cultivation technology of oilseed radish was determined based on EG and the EER 
(Eqs.  6 and 7, respectively). Energy efficiency parameters were calculated separately for seeds and for total 
biomass (seeds and straw).

	 EG (GJ ha−1) = EO (GJ ha−1) − EI (GJ ha−1)� (6)

	
EER = EO (GJ ha−1)

EI (GJ ha−1)
� (7)

Statistical analysis
The values of DMY, EO, EG, and EER were processed by repeated measures analysis of variance (ANOVA), 
where the rates of N and S fertilizers were the fixed factors, and years and replications were the repeated factors. 
Treatment means were compared in Tukey’s honest significant difference (HSD) test at p ≤ 0.05. All analyses 
were performed in the Statistica 13.3 program87.

Results
Energy inputs
The demand for energy in oilseed radish cultivation without N fertilization was determined at 6.8–7.1 GJ ha–1 
(Fig. 1). Nitrogen rates of 30, 60, 90, and 120 kg ha–1 increased EI by 34%, 68%, 101%, and 135%, respectively. 
On average, every increase in the N rate by 30 kg ha–1 increased EI associated with the cultivation technology 
of oilseed radish by 2.30–2.38 GJ ha–1. Energy inputs reached 16.2–16.5 GJ ha–1 in the cultivation technology 
with the highest N rate (120 kg ha–1) (Fig. 1). Energy inputs were lower by 0.5 GJ ha–1 in the biomass production 
variant where only seeds were harvested (Table 2). The inclusion of S in the fertilization regime increased EI by 
0.15–0.26 (15 kg S ha–1) and 0.28–0.31 GJ ha–1 (30 kg S ha–1), i.e. by 1–4% (Fig. 1).

Mineral fertilization was the most energy-intensive operation in oilseed radish cultivation (28–31% of total 
EI for 0 kg N ha–1 and 69–70% for 120 kg N ha–1). The remaining farming operations had a much smaller share 
of total EI. Tillage accounted for 13–31%, sowing for 4–10%, chemical crop protection for 4–10%, seed harvest 
and transport for 6–14%, and straw harvest and transport for 3–8% of total EI. An increase in N and S rates 
induced differences in the share of agricultural operations in total EI, but it did not change the order in which 
agricultural operations were ranked (Table 2).

Agricultural materials and diesel oil consumption accounted for 33–71% and 20–48% of total EI in oilseed 
radish cultivation (Table 3). The share of agricultural materials in the overall structure of EI increased with a 
rise in the N rate (from 33 to 35% for 0 kg N ha–1 to 50–71% for 120 kg N ha–1). In turn, the share of diesel 
oil consumption in total EI decreased with a rise in the N rate (from 48 to 46% for 0 kg N ha–1 to 21–20% for 
120 kg N ha–1). The EI associated with labor, tractors and agricultural machines accounted for 2–4% and 7–16% 
of total EI, respectively. The low share of labor and machinery in total EI can be attributed to the fact that the 
experiment was conducted on a large-area farm (approx. 2000 ha) with the use of high-performance agricultural 
machines. Chemically-bound energy accumulated in mineral fertilizers accounted for 88–98% of EI associated 
with fertilization. Fertilizer application (tractors and machines, diesel oil consumption, labor) accounted for 2% 
(90–120 N ha–1) to 12% (0–30 kg N ha–1) of EI associated with fertilization (Table 3).

Biomass and energy yield (energy output)
Seed and straw yields in the production of oilseed radish in north-east Poland were determined at 0.69–1.02 
and 7.4–9.2 Mg ha–1 DM, respectively (Figs. 2 and 3). Seed yields peaked in response to 120 kg N ha–1 and 15 kg 
S ha–1. The S rate of 15 kg ha–1 was particularly effective in improving seed yields (by 7–10%) in treatments 
supplied with ≤60  kg N ha–1. In plots fertilized with 90 and 120  kg N ha–1, the application of 15  kg S ha–1 
increased seed yields by 1% and 5%, respectively. In turn, the highest straw yields were noted when oilseed radish 
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was supplied with 30 kg N ha–1 and 15 kg S ha–1 (Fig. 3). In treatments without N fertilization, the application of 
S decreased straw yields by 3%. Sulfur induced the greatest increase in straw yields (14%) in plots supplied with 
30 kg N ha–1. A further increase in the N rate decreased the yield-forming effect of S (60 and 90 kg N ha–1) or 
decreased straw yields (120 kg N ha–1) (Fig. 3).

The EO of seeds peaked in response to 60 kg N ha–1 and 15 kg S ha–1 (Table 4). The S rate of 15 kg ha–1 had 
a positive impact on the EO of seeds only in treatments supplied with ≤60 kg N ha–1. Nitrogen rates higher 
than 60 kg N ha–1 did not induce significant changes in the EO of seeds, regardless of the S rate. The EO of total 
biomass (seeds and straw) peaked (164.4 GJ ha–1) in response to 30 kg N ha–1 and 15 kg S ha–1. A further increase 
in the N rate did not induce significant differences in the EO of seeds and straw, regardless of the S rate (Table 4).

Farming operation

Nitrogen rate (kg ha–1)

0 30 60 90 120

Sulfur rate (kg ha–1)

0 15 30 0 15 30 0 15 30 0 15 30 0 15 30

MJ ha–1

Tillage 2117 2117 2117 2117 2117 2117 2117 2117 2117 2117 2117 2117 2117 2117 2117

Sowing 666 666 666 666 666 666 666 666 666 666 666 666 666 666 666

Mineral fertilization 1893 2057 2190 4203 4367 4500 6513 6677 6810 8823 8987 9120 11,163 11,327 11,460

Chemical crop protection 681 681 681 681 681 681 681 681 681 681 681 681 681 681 681

Seed harvest and transport 933 933 933 933 1027 933 1027 1027 1027 1027 1027 1027 1027 1027 1027

Straw harvest and transport 523 509 523 523 523 509 523 523 509 509 509 523 523 509 523

%

Tillage 31.1 30.4 29.8 23.2 22.6 22.5 18.4 18.1 17.9 15.3 15.1 15.0 13.1 13.0 12.9

Sowing 9.8 9.6 9.4 7.3 7.1 7.1 5.8 5.7 5.6 4.8 4.8 4.7 4.1 4.1 4.0

Mineral fertilization 27.8 29.5 30.8 46.1 46.5 47.8 56.5 57.1 57.7 63.8 64.2 64.5 69.0 69.4 69.6

Chemical crop protection 10.0 9.8 9.6 7.5 7.3 7.2 5.9 5.8 5.8 4.9 4.9 4.8 4.2 4.2 4.1

Seed harvest and transport 13.7 13.4 13.1 10.2 10.9 9.9 8.9 8.8 8.7 7.4 7.3 7.3 6.3 6.3 6.2

Straw harvest and transport 7.7 7.3 7.4 5.7 5.6 5.4 4.5 4.5 4.3 3.7 3.6 3.7 3.2 3.1 3.2

Table 2.  Structure of energy inputs in the cultivation technology of oilseed radish per farming operation, 
across years.

 

Fig. 1.  Energy inputs associated with the cultivation technology of oilseed radish (seed and straw harvest), 
across years.
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Energy gain and the energy efficiency ratio
The EG of oilseed radish was determined at 10.6–16.7 GJ ha–1 (seeds) and 117.6–155.0 GJ ha–1 (seeds and straw). 
In both biomass production variants (seeds only or seeds and straw), EG peaked in response to 30 kg N ha–1 and 
15 kg S ha–1 (Table 4).

The EER of seeds ranged from 1.68 to 3.43. The highest value of this parameter was noted in treatments 
supplied with 15 kg S ha–1 (without N fertilization). Nitrogen fertilization decreased the EER of seeds by 15% 
(30 kg N ha–1), 28% (60 kg N ha–1), 38% (90 kg N ha–1), and 47% (120 kg N ha–1). The application of 15 kg S 
ha–1 reduced the N-induced decrease in the EER of seeds by 4–8%. The EER of total biomass (seeds and straw) 
was 5- to 7-fold higher than the EER of seeds. The EER of total biomass was significantly differentiated by N 
fertilization, and it was highest in the cultivation technology without N or S fertilization. Nitrogen applied at 30, 

Fig. 2.  Seed yields in the cultivation technology of oilseed radish, across years. Means with the same letters do 
not differ significantly at p ≤ 0.05 in Tukey`s test; n = 9.

 

Farming operation

Nitrogen rate (kg ha–1)

0 30 60 90 120

Sulfur rate (kg ha–1)

0 15 30 0 15 30 0 15 30 0 15 30 0 15 30

MJ ha–1

Labor 249 250 251 249 253 250 252 253 252 251 252 253 253 254 255

Tractors and machines 1097 1102 1107 1097 1127 1102 1116 1127 1122 1111 1122 1127 1127 1132 1137

Diesel oil 3254 3265 3272 3254 3344 3264 3326 3344 3336 3319 3336 3344 3344 3354 3361

Agricultural materials, including: 2213 2347 2480 4523 4657 4790 6833 6967 7100 9143 9277 9410 11,453 11,587 11,720

seeds 192 192 192 192 192 192 192 192 192 192 192 192 192 192 192

fertilizers 1675 1809 1942 3985 4119 4252 6295 6429 6562 8605 8739 8872 10,915 11,049 11,182

pesticides 346 346 346 346 346 346 346 346 346 346 346 346 346 346 346

%

Labor 3.7 3.6 3.5 2.7 2.7 2.7 2.2 2.2 2.1 1.8 1.8 1.8 1.6 1.6 1.5

Tractors and machines 16.1 15.8 15.6 12.0 12.0 11.7 9.7 9.6 9.5 8.0 8.0 8.0 7.0 6.9 6.9

Diesel oil 47.8 46.9 46.0 35.7 35.6 34.7 28.9 28.6 28.2 24.0 23.9 23.7 20.7 20.5 20.4

Agricultural materials, including: 32.5 33.7 34.9 49.6 49.6 50.9 59.3 59.6 60.1 66.1 66.3 66.6 70.8 71.0 71.1

seeds 2.8 2.8 2.7 2.1 2.0 2.0 1.7 1.6 1.6 1.4 1.4 1.4 1.2 1.2 1.2

fertilizers 24.6 26.0 27.3 43.7 43.9 45.2 54.6 55.0 55.6 62.2 62.5 62.8 67.5 67.7 67.9

pesticides 5.1 5.0 4.9 3.8 3.7 3.7 3.0 3.0 2.9 2.5 2.5 2.5 2.1 2.1 2.1

Table 3.  Structure of energy inputs in the cultivation technology of oilseed radish by energy fluxes, across 
years.

 

Scientific Reports |         (2025) 15:9871 6| https://doi.org/10.1038/s41598-025-94537-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


60, 90, and 120 kg ha–1 decreased the EER by 21%, 38%, 50%, and 56%, respectively. The N-induced decrease in 
the EER was reduced by 4–10% when S was incorporated into the fertilization plan of oilseed radish (Table 4).

Discussion
Energy inputs
The demand for energy in the cultivation technology of oilseed radish is determined by the energy intensity of 
agricultural materials, mainly N fertilizers88,89, (present study: Tables 2 and 3). The EI in cultivation technologies 
without N or with very low N rates (< 10 kg N ha–1) range from 6.788 to 7.1 GJ ha–1 (present study: Fig. 1). The 
demand for energy in cultivation technologies with N rates that are optimal for the agroecological conditions in 
Europe (90–120 kg ha–1) has been determined in the range of 12–16 (present study: Fig. 1) to even 22.1 GJ ha–189. 
In north-eastern Poland, oilseed radish has similar energy requirements to other spring Brassica oilseed crops, 
including oilseed rape (14.3–18.2 GJ ha–1)90–92, white mustard (13.2–14.2 GJ ha–1)90–92, Indian mustard (10.8–
13.4 GJ ha–1)90,91, camelina (5.2–17.6 GJ ha–1)62,91,92, crambe (5.7–15.0 GJ ha–1)63,91, and oil flax (12.1 GJ ha–1)92.

Mineral fertilizers play the key role in the structure of EI associated with oilseed radish cultivation, regardless 
of the energy intensity of the seed production technology. In cultivation technologies with low N rates, the share 
of mineral fertilization in total EI ranges from 28–31% (present study: Table 2) to 33%88. In the current study, an 
increase in the N rate to 30, 60, 90, and 120 kg –1 increased EI in seed production by 34%, 68%, 101%, and 135%, 
respectively. Due to the N-induced increase in EI, mineral fertilization accounted for 69–70% of total EI at the 
optimal N rate. In other studies, higher N rates exerted similar effects on total EI in the production of spring 
Brassica oilseed crops (camelina and crambe)62,63. According to Jankowski and Sokólski62, an increase in the N 
rate in spring camelina cultivation by 40, 80, 120, and 160 kg ha–1 increased total EI in seed production by 59%, 
118%, 177%, and 236%, respectively. In crambe, total EI increased by 41%, 81%, 122%, and 163% when the N 
rate was increased by 30, 60, 90, and 120 kg N ha–1, respectively63. In spring Brassica oilseed crops (camelina, 
crambe, rapeseed, white mustard, Indian mustard, oil flax) supplied with optimal N rates, mineral fertilizers 
accounted for 52–75% of total EI62,63,90,91.

Biomass and energy yield (energy output)
In a 20-year study conducted in western Poland by Toboła and Muśnicki32, the average seed yield of oilseed 
radish ranged from 0.41 to 2.56 Mg ha–1 (1.11 Mg ha–1 on average), and was comparable to that noted in 
camelina and crambe crambe (1.05 and 1.38 Mg ha–1, respectively). Oilseed radish was characterized by lower 
variation in seed yields across years (52%) than camelina and crambe (74% and 65%, respectively)32. In the 
present study, seed yields were determined in the range of 0.69–1.02 Mg ha–1. Similar results (0.63–1.00 Mg ha–1) 
were reported in oilseed radish cultivated in Lithuania33,93. Seed yields were considerably higher in Ukraine 
and Russia (1.4–1.6 and 1.6–2.4 Mg ha–1, respectively)31,52,94. In the current experiment, a significant increase 
in seed yields (32%) was noted up to 120 kg N ha–1 and 15 kg S ha–1. Nitrogen induced a similar increase (37%) 
in crambe seed yields63. In turn, the N-induced increase in seed yields was twice higher in camelina (65%)62. 
In north-eastern Poland, the greatest increase in the seed yields of camelina (2.24 Mg ha–1 DM) and crambe 
(1.78 Mg ha–1 DM) was observed in response to 160 kg N ha–1 + 30 kg S ha–1 and 120 kg N ha–1 + 30 kg S ha–1, 
respectively62,63. It should also be noted that crambe and camelina responded differently to combined S and N 
fertilization than oilseed radish62,63, present study: Table 4. In camelina, S significantly increased seed yields (by 5–12%) 

Fig. 3.  Straw yields in the cultivation technology of oilseed radish, across years. Means with the same letters do 
not differ significantly at p ≤ 0.05 in Tukey`s test; n = 9.
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only in treatments supplied with ≥120 kg N ha–1. Sulfur was not productive in plots fertilized with ≤80 kg N 
ha–162. In crambe, S increased seed yields when combined with N rates of ≥60 kg N ha–163. In the present study, 
the greatest increase in seed yields (7–10%) was observed when 15 kg S ha–1 was applied in combination with 
≤60 kg N ha–1. In treatments with higher N rates (90 and 120 kg ha–1), the application of 15 kg S ha–1 increased 
seed yields by only 1% and 5%, respectively.

In oilseed radish, straw yields range from 3.1 to 5.695 to 7.4–9.2 Mg ha–1 DM (present study: Fig. 2). White 
mustard and spring oilseed rape are the only spring Brassica oilseed crops with similar straw yields to oilseed 
radish90,96. In Poland, the straw yields of the remaining Brassica oilseed crops (camelina, crambe, Indian mustard, 
oil flax) do not exceed 4.5 Mg ha–1 DM62,63,90,92,97,98. In this study, straw yields peaked in response to 30 kg N ha–1 
and 15 kg S ha–1. In spring Brassica oilseed crops, N fertilization exerts a more ambiguous influence on straw 
yields than seed yields. In the work of Stolarski et al.98, the N rate did not differentiate straw yields in crambe or 
camelina. In turn, Jankowski and Sokólski62 found that straw yields in spring camelina peaked in response to 
80 kg N ha–1 + 30 kg S ha–1 or 120 kg N ha–1 + 0 kg S ha–1 (increase of 45% relative to the production technology 
without N and S fertilization). In crambe, straw yields increased by 13–29% after the application of ≥60 kg N 
ha–163. Sulfur fertilization increased straw yields in crambe (by 5–26%) only in treatments supplied with ≤90 kg 
N ha–1. When the N rate was increased to 120 kg ha–1, S induced a significant decrease (1–7%) in the straw yields 
of crambe63. In the present study, the straw yields of oilseed radish decreased by 3% when S was applied in the 
absence of N fertilization. Sulfur induced the greatest increase in straw yields (14%) in plots supplied with 30 kg 
N ha–1. A further increase in the N rate decreased the yield-forming effect of S (60 and 90 kg N ha–1) or decreased 
straw yields (120 kg N ha–1).

The EO of oilseed radish seeds ranges from 18.888 to 27.7 GJ ha–1 (present study: Table 4). The EO of seeds 
and straw was determined in the range of 56.788 to even 164.4 GJ ha–1 (present study: Table 4). In Brassica oilseed 
crops, the EO of seeds is influenced mainly by N fertilization, provided that N contributes to increasing seed yi
elds59,60,62,99–102. In the current study, N increased the EO of oilseed radish seeds by 38% relative to the control 
treatment (18.9 GJ ha–1). The EO of seeds peaked (27.7 GJ ha–1) in response to 60 kg N ha–1 and 15 kg S ha–1. A 
further increase in the N rate (> 60 kg N ha–1) had no effect on the EO of seeds, regardless of S fertilization. Other 
studies of spring Brassica oilseed crops also demonstrated that N fertilization has a positive influence on the EO 
of seeds62,63,101,103. In the work of Jankowski et al.63, the application of 120 kg N ha–1 increased the EO of crambe 
seeds by 43% relative to the control treatment (26.13 GJ ha–1). In camelina, higher N rates increased the EO of 
seeds by 20%101 to even 64–71%62,103. According to Jankowski and Sokólski62 and Jankowski et al.63, S should be 
incorporated into the fertilization plans of crambe and camelina. The EO of crambe seeds peaked (40.56 GJ ha–1) 
in response to 120 kg N ha–1 and 30 kg S ha–163. In turn, the greatest increase in the EO of camelina seeds (52.89 
GJ ha–1) was observed after the application of 160 kg N ha–1 and 30 kg S ha–162.

The present study demonstrated that the EO of total biomass (seeds and straw) is strongly affected by N and 
S rates. The EO of oilseed radish straw peaked (164.4 GJ ha–1) in response to 30 kg N ha–1 and 15 kg S ha–1. 
Stolarski et al.101, Jankowski and Sokólski62, and Jankowski et al.63 also found that N and S fertilization enhanced 
the EO of biomass in other spring Brassica oilseed crops. In crambe and camelina, the EO of biomass increased 
significantly after the application of 90 kg N ha–1 (crambe)63 and 60–120 kg N ha–1 (camelina)62,101. In both 
crambe and camelina, higher N rates (> 80–90 kg N ha–1) exerted a positive effect on the EO of seeds and straw 
in treatments that were additionally supplied with S62,63. In this study, no significant improvement in the EO of 
oilseed radish biomass was observed in response to S application at N rates higher than 30 kg ha–1.

Energy gain and the energy efficiency ratio
Siqueira et al.88 and Akdemir et al.104 found that EG in the production of oilseed radish seeds in Turkey ranged 
from 12.1 do 18.5 GJ ha–1. Energy gain was similar in the production of oilseed radish seeds in the present 
experiment (10.6–16.7 GJ ha–1). In Europe, EG is generally lower in the production of oilseed radish seeds than 
other spring Brassica oilseed crops. The EG in the production of crambe, white mustard, and camelina seeds was 
determined at 19–2663, 2790, and 13–35 GJ ha–162, respectively. In oilseed crops of the family Brassicaceae, the 
highest EG was noted in winter oilseed rape seeds (from 40 to 62 to even 99–126 GJ ha–1)59,90,99,100,105. The EG 
from Brassica oilseed crops is much higher when the energy value of straw is included in the analysis59,62,63,88,90. 
In the work of Siqueira et al.88 and in the present study (Table 4), the EG from the total biomass of oilseed radish 
was 4 to 10 times higher than the EG from seeds only. In other spring Brassica oilseed crops, the EG from total 
biomass was 2.4 (crambe and camelina) to 5 times (white mustard) higher than the EG from seeds only62,63,90. 
The EG from winter oilseed rape increased by 231–268% when straw was included in the analysis59,90. The 
proportional increase in the EG from total biomass relative to the EG from seeds only is much greater in winter 
oilseed rape than in spring Brassica oilseed crops because winter oilseed rape is characterized by higher values 
of the harvest index106–108. In the present study, the average EG from the total biomass of oilseed radish reached 
135 GJ ha–1, which is similar to the values noted in white mustard (135 GJ ha–1) and much higher than the 
values reported in crambe (50–58 GJ ha–1), camelina (51–71 GJ ha–1), and Indian mustard (86 GJ ha–1)62,63,90,97. 
In the current study, the EG from the total biomass of oilseed radish was 7–36% higher than that achieved in 
high-input production technologies of winter oilseed rape seeds90,99,100. These observations indicate that oilseed 
radish seeds and straw produced in north-eastern Poland constitute a competitive source of bioenergy relative 
to winter oilseed rape seeds.

Nitrogen fertilization significantly increases EG in the cultivation of Brassica oilseed crops by exerting a 
positive impact on FMYand DMY. The extent to which N fertilization affects EG is determined by NFUE, i.e. the 
yield-forming effect of N63. In the present study, EG in oilseed radish cultivation peaked in response to 30 kg 
N ha–1 and 15 kg S ha–1 in both biomass production variants. In the work of Stolarski et al.101 and Jankowski et 
al.63, the EG from crambe seeds or total biomass (seeds and straw) produced in north-eastern Poland was not 
significantly differentiated by N fertilization. Jankowski et al.63 found that EG in the production of crambe seeds 
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and total biomass increased only after S was incorporated into the fertilization regime. Energy gain peaked in 
response to 60 kg N ha–1 and 30 kg S ha–1 (seeds) or 90 kg N ha–1 and 30 kg S ha–1 (total biomass)63. Jankowski 
and Sokólski62 also reported a strong relationship between EG and N and S rates in camelina cultivation. An 
increase in the N rate to 160 kg ha–1 induced a gradual increase in the EG from camelina seeds in treatments 
that were additionally supplied with 30 kg S ha–1. The highest EG from camelina biomass was noted in response 
to 80 kg N ha–1 and 30 kg S ha–162. According to Groth et al.99, indicates that in winter oilseed rape cultivation, 
the relationship between N and S fertilization and EG subject to a cultivar’s yield potential. In open-pollinated 
and semi-dwarf hybrid cultivars, the EG from seed production peaked in response to 230 kg N ha–1 and 40 kg S 
ha–1. In a high-yielding long-stem hybrid cultivar, the highest EG from seeds was achieved after the application 
of 180 kg N ha–1 without S fertilization99.

The EER of oilseed radish seeds ranges from 1.6104 to 2.8–3.488 (present study: Table  4). In production 
variants where both seeds and straw are harvested, the EER is determined in the range of 8.4–9.988 (present 
study: Table 4) to even 12–21[present study: Table 4. An increase in EI resulting from higher rates of mineral fertilizers 
(mainly N) leads to a considerable decrease in the EER of crop production109. Jankowski et al.63 found that an 
increase in the N rate from 30 to 120 kg ha–1 decreased the EER of crambe by 23–48% (seeds) and 25–50% (seeds 
and straw). The EER of camelina decreased by 17–53% (seeds) and 22–57% (seeds and straw) when the N rate 
was increased from 40 to 160 kg ha–162. In the present study, a similar decrease in the EER of oilseed radish seeds 
and total biomass (by 15–47% and 21–56%, respectively) was observed when the N rate was increased from 30 
to 120 kg ha–1. The application of 15 kg S ha–1 in treatments supplied with N decreased the EER of oilseed radish 
seeds by 4–8%, but had no effect on the EER of total biomass. The EER of oilseed radish seeds peaked after the 
application 15 kg S ha–1 without N fertilization. The EER of total biomass was highest in the absence of N and S 
fertilization. In camelina and crambe, the EER of seeds and total biomass was also highest in treatments without 
N and S fertilization62,63.

Conclusions
The demand for energy in the cultivation technology of oilseed radish ranged from 6.8 to 7.1 (0 kg N ha–1) to 
16.2–16.5 GJ ha–1 (120 kg N ha–1). Nitrogen and S fertilization increased EI by 34–135% and 1–4%, respectively. 
Mineral fertilizers had a 57–70% share of total EI in the cultivation technology of oilseed radish, where 
chemically-bound energy accumulated in fertilizers accounted for 88–98% and fertilizer application accounted 
for 2–12% of that value. The above implies that in oilseed radish cultivation, a significant decrease in EI can 
be achieved only by decreasing fertilizer rates. Changes in the fertilizer application method can induce only 
minor differences in EI. In north-eastern Poland, the seed and straw yields of oilseed radish were determined at 
0.69–1.02 and 7.4–9.2 Mg ha–1 DM, respectively. Seed yields peaked (1.01 Mg ha–1 DM) in response to 120 kg N 
ha–1 and 15 kg S ha–1, whereas the highest straw yield (9.25 Mg ha–1 DM) was noted after the application of 30 kg 
N ha–1 and 15 kg S ha–1. The EO of seeds was highest (27.7 GJ ha–1) when oilseed radish was supplied with 60 kg 
N ha–1 and 15 kg S ha–1. The EO of total biomass (straws and seeds) peaked (164.4 GJ ha–1) in response to 30 kg 
N ha–1 and 15 kg S ha–1. Energy gain in oilseed radish cultivation reached 10.6–16.7 (seeds) and 117.6–155.0 
GJ ha–1 (seeds and straw). The EG from seeds and total biomass peaked in response to 30 kg N ha–1 and 15 kg 
S ha–1. The EER of seeds ranged from 1.68 to 3.43, and it was highest when S was applied at 15 kg ha–1 (without 
N fertilization). Nitrogen fertilization decreased the EER of seeds and total biomass by 15–47% and 21–56%, 
respectively. The application of 15  kg S ha–1 reduced the N-induced decrease in the ERR of seeds and total 
biomass by 4–8% and 4–10%, respectively. In large-area farms, where energy is the main limiting factor, the EER 
of oilseed radish seeds can be improved by applying 15 kg S ha–1 without N fertilization, whereas the EER of total 
biomass (seeds and straw) can be maximized by abstaining from both N and S fertilization. In small-area farms, 
where land is the main limiting factor, oilseed radish should be fertilized with 30 kg N ha–1 and 15 kg S ha–1 to 
maximize the EG per unit area.

In the future, the energy potential of oilseed radish should be analyzed in a broader context by conducting 
research in regions with different climatic and soil conditions. The environmental impact of N and S fertilization, 
especially potential soil and groundwater pollution and greenhouse gas emissions, should also be considered 
in a comprehensive assessment of oilseed radish production technology. In addition, the economic analysis of 
radish biofuel production should be extended to include production costs, market demand, and policy support 
in order to estimate the actual application potential of this energy crop in the context of global trends on the 
biofuel market.
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