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Abstract: A two-year field experiment was conducted in Poland to determine energy efficiency
(EE) in the production of winter oilseed rape (WOR) in different fertilization: (i) zero-fertilization;
(ii) 158 kg N ha−1, 45 kg P ha−1 and 145 kg K ha−1 as mineral fertilizer (NPK); (iii) 1.0 Mg ha−1

meat and bone meal (MBM), 79 kg N ha−1 and 145 kg K ha−1 as mineral fertilizer; (iv) 1.5 Mg ha−1

MBM, 40 kg N ha−1 and 145 kg K ha−1 as mineral fertilizer; and (v) 2.0 Mg ha−1 MBM and
145 kg K ha−1 as mineral fertilizer. The replacement of NPK with MBM decreased energy inputs in
WOR production by 20−55%. The NPK had a greater (16–21%) effect on seed yield formation than
MBM. The replacement of NPK with MBM decreased the energy output of seeds (14–21%) and total
biomass (12–20). The replacement of NPK with MBM decreased (6–13%) the energy gain from seed
production. The application of MBM improved the EE ratio in the production of seeds (10–81%) and
total biomass (11–85%) relative to NPK. The EE ratio of WOR production increased with a rise in
MBM doses.

Keywords: Brassica napus L.; fertilization; energy inputs; energy output; energy gain; energy
efficiency ratio

1. Introduction

Renewable energy sources (RES) play an increasingly important role in the global
energy sector. Alternative sources of energy are being sought due to the depletion of
non-renewable energy sources and the adverse environmental impact of fossil fuel combus-
tion. Renewable energy sources not only contribute to the decarbonization of the power
sector, but also promote the implementation of innovative solutions in a knowledge-based
economy (the EU owns 30% of the patents for renewable energy technologies). In some EU
countries, around 55–72% of electric, cooling and heating energy and around 10–39% of
energy in transport is generated from renewables. Biomass is the main source of alternative
energy in the EU, and energy generated from biomass accounts for 45% and 73% of primary
energy consumption in the EU and Poland, respectively [1]. Forests, farmland, the wood
industry and organic wastes are the main sources of biomass [2,3]. Biomass (in particular
dedicated energy crops) is expected to play a key role in the achievement of climate goals.
For this reason, the significance of agricultural biomass has been emphasized in the EU’s
circular bioeconomy strategies [4].

At present, biomass obtained from dedicated energy crop plantations is a valuable
substrate for the production of primary and secondary biofuels [5]. Agricultural biomass
is the main source of first-generation liquid biofuels [6]. In 2018, the global production of
liquid biofuels was estimated at 146.2 billion liters (GL), where bioethanol accounted for
77% and biodiesel for 23% of total production. The world’s leading producers of bioethanol
were the United States (61 GL) and Brazil (33 GL). In the USA, bioethanol is produced
mainly from corn grain (Zea mays L.), whereas in Brazil, the main source of bioethanol is
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sugarcane (Saccharum officinarum L.) [7]. The European Union (EU) is the world’s third
largest supplier of bioethanol with an annual output of 5.4 GL y−1. The EU countries have
an estimated 5% share of the global bioethanol market, which is significantly below the
combined bioethanol output of the USA and Brazil (83%). In the EU, bioethanol is produced
mainly from cereal grain, including corn, wheat (Triticum aestivum L.), barley (Hordeum
vulgare L.), and sorghum (Sorghum spp.) and sugar beets (Beta vulgaris L.) [8]. China is the
world’s fourth largest producer of the discussed biofuel, and its bioethanol output reached
4.1 GL in 2018 [7]. In China, bioethanol is produced mainly from corn (70%), cassava
(Manihot esculenta Crantz) (25%), sugarcane and sugar beet molasses (5%) [9]. The EU
countries are the leading producers of biodiesel. They produced 11.3 GL of biodiesel in 2018,
which accounted for 33% of the global output. According to estimates, biodiesel production
in the EU will reach 15.5 GL in 2020, and it will account for 42% of the global output. In the
EU, biodiesel is manufactured mainly from rapeseed oil (Brassica napus L.) (39%), recycled
vegetable oil/cooking oil (22%) and palm oil (Elaeis guineensis L.) (19%) [8]. The USA
and Brazil rank second and third among the largest biodiesel producers, supplying 20%
(6.9 GL) and 16% (5.4 GL) of this biofuel, respectively [7]. In Brazil, biodiesel is produced
mainly from soybean oil [Glycine max (L.) Merr.] (70%) and animal fat (16%) [10]. In the
USA, biodiesel refineries use mostly soybean oil (51%), corn oil (12%), recycled oil (11%)
and rapeseed oil (9%) [11]. Biofuel markets in the EU are dominated by rapeseed due to
its high production volume. In 2015–2019, rapeseed accounted for 42% of oilseed crops
produced in the EU (approx. 44 million Mg y−1). In the leading rapeseed-producing EU
countries (France, Germany and Poland), rapeseed accounts for 72–97% of total oilseed
crops [12]. The use of rapeseed for biodiesel production in the EU promotes the conversion
of locally grown biomass to biofuel, which: (i) leads to net zero carbon dioxide emissions,
(ii) offers an additional source of income for local agricultural producers, and (iii) provides
an additional source of income for enterprises that rely on local bioresources [6,13,14].

In the EU, oilseed rape is converted to bioenergy not only because it is in relatively
highly supply, but also because rapeseed production technologies are characterized by
higher energy efficiency (ratio of energy output to energy input) than other oilseed crops
grown in Europe [15–17]. The energy efficiency (EE) ratio of winter oilseed rape (WOR)
ranges from 3.5–5.0 [15,18,19] to even 10.1 [20] when yields are stable and energy inputs
are rational. The use of total biomass (seeds and straw) for energy generation can improve
the EE ratio of WOR production even 2.2- to 2.6-fold [15,18].

An analysis of the structure of energy inputs (EI) in WOR cultivation indicates that
mineral fertilization is the most energy-intensive operation [15,18–21]. A high share of
fertilizers in EI is characteristic of modern production technologies of cereals [22–26], root
crops [27,28], soybeans [29] and alternative oilseed crops (white mustard—Sinapis alba L.,
Indian mustard—Brassica juncea L./Czern., camelina—Camelina sativa L./Crantz, crambe—
Crambe abyssinica Hochst. ex R.E.Fries.) [15–17,30] as well as perennials (woody plants,
grasses and other herbaceous plants) [1,31–37].

Fertilization has a high share of energy inputs mainly because fertilizers contain
considerable amounts of chemically bound energy, whereas their application is a less
energy-intensive process [15–17,31,36]. Therefore, the energy inputs associated with min-
eral fertilizers can be reduced by improving nitrogen use efficiency (NUE) [30], applying
fertilizers whose production requires less energy [35] or, to a smaller extent, by select-
ing the optimal farming machines and equipment [38]. Machines and tractors should be
characterized by high performance and low fuel consumption [39,40], but according to
Lewandowska–Czarnecka et al. [38], these factors do not always contribute to an increase in
the EE of crop production. Rokicki et al. [41] have argued that the use of RES in farming is
the only viable solution to improving agricultural mechanization without a further increase
in energy inputs (at present, 60% of the energy consumed in the farming sector is derived
from oil and only 10% from RES) [41].

The use of organic waste, such as sewage sludge [35–37,42,43], digestate from agri-
cultural biogas plants [37,44] and meat processing waste, including meat and bone meal
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(MBM) [45], as fertilizers can be a viable alternative to energy-intensive mineral fertilization.
The use of animal by-products in agriculture is an economically viable and environmentally
justified option [46–51]. Meat bone meal can replace organic and mineral fertilizers due
to its high content of nitrogen—N (80 g kg−1)—phosphorus—P (50 g kg−1)—calcium—
Ca (100 g kg−1)—organic matter (700 g kg−1) and micronutrients [47,52]. Meat bone
meal is low in potassium—K (approx. 3 g kg−1)—which should be supplied with other
fertilizers [46,47,53–55].

During the decomposition of organic compounds from MBM, only some nutrients
are released immediately. Other nutrients (in particular N) are temporarily immobilized
by soil-dwelling microorganisms, which prevents N loss. Through mineralization, N is
gradually released into the soil and becomes available to plants already in the year of MBM
application [46,54,56–58]. Meat bone meal is a valuable source of P, and it can resolve the
problems associated with the limited availability of raw materials for the production of
conventional phosphate fertilizers. Phosphate rock is a non-renewable resource that cannot
be naturally substituted or recovered. Therefore, the recycling of P from animal waste
streams can contribute to sustainable use of P deposits worldwide [56,59–61].

The regulation of the inflow and outflow of both biogenic elements (N and P) has
an immense environmental impact. Rational management of organic waste reduces the
amount of biogenic elements that are cycled in the environment. When used in the pro-
duction of cereals, grasses, maize and WOR, MBM exerted comparable yield-forming
effects to mineral fertilizers, and it improved soil fertility and the quality of agricultural
produce [45–49,53,55,56,62–68].

Alternative fertilizers derived from by-products and various types of biomass are
applied to improve nutrient cycling in food systems. The influence of recycled fertilizers on
the EE of biomass production remains insufficiently investigated [45]. Therefore, the aim of
this study was to determine the optimal fertilization strategy involving NPK and MBM in
WOR cultivation based on an analysis of EI, EO, EG and EE values. The results presented
in this article were obtained based on direct measurements of energy inputs associated
with labor, fuel consumption and the operation of machines and devices in production
technologies that are typical of large-area farms.

2. Materials and Methods
2.1. Field Experiment

Winter oilseed rape was grown during a small-area field experiment conducted in
2015–2017 in the Agricultural Experiment Station (AES) in Tomaszkowo (53◦35′ N, 20◦36′ E;
NE Poland), owned by the University of Warmia and Mazury in Olsztyn. The experimental
treatments were as follows: (i) zero-fertilization (control); (ii) 158 kg N ha−1, 45 kg P ha−1

and 145 kg K ha−1 as mineral fertilizer (NPK); (iii) 1.0 Mg ha−1 MBM, 79 kg N ha−1 and
145 kg K ha−1 as mineral fertilizer (MBM_1.0); (iv) 1.5 Mg ha−1 MBM, 40 kg N ha−1 and
145 kg K ha−1 as mineral fertilizer (MBM_1.5); and (v) 2.0 Mg ha−1 MBM and 145 kg K ha−1

as mineral fertilizer (MBM_2.0).
In treatment ii, the total N rate was applied in three doses: 30 kg ha−1 (before sowing,

as urea, 46% N), 80 kg ha−1 (at the beginning of the spring growing season, as ammonium
nitrate, 34% N), and 48 kg ha−1 (at the beginning of inflorescence emergence, as ammonium
nitrate, 34% N). Phosphorus was applied as granular triple superphosphate (20.1% P) in a
single dose before sowing. Meat bone meal (treatments iii–v) was purchased from SARIA
Poland Ltd. (Branch Sarval Plant, Długi Borek, NE Poland), and it had the following
composition: 963 g kg−1 dry matter (DM), 710 g kg−1 organic matter, 280 g kg−1 DM crude
ash, 137 g kg−1 DM crude fat, 78.7 g N kg−1 DM, 45.3 g P kg−1 DM, 3.32 g K kg−1 DM,
100.1 g Ca kg−1 DM, 6.8 g Na kg−1 DM and 2.0 g Mg kg−1 DM. The applied MBM had a pH
of 6.3. To maintain a constant N rate (158 kg ha−1), MBM was supplemented with mineral
N at 79 kg ha−1 (treatment iii) or 40 kg ha−1 (treatment iv), applied as ammonium nitrate
(34% N) at the beginning of the spring growing season. To compensate for its low K content
(approx. 3.3 g kg−1 DM), MBM was supplemented with mineral K that was applied before
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sowing at a constant rate (145 kg K ha−1) in all treatments (ii–v) as potash salt (49.8% K)
and potassium sulfate (41.5% K and 17% S), at rates equivalent to 72 and 73 kg K ha−1,
respectively. Potassium sulfate (equivalent to 73 kg K ha−1) supplied 30 kg S ha−1.

Each year, the SY Saveo hybrid variety of WOR was sown on 25 or 26 August at a
density of 50 germinating seeds per m2, with 20 cm spacing. Soil in the experimental fields
was classified as Dystric Cambisol [69]. Plot size was 20 m2 (5 m by 4 m). Winter wheat
(Triticum aestivum L.) was the preceding crop. All cultivation and crop protection measures
were applied in accordance with good agricultural practices (Table 1). The experiment had
a randomized block design (RBD) with four replications.

Table 1. Production technology of winter oilseed rape.

Farming Operation Specification

Tillage skimming (8–10 cm); pre-sow plowing (18–22 cm)

Seed sowing
cv. SY Saveo (hybrid); seeding date: 25 or 26 August;
seeding rate: 50 germinating seeds per m2; row spacing:
20 cm

Mineral fertilization and meat and
bone meal application according to the experimental design

Weed control
Butisan Star Max 500 SE at 2.0 dm3 ha−1 (400 g ha−1

metazachlor, 400 g ha−1 dimethenamid-P, 200 g ha−1

quinmerac)

Pest control

Mospilan 20 SP at 0.12 kg ha−1 (24 g ha−1 acetamiprid);
Karate Zeon 050 CS at 0.12 dm3 ha−1 (6 g ha−1

lambda-cyhalothrin); Proteus 110 OD at 0.6 dm3 ha−1

(60 g ha−1 thiachloprid, 6 g ha−1 deltamethrin)
Pre-harvest herbicide treatment Reglone 200 SL at 2.5 dm3 ha−1 (500 g ha−1 diquat)
Harvest of seeds and straw direct harvest in the fully ripe stage (mid-July)

2.2. Energy Inputs Analysis

Energy inputs (EI) in WOR production were determined based on: (i) diesel oil
consumption, operating time of tractors and machines, labor and the performance of
agricultural machines Equation (1) (data were collected in a field with an area of 25 ha at the
AES in Tomaszkowo in 2015–2017) (Table 2), and (ii) energy equivalents (Table 3, according
to Wójcicki [70] and Fore et al. [71]). Energy inputs were divided into two categories: (i)
farming operations and (ii) energy fluxes.

EItotal = EIdiesel + EImachines + EImaterials + EIlabor (1)

where

EItotal—total energy inputs (GJ ha−1),
EIdiesel—energy inputs associated with diesel fuel consumption (GJ ha−1),
EImachines—energy inputs associated with the operation of tractors and machines (GJ ha−1),
EImaterials—energy inputs associated with materials (GJ ha−1),
EIlabor—energy inputs associated with labor (GJ ha−1).
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Table 2. Technical parameters, performance and fuel consumption of agricultural machines in the
production of winter oilseed rape (across years).

Farming
Operations

Parameters of
Self-Propelled

Machine

Parameters of
Accompany-

ing
Machine

Service Life (h) Weight (kg) Performance
of Self-

Propelled
Machine and
Accompany-
ing Machine

(ha h−1) a

Fuel
Consumption

(dm3 h−1) aSelf-Propelled
Machine

Accompanying
Machine

Self-Propelled
Machine

Accompanying
Machine

Disking
(5–8 cm) 294 12 m (working

width) 10,000 2100 15,000 12,250 10.1 50.0

Pre-sow
plowing
(15–18 cm)

205 7 furrow slices 10,000 1400 10,550 3150 1.4 30.4

Seed sowing 272 9 m (working
width) 10,000 1400 14,270 9625 6.2 49.5

Mineral
fertilization 191 36 m (working

width) 10,000 2100 10,550 3500 43.5 19.1

Meat and bone
meal
application

272 18 m−3 (load
capacity) 10,000 700 14,270 11,000 4.2 25.0

Chemical
weed and
insect control

230 36 m (working
width) 10,000 - 11,000 - 20.0 19.6

Harvest 220
6.6 m

(working
width)

10,000 - 15,400 - 2.5–3.0 b 40.0

Straw baling 97
2.0 m

(working
width)

10,000 1050 4600 2950 2.7 8.5

Seed transport 59
10 Mg

(carrying
capacity)

10,000 1400 10,550 2600 9.4 20.4

Straw
transport 59

10 Mg
(carrying
capacity)

10,000 700 10,550 2100 3.0 20.4

a average for 2 years; b differences resulting from variations in biomass yield.

Table 3. Energy equivalents of inputs associated with the production of winter oilseed rape.

Source Unit Input References

Labor MJ hour−1 80 [70]
Tractors MJ kg−1 125 [70]
Machines MJ kg−1 110 [70]
Diesel oil MJ kg−1 48 [70]
Seeds MJ kg−1 12 [70]
N MJ kg−1 77 [70]
P2O5 MJ kg−1 15 [70]
K2O MJ kg−1 10 [70]
S MJ kg−1 8.9 [71]
Meat and bone meal a MJ kg−1 0.2 [70]
Pesticides MJ kg−1 active ingredient 300 [70]

a Energy equivalents of inputs correspond to organic fertilizers (manure and slurry).

2.3. Biomass Processing Experiment

The dry matter yield (DMY) of harvested WOR biomass (seeds and straw) was calcu-
lated with the use of Equation (2). The fresh matter yield (FMY) of harvested WOR biomass
was determined based on the work of Załuszniewska and Nogalska [67] and Nogalska
and Załuszniewska [68]. The DM content of harvested WOR biomass was estimated by
drying a subsample of 1 kg at 105 ◦C in a ventilated oven (FD 53 Binder GmbH, Tuttlingen,
Germany) until constant weight.

Dry matter yield (Mg ha−1) =
Fresh matter yield (Mg ha−1)×Dry matter (%)

100
(2)
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2.4. Energy Output Analysis

The lower heating value (LHV) of WOR biomass was calculated based on Equation (3).
The higher heating value (HHV) of WOR biomass (seeds and straw) was determined by
adiabatic combustion in a calorimeter (IKA C 2000, Cincinnati, OH, USA) with the use of
a dynamic method. The energy output (EO) of WOR biomass was calculated based on
Equation (4).

LHV =
HHV× (100−W)

100
−W× 0.0244 (3)

where

LHV—lower heating value of fresh biomass (MJ kg−1),
HHV—higher heating value of dry biomass (MJ kg−1),
W—biomass moisture content (%),
0.0244—correction coefficient for water vaporization enthalpy (MJ kg−1 per 1% moisture
content).

Energy output (GJ ha−1) = LHV (GJ Mg−1) × FMY (Mg ha−1) (4)

2.5. Energy Gain and the Energy Efficiency Ratio

The energy analysis of the WOR production technology involved two indicators:
(i) energy gain (EG) and (ii) the energy efficiency (EE) ratio, which were calculated using
Equations (5) and (6), respectively.

Energy gain (GJ ha−1) = Energy output (GJ ha−1) − Energy inputs (GJ ha−1) (5)

Energy efficiency ratio =
Energy output (GJ ha−1)

Energy inputs (GJ ha−1)
(6)

2.6. Statistical Analysis

The values of DMY, LHV, EO, EG and EE ratio were processed by analysis of variance
(ANOVA), where the fertilizer type (NPK and MBM) was the fixed factor, and two years
of WOR cultivation (2015/2016 and 2016/2017) and replications were the repeated factor.
Treatment means were compared in Tukey’s honest significant difference (HSD) test. All
analyses were performed in the Statistica 13.3 program [72]. The F-values of ANOVA are
presented in Table 4.

Table 4. F-test statistics in ANOVA.

Parameter Year Fertilization Year × Fertilization

Dry matter yield
(Mg ha−1)

seeds 9.221 ** 29.470 ** 2.113 ns
straw 7.912 * 8.958 ** 0.648 ns

Lower heating value
(MJ kg−1)

seeds 1.405 ns 0.065 ns 0.129 ns
straw 11.535 ** 7.065 ** 1.669 ns

Energy output
(GJ ha−1)

seeds 6.453 ** 27.913 ** 1.709 ns
seeds and straw 7.244 ** 27.789 ** 1.611 ns

Energy gain
(GJ ha−1)

seeds 4.956 ** 18.031 ** 1.306 ns
seeds and straw 5.874 * 13.192 ** 1.300 ns

Energy efficiency ratio seeds 1.937 ns 60.836 ** 1.725 ns
seeds and straw 2.046 ns 39.098 ** 0.722 ns

* significant p < 0.05; ** significant p < 0.01; ns—not significant.

3. Results
3.1. Weather Conditions

Mean daily air temperature during the fall growing season of WOR (August–November
2015 and 2016) approximated (±0.6 ◦C) the long-term average (1981–2010) (Figure 1). Total
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precipitation during the fall growing season of WOR differed from the long-term average
in both years of the study. In the first year, precipitation in fall was 11% lower than the
long-term average. In the second year, precipitation in August-November was 38% higher
than the long-term average for this period. Weather conditions were conducive to winter
dormancy. Sub-zero temperatures (−1.4 to −4.0 ◦C) were noted only in January in the first
year of the study and in January and February in the second year. The distribution and
amount of precipitation in spring and summer were more favorable in the first year of the
experiment. Precipitation reached 285 mm between April and July, and it exceeded the
long-term average by 16%. In the second year, precipitation during the spring-summer
growing season approximated the long-term average (246 mm), but its distribution was
less favorable. Rainfall fell mostly (approx. 40%) in July during WOR ripening. In May,
during WOR flowering, precipitation was 57% lower than the long-term average for this
month. In both years of the study, mean daily air temperature during the spring–summer
growing season was comparable with the long-term average (14.0 ◦C) (Figure 1).
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3.2. Energy Inputs

Conventional mineral fertilization (NPK) of WOR was the most energy-intensive
(18.1 GJ ha−1) (Table 5), and fertilizer application accounted for around 75% of total EI
in this treatment. The inclusion of MBM in the fertilization system decreased energy
consumption in WOR production by 24% (1.0 Mg ha−1), 40% (1.5 Mg ha−1) and 57%
(2.0 Mg ha−1) (Table 5).

A flux analysis of EI in the zero-fertilization technology demonstrated that fuel, tractors
and machines were the main EI in WOR production (Table 6). These EI accounted for 59%
and 23% of total EI in WOR cultivation, respectively (2.7 and 1.0 GJ ha−1, respectively)
(Table 6). The application of NPK fertilizers in WOR production increased the share of EI
associated with agricultural materials to 14.0 GJ ha−1, i.e., 77% of total EI. The application of
MBM with a simultaneous reduction/elimination of mineral N and P fertilizers decreased
the EI associated with agricultural materials 1.6 to 4.7-fold (14.0 vs. 8.8–3.0 GJ ha−1)
(Table 6).
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Table 5. Energy inputs associated with the production of winter oilseed rape per agricultural
operation (across years).

Agricultural Operation
Fertilization Regime

Control NPK MBM_1.0 MBM_1.5 MBM_2.0

MJ ha−1

Tillage 1891 1891 1891 1891 1891
Seed sowing 279 279 279 279 279
Fertilization 0 13,498 9118 6215 3208
Weed control 356 356 356 356 356
Pest control 197 197 197 197 197
Preparation for harvest, harvest and
transport of seeds and straw 1739 1859 1859 1859 1859

Total 4462 18,081 13,700 10,797 7790

%
Tillage 42.4 10.5 13.8 17.5 24.3
Seed sowing 6.2 1.5 2.0 2.6 3.6
Fertilization 0.0 74.7 66.6 57.6 41.2
Weed control 8.0 2.0 2.6 3.3 4.6
Pest control 4.4 1.1 1.4 1.8 2.5
Preparation for harvest, harvest and
transport of seeds and straw 39.0 10.3 13.6 17.2 23.9

Total 100.0 100.0 100.0 100.0 100.0

Table 6. Energy inputs associated with the production of winter oilseed rape per energy flux (across
years).

Agricultural Operation
Fertilization Regime

Control NPK MBM_1.0 MBM_1.5 MBM_2.0

MJ ha−1

Labor 226 239 256 256 254
Tractors and machines 1033 1089 1591 1591 1583
Fuel 2652 2786 3005 3005 2988
Materials: 551 13,967 8848 5945 2965

seeds 72 72 72 72 72
mineral fertilizers 0 13,417 8097 5094 2014
MBM 0 0 200 300 400
pesticides 479 479 479 479 479

Total 4462 18,081 13,700 10,797 7790

%
Labor 5.1 1.3 1.9 2.4 3.3
Tractors and machines 23.2 6.0 11.6 14.7 20.3
Fuel 59.4 15.4 21.9 27.8 38.4
Materials: 12.3 77.3 64.6 55.1 38.1

seeds 1.6 0.4 0.5 0.7 0.9
mineral fertilizers 0.0 74.2 59.1 47.2 25.9
MBM 0.0 0.0 1.5 2.8 5.1
pesticides 10.7 2.6 3.5 4.4 6.1

Total 100.0 100.0 100.0 100.0 100.0

3.3. Biomass Yield

The yield of WOR biomass (seeds and straw) was determined by both weather con-
ditions and fertilization. In the second year of the study (2017), characterized by low
precipitation (43% of long-term average) during WOR flowering (May), the DMY of seeds
and straw was 10% and 9% lower, respectively, than in the first year of the study when
precipitation was more evenly distributed during the spring–summer growing season
(Table 7).
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Table 7. Yield of winter oilseed rape biomass (based on Załuszniewska and Nogalska [67] and
Nogalska and Załuszniewska [68]).

Growing Season
Fertilization Regime

x
Control NPK MBM_1.0 MBM_1.5 MBM_2.0

Seeds (Mg ha−1 DM)
2015/2016 1.48 2.99 2.68 2.64 2.35 2.43 a

2016/2017 1.63 2.72 2.15 2.26 2.20 2.19 b

x 1.55 c 2.86 a 2.41 b 2.45 b 2.27 b −

Straw (Mg ha−1 DM)
2015/2016 1.83 3.48 3.53 3.33 2.61 2.96 a

2016/2017 1.79 3.28 2.82 2.87 2.73 2.70 b

x 1.81 b 3.38 a 3.17 a 3.10 a 2.67 ab −
Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters
denotes the non-significance of main effects.

The average DMY of seeds and straw in two growing seasons ranged from 1.55 to
2.86 Mg ha−1 and from 1.81 to 3.38 Mg ha−1, respectively. The DMY of seeds was highest
in the NPK treatment. The replacement of NPK with MBM decreased the DMY of seeds
by 0.41 to 0.59 Mg ha−1 (by 14–21%) (Table 7). In the zero-fertilization (control) treatment,
the DMY of seeds decreased by 1.31 Mg ha−1 (by 46%) relative to the NPK treatment. A
decrease in the DMY of straw (by 0.71 Mg ha−1) was noted only in the treatment with
the highest MBM dose (2.0 Mg ha−1). Lower MBM doses (1.0 and 1.5 Mg ha−1) and NPK
fertilization exerted a similar effect on the DMY of the straw. When the application of
NPK fertilizer or MBM was abandoned, the DMY of the straw decreased by 1.57 and
1.17 Mg ha−1, respectively (Table 7).

3.4. Energy Output

The LHV of WOR seeds and straw reached 23.20–23.58 and 12.37–12.12 MJ kg−1,
respectively (Table 8). Seeds harvested in the second year of the study and straw harvested
in the first year were characterized by higher LHV (by 2% each). Only the LHV of the straw
was significantly affected by fertilization, and it peaked (12.59 MJ kg−1) after the application
of 2.0 Mg ha−1 MBM. The LHV of straw supplied with lower MBM doses or NPK fertilizer
(12.19 MJ kg−1) was comparable with that in the control treatment (12.0–12.23 MJ kg−1)
(Table 8).

Table 8. Lower heating value of winter oilseed rape biomass (MJ kg−1).

Growing Season
Fertilization Regime

x
Control NPK MBM_1.0 MBM_1.5 MBM_2.0

Seeds
2015/2016 23.51 23.15 23.21 23.13 23.00 23.20 b

2016/2017 23.43 23.68 23.69 23.66 23.46 23.58 a

x 23.47 23.41 23.45 23.40 23.23 −
Straw

2015/2016 12.29 12.35 11.97 12.36 12.85 12.37 a

2016/2017 12.09 12.12 12.03 12.01 12.34 12.12 b

x 12.19 b 12.23 b 12.00 b 12.18 b 12.59 a −
Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters
denotes the non-significance of main effects.

The EO of total biomass was 1.7-fold higher than the EO of seeds only (94.7 vs.
57.0 GJ ha−1) (Table 9). The highest EO of seeds (59.5 GJ ha−1) and the highest total biomass
(99.3 GJ ha−1) were noted in the first year of the study which was characterized by the most
favorable distribution and amount of precipitation in the spring–summer growing season.
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In the second year (characterized by a water deficit during flowering), the EO of seeds
and total biomass was 8% and 9% lower, respectively. The EO of seeds and total biomass
was highest in the NPK technology (70.5 and 115.6 GJ ha−1, respectively), moderate in
the MBM technology (55.8–60.6 and 92.5–101.9 GJ ha−1, respectively) and lowest in the
zero-fertilization technology (38.5 and 62.6 GJ ha−1, respectively) (Table 9).

Table 9. Energy output of winter oilseed rape biomass (GJ ha−1).

Growing Season
Fertilization Regime

x
Control NPK MBM_1.0 MBM_1.5 MBM_2.0

Seeds
2015/2016 36.74 73.09 65.61 64.74 57.29 59.50 a

2016/2017 40.16 67.81 53.70 56.40 54.27 54.47 b

x 38.45 c 70.45 a 59.66 b 60.57 b 55.78 b −

Total biomass (seeds and straw)
2015/2016 61.27 119.92 111.72 109.66 93.73 99.26 a

2016/2017 63.87 111.20 90.71 94.13 91.20 90.22 b

x 62.57 c 115.56 a 101.21 ab 101.89 ab 92.47 b −
Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters
denotes the non-significance of main effects.

3.5. Energy Gain and Energy Efficiency Ratio

The EG from seed and total biomass production was higher by 12% and 11%, respec-
tively, in the first than in the second year of the study (Table 10). The highest EG from
seed production (52.7 GJ ha−1) was achieved in the NPK treatment. The application of
MBM decreased the EG from seed production by 6–13%. The EG from seed production was
lowest (34.0 GJ ha−1) in the zero-fertilization (control) treatment (Table 10). When straw
was included in the energy balance of WOR production, the average EG was 82% higher
than in the variant where only seeds were used (79.3–88.4 vs. 43.5–48.6 GJ ha−1). The EG
from total biomass production was lowest (58.9 GJ ha−1) in the zero-fertilization treatment.
The application of NPK and MBM increased the EG from total biomass production by 53%
on average (31.4 GJ ha−1) (Table 10).

Table 10. Energy gain in the production of winter oilseed rape (GJ ha−1).

Growing Season
Fertilization Regime

x
Control NPK MBM_1.0 MBM_1.5 MBM_2.0

Seeds
2015/2016 32.20 55.46 51.91 53.95 49.50 48.61 a

2016/2017 35.70 49.90 40.00 45.61 46.48 43.54 b

x 33.95 c 52.68 a 45.96 b 49.78 b 47.99 b −

Total biomass (seeds and straw)
2015/2016 56.73 102.29 98.02 98.86 85.94 88.37 a

2016/2017 59.41 93.30 77.01 83.33 83.41 79.29 b

x 58.87 b 97.78 a 87.51 a 91.10 a 84.68 a −
Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters
denotes the non-significance of main effects.

The EE ratio of seeds was highest (8.61) in the low-input (zero-fertilization) technol-
ogy of WOR production (Figure 2). The lowest EE ratio (3.94) was noted in the mineral
fertilization (NPK) technology. Meat bone meal increased the EE ratio of WOR seeds. The
EE ratio of seeds increased with a rise in MBM dose by 10% (MBM_1.0), 42% (MBM_1.5)
and 82% (MBM_2.0) relative to NPK. It is worth noting that even in the treatment with
the highest MBM dose (2.0 Mg ha−1), the EE ratio of WOR seeds was 17% lower than in
the control (zero-fertilization) treatment. The EE ratio of total biomass (seeds and straw)



Energies 2022, 15, 3853 11 of 18

was 66% higher on average. When MBM was applied at 2.0 Mg ha−1, the EE ratio of total
biomass was similar to that noted in the control (zero-fertilization) treatment. A decrease
in the MBM dose to 1.5 and 1.0 Mg ha−1 and the replacement of MBM with mineral fertil-
ization (NPK) reduced the EE ratio of WOR production by 33%, 47% and 53%, respectively
(Figure 2).
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4. Discussion
4.1. Energy Inputs

In the EU, the EI is associated with WOR production in the high-input technology
range from 27 to 39 GJ ha−1 [15,18–20,73,74]. Such high EI values can be explained by the
fact that energy consumption in WOR production is strongly influenced by the applied
technology, in particular mineral fertilization that accounts for around 70–86% of total EI
([18–20], present study, Table 5). Total EI in the low-input production technology (with
reduced mineral fertilization rates) were estimated at 13–19 GJ ha–1 ([20,74,75], present
study, Tables 5 and 6).

The high energy intensity of fertilization results from the fact that mineral fertilizers
contain large amounts of chemically bound energy [18,76,77]. Therefore, energy consump-
tion in crop production can be considerably reduced when mineral fertilizers are replaced
with recycled fertilizers (sewage sludge, digestate from biogas plants) [35,36,44,45]. In
the present study, the inclusion of MBM in the fertilization system decreased EI in WOR
production by 20% to 55%. Jankowski et al. [36] found that the use of sewage sludge
as a substitute for mineral fertilizers decreased energy consumption in the cultivation of
Jerusalem artichoke (Helianthus tuberosus L.) by 27% to 54%, depending on plantation age.
The application of sewage sludge decreased the demand for energy in the production
of giant miscanthus (Miscanthus × giganteus Greef & Deuter) by 32–34%, compared with
conventional mineral fertilizers [35]. Organic wastes decreased EI in the production of
Amur silvergrass (Miscanthus sacchariflorus Maxim./Hack.) by 34–40% (sewage sludge)
and 41–48% (digestate) [37]. In a study by Gissén et al. [44], the demand for energy in the
cultivation of maize, hemp (Cannabis sativa L.), triticale (× Triticosecale Wittm.), grass-clover
ley, winter wheat and sugar beet was reduced by 23–41% when digestate was used as a
partial substitute for mineral fertilizer.
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4.2. Biomass Yield

In recent decades, WOR yields increased due to breeding progress, the application of
modern production technologies and higher inputs, mostly those associated with mineral
fertilizers. Fertilization remains the key yield-forming factor in the cultivation of WOR, a
species with relatively high nutrient requirements [19,20,33,78–82]. The efficiency of WOR
fertilization is determined by weather conditions, preceding crop, agronomic factors, as
well as fertilizer type, rate and timing [20,78,80,83,84]. As a by-product of the meat industry,
MBM is an important pathway for N and P recycling, which is consistent with the Euro-
pean Green Deal promoting lower energy use in production processes (including mineral
fertilizers), environmental protection and circular economy. Moreover, MBM is generally
managed through incineration and long-term storage, and these costly procedures can be
eliminated when MBM is utilized in agriculture. Therefore, the use of animal by-products as
substitutes for mineral fertilizers is economically and environmentally justified [54,59–61].
In the current study, fertilization had a significant effect on the harvested WOR biomass
(seeds and straw). The DMY of seeds (2.86 Mg ha−1) and straw (3.38 Mg ha−1) was highest
in the NPK treatment. In the zero-fertilization treatment, the DMY of seeds and straw
decreased by 46% on average. The replacement of NPK with MBM decreased the DMY of
seeds by 17% on average, but it had no influence on the DMY of straw. When applied at
2.0–2.5 Mg ha−1, MBM fully catered to the N requirements of cereals (maize, winter wheat,
winter triticale and spring barley (Hordeum vulgare L.)), and its yield-forming effect was
comparable with that of mineral fertilizers [55,63,65]. The yield potential of WOR is largely
affected by factors other than fertilizers, such as variety, agronomic treatments, habitat and
climatic conditions [79,83]. Weather conditions during the growing season of WOR can
determine seed yields up to 40% [84]. It should be stressed that in both growing seasons,
weather conditions were not conducive to the growth and development of WOR, therefore,
yields were relatively low. The DMY of seeds and straw was significantly lower in the
second than in the first year of the study. These differences resulted from uneven rainfall
distribution, in particular considerable water deficit in May (WOR flowering) in the second
year of the experiment.

4.3. Energy Output

The EO of total WOR biomass (seeds and straw) in the high-input technology ranges
from 269 to 314 GJ ha−1 [15,18], where around 17% of that energy can be converted to liquid
fuels (energy accumulated in oil) and 83% to solid fuels (energy accumulated in straw
and fat-free seed residues) [18]. In simplified (low-input) production technologies, the
EO of WOR biomass is reduced by 22% (medium-input technologies) and 30% (low-input
technologies) on average [18]. The present findings (Table 9) and the results reported by
Groth et al. [20] and Sokólski et al. [19] point to a strong correlation between EI in the
production technology and the EO of WOR biomass. In the current study, the highest
EO of seeds (70.5 GJ ha−1) and total biomass (115.6 GJ ha−1) was noted in the NPK
technology. The EO of seeds and total biomass was reduced by 45% on average when
fertilization was abandoned (control treatment). An increase in EI in the production
process also improved the EO of other crop species, including giant miscanthus (increase
of 4–10%) [35,42], fodder galega (Galega orientalis Lam.) (increase of 5–6%) [34], Amur
silvergrass (increase of 14%) [37] and Jerusalem artichoke (increase of 20%) [36].

An analysis of the literature indicates that low-input production technologies induce a
much smaller decrease in the EO of perennial energy crops than WOR (4–20% vs. 30–45%).
According to Budzyński et al. [18], the agricultural requirements of WOR can be minimized
(and, consequently, extensive production technology can be introduced) only through
breeding progress (varietal improvement) by: (i) increasing yields and improving yield sta-
bility, (ii) increasing resistance to disease and environmental stressors, and (iii) improving
the biometric parameters of crops and adapting crops to modern (large area) production
technologies (semi-dwarf and dwarf varieties). The above hypothesis was indirectly vali-
dated by Groth et al. [20] in whose study the EO of WOR seeds was highest in a hybrid
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variety with a conventional growth habit (141–173 GJ ha−1), followed by a semi-dwarf
hybrid variety (132–161 GJ ha−1) and an open-pollinated variety (113–152 GJ ha−1).

Fertilization is an agronomic factor that exerts the greatest influence on the biomass
yields and, consequently, the EO of crops [1,15,16,18–20,24,25,30,31,33–37,76]. In the present
study, the replacement of NPK with MBM decreased the EO of WOR biomass by 12–21%
on average. However, the EO of perennial energy crops increased when recycled fertil-
izers were applied instead of mineral fertilizers. An increase in the EO of hemp biomass
(by 20%) [85] and giant miscanthus (10%) [42] was reported in treatments fertilized with
sewage sludge relative to treatments fertilized with conventional mineral fertilizers. Dubis
et al. [35,37] found that the relationship between fertilizer type and EO was influenced by
the N rate in the production of grasses of the genus Miscanthus. In treatments supplied with
a lower N rate (100 kg ha−1), the EO of giant miscanthus and Amur silvergrass biomass
increased (by 3–4%) after the application of mineral fertilizers. When the N rate was in-
creased to 160 kg ha−1, recycled fertilizers (sewage sludge, digestate) induced a similar
(giant miscanthus) or a greater (Amur silvergrass) increase in the EO of biomass in com-
parison with mineral fertilizers [35,37]. Jankowski et al. [36] found a relationship between
fertilizer type and the age of a Jerusalem artichoke plantation. Sewage sludge induced
the greatest increase in EO in the year of plantation establishment; mineral fertilizers were
most effective in the second year, whereas the choice of fertilizer did not affect the EO of
the Jerusalem artichoke in the third year of the study.

4.4. Energy Gain and the Energy Efficiency Ratio

The EG from biomass production is influenced mainly by the type of agronomic
management which determines EI and EO [16]. Under the agroecological conditions of
Poland, WOR is characterized by the highest EO (62–112 GJ ha−1) in the group of oilseed
crops of the family Brassicaceae [15,86]. The EG from total WOR biomass (seeds and straw)
ranges from 145 to even 314 GJ ha−1 [15,18]. In the present study, the EG from WOR
cultivation was determined at 34–53 GJ ha−1 (seeds) and 59–98 GJ ha−1 (seeds and straw).

Effective agronomic management increases EG by directly influencing biomass yields.
High-input production technologies improved the EG from both annual Brassica oilseed
crops [16,18–20] and perennial lignocellulosic crops [25,33–37]. Similar observations were
made in the current study. The highest EG from seeds (52.7 GJ ha−1) and total biomass
(97.8 GJ ha−1) was noted in the high-input technology with NPK fertilization. When NPK
were replaced with MBM, the EG from seeds decreased by 6–13%, whereas significant
differences in the EG from total biomass were not observed. In the zero-fertilization
technology, the EG from seeds decreased by (26–36%), and the EG from total biomass
decreased by 30–40%.

The EE of biomass production is the key criterion in the process of selecting the
optimal crop species for energy generation [20]. The EE ratio of WOR seeds produced
in high-input technology ranges from 3.0–5.6 ([15,18,19], present study, Figure 2) to even
7.2–10.1 ([20], present study, Figure 2). The EE ratio of total WOR biomass (seeds and straw)
was determined in the range of 8.6–12.0 ([15,18], present study, Figure 2) to 14 (present
study, Figure 2).

High-input production technologies have contributed to food self-sufficiency in many
regions of the world. However, these technologies have also increased agricultural systems’
dependence on fossil energy [87]. Intensive farming methods have considerably decreased
EE in the production of agricultural biomass and food crops [88], in particular in crop
species that require high levels of agricultural inputs and energy to achieve high yields. In
studies conducted in NE Poland, agricultural intensification led to a greater increase in EI
than EO in WOR production, which decreased EE by 18% [18] and 27–34% [20]. In turn,
Sokólski et al. [19] found that modern WOR cultivars were characterized by high EE in
both high- and low-input production technologies. However, agronomic treatments that
do not involve additional inputs or exert a minor influence on EI (cultivar, sowing date,
seeding rate) have to be performed precisely, and mineral fertilizers have to be applied
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rationally to achieve the above goal. In a study by Sokólski et al. [19] investigating a
semi-dwarf variety of WOR, the production technology characterized by the highest seed
yield was also characterized by the highest EE ratio (4.7–5.0). In turn, in the cultivation
of a long-stem WOR variety, the EE ratio was highest (4.9) in the low-input production
process [19]. In WOR production, mineral fertilizers have to be applied rationally because
these agricultural inputs are highly energy-intensive (fertilizers account for 73–86% of
total EI in WOR production) ([15,18–21], present study, Table 5). Mineral fertilizers can be
replaced with recycled fertilizers such as sewage sludge, digestate and natural fertilizers
(liquid and solid manure, slurry) which decrease EI, while increasing the EE of crop
production [35–37,45]. In the present study, the low-input technology of WOR production
(zero-fertilization) was characterized by the highest EE ratio of seeds (8.61). The application
of NPK fertilizers or MBM decreased the EE ratio of seeds by 49–54% (NPK, MBM at
1.0 Mg ha−1) or only 17% (MBM at 2.0 Mg ha−1). It should also be noted that the EE ratio
of total biomass was similar in the technology involving MBM at 2.0 Mg ha−1 and the zero-
fertilization technology. Research involving perennial lignocellulosic crops confirmed the
benefits of replacing mineral fertilizers with recycled fertilizers [35–37]. In the production
of Amur silvergrass biomass, the EE ratio was highest in treatments fertilized with digestate
(13.2–14.4), followed by sewage sludge (11.4–13.0), and it was lowest in treatments supplied
with mineral fertilizers (6.7–8.8) [37]. Sewage sludge also induced a greater increase in the
EE ratio of giant miscanthus (43–52%) and Jerusalem artichoke (78–90%) production than
mineral fertilizers [35,36].

5. Conclusions

The replacement of conventional NPK fertilizers with MBM decreased EI in WOR
production by 20−55%. Mineral fertilizers had a greater effect (16–21%) on seed yield
formation than MBM, whereas mineral fertilizers and MBM exerted similar effects on straw
yields. The replacement of NPK with MBM decreased the EO of seeds and total biomass by
14–21% and 12–20%, respectively. Energy efficiency was highest in the zero-fertilization
treatment (seeds only) and MBM treatments (total biomass). These production technologies
are recommended when the availability of energy (not land) is the main limiting factor in
WOR production for energy generation, i.e., in large-scale farms. In small farms, where
land (not energy) is the main limiting factor, WOR should be supplied with conventional
NPK fertilizers (when only seeds are used for energy generation) or recycled fertilizers
(when both seeds and straw are used for energy generation) to achieve the highest EG
per unit area. The present findings show that the application of MBM to WOR grown
for energy can be an effective method for its agricultural utilization. Meat bone meal is a
valuable source of nutrients which can improve the EE of WOR production.
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18. Budzyński, W.S.; Jankowski, K.J.; Jarocki, M. An analysis of the energy efficiency of winter rapeseed biomass under different
farming technologies. A case study of a large-scale farm in Poland. Energy 2015, 90, 1272–1279. [CrossRef]

19. Sokólski, M.; Jankowski, K.J.; Załuski, D.; Szatkowski, A. Productivity, energy and economic balance in the production of different
cultivars of winter oilseed rape. A case study in north-eastern Poland. Agronomy 2020, 10, 508. [CrossRef]

20. Growth, D.A.; Sokólski, M.; Jankowski, K.J. A multi-criteria evaluation of the effectiveness of nitrogen and sulfur fertilization in
different cultivars of winter rapeseed—Productivity, economic and energy balance. Energies 2020, 13, 4654. [CrossRef]

21. Rabiee, M.; Majidian, M.; Alizadeh, M.R.; Kavoosi, M. Evaluation of energy use efficiency and greenhouse gas emission in
rapeseed (Brassica napus L.) production in paddy fields of Guilan province of Iran. Energy 2021, 217, 119411. [CrossRef]

22. Taghavifar, H.; Mardani, A. Energy consumption analysis of wheat production in West Azarbayjan utilizing life cycle assessment
(LCA). Renew. Energy 2015, 74, 208–213. [CrossRef]

http://doi.org/10.1016/j.indcrop.2019.04.022
http://doi.org/10.3390/su11113083
http://doi.org/10.1016/j.renene.2018.08.022
http://doi.org/10.1016/j.rcrx.2019.100029
http://doi.org/10.1016/j.jclepro.2019.04.242
https://www.ren21.net/wp-content/uploads/2019/05/gsr_2019_full_report_en.pdf
https://www.ren21.net/wp-content/uploads/2019/05/gsr_2019_full_report_en.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Biofuels%20Annual_The%20Hague_EU-28_7-15-2019.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Biofuels%20Annual_The%20Hague_EU-28_7-15-2019.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Biofuels%20Annual_Beijing_China%20-%20Peoples%20Republic%20of_10-20-2017.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Biofuels%20Annual_Beijing_China%20-%20Peoples%20Republic%20of_10-20-2017.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Biofuels%20Annual_Sao%20Paulo%20ATO_Brazil_8-10-2018.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Biofuels%20Annual_Sao%20Paulo%20ATO_Brazil_8-10-2018.pdf
https://www.eia.gov/biofuels/biodiesel/production/
https://www.eia.gov/biofuels/biodiesel/production/
http://www.fao.org/nr/aquastat
http://www.fao.org/nr/aquastat
http://doi.org/10.1016/j.enconman.2008.02.020
http://doi.org/10.1007/s10098-014-0820-x
http://doi.org/10.1016/j.energy.2015.01.012
http://doi.org/10.1016/j.energy.2020.119731
http://doi.org/10.1016/j.indcrop.2022.114918
http://doi.org/10.1016/j.energy.2015.06.087
http://doi.org/10.3390/agronomy10040508
http://doi.org/10.3390/en13184654
http://doi.org/10.1016/j.energy.2020.119411
http://doi.org/10.1016/j.renene.2014.08.026


Energies 2022, 15, 3853 16 of 18

23. Choudhary, R.L.; Behera, U.K. Resource-use efficiency of wheat: Effect of conservation agriculture and nitrogen management
practices in maize (Zea mays)—Wheat (Triticum aestivum) cropping system. Int. J. Curr. Microbiol. Appl. Sci. 2020, 9, 611–626.
[CrossRef]

24. Jankowski, K.J.; Dubis, B.; Sokólski, M.M.; Załuski, D.; Bórawski, P.; Szempliński, W. Productivity and energy balance of maize
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