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Highlights

Energy balance in crop succession and rotation systems is positive.

Corn has a high energy balance and efficiency.

Crop rotation systems should be preferred due to their environmental conservation.

Abstract

The production system model that has been adopted in most Brazilian regions, the soybean/second corn 

crop succession, has led to problems in water and soil conservation and favorable conditions for diseases, 

pests, and weeds in the agricultural system and, consequently, increasing its energy use. Crop rotation is an 

alternative to this production model, directly interfering with the problematic aspects of the crop succession 

system and, consequently, its energy balance. Therefore, this study aimed to identify the crop rotation 

system with the best energy balance and efficiency. The data on the quantity of inputs (seeds, fertilizers, 

pesticides, and fuel), labor, and grain yield used in the study were collected from a crop rotation experiment 

conducted at the experimental station of the Rural Development Institute of Paraná - IAPAR-EMATER, 

Londrina, PR, Brazil, from 2014 to 2020. The experimental design consisted of randomized blocks, with six 

treatments and four replications. The treatments consisted of T1 (second corn crop/soybean), T2 (white oat/

soybean, triticale/corn, and wheat/soybean), T3 (rye + black oat/soybean, black oat + fodder radish/corn, 

and congo grass/soybean), T4 (canola/corn, crambe/corn; canola/soybean); T5 (buckwheat-fodder radish/

corn, bean/soybean, and buckwheat-white oat/ soybean), and T6 (wheat/corn, canola/corn + congo grass, 

and bean/soybean). The different crop rotations and the traditional second corn crop/soybean system 

provided positive energy balance and efficiency, that is, they produced more energy than they consumed. 

The canola/corn, crambe/corn, and canola/soybean rotation systems had the highest energy balance and 

efficiency, with values of 866,442.27 MJ ha−1 and 10.27, respectively, mainly due to corn cultivation in the 

summer, which resulted in a higher energy return than the other grain-producing crops.

Key words: Conservation agriculture. Crop diversification. Crop succession. Energy balance. Energy in 

agriculture.
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Resumo

O modelo de sistema de produção que vem sendo adotado na maioria das regiões brasileiras, a sucessão 

de soja/milho segunda safra, é um sistema que vem acarretando problemas na conservação da água e 

dos solos, e também levando a condições favoráveis para doenças, pragas e plantas daninhas no sistema 

agrícola e consequentemente elevando o uso de energia no sistema. A alternativa para esse modelo de 

produção é a rotação de cultura, no qual, pode interferir diretamente nos pontos problemáticos do sistema 

de sucessão de culturas e consequentemente no balanço de energia dos sistemas. Portanto, o objetivo do 

presente estudo é identificar o sistema de rotação de culturas, com melhor balanço e eficiência energética. 

Os dados de quantidade de insumos (sementes, adubos, defensivos e combustível), mão de obra homem 

e rendimento de grãos utilizados no estudo, foram coletados de um experimento de rotação de culturas 

conduzido na estação experimental do Instituto de Desenvolvimento Rural do Paraná – IAPAR-EMATER, 

Londrina-PR, durante os anos de 2014 a 2020. O delineamento experimental utilizado foi o de blocos ao 

acaso, com seis tratamentos e quatro repetições. Os tratamentos do experimento são: T1 (milho segunda 

safra/soja); T2 (aveia branca/soja; triticale/milho; trigo/soja); T3 (centeio + aveia preta/soja; aveia preta + 

nabo forrageiro/milho; braquiária/soja); T4 (canola/milho; crambe/milho; canola/soja); T5 (trigo mourisco 

- nabo forrageiro/milho; feijão/soja; trigo mourisco - aveia branca/soja) e T6 (trigo/milho; canola/milho 

+ braquiária; feijão/soja). As diferentes rotações, bem como o sistema tradicional milho segunda safra/

soja, proporcionaram balanço e eficiência energética positiva, ou seja, produziram mais energia do que 

consumiram. O sistema de rotação com canola/milho; crambe/milho; canola/soja apresentou o maior 

balanço e maior eficiência energética, com 866.442,27 MJ ha-1 e 10,27, respectivamente, em decorrência 

principalmente do cultivo do milho no verão, que resultou maior retorno energético em relação às demais 

culturas produtoras de grãos. 

Palavras-chave: Agricultura conservacionista. Balanço energético. Diversificação de culturas. Energia na 

agricultura. Sucessão de culturas.

Introduction

The input of energy into a production 
system depends on the degree of its 
management. Stages such as soil correction, 
sowing, agricultural machinery, and inputs 
required to control weeds, diseases, and pests 
represent different energy expenditures of a 
production system.

The use of energy balance in 
agriculture can be a tool for the decision of 
new management techniques in the system, 
providing energy savings. Thus, the energy 
analysis of the system is important for 
planning the agricultural activity, portraying 

in the best way the context of sustainability 
of production units. Energy balance is defined 
as an instrument to account for the available 
energy and the energy consumed in a given 
production system, allowing its intervention, 
aiming to improve efficiency (Santos, Tomm, 
Spera, & Ávila, 2007).

The production system adopted in most 
Brazilian regions is the soybean/second corn 
crop succession, which leads to higher ease 
in the planning, mechanization, credits, and 
commercialization of the final production. It is 
a system preferably conducted using chemical 
fertilizers, fuels, fungicides, herbicides, 
and insecticides, which are non-renewable 
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energies. This system has been causing 
problems in water and soil conservation and 
leading to favorable conditions for diseases, 
pests, and weeds in the agricultural system 
(Santos & Simon, 2010).

Crop rotation is an alternative to this 
production model, as it consists of alternating 
different crops within the agricultural system 
in a regular sequence. The model is composed 
of cover crops or green manure, such as 
signalgrass, white oat, fodder radish, lupin, 
vetch, and millet, and plants that can generate 
income for the farmer, such as wheat, white 
oat, sorghum, and corn. The rotation aims to 
diversify the income, control or reduce the 
incidence of weeds, pests, and diseases, 
minimal soil disturbance, and maintenance 
of soil organic matter and, consequently, soil 
fertility (Medeiros & Calegari, 2006). These 
characteristics can directly interfere with the 
energy balance of the system, reducing the 
use of herbicides, insecticides, fungicides, 
and chemical fertilizers, especially nitrogen. 
These practices are indispensable for the 
development of stable agriculture in terms of 
sustainability.

Santos, Ignaczak, Lhamby and Baier 
(2000a), Santos, Ignaczak, Lhamby and Carmo 
(2003), Santos et al. (2007), Santos, Spera, 
Fontaneli and Dreon (2011), showed that crop 
rotation systems are more energy-efficient 
and should be preferred instead of crop 
succession. The authors observed that cover 
crops tend to have a low energy performance, 
reducing the input of fossil energy into the 
systems. They also reported that corn has a 
higher energy return than wheat and soybean, 
compensating for the low energy performance 
of cover crops in crop rotation systems. These 
studies confirmed that crop rotation can 

reduce energy input and be more energy-
efficient than crop succession systems. Also, 
these studies were developed using cover 
crops, regions, climates, altitudes, and soils 
different from those used in the present study, 
which was carried out in the city of Londrina, 
PR, Brazil.

The traditional grain production system 
used in the Londrina region is the soybean/
second corn crop succession. This study 
was based on the hypothesis that there are 
crop rotation systems that are more energy 
efficient compared to the traditional soybean/
second corn crop succession system.

Therefore, this study aimed to identify 
the crop rotation system with higher energy 
balance and efficiency.

Material and Methods

The study was carried out at the 
experimental area of the Rural Development 
Institute of Paraná - IAPAR-EMATER (IDR-
Paraná), located in Londrina, PR, Brazil, under 
the geographic coordinates 23°22’ S and 
51°10’ W, with an altitude of 585 m. The soil is 
classified as an Oxisol (Santos et al., 2018). The 
regional climate is classified as Cfa according 
to Köppen, that is, a humid subtropical climate 
with an average annual temperature of 20.5 
°C and an average annual rainfall of 1700 mm 
(Nitsche, Caramori, Rice, & Pinto, 2019).

The experiment was conducted under 
two cycles of three years of crop rotation, 
from 2014 to 2017 and 2017 to 2020. The 
experimental design was randomized blocks, 
with six treatments and four replications, 
consisting of a plot of 300 m2 (15 × 20 m).
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The treatments were as follows: T1 
- second corn crop/soybean, second corn 
crop/soybean, and second corn crop/soybean 
(2014 to 2017); second corn crop/soybean, 
second corn crop/soybean, and second corn 
crop /soybean (2017 to 2020); T2 - white oat/
soybean, rye/corn, and wheat/soybean (2014 
to 2017); white oat/soybean, triticale/corn, and 
wheat/soybean (2017 to 2020); T3 - rye + black 
oat/soybean, black oat + fodder radish/ corn, 
and congo grass /soybean (2014 to 2017); rye 
+ black oat/soybean, black oat + fodder radish/
corn, and brachiaria/soybean (2017 to 2020); 
T4 - canola/corn, crambe/corn, and safflower/
soybean (2014 to 2017); canola/corn, crambe/
corn, and canola/soybean (2017 to 2020); T5 - 
buckwheat/fodder radish/corn, bean/soybean, 
and buckwheat/white oat/soybean (2014 to 
2017); buckwheat/fodder radish/corn, bean/
soybean, and buckwheat/white oat/soybean 
(2017 to 2020); and T6 - wheat/corn + congo 
grass, canola/corn + congo grass, and bean/
soybean (2014 to 2017); wheat/corn, canola/
corn + signalgrass, and bean/soybean (2017 
to 2020).

All energy inputs used in each 
system, that is, the quantity of seeds for 
each crop, fertilizers (nitrogen, phosphorus, 
and potassium), pesticides (herbicides, 
insecticides, and fungicides), fuel (diesel, 
lubricant, and grease), and labor for each 
management carried out during the six years 
of crop rotation, were added to evaluate the 
energy balance and efficiency indices. In 
addition, all energy outputs from the systems, 
that is, the grain yield of each crop, were also 
added.

The energy units of each system were 
transformed from kg, L, and hours ha−1 into MJ 
ha−1, used as a standard unit to compare all the 

indices. A literature review was carried out to 
survey these energy units. The energy values in 
MJ kg−1 adopted for the crop seeds used in the 
experiment were: 33.22 (corn) (Riquetti, Benez, 
& Silva, 2012), 31.85 (soybean), 17.25 (white 
and black oats) (Santos, Ignaczak, Lhamby 
& Zoldan 2000b), 15.50 (wheat), 15.60 (rye), 
33.60 (bean), 1.51 (fodder radish) (Marchioro, 
1985), 27.4 (crambe) (Jasper, Biaggioni, 
Silva, Seki, & Bueno, 2010), 29.43 (canola) 
(Khakbazan et al., 2019), 16.26 (triticale) 
(Fialho & Albino, 1983), 1.44 (buckwheat) (U. 
S. Department of Agriculture [USDA], 2019), 
10.50 (signalgrass), and 21.45 (safflower), 
estimated by the Laboratory of Food Analysis 
of the State University of Londrina (UEL).

The adopted fertilizer indices consisted 
of the values presented by Bueno (2002), that 
is, 62.70 MJ kg−1 of N, 9.66 MJ kg−1 of P2O5, and 
9.24 MJ kg−1 of K2O. The indices for pesticides 
were 347.65 MJ kg−1 for herbicides and 309.62 
MJ kg−1 for insecticides (Pimentel, 1980). The 
caloric value of 271.96 MJ kg−1 was used for 
fungicides (Pimentel, Bernard, & Fast, 1983 
apud Santos, 2006).

Values of 38.47, 39.56, and 43.52 
MJ kg−1 were adopted as energy indices for 
fuel, lubricating oil, and grease, respectively 
(Bueno, 2002). Diesel consumption for 
sowing operation was estimated using the 
method adopted by the American Society 
of Agricultural Engineers [ASAE] (2003). The 
estimated power demand on the tractor 
drawbar was calculated by Equations 1, 1.1, 
and 1.2. The machinery used in the experiment 
were: i) Jhon Deere 7515 tractors, with a 
nominal engine power of 140 hp (103 kW); ii) 
NW TL 75-E, with a nominal engine power of 
75 hp (55.2 kW); iii) Kuhn PDN-PG 9000 seed 
drills, with nine rows for coarse grains and 
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ridger working at a depth of approximately 7 
cm; iv) Semeato 11/13, with 13 rows for small 
grains; v) Jacto Condor AMI4 sprayer with a 
600-L tank and 12-meter boom; vi) Cremasco 
90 fertilizer spreader, with a working width 
of 12 m; vii) knife roller, manufactured by the 
Department of Agricultural Engineering of IDR-
Paraná, with a working width of 2 m; and viii) 
NW TC5090 harvester, with a nominal engine 
power of 258 hp (189 kW).

Pdb = [(Rb + Rt) × S] / 1000                                (1)

where Pdb is the drawbar power (kW), Rb is 
the tractor bearing resistance (N), Rt is the 
machine total traction resistance (N), and S is 
the speed (m s−1).

Rb = Kb × W                                                         (1.1)

where Rb is the tractor bearing resistance (N), 
Kb is the bearing resistance coefficient (0.10 
to 0.12), and W is the total tractor weight (N).

Rt = Rc + Rd + Rs                                          (1.2)

where Rt is the machine total traction 
resistance (N), Rc is the machine traction 
resistance (N), Rd is the land declivity (270 N), 
and Rs is the soil surface conditions (210 N).

Rc = Rcu × n                                                        (1.2.1)

where Rc is the machine traction resistance 
(N), Rcu is the resistance per ridger (N), and n is 
the number of ridgers.

Rcu = j × d                                                        (1.2.1.1)

where Rcu is the resistance per ridger (N), j 
represents a clay soil (175 to 280), and d is the 
working depth (cm).

Moreover, a loss relative to the tractor 
power transfer is equal to 0.73, a loss of 
engine power according to the altitude and 
temperature of the experimental region equal 
to 0.91, and a machine age equal to 0.85 were 
considered to calculate the estimated power 
demand on the drawbar (ASAE, 2003). The fuel 
consumption per hectare (Equation 2) and the 
operating fuel consumption (Equation 3) were 
calculated considering the consumption of 
0.25 liters per hour for each horsepower (hp) 
required by the tractor (Pacheco, 2000).

Fc = Pdb × 0.25                                              (2)

where Fc is the fuel consumption (L ha−1) and 
Pdb is the drawbar power (cv).

Co = Fc / FCe                                                             (3)

where Co is the operating fuel consumption (L 
ha−1), Fc is the fuel consumption (L ha−1), and 
FCe is the effective field capacity (ha h−1).

FCt = (W × S) / 10                                          (3.1)

where FCt is the theoretical field capacity (ha 
h−1), W is the working width (m), and S is the 
working speed (km h−1).

FCe = FCt × Ef                                          (3.2)

where FCe is the effective field capacity (ha 
h−1), FCt is the theoretical field capacity (ha 
h−1), and Ef is the field efficiency (decimal).

The field efficiency used for each set 
was 0.70 for Jhon Deere tractor and Kuhn seed 
drill, 0.90 for NW75 tractor and Semeato, 0.70 
for NW75 and Jacto sprayer, 0.90 for NW75 
and knife roller, 0.70 for NW75 and fertilizer 
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spreader, and 0.70 for NW TC5090 (Pacheco, 
2000).

The Romanelli (2002) method was used 
for the harvester fuel consumption, according 
to Equation 4.

Fc = Po × Fec                                                             (4)

where Fc is the hourly fuel consumption (L h−1), 
Po is the gross engine power (KW), and Fec 
is the specific consumption factor per power 
(0.163 L KW−1 h−1).

The calculation of grease used in the 
seed drills considered 5% fuel consumption 
(Müller et al., 2017), while the lubricating useful 
life was used as informed by the manufacturer 
of each machine.

The labor was calculated according 
to the amount of work carried out during 
sowing, spraying, broadcast fertilization, knife 
roller operation, and harvesting. Mean energy 
consumption of 0.22 MJ h−1 was considered 
to calculate the energy expenditure by 
machine operators in the various operations 
carried out during all the experimental years 
(Assenheimer, Campos, & Gonçalvez Júnior, 
2009). The energy output considered the crop 
grain production, transformed according to 
their energy coefficients (MJ kg−1): 16.61 (corn) 
(Riquetti et al., 2012), 16.80 (soybean), 15.70 
(white oat), 14.15 (bean) (Marchioro, 1985), 
12.61 (wheat) (Santos et al., 2000b), 27.4 
(crambe) (Jasper et al., 2010), 29.43 (canola) 
(Khakbazan et al., 2019), 16.26 (triticale) (Fialho 
& Albino, 1983), 1.44 (buckwheat) (USDA, 
2019), and 21.45 (safflower), estimated by the 
Laboratory of Food Analysis of UEL.

The Risoud (1999) method was 
adopted for the energy analysis based 
on the energy input and output indices 
transformed into MJ. The relationship indices 
between sustainability and energy analysis of 
agricultural exploitation, which consist of the 
energy balance and efficiency, are shown in 
Equations 5 and 6.

Energy balance = ∑ total energy of produced 
products − ∑ non-renewable energy inputs (5)

Energy efficiency = ∑ total energy of produced 
products / ∑ non-renewable energy inputs (6)

Results and Discussion

Table 1 shows the sums of energy 
inputs in each system studied during the six 
years of crop rotation. The highest energy input 
was found in T6, with a value of 107,765.08 MJ 
ha−1, followed by T2, with a value of 100,624.11 
MJ ha−1, T4 with 93,445.08 MJ ha−1, T1 with 
91,058.46 MJ ha−1, T5 with 85,246.76 MJ ha−1, 
and T3 with 58,792.58 MJ ha−1. The highest 
energy proportions in T6, T2, T4, T1, and T5 
occurred because summer and winter crops 
demand more phytosanitary management for 
grain production. The lower input proportion 
in T3 during the six years of crop rotation 
occurred because this system uses soil 
cover crops during winter cultivation, and 
these crops required a low use of fungicides, 
herbicides, and insecticides, as well as the 
non-application of formulated fertilizers. 
These facts can be better understood when 
the quantity of inputs that each treatment 
used was detailed (Figure 1).
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Figure 1 shows the quantity of inputs 
in each treatment during the six years of the 
experiment, considering all inputs in MJ ha−1. All 
types of energy were grouped, namely: labor, 
seeds, diesel, lubricant, chemical fertilizers 
(N, K2O, and P2O5), and pesticides (herbicides, 
fungicides, and insecticides). N stands out 
with the highest energy expenditure in the 
treatments, that is, representing 31,045.91, 
39,602.57, 16,120.26, 48,986.59, 27,779.86, 
and 51,301.86 MJ ha−1 in T1, T2, T3, T4, T5, 
and T6, respectively (Figure 1). T3 presented 
the lowest N proportion due to the non-use 
of nitrogen fertilizers in soil cover crops. On 
the other hand, T2, T4, and T6 had a higher N 
proportion during the six years, representing 
almost half of the energy used for production. 
These treatments have corn cultivation in 
the summer, with a higher investment of 
topdressing nitrogen fertilization in the corn 
crop. Moreover, crops planted during the 
winter under these treatments also used 
topdressing nitrogen fertilization, such as 
white oat, triticale, and wheat in T2, canola and 
crambe in T4, and wheat, canola, and bean in 
T6.

Table 1
Total energy inputs (MJ ha-1) in the six Years of crop rotation. Londrina-PR

Treatments Energy inputs (MJ ha-1)

T1 91,058.46

T2 100,624.11

T3 58,792.58

T4 93,445.08

T5 85,246.76

T6 107,765.08

Diesel is one of the three energy 
expenditures with the highest proportion in 
the production, representing 17,069.64 MJ 
ha−1 in T1, 13,556.46 MJ ha−1 in T2, 10,995.04 
MJ ha−1 T3, 14,005.34 MJ ha−1 in T4, 15,876.18 
MJ ha−1 in T5, and 14,957.88 MJ ha−1 in T6 
(Figure 1). Together, these two forms of energy 
(N and diesel) represent 53% in T1, 54% in T2, 
46% in T3, 67% in T4, 52% in T5, and 62% in 
T6, that is, approximately half of the energy 
used for production.

Studies developed by other authors in 
regions, management practices, and systems 
different from those studied here have shown 
similar results regarding the higher energy 
expenditure for N and diesel. Medeiros (2011) 
conducted a study in the region of Lucas 
do Rio Verde, MT, Brazil, and observed that 
diesel presented participation of 2,416.2 
MJ ha−1 (28.76%) in soybean production and 
2,197 MJ ha−1 (30.05%) in corn production, 
with the highest contribution of energy input. 
Moreover, N had a participation of 938 MJ ha−1 
(13%) in corn production, being the second 
form of energy that most entered the system, 
only behind the diesel.
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Figure 1. Input share (MJ ha-1) for again production from tratments during the six Years of crop 
rotation.

Santos (2006) carried out a study 
in Itaberá, SP, Brazil, and found that diesel 
presented participation of 2,418.68 MJ ha−1 

(28.06%) in the energy input into the corn 
production system under no-tillage, being 
only smaller than the input of fertilizers, as N 
accounted for the highest part, that is, 3,182.37 
MJ ha−1 (83%). Jasper et al. (2010) also 
observed that the highest energy consumption 
in a crambe production system under no-
tillage in the region of Botucatu, SP, Brazil, 
reached 1,000.16 MJ ha−1 (24.16%) for N and 
953 MJ ha−1 (23.04%) for diesel. The high diesel 
consumption in the treatments, associated with 
the low value of the labor, demonstrates that the 
production systems are more technified, with a 
high degree of mechanization and people only 
to control the machines.

Seeds and herbicides were other 
forms of energy that had great prominence. 
Seeds represented, during the six years of 
crop rotation, 14,914.10 MJ ha−1 (16%) in T1, 

18,427.63 MJ ha−1 (18%) in T2, 13,882.78 MJ 
ha−1 (24% ) in T3, 8,394.31 MJ ha−1 (9%) in T4, 
18,120.96 MJ ha−1 (21%) in T5, and 16,107.76 
MJ ha−1 (14%) in T6. The high value of energy 
expenditure of the seeds is due to the high 
values of their energy coefficients, especially 
soybean (32.85 MJ kg−1), corn (33.22 MJ 
kg−1), bean (33.60 MJ kg−1), and canola seeds 
(29.43 MJ kg−1). Herbicides accounted for the 
fourth-highest total energy expenditure in 
the treatments, with the highest participation 
among pesticides (Figure 1). Herbicides 
represented total energy of 10,6667.50 MJ 
ha−1 (12%), 9,144.98 MJ ha−1 (9%), 8,769.12 MJ 
ha−1 (15%), 7,674.03 MJ ha−1 (8%), 9294.08 MJ 
ha−1 (11%), and 8,582.09 MJ ha−1 (10%) for T1, 
T2, T3, T4, T5, and T6, respectively.

Santos (2006) found that pesticides 
contributed with 1,612.99 MJ ha−1 (18.7%) 
and seeds with 503.97 MJ ha−1 (5.84%) of 
the total energy of a corn production system, 
with pesticides being the third and seeds the 
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Energy outputs are linked to the grain 
yield of the crops used in this study, which 
are shown in Table 3. Treatment 1 shows that 
the second corn crop in 2016 and 2019 had a 
yield of 2,737 and 2,312 kg ha−1, respectively, 
mean yields below those obtained in the state 
of Paraná for the same crops, which reached 

fourth largest expenditure of energy. Campos, 
Klosowsk, Souza, Zaninu and Prestes (2009) 
studied the energy balance of soybean 
production under no-tillage in Medianeira, PR, 
Brazil, and found that the energy consumption 
of herbicides represented 758.47 MJ ha−1 
(22.6%) of the total energy of the system. This 
input was among the three highest energy 
expenditures, only behind diesel (1,021.71 
MJ ha−1 and 29.43%) and seeds (937.22 MJ 
ha−1 and 27.50%). Ferreira, Neumann and 
Hoffmann (2014) observed that pesticides 
had participation of 624.17 MJ ha−1 (5.48%) 
in wheat grown in Rio Grande do Sul, Brazil, 
being 311.15 MJ ha−1 (49.85 %) related to the 
use of herbicide, which was the fourth largest 
expenditure of energy within the system, 
behind fertilizers, fuels, and seeds.

Therefore, energy expenditures 
from nitrogen, fuels, seeds, and herbicides 
represent most of the energy consumption 
in production systems even in studies with 
isolated crops or crop rotation. According to 

Bueno (2002), high grain yields are obtained 
when using the so-called Green Revolution 
tripod, which means: improved seeds, a high 
degree of mechanization, and chemical inputs, 
as they are the basis of current agricultural 
systems.

Table 2 represents the total energy 
output that each treatment obtained during 
the six years of crop rotation. Treatment T4 
had the highest energy output, with a value 
of 959,887.35 MJ ha−1, followed by T6 with 
933,729.47 MJ ha−1. The highest energy 
output in T4 and T6 occurred because the 
two systems had four corn cultivations in the 
summer during the six years of crop rotation, 
with high yields, increasing the energy output 
index of these systems. The lowest energy 
output in T3 during the six years of crop 
rotation occurred because this system uses 
soil cover crops in the winter cultivation. These 
crops are not harvested and, therefore, there 
is no energy output, causing the energy output 
index to be lower among the treatments.

Table 2
Total energy outputs (MJ ha-1) in the six Years of crop rotation. Londrina-PR

Treatments Energy outputs (MJ ha-1)

T1 877,381.15

T2 836,436.39

T3 587,100.01

T4 959,887.35

T5 675,301.09

T6 933,729.47

values of 5,457 and 5,012 kg ha−1, respectively 
(Companhia Nacional de Abastecimento 
[CONAB], 2021). However, the mean yield of 
the second corn crop in the state of Paraná 
from 2014 to 2020 was 5,309 kg ha−1 (CONAB, 
2021), while the mean yield of the second corn 
crop of treatment 1 during the same period was 
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5,216 kg ha−1, showing that the low yield from 
2016 and 2019 was not a factor that interfered 
with the energy output of the system. It also 
demonstrated that the energy output of this 
system remained high due to the yields of the 
second corn crop, which are much higher than 
the yields of other crops grown in the winter 
for the other treatments. According to CONAB 

(2021), the mean soybeans yield in the state of 
Paraná from 2014 to 2020 was 3,427 kg ha−1, 
while treatment 1 had a mean yield of 3,547 
kg ha−1 during the same period, that is, above 
the mean yield in the state of Paraná. It shows 
that grain yield and energy output in treatment 
1 were not compromised even though it is a 
crop succession system.

Table 3
Grain yield in the first and second crop rotationcycle in kg ha-1

Crops 2014/2015 2015/2016 2016/2017

Treatments Winter Summer Winter Summer Winter Summer

1
C SB C SB C SB

5,895 2,965 6,536 3,241 2,737 4,030

2
WO SB R C W SB

3,247 3,518 - 9,867 3,762 4,488

3
BO+R SB BO+FR C CG SB

- 3,431 - 10,300 - 4,591

4
CL C CR C SF SB

1,756 11,202 1,475 9,252 1,006 4,397

5
BW/FR C B SB BW/BO SB

1,161 10,630 1,984 3,006 785 4,369

6
W C+CG CL C B SB

1,833 10,532 1,142 9,591 776 4,617

Crops 2017/2018 2018/2019 2019/2020

Treatments Winter Summer Winter Summer Winter Summer

1
C SB C SB C SB

8,040 4,138 5,775 3,285 2,312 3,625

2
WO S TCL C W SB

3,369 4,268 3,401 8,802 3,842 3,864

3
BO+R S BO+FR M CG SB

- 4,231 - 8,761 - 3,848

4
CL C CR C CL SB

367 10,649 - 8,630 1,084 4,027

5
BW/FR C B S BW/BO SB

1,654 11,502 1,851 3,448 2,578 3,650

6
W C+CG CL C B SB

4,046 10,340 1,282 7,915 2,337 4,068

W - wheat; SB - Soybean; WO - White oat; BO - black oat; C - Corn; B - bean; FR - fodder radish; R - Rye; CR - crambe; SF 
- safflower; CL - canola; BW - buckwheat; CG - congo grass; TCL - triticale “-“ there was no Harvest.
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Canola also had a low mean grain 
yield in the 2016 and 2017 growing seasons 
in treatment 4 (1,006 and 367 kg ha−1, 
respectively) compared to the mean yield in 
the state of Paraná (1,833 and 1,200 kg ha−1, 
respectively) (CONAB, 2021). A harvest of 
crambe was lost in this treatment, which may 
have interfered with its energy output. The 
same occurred with wheat in the 2014 growing 
season, which had a grain yield of 1,833 kg ha−1, 
and bean in the 2016 growing season, with a 
grain yield of 776 kg ha−1, while the mean yield 
in the state of Paraná reached 2,732 and 1,355 
kg ha−1 in these seasons for wheat and bean, 
respectively (CONAB, 2021). The yield of corn 
grown in the summer is another factor that 
can be observed in the studied treatments by 
comparing treatments 2, 3, 4, 5, and 6 (Table 
3) with the mean yields in the state of Paraná 
in the 2014/2015 (8,640 kg ha−1), 2015/2016 

Energy balance = ∑ total energy of produced products − ∑ non-renewable energy inputs.
Energy efficiency = ∑ total energy of produced products / ∑ non-renewable energy inputs.

(7,937 kg ha−1), 2017/2018 (8,748 kg ha−1), 
and 2018/2019 growing seasons (8,833 kg 
ha−1) (CONAB, 2021), only T6 in the 2018/2019 
growing season had a lower mean corn yield 
compared to that observed in the state of 
Paraná, the other mean yields were close to 
or much higher than the means in the state 
of Paraná, showing that the energy output in 
these systems was high due to the high yields 
of summer corn.

Table 4 shows the sums of total input 
and output energies, the energy balance in MJ 
ha−1 of treatments with crop rotation, and the 
energy efficiency of each one of them. The 
treatments had high energy efficiency, all with 
values above 1.0. According to Quesada and 
Beber (1990), efficiency values higher than 
1.0 represents a positive balance, while values 
lower than 1.0 represent a negative balance.

Table 4
Total inputs and outputs (MJ ha-1), energy balance ande energy efficiency of six tears of crop rotation. 
Londrina-PR

Treatments
Energy inputs 

(MJ ha-1)
Energy outputs 

(MJ ha-1)
Energy balance 

(MJ ha-1) 
Energy Efficiency

T1 91,058.46 877,381.15 786,322.69 9.64

T2 100,624.11 836,436.39 735,812.28 8.31

T3 58,792.58 587,100.01 528,307.43 9.99

T4 93,445.08 959,887.35 866,442.27 10.27

T5 85,246.76 675,301.09 590,054.33 7.92

T6 107,765.08 933,729.47 825,964.39 8.66

Treatments T4 and T6 showed the 
highest energy balances, as they are the only 
systems with four corn cultivations in the 
summer, two soybean cultivations, and higher 

diversification of commercial winter crops. 
On the other hand, T3 had the lowest energy 
balance and was also the system that had the 
lowest energy input and output. It is due to 
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the exclusive cultivation of soil cover plants 
in the winter, which are not fertilized and have 
few cultural treatments, resulting in low use 
of machines in their growing cycle, in addition 
to not being used for grain harvesting. T4, 
T3, and T1 had the highest energy efficiency 
indices, with values of 10.27, 9.99, and 9.64, 
respectively, indicating an energy return of 
9.27, 8.99, and 8.64, respectively, for each 
unit of energy invested for producing in these 
systems. These treatments were followed by 
T6, T2, and T5, with efficiency values of 8.66, 
8.31, and 7.92, respectively.

Treatment T4 had the highest 
energy balance and the highest energy 
efficiency index. This treatment had four corn 
cultivations in the summer during the six years 
of crop rotation. Corn increased the energy 
balance of this system and, consequently, 
increased the energy efficiency index, which 
reached 15.34, 13.23, 31.91, and 11.88 in 
the summers of the 2014/2015, 2015/2016, 
2017/2018, and 2018/2019 growing seasons, 
respectively. Soybean had indices of 12.83 
in the 2016/2017 growing season and 12.14 
in the 2019/2020 growing season. For winter 
crops, canola presented indices of 9.14, 1.01, 
and 5.17 in the 2014, 2017, and 2019 growing 
seasons, respectively, crambe had indices 
of 4.65 and 0 in the 2015 and 2018 growing 
seasons, respectively, and safflower reached 
a value of 2.82 in the 2016 growing season.

Treatment T3 presented the second-
highest energy efficiency index although 
this treatment uses soil cover plants in the 
winter cultivation (rye + black oat, black oat 
+ forage radish, and signalgrass), with no 
grain harvesting and, therefore, with negative 
energy efficiencies and balances. Two corn 
and four soybean cultivations in the summer 
compensated for these negative efficiency 

values, especially corn in the summer due 
to its high energy conversion. This system 
is characterized by improving the physical, 
chemical, and biological soil quality and, 
according to Pereira et al. (2011), conservation 
management systems that aim to improve 
these soil characteristics cause changes in 
the root distribution in subsequent cultivations 
and directly interfere with the shoot growth 
and, consequently, crop yield.

Treatment T1 showed the third-highest 
energy efficiency. This place is also due to 
the corn crop, which had a higher energy 
efficiency than the other winter cultivations 
of the other treatments. Therefore, the corn 
grown both in the winter and in the summer 
boosted energy efficiency in T4, T3, and T1. 
Santos et al. (2001, 2003) mentioned that crop 
rotation systems with better energy efficiency 
indices are those with corn due to their higher 
energy conversion indices. Santos, Ignaczak, 
Lhamby and Baier (2000a) also reported the 
importance of corn for the system because 
this crop provided a decrease in its energy 
conversion values when not harvested. Santos 
et al. (2000b) evaluated the conversion and 
energy balance of grain production systems 
with annual winter pastures for six years under 
a no-tillage system and verified that the wheat/
soybean and black oat + vetch/corn and wheat/
soybean, black oat pasture + vetch/soybean 
and black oat pasture + vetch/corn obtained 
better energy efficiency. According to the 
authors, the inclusion of corn as a component 
in the systems would be the reason why they 
present higher energy efficiency indices, 
indicating the importance and potential of 
corn as an energy converter.

Treatment T6 had the second-highest 
energy balance but had the fourth highest 
energy efficiency. It can be explained by 
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winter cultivations of wheat, canola, and bean, 
which showed low grain yields in the first crop 
rotation cycle and, consequently, low energy 
conversion. Also, the bean crop had a negative 
energy efficiency of 0.96 in the 2016 growing 
season of this system, according to Quesada 
and Beber (1990).

Treatment T5, with two corn 
cultivations and four soybean cultivations in 
the summers, had the lowest energy efficiency 
index among all adopted systems (Table 4). It 
occurred because the bean crop presented 
low energy efficiency, with a value of 2.69 in 
the 2015 growing season and 2.49 in the 2018 
growing season, while buckwheat/fodder 
radish or white oat cultivations had a negative 
energy balance in the 2014 (−3,819.92 MJ 
ha−1), 2016 (−7,956.26 MJ ha−1), and 2019 
growing seasons (−1,033.87 MJ ha−1), and 
energy efficiency values of 0.30, 0.12, and 
0.78, respectively, which means a negative 
efficiency. Buckwheat/turnip presented an 
energy balance of 255.94 MJ ha−1 and an 
energy efficiency of 1.12 in the 2017 growing 
season, but it can be considered as low energy 
efficiency.

All treatments had positive energy 
balance and efficiency even with the ups and 
downs of the systems, that is, they produced 
more energy than they consumed. Therefore, 
they can be considered sustainable systems 
from an energy point of view.

The second corn crop/soybean 
succession system is sustainable only from 
an energy point of view, because from an 
environmental perspective, the traditional 
system may not present sustainable 
physical, chemical and biological soil quality 
characteristics, as observed in the rotation 
systems of cultures (Franchini, Costa, & Debiasi, 

2011). In the economic aspect, the soybean/
maize second crop succession system is also 
not advantageous, as evidenced by Volsi, 
Higashi, Bordin and Telles (2021), who when 
analyzing the same experiment, verified that 
crop rotation systems are economically more 
profitable than corn second crop/soybean 
succession. Volsi, Bordin, Higashi and Telles 
(2020), when studying succession systems 
and crop rotation in the fall sandstone, also 
found that the system with greater crop 
diversification was more profitable than less 
diversified systems.

Any agricultural activity aims to achieve 
maximum profit. However, the production 
viability of a system does not only depend 
on the harvest yield and the product value at 
commercialization but also its efficiency in 
the use of available resources. Although the 
agricultural systems compared in this study 
are dependent on fossil and non-renewable 
energy, they are capable of being efficient, 
presenting an energy return approximately 
nine times higher than what is consumed. 
However, in addition to profitable production 
systems, they should be efficient, rational, and 
environmentally and energetically sustainable.

Conclusions

The studied systems showed positive 
energy balance and efficiency, that is, they 
produced more energy than they consumed.

The canola/corn, crambe/corn, and 
canola/soybean rotation systems presented 
the highest energy balance and efficiency, 
with values of 866,442.27 MJ ha−1 and 10.27, 
respectively, mainly due to corn cultivation in 
the summer, which resulted in a higher energy 
return than the other grain-producing crops.
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