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Abstract
On a global scale, agricultural systems consume approximately one third of the energy available on the planet. Viticulture
is an important agricultural activity for Brazil, mainly due to the characteristics of family production and because it is
a product with high added value. Studies addressing the energy balance in grape production in Brazil have rarely been
conducted. The objective of this study was to evaluate the energy balance in family-based viticulture in a hot climate
region in Brazil. The mean production data of 11 table grape orchards (Vitis labrusca L.), located in the municipality
of Guarapari, state of Espírito Santo/Brazil, were used. The energy coefficient (MJ) of each component involved in the
production process per hectare (ha) of cultivation was quantified. The energy inputs were categorized as direct and indirect
energy. The study considered ripe grapes and vine pruning residues as available energy. The direct input energy accounted
for 60.62% (18,515.5MJ), and the indirect input accounted for 39.38% (12,027.01MJ). Renewable energy contributed 24%
(7180.27MJ) and nonrenewable energy contributed 76% (23,362.24MJ) of the entries. The ripe grapes and pruning residues
corresponded to 78% (192,771.88MJ) and 22% (52,820.00MJ), respectively, of the outputs. The total energy efficiency
(TEE), grape energy efficiency (GEE) and grape energy conversion (GEC) were 8.04, 6.31, and 0.53kg MJ–1, respectively.
The grape specific energy (GSE) and net available energy (NAE) were 1.87MJ kg–1 and 215,049.37MJ, respectively. The
sustainability levels were considerably increased when the pruning residues were converted into viticulture inputs.
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Introduction

Viticulture is an important agricultural industry for Brazil
and for the state of Espírito Santo, primarily because of its
family production characteristics and because it is a prod-
uct with high added value. Among the strategic guidelines
outlined for the grape production chain, productivity, qual-
ity and sustainability are priorities. The path defined for the
advancement of these guidelines is to increase the area of
cultivation, number of producers and use of cultivars most
appropriate to the soil and climate conditions of the state. In
addition, the adoption of appropriate techniques for implan-
tation, production and postharvest are prioritized (Pedeag 3,
2015). Climate change scenarios indicate that winegrowers
will need to grow vines at higher atmospheric CO2 lev-
els and at warmer temperatures (Theron and Hunted 2022).
This requires adaptation of cropping systems, as well as the
intensification of more sustainable practices.

On a global scale, current agricultural systems con-
sume approximately one-third of all available energy on
the planet (Pestisha et al. 2023). Therefore, increasing
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the efficiency of energy use in the sector is a necessary
step to reduce socioenvironmental problems and increase
sustainability. GHG emissions in agricultural production
arise from the use of machinery, consumption of diesel oil,
use of chemical fertilizers and consumption of electricity;
clearly, this increase in energy use leads to an increase in
GHG emissions (Baran et al. 2022). Thus, the estimate of
agricultural crop yield based on energy use generates very
important information for farmers, the government, and
industries (Khoshroo et al. 2018; Nouri-khjebelagh et al.
2023) and for society in general. Energy indicators can
contribute to the formatting of public policies for everyone
involved in the agricultural production chain.

An evaluation of the impact of agricultural technologies
is important for estimating their technological, economic,
social and environmental effects and benefits (Moraes
et al. 2018), especially as they relate to the development
of more sustainable production systems. Sustainability, in
most agroecosystems, is seen only in the economic, social
and environmental dimensions. However, when the energy
dimension is considered, wine agroecosystems have the
ability to be considerably more sustainable (Mercenaro
et al. 2014; Zambon et al. 2018).

Carbon sequestration performed by cultivated plants is
the result of the conversion of solar energy into biomass
(gross primary productivity). Much of this energy is fixed
and used by cultivars in their metabolic processes, while
some of it dissipates into the environment as heat. The re-
maining fixed energy is the net primary productivity, which
is the amount of energy incorporated into the plant tissues;
it is the difference between the processes of photosynthesis
and respiration (Menezes Neto et al. 2018). It is extremely
important to evaluate and understand energy chains within
viticultural agroecosystems. When less energy is dissipated
during agricultural production, the process is more efficient
(Campos et al. 2019; Malwe et al. 2022).

Studies addressing the energy balance in table grape pro-
duction are very scarce. Thus, there is a need to generate
information on these aspects. Improvements in energy effi-
ciency not only help increase competitiveness by reducing
costs but also minimizes GHG emissions and environmen-
tal impacts. In addition, they enable crop performance to
be identified, regardless of the size of the farm and the
practices adopted (Karimi and Moghaddam 2018; Mohseni
et al. 2019; Malwe et al. 2022). Based on this scenario, the
objective of this study was to evaluate the energy balance
in family-based viticulture in the warm climate region of
the state of Espírito Santo, Brazil, thus enabling the sus-
tainability impacts of the activity to be measured.

Material andMethods

Location, Characteristics and Delimitation of
Production Systems

The study was conducted in the municipality of Guara-
pari-ES, Brazil (latitude 20° 380 25.1000 and longitude
40° 280 53.8000). The climate of the region according to
the Köppen classification is Aw—tropical climate, with
dry winters. The mean annual temperature is 23.30°C, the
mean annual rainfall is 1307mm, and the mean annual
relative humidity is 80.00%.

The choice of region was based on the existence of
a well-defined and structured program of rural develop-
ment through viticulture; the effective participation of the
Government of the State of Espírito Santo in the program
through the Research and Technical Assistance and Rural
Extension services (TARE); and the lack of information on
the energy performance of viticulture. The results of this
study can be extrapolated to other warm regions of the state
of Espírito Santo and Brazil.

The evaluated crops were planted in 2018, with the
cultivars ‘Niagara Rosada’ and ‘Isabel Precoce’ (Vitis la-
brusca L.), with a spacing of 3.00 meters between rows
and 2.00 meters between plants, grown via a trellis system.
The trellis cover was constructed of mesh woven with
polyethylene threads (shade) to prevent bird attack. All
cultivar treatments were performed as recommended for
the cultivar.

System Delimitation

The delimitation of the system was based on average pro-
duction data from 11 orchards owned by family farmers.
The energy costs were estimated per hectare (ha) of cul-
tivation. The follow-up period consisted of three harvests
(2020, 2021 and 2022) with an average duration of 120
days, from pruning to harvest. The data were obtained
through technical visits and interviews with family farm-
ers, as well as through the availability of data by the official
services of Rural Extension of Institute of Research, Tech-
nical Assistance and Rural Extension-Incaper in the state
of Espírito Santo.

All inputs were accounted for, including human labor,
machinery and equipment, gasoline, electricity, chemical
fertilizers, manure, insecticides, fungicides, irrigation water
and others inherent to the production process. Solar energy,
whether in the form of radiation or heat, was not taken into
account in this study because, according to Keshavarz Af-
shar et al. (2013), this energy is considered a free subsidy
in the energy analysis of agricultural systems. The energy
cost related to crop formation activities was not taken into
account. Rahmani et al. (2022) report the average lifespan
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of a vine between 75 and 80 years, which, based on the en-
ergy costs of formation and the lifespan of the vine, makes
the energy input negligible.

The energy inputs were categorized into direct energy
(human labor, fuels and lubricants, pesticides, limestone,
fertilizers and irrigation water) and indirect energy (energy
used in the manufacture of equipment, construction and
installations and other inputs necessary for production). For
the latter, energy depreciation was used, taking into account
the time of use and useful life of the equipment. Inputs
were also classified as renewable (human labor, manure
and irrigation water) and nonrenewable (fuel, chemicals and
machinery) (Karimi and Moghaddam 2018; Elhami et al.
2019; Malwe et al. 2022; Soltani et al. 2023).

Table 1 Energy inputs and respective energy coefficients in one hectare for grape production in a family farming system in the hot climate region
of the state of Espírito Santo/Brazil

Energy Input Unit Equivalent Energy (MJUnit–1) Reference

Direct Energy

Human labor hour 1.96 Timsina et al. (2022); Kaab et al. (2019)

Dolomitic limestone ton 170.00 Silva et al. (2020)

N kg 54.80 Paris et al. (2022)

P2O5 kg 10.30 Paris et al. (2022)

K2O kg 7.00 Paris et al. (2022)

Poultry manure ton 300.00 Keshavarz Afshar et al. (2013)

Gasoline L 31.88 Aseffe et al. (2019)

Lubricating oil L 42.37 Turco et al. (2018)

Insecticides kg 199.00 Keshavarz Afshar et al. (2013)

Fungicides kg 92.00 Keshavarz Afshar et al. (2013)

Irrigation water m3 0.62 Timsina et al. (2022); Turco et al. (2018)

Indirect Energy

Backpack sprayer 20L kg 102.26 Seflek et al. (2018)

Stapler kg 48.96 Seflek et al. (2018)

Pruning scissors kg 48.96 Seflek et al. (2018)

Mechanized backpack brushcutter kg 48.96 Seflek et al. (2018)
aOther tools kg 48.96 Seflek et al. (2018)
aRefers to the sum of other hand tools used in the production process

Table 2 Energy inputs and respective energy coefficients, referring to the construction of the trellis for one hectare of vine cultivation (cultivars
‘Niagara Rosada’ and ‘Isabel Precoce’)

Energy Inputs Unit Quantity Equivalent Energy (MJ Unit–1) Total energy value (MJ)
aEucalyptus cuttings 2.60× 0.15m kg 31,023.00 14.08 436,803.84
b2.1mm galvanized wire kg 880.00 62.80 55,264.00
bStretcher of 5/800 kg 36.00 62.80 2260.80
bSteel Rope 1/400 kg 164.00 62.80 10,299.20
cPolyethylene roofing (shading) kg 776.30 46.49 36,090.19
bBand “U” of 1/200 kg 60.00 62.80 3768.00
dHuman labor hour 200.00 1.96 392.00

Total trellis construction 544,878.03

aBersch et al. (2018)
bSteinmann et al. (2019)
cPalmay et al. (2021)
dTimsina et al. (2022)

Energy Components, Coefficients and Indicators

The energy inputs (direct and indirect energy) in the eval-
uated system and their respective energy coefficients are
presented in Table 1.

In the evaluated properties, irrigation is performed via
the drip system. In a drip irrigation system, water is applied
in a controlled manner through drops that reach the soil di-
rectly from a polyethylene pipe. The creation of this process
was based on the observations of Turco et al. (2018), who
reported a demand of 0.4716MJ for each m3 of water used
for drip irrigation systems. Considering the implementation
and energy depreciation, Timsina et al. (2022) recommend
a value of 0.1431MJ for each m3 of water consumed. The
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energy equivalent of 0.62MJ m–3 of water used for irrigation
was adopted in this study. The energy composition of the
supporting structure of the plants (treated trellis) (Table 2)
was estimated from the energy coefficients of its construc-
tive components established by several authors, as well as
the direct energy used in its construction. Its average useful
life (5475 days) was calculated based on the useful life of
its construction components.

Useful energy was considered to be that available in the
form of ripe grapes and crop pruning residues, which are
disposed of in the soil. The energy coefficient adopted for
the grapes was 11.80MJ kg–1 of ripe fruit (Hamedani et al.
2011). According to Zambon et al. (2018), vine pruning
residues have an energy equivalent of 19.00MJ kg–1.

The energy analysis was performed based on the energy
indicators recommended in the related literature (Keshavarz
Afshar et al. 2013; Moraes et al. 2018; Turco et al. 2018;
Khoshroo et al. 2018; Rahmani et al. 2022; Ahmadbeyki
et al. 2023), according to the Eqs. 1, 2, 3, 4 and 5:

Total energy efficiency .TEE/ =
Power output .MJ/

Energy inputs .MJ/
(1)

Grape energy efficiency .GEE/ =

Power output of grapes .MJ/

Energy inputs .MJ/

(2)

Grape energy conversion .GEC/ =

Production of grapes .kg ha−1/

Energy inputs .MJ/

(3)

Grape specific energy .GSE/ =

Energy inputs .MJ/

Production of grapes .kg/

(4)

Net available energy .NAE/ =Energy outputs .MJ/

− Energy inputs .MJ/
(5)

Results and Discussion

The direct and indirect energy inputs related to viticulture
in the warm climate region of the state of Espírito Santo/
Brazil for each hectare of cultivation were 18,515.50MJ
and 12,027.01MJ, respectively. Table 3 presents all energy
inputs, as well as their dimensional units, quantities, energy
coefficients and total energy value.

Of all the energy that enters the conversion system
(18,515.50MJ), 60.62% refers to direct energy. In the
composition of this input, nitrogen fertilizer was the
most relevant at 21.89% (6685.60MJ). It was followed
by human labor, poultry manure and irrigation water,
at 9.1% (2780.06MJ), 9.04% (2760.00MJ) and 5.37%
(1640.21MJ), respectively, of the total energy inputs,

dolomitic limestone, P2O5 and K2O had low percentages of
participation, at 1.56, 1.89 and 1.97%, respectively (Fig. 1).

Karimi and Moghaddam (2018), when evaluating the en-
ergy input in grape orchards in Shahriar, Iran, pointed to
the nitrogen input, 35% (11,241MJ) in relation to the to-
tal inputs. Uzun and Baran (2022), when evaluating energy
flows in Turkish viticulture, found that fertilizers composed
49.66% of total inputs, were the most significant compo-
nent. Rahmani et al. (2022) evaluated energy flows in con-
ventional and semi-mechanized systems in viticulture. The
authors obtained, respectively, 47.00% (12,401.25MJ) and
44.00% (11,045.38MJ) nitrogen intake. Notably, there is
a high dependence on chemical fertilizers in the conversion
systems evaluated by the authors. In the present study, the
participation of nitrogen fertilization was also significant
but lower. This is because part of the nitrogen fertiliza-
tion is supplied via organic and green manures. In addition,
chemical nitrogen fertilization is recommended and adopted
in lower doses, thus resulting in lower dependence on this
synthetic input. The expressive energetic participation of
the nitrogen input in the conversion systems is closely as-
sociated with the production of its sources. Fertilizers with
reactive nitrogen are produced by the Haber-Bosch synthe-
sis process. In this process, natural gas (CH4) is burned to
produce hydrogen, which reacts with N2 under high temper-
ature and high pressure to form ammonia (NH3) (Robertson
and Vitousek 2009; Matassa et al. 2023).

When analyzing the energy balance of viticulture in the
semiarid region of Iran, Khoshroo et al. (2018) reported
an energy demand of 2465.68MJ ha–1 for human labor.
This value is lower than that found in the present study
(2780.06MJ ha–1). In the production system evaluated by
the authors, agricultural activities are intensely mechanized.
Kamari et al. (2021), when evaluating energy consumption
in grape production in the province of Ilam, Iran, found an
energy demand of 945.77MJ ha–1 for human labor input,
resulting in a participation of 3.33% of the total energy en-
tering the system. In the present study, due to the nature
of family farms, most crop treatments are performed manu-
ally (pruning, spraying, fertilization, weeding, green prun-
ing and harvesting). There is no use of herbicides. The only
mechanized activity found was mowing, which was per-
formed with a mechanized backpack mower. According to
Silva et al. (2019), viticulture has a high demand for labor,
especially on family farms. This justifies a greater energy
expenditure for the human labor input in the present study,
which accounted for 9.10% of the total inputs (Fig. 1).

The use of manual labor in practically all activities ex-
plains the low share of energy input from fossil fuels (gaso-
line and lubricating oil) used in the evaluated systems.
These inputs corresponded to only 3.14% (960.43MJ) of
the total energy entering the system (Fig. 1 and Table 3).
This denotes a lower dependence on fossil fuel, which is
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Table 3 Energy inputs per hectare of cultivation for the viticulture activity practiced in a hot climate region in the state of Espírito Santo/Brazil

Energy Inputs Unit Quantity Useful life
(days)

Equivalent Energy
(MJ Unit–1)

Total energy value
(MJ)

Direct Energy

Human labor hour 1418.40 – 1.96 2780.06

Dolomitic limestone ton 2.80 – 170.00 476.00

N kg 122.00 – 54.80 6685.60

P2O5 kg 56.00 – 10.30 576.80

K2O kg 86.00 – 7.00 602.00

Poultry manure ton 9.20 – 300.00 2760.00

Gasoline L 28.00 – 31.88 892.64

Lubricating oil L 1.60 – 42.37 67.79

Insecticides kg 5.60 – 199.00 1114.40

Fungicides kg 10.00 – 92.00 920.00

Irrigation water m3 2667.00 – 0.62 1640.21

Total Direct Energy 18,515.50

Indirect Energy

Backpack sprayer 20L kg 4.40 1825.00 102.60 29.59

Stapler kg 0.80 1825.00 48.96 2.58

Pruning scissors kg 0.30 1825.00 48.96 0.80

Mechanized backpack brush-
cutter

kg 12.00 3650.00 48.96 19.32

aOther tools kg 10.00 1825.00 48.96 32.19

Trellis number 1.00 5475.00 544,878.03 11,942.53

Total Indirect Energy 12,027.01

Total Energy Inputs 30,542.51
aRefers to the sum of hand tools used in the production process

a characteristic of family farming in the state of Espírito
Santo/Brazil. When evaluating the energy flows in viticul-
ture in the region of Thrace, Turkey, Akdemir (2022) found
that the input of fossil fuels accounted for 26.29% of the
total input with 3192.78MJ. For the same energy input, Ka-
mari et al. (2021), when evaluating energy flows in grape
production in Eyvan County, Iran, found that fossil fuels ac-
counted for 14.98% (4247.59MJ) of the total entries. These
data indicate that viticulture in the region studied, regard-
ing energy consumption ha–1 (MJ), has a performance up to
4.40 times better than that achieved with the input of fossil
fuels.

Santos et al. (2021) reported that viticulture practiced
in tropical regions is more dependent on pesticides, espe-
cially fungicides. These factors add an addition demand,
increase dependence on external inputs, and cause envi-
ronmental damage. Tian et al. (2019) evaluated the energy
consumption in grape production in two annual harvests in
the Guangxi region of southern China and found similar
results. Chemical fertilizers and pesticides accounted for
41.65 and 25.20% of the total entries in the first crop and
39.29 and 25.66% in the second, respectively. However, in
the present study, fungicides and insecticides contributed
3.01% (1114.40MJ) and 3.65% (920.00MJ), respectively,
of the total input energy, for a total of 6.6% (2034.40MJ)

(Table 3 and Fig. 1). This value agrees with that identified
by Malwe et al. (2022), who evaluated the energy balance
for grape production in the Sangli region of India, these re-
searchers found a participation rate of 7.96% (3127.98MJ)
for agricultural pesticides in production systems. Namdari
et al. (2021), when evaluating the efficiency of energy use
in grape production in the province of Hamadan, western
Iran, found that the participation of pesticides in the total
energy intake was only 0.50% (170.40MJ ha–1). The au-
thors emphasize that despite this small rate, there is still
misuse of these inputs by farmers and that it is fully possi-
ble to save energy through these inputs. They also add that
the misuse of these inputs can cause adverse health effects
in the short term, as well as chronic adverse effects that
may occur months or years after exposure.

Water and energy are the main inputs of agricultural
production systems. The efficient use of these resources
is essential for better productivity and economic compet-
itiveness of agriculture, as well as for achieving satisfac-
tory levels of sustainability. Modern irrigation systems are,
on the one hand, highly efficient in terms of water use
but, on the other hand, demand high energy input (Correa-
Cano et al. 2022; Ahmad and Khan 2017). Khoshroo et al.
(2013) evaluated energy consumption in grape production
in Ilan Province, Iran. The authors observed that the energy
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Fig. 1 Percentage shares of
energy inputs per hectare of cul-
tivation in viticulture practiced
in the hot climate region of the
state of Espírito Santo/Brazil

Human
labor
9.1%

Dolomitic
limestone
1.56%

N 21.89%

P2O5
1.89%

K2O
1.97%

Poultry manure
9,04%

Gasoline
2.92%

Lubricating oil
0.22%

Insecticides
3.65%

Fungicides
3.01%

Irrigation water
5.37%

Tolls 0.28%

Trellis 39.1%

Renewable energy
24% (7,180.27 MJ)

Nonrenewable energy
76% (23,362.24 MJ)

Fig. 2 Percentage shares of renewable and nonrenewable energy input
per hectare of cultivation in viticulture practiced in the hot climate re-
gion of the state of Espírito Santo/Brazil

inputs with the highest participation rates were irrigation
water (37.00%), electricity (28.00%), chemical pesticides
(14.00%) and manure (11.00%).

Baran et al. (2017), when evaluating energy consumption
in organic grape production in the province of Adi Barman,
Turkey, observed that the most expressive inputs were ma-
chines and equipment (163,430.00MJ ha–1) and irrigation
water (24,875.00MJ ha–1). In the present study, the irriga-
tion water input, in three of the evaluated properties, was
pressurized via an electrically driven motor pump to a reser-
voir at a higher elevation, which enabled gravity irrigation
to occur. In the other eight farms studied in the region,
a spring at a higher elevation than the orchards enabled nat-
urally-occurring, gravity-driven pressurization. Therefore,
the electric energy of the settlement was embedded in the
composition of the irrigation water input (Turco et al. 2018;
Timsina et al. 2022). In addition, sustainable irrigation man-
agement was adopted for all properties by estimating evap-
otranspiration according to local minimum and maximum

temperatures (Hargreaves–Samani) (Althoff et al. 2019).
Therefore, this intake represented only 5.37% of the to-
tal intake (Fig. 1), with an energy value of 1640.21MJ
(Table 3).

Indirect energy accounted for 39.38% (12,027.10MJ) of
the total energy entering the system. The trellis was the
major energy input in the evaluated systems, with 39.10%
(11,942.53MJ) of the total energy input and 99.30% of the
total indirect energy. The equivalent energy cost for the trel-
lis was 1.19MJm–2 for construction. Several studies that an-
alyzed energy flows in viticulture on a global scale (Baran
et al. 2017; Khoshroo et al. 2018; Mohseni et al. 2019;
Kamari et al. 2021; Akdemir 2022), did not consider the
constructive aspects of the supporting structures for plants.
However, an analysis of the role of trellises in the com-
position of energy inputs in this study is highly relevant.
Thus, it is of fundamental importance that in future evalua-
tions, as in the present study, the energy inputs inherent to
the construction materials, their respective energy depreci-
ation, the direct energy involved in its various forms, and
all the necessary energy inputs for the construction of the
support structure of the plants are considered for the struc-
ture, trellis, espalier, “Y” or any other entity that meets the
local need. Furthermore, when the energy cost inherent to
the supporting structure of the plants is not considered, an
overestimation of the energy sustainability indices of the
evaluated systems may occur.

Renewable energy (human labor, manure and irrigation
water) accounted for 24.00% (7180.27MJ) of the total
energy that entered the conversion system. Nonrenewable
energy (chemical fertilizers, fossil fuels, pesticides, trellis
and equipments) accounted for 76.00% (23,362.24MJ)
of entries (Fig. 2). This also indicates a dependence of
viticulture on nonrenewable energy sources, which is very
pronounced due to the “Trellis” energy input in the present
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Table 4 Energy outputs for viticulture in the warm climate region of the state of Espírito Santo/Brazil, per hectare of cultivation

Available Energy (outputs) Unit Quantity Equivalent Energy (MJUnit–1) Energy value (MJ)

Ripe grape kg 16,336.60 11.80 192,771.88

Pruning residues of the vines kg 2780.00 19.00 52,820.00

Total Departures 245,591.88

Table 5 Energy indices, respective values and units, for viticulture ac-
tivity in the warm climate region of the state of Espírito Santo/Brazil,
per hectare of cultivation

Energy Index Value Unit

Total energy efficiency (TEE) 8.04 –

Grape energy efficiency (GEE) 6.31 –

Grape energy conversion (GEC) 0.53 KgMJ–1

Grape specific energy (GSE) 1.87 MJkg–1

Net available energy (NAE) 215,049.37 MJ

study. The dependence of viticulture on nonrenewable
sources is a trend observed very frequently in the literature.
Similar behaviors to the present study were observed for
of renewable and nonrenewable energy: 26.79 and 73.21%;
6.12 and 93.88%; 22.47 and 77.53%; 37.00 and 63.00%;
and 8.00 and 92.00% in Simsek et al. (2022), Akdemir
(2022), Kamari et al. (2021), Khoshroo et al. (2018) and
Tian et al. (2018), respectively.

To reduce viticulture’s dependence on nonrenewable en-
ergy sources, it is necessary to increase the use of renewable
energy sources as a proven alternative for the conservation
of natural resources and integrate renewable energy into
production systems, regardless of location or energy trans-
mission infrastructure. This is a great opportunity not only
to reduce energy and carbon costs, but also to reduce depen-
dence on external inputs, improve the standard of living of
rural communities, and increase food security (Burg et al.
2016; Robinson 2021; Pestisha et al. 2023).

The energy outputs, consolidated in Table 4, were
245,591.88MJ. The average grapevine yield for the evalu-
ated systems was 16,336.60kg ha–1.

The energy output for ripe grapes corresponded to
78.00% (192,771.88MJ) of the total output. González
et al. (2015) reported that in cultivars of the species Vitis
labrusca L., the generation of pruning residues is approx-
imately 2780.00kg ha–1. These residues corresponded to
22.00% (52,820.00MJ) of the outputs in the conversion
systems (Table 4).

The net available energy (NAE) was 215,049.37MJ. The
total energy efficiency (TEE), considering all system out-
puts, was 8.04 (Table 5). This value indicates that the ratio
between the sum of the total input energies and the out-
put energies of the conversion system is greater than one
unit. This value means that every 1MJ of energy supplied
to the system has the capacity to convert into 8.04MJ. Ac-
cording to Khoshroo et al. (2018) and Turco et al. (2018),

considering the energy efficiency indices as an indicator
of sustainability, from the energy point of view, the sys-
tems evaluated are sustainable. The energy efficiency of the
present study was higher than that found for viticultural sys-
tems by Kargwal et al. (2022) (4.95); Malwe et al. (2022)
(5.92); Mohseni et al. (2019) (5.75); Vafabakhsh and Mo-
hammadzadeh (2019) (0.98) and Baran et al. (2017) (6.57).

The grape energy conversion (GEC) was 0.53kg MJ–1,
which means that for each MJ of energy invested in the
conversion systems, 0.53kg of ripe grapes were obtained
(Table 5). In contrast, the grape specific energy (GSE) was
1.87MJ kg–1. This result indicates that for the conversion
of one kilogram of ripe grapes, an energy investment of
1.87MJ is required in the evaluated systems. Similar re-
sults were reported by Kamari et al. (2021) in vine orchards
in Iran (0.67kg MJ–1). There is a trend that the energy in-
dices found for viticulture in the study region are improved
from the 5th year of production, since the crops are still
young (3rd year of production) and therefore have aver-
age productivity (16,336.60kg ha–1) below the state average
(18,000kg ha–1) (Pedeag 3 2015).

Regarding the grape energy efficiency (GEE), an index
of 6.31 was found. Following the above premises, the sys-
tem would already be sustainable. Due to the large amounts
of pruning residues, the vine cultivation system requires
the adoption of adequate and effective management of this
type of residue (Maj et al. 2022). Observations indicate that
when value is added to the waste from the production pro-
cess, energy efficiency increased by 33.00%, with a TEE of
8.04. The pruning residues can and should be used in the
grape production process, as well as in other activities of
the properties, constituting, therefore, an economic option
for the family farmer. Thus, pruning residues are a useful
and economical input and should also be accounted for as
available energy. This proposition agrees with the results
obtained by Nunes et al. (2021), Souza et al. (2009) and
Santos and Lucas Júnior (2004). These authors state that
every production process generates waste and that all waste
stores some energy. Therefore, production systems can con-
vert this waste into energy, reduce its production cost and
function in an energy-balanced manner, and improve the
sustainability levels of agroecosystems, such as the agroe-
cosystems evaluated in this study.
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Conclusions

Of the total energy that enters the energy conversion sys-
tems (vineyards), 60.62% (18,515.50MJ) refers to direct
energy. In the composition of this input, nitrogen fertilizer
was more relevant, with 21.89% (6685.60MJ). Indirect en-
ergy accounted for 39.38% (12,027.01MJ) of the total en-
ergy. The trellis was the major energy input, with 39.10%
(11,942.53MJ) of the total energy input and 99.30% of
the total indirect energy. The equivalent energy cost for
the trellis was 1.19MJ m–2 for construction. Renewable en-
ergy (human labor, manure and irrigation water) accounted
for 24.00% (7180.27MJ) of the total energy input. Non-
renewable energy (chemical fertilizers, fossil fuels, crop
protection products, trellis and equipment) totaled 76.00%
(23,362.24MJ), in trellis the input that cost the most en-
ergy. The total energy output was 245,591.88MJ, and ripe
grapes and vine pruning residues corresponded to 78.00%
(192,771.88MJ) and 22.00% (52,820.00MJ), respectively,
of the outputs. The total energy efficiency (TEE), grape en-
ergy efficiency (GEE) and grape energy conversion (GEC)
were 8.04; 6.31 and 0.53kg MJ–1, respectively. The to-
tal grape specific energy (GSE) and net available energy
(NAE) were 1.87MJ kg–1 and 215,049.37MJ, respectively.
When considering grape production in the warm region of
Espírito Santo, the system was sustainable, in which each
MJ invested was converted into 6.31MJ in product (grape).
However, when considering the energy value added to the
vine pruning waste, there was a 33.00% increase in effi-
ciency, thus 1MJ was converted into 8.04MJ.

Acknowledgements To the National Council for Scientific and Tech-
nological Development (CNPq/Brazil), the State Secretariat for Agri-
culture, Supply, Aquaculture and Fisheries (SEAG/ES/Brazil) and the
Espírito Santo Research and Innovation Support Foundation (FAPES/
Brazil) for their support in the research projects. To the winegrowers
of the warm region of the state of Espírito Santo/Brazil for making
experimental areas and information available.

Funding The work was funded by the State Secretariat for Agricul-
ture, Supply, Aquaculture and Fisheries (SEAG/ES/Brazil) through the
Espírito Santo Research and Innovation Support Foundation (FAPES/
Brazil). There was also funding from the National Council for Scien-
tific and Technological Development—CNPq/Brazil.

Author Contribution All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Cássio Vinícius de Souza, José Aires Ventura, Jacimar
Luis de Souza, Diolina Moura Silva and Carlos Alberto Sangali de
Mattos. The first draft of the manuscript was written by Cássio Viní-
cius de Souza and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Data Availability The datasets generated during and/or analyzed dur-
ing the current study are not publicly available due to reasons of data
protection.

Conflict of interest C.V. de Souza, J.A. Ventura, J.L. de Souza,
D.M. Silva and C.A.S. de Mattos declare that they have no competing
interests.

References

Ahmad A, Khan S (2017) Water and energy scarcity for agriculture:
is irrigation modernization the answer? Irrig Drain 66(1):34–44.
https://doi.org/10.1002/ird.2021

Ahmadbeyki A, Ghahderijani M, Borghaee A, Bakhoda H (2023) En-
ergy use and environmental impacts analysis of greenhouse crops
production using life cycle assessment approach: a case study of
cucumber and tomato from Tehran province, Iran. Energy Rep
9:988–999. https://doi.org/10.1016/j.egyr.2022.11.205

Akdemir S (2022) Determination of energy balance in grape pro-
duction for wine in thrace region. Erwerbs-Obstbau 64(Suppl
1):103–111. https://doi.org/10.1007/s10341-022-00730-6

Althoff D, Santos RA, Bazame HC, Cunha FF, Filgueiras R (2019)
Improvement of Hargreaves–Samani reference evapotranspiration
estimates with local calibration. Water 11:2272. https://doi.org/
10.3390/w11112272

Aseffe JAM, Jaén RL, Olivaruiz LO, González AM, Lora EES (2019)
Análisis do ciclo de vida del aprovechamiento energético de los
residuos (tusa) de la cosecha de maíz (Zea mays) na província de
Los Ríos, Ecuador. Tecnol Quím 39(3):655–672
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