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Abstract: Fossil fuel price increases, their uneven distribution, environmental issues from their
incineration, and lack of guarantees of their energy security are the main drivers for the development
of green energy. Agricultural waste is an abundant resource for energy bioprocessing, which improves
the functioning of the circular economy. In this study, the following were used as the main indicators:
the share of renewable energy and the benefit from it, the coefficient of cyclical use of biomass, and
the reduction in carbon dioxide emissions. The ways in which sunflower waste is applied for energy
purposes are emphasized. The highest comprehensive ecological and economic effects are shown to
be achieved in the production of biogas from sunflower residues with the incineration of this biogas
in cogeneration plants. The residues from the biogas plant that are left after fermentation should
be used as a biofertilizer. Such a cyclic system allows not only the full processing of all biomass
waste that significantly reduces carbon dioxide emissions during the cultivation and processing of
sunflower, but also an increase in the share of renewable energy used in technological processes up
to 70%.

Keywords: biorefinery; circular economy; power generation; carbon dioxide emission; indicator

1. Introduction

The development of fossil fuel-based energy is limited by the exhaustibility of re-
sources, environmental issues, and rising prices. In addition, global crises, including the
coronavirus, Russia’s invasion of Ukraine, etc., have impacted the energy market. Thus,
from 2021 to May 2022, energy prices almost doubled: crude oil rose from USD 41.52/MWh
to USD 72.73/MWh, and natural gas rose from EUR 22.32/MWh to EUR 87.29/MWh [1,2].
For these reasons, renewable energy is the main trend for the near future [3]. Among renew-
able energy, wind and solar power generation are uncertain and volatile [4]. Unlike them,
biomass may be the most promising feedstock for power generation and biorefinery [5].
The main reasons are as follows: abundant and widely distributed resources, low harmful
emissions, and economic attractiveness due to rising fossil fuel prices [6].

Modern agriculture strives for a sustainability that achieves high yields and economic
results with the lowest possible impact on the environment [7]. In addition, it should be
profitable [8]. Innovative agricultural systems are increasingly based on renewable energy,
which allows for the reduction of external energy inputs [9].

Greenhouse gas (GHG) emissions are also an issue for agriculture. In the European
Union, agriculture is responsible for 11% of the total GHG emissions [10]. These emissions
are divided into two groups (external and on-farm emissions) [11]. External emissions are
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the result of chemical (fertilizer, pesticides, etc.) production [12,13]. On-farm emissions are
the result of fuel combustion [14].

The food sector is increasing vegetable oil consumption. In 2021/2022 MY, the global
production of vegetable oils reached 200 million tons. The major oil crops are soybean, rape-
seed, peanut, sunflower, etc. Rapeseed, soybean, and sunflower are the primary oil crops
in European countries [15]. Sunflower oil is among the major vegetable oils. It is ranked
fourth at approximately 20 million tons [16]. European countries produce approximately
75.8% of the total world sunflower oil production [17]. In Europe, sunflower seeds are
cultivated in the southern regions of Ukraine, Romania, France, Spain, Bulgaria, Hungary,
etc. [18]. In 2019, the top countries for sunflower oil production were as follows (million
tons): Ukraine—5.413, the Russian Federation—4.834, Argentina—1.282, Turkey—0.994,
Hungary—0.746, France—0.593, Spain—0.510, Bulgaria—0.504, and Romania—0.504 [19].

Ukraine was ranked first in global sunflower seed production. Its share was approx-
imately 30% (Figure 1) [20,21]. Thus, Ukraine has abundant sunflower field-based and
process-based residues that can be used for bioenergy.

Processes 2023, 11, x FOR PEER REVIEW 2 of 15 
 

 

Greenhouse gas (GHG) emissions are also an issue for agriculture. In the European 

Union, agriculture is responsible for 11% of the total GHG emissions [10]. These emissions 

are divided into two groups (external and on-farm emissions) [11]. External emissions are 

the result of chemical (fertilizer, pesticides, etc.) production [12,13]. On-farm emissions 

are the result of fuel combustion [14]. 

The food sector is increasing vegetable oil consumption. In 2021/2022 MY, the global 

production of vegetable oils reached 200 million tons. The major oil crops are soybean, 

rapeseed, peanut, sunflower, etc. Rapeseed, soybean, and sunflower are the primary oil 

crops in European countries [15]. Sunflower oil is among the major vegetable oils. It is 

ranked fourth at approximately 20 million tons [16]. European countries produce approx-

imately 75.8% of the total world sunflower oil production [17]. In Europe, sunflower seeds 

are cultivated in the southern regions of Ukraine, Romania, France, Spain, Bulgaria, Hun-

gary, etc. [18]. In 2019, the top countries for sunflower oil production were as follows (mil-

lion tons): Ukraine—5.413, the Russian Federation—4.834, Argentina—1.282, Turkey—

0.994, Hungary—0.746, France—0.593, Spain—0.510, Bulgaria—0.504, and Romania—

0.504 [19]. 

Ukraine was ranked first in global sunflower seed production. Its share was approx-

imately 30% (Figure 1) [20,21]. Thus, Ukraine has abundant sunflower field-based and 

process-based residues that can be used for bioenergy. 

 

Figure 1. The major producers of sunflower seeds. 

Sunflower seed production requires the use of energy-intensive technologies. The to-

tal energy inputs range from 1671 to 26,973 MJ/ha. These energy inputs result in the spe-

cific energy of seeds being in the range of 3.52 to 9.37 MJ/kg [22–28]. Carbon dioxide emis-

sions vary from 438 to 2043 kgCO2/ha [18,27,29]; their average value is 376 kgCO2 per ton 

of seeds [25–28]. 

The technological process of sunflower oil production requires electricity and heat. 

Conventional oil mills receive electricity from the grid. Heat is generated by steam boilers. 

The specific electric consumption varies from 96.6 to 198 kWh per ton of oil, the specific 

heat consumption ranges from 348 to 1184 kWh per ton, and their average values are 132.5 

and 779.1 kWh per ton, respectively [30,31]. The energy and material flows of sunflower 

oil production are presented in Figure 2. 

In major producers of sunflower oil, the share of hydrocarbon fossil fuels in electric-

ity generation varies from 9% (France) to 60–62% (the Russian Federation and Argentina) 

[32–35]. Turkey, Bulgaria, and Ukraine have the highest share of coal in power generation 

(Figure 3). In addition to carbon dioxide, the combustion of fossil fuels emits many harm-

ful compounds, such as nitrogen oxides, sulfur dioxide, particles, etc. [36]. Coal-based 

power plants are significant contributors to these emissions [37]. Sunflower husks are a 

Figure 1. The major producers of sunflower seeds.

Sunflower seed production requires the use of energy-intensive technologies. The
total energy inputs range from 1671 to 26,973 MJ/ha. These energy inputs result in the
specific energy of seeds being in the range of 3.52 to 9.37 MJ/kg [22–28]. Carbon dioxide
emissions vary from 438 to 2043 kgCO2/ha [18,27,29]; their average value is 376 kgCO2 per
ton of seeds [25–28].

The technological process of sunflower oil production requires electricity and heat.
Conventional oil mills receive electricity from the grid. Heat is generated by steam boilers.
The specific electric consumption varies from 96.6 to 198 kWh per ton of oil, the specific
heat consumption ranges from 348 to 1184 kWh per ton, and their average values are 132.5
and 779.1 kWh per ton, respectively [30,31]. The energy and material flows of sunflower oil
production are presented in Figure 2.

In major producers of sunflower oil, the share of hydrocarbon fossil fuels in elec-
tricity generation varies from 9% (France) to 60–62% (the Russian Federation and Ar-
gentina) [32–35]. Turkey, Bulgaria, and Ukraine have the highest share of coal in power
generation (Figure 3). In addition to carbon dioxide, the combustion of fossil fuels emits
many harmful compounds, such as nitrogen oxides, sulfur dioxide, particles, etc. [36].
Coal-based power plants are significant contributors to these emissions [37]. Sunflower
husks are a waste product of sunflower oil production. According to conventional tech-
nology, this waste product is stored in landfills, and its storage results in GHG emissions
of approximately 433 kgCO2eq./t [38].
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Figure 2. The energy and material flows of sunflower oil production (conventional technology).
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Figure 3. Electricity generation by fossil fuels.

Agriculture consumes energy to operate machinery, produce chemicals, etc. [39,40].
Crop residues can cover part of the energy consumed. They contain nutrients that can
be recycled to maintain soil productivity [41]. Numerous researchers studied the im-
pact of sunflower residues incorporated into the soil on crop germination [42,43]. How-
ever, the energy and environmental aspects of this practice have been insufficiently stud-
ied. Nizami et al. [44] examined the potential of waste biomass biorefineries for energy.
Geletukha et al. [45] estimated sunflower residues as the feedstock for bioenergy produc-
tion. The research regarding the reliability of power equipment was also carried out [46,47].
The transition of agricultural practices to a circular economy model enables farmers to
reduce exhaustible energy consumption [48].

The energy supply systems of oil plants based on biomass waste have been studied
by numerous researchers, such as Booneimsri et al. [49], Azhdari et al. [50], Ion et al. [51],
Donaldson et al. [52], and others. Alcock et al. [53] revealed the following structure of
greenhouse gas emissions: cultivation—62.16%, processing—25.41%, packing—11.35%, and
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transportation—1.08%. For this reason, the main focus of this study was on the cultivation
and processing (the largest emission items).

In the processing of sunflower seeds, approximately 15% of the husk is formed, which
can become a high-quality biofuel. Other types of by-products of sunflower seed production
can also be used as energy biomass. Previous studies did not consider the relationship
between the use of sunflower residues for biorefinery and circular economy indicators.

The purpose of this study was to examine the potential of sunflower residues-based
biorefinery (primarily for power and heat production) and its impact on core circular
economy indicators. In this study, we focused on the indicators related to used and
produced energy (primarily from renewable sources) and carbon dioxide emissions.

To reach this purpose, the following objectives were set up:

• the identification of suitable indicators
• the review of existing technologies
• the determination of circular economy indicators and their comparison

2. Materials and Methods

We collected, summarized, and analyzed scientific articles and practical reports of
agricultural activity in the central and southern part of Ukraine. Sunflower is one of the
main cultivated crops for this region. Usually, its cultivation is multi-purpose. It is used
for human nutrition and animal feed, and for technical, industrial, and, increasingly, for
energy purposes. In the latter case, harvest residues, husks, and other post-processing
waste are most often used as raw materials for the production of 1–2 generation biofuels
(solid, liquid, biogas). In addition, the digestate is an extremely valuable by-product of
biogas plants. It can completely replace synthetic fertilizers. It has not only an ecological
effect on the quality of the soil, but also reduces the emission of greenhouse gases into the
atmosphere during the production of mineral fertilizers. This study analyzed the energy
and environmental indicators of the full technological cycle of sunflower cultivation and
processing, including the utilization or reuse of waste and by-products, which may become
important in the near future.

2.1. System Boundary

Sunflower residues can be used in different ways: the substitution of mineral fertilizers
(indirect input energy) and heat and power generation (direct input energy) (Figure 4). In
this study, we considered the following methods for energy conversion: anaerobic digestion
of crop residues, fermentation of crop residues, and direct incineration of crop residues
and husk.
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Briquettes and pellet made from sunflower husks are increasingly being used in
private households and communal boiler houses. Their popularity is due to their ease
of use and high rates of heat generation. They conquer not only the local market but are
also exported.

Sunflower products are characterized by the highest heat output. This allows them to
be used in more applications than just household boilers.

The traditional method is used for the production of this type of product. The crushed
raw materials of a certain moisture level are pressed at a given temperature. What makes it
possible to create briquettes of high strength and excellent quality characteristics:

• high density
• long burning time
• high level of heat capacity
• compactness

In addition, the products are not overly sensitive to storage conditions. Protection
against direct moisture is enough for the briquettes or pellets to retain their properties for
many years.

2.2. Circular Economy Indicators

Circular economy is a major topic, especially in the European Union. According to the
Bellagio Principles, there are four groups of circular economy indicators: Environmental
footprint, material and waste, socioeconomic impact, and policy as well as process imple-
mentation [54–58]. Only a few indicators of the first and second groups meet the objectives
of this study. They concern renewable energy, greenhouse gas emissions, and recycling
of materials. We selected relevant indicators to monitor the circular economy transition
(Table 1) [59–61].

Table 1. Indicators to monitor the circular economy transition.

Classification Indicator

Footprint Renewable energy share
Carbon dioxide emissions savings
Energy recoverability benefit rate

Material and waste Circular material use rate

The renewable energy share (RES) is calculated as

RES =
DES + IDES

EI
· 100, %, (1)

where DES is the direct energy inputs substituted by bioenergy, MJ/t; IDES is the indirect
energy inputs substituted by bioenergy, MJ/t; and EI is the energy inputs, MJ/t.

The energy recoverability benefit rate (ERBR) is the share of residue-embodied energy
that can be saved when the residues would be recycled

ERBR =
0.01 · η · α · MR · LHVα + 0.01 · β · EEBP

MR · LHVMR
· 100, %, (2)

where η is the energy efficiency for the power and/or heat generation, %; α is the yield of
biofuel, g/kg (l/kg, m3/kg); LHVα is the lower heating value of the derived fuel, MJ/kg
(MJ/L, MJ/m3); β is the yield of by-products, %; EEBP is the embodied energy of an original
product substituted by the by-products, MJ/kg; MR is the mass of the residue, kg/t; and
LHVMR is the lower heating value of the residue, MJ/kg.

2.3. Carbon Dioxide Emission Savings

We analyzed direct and indirect carbon dioxide emission savings (Figure 5). Direct
savings is the result of biomass combustion. Biomass substitutes fossil fuels and, therefore,
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reduces carbon dioxide emissions. Indirect savings is the application of field residues as
biofertilizer, reducing the amount of mineral fertilizers used.
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Carbon dioxide emissions savings (CDES) is determined by the following formula

CDES = EEe · We + EEh · Wh + WTW f · MF, kgCO2, (3)

where EEe is the emission factor for power generation, kgCO2/kWh; EEh is the emission
factor for heat generation, kgCO2/kWh; We is the power generated, kWh per residue
obtained from a ton of seed; Wh is the heat generated, kWh per residue obtained from a
ton of seed; WTWf is the well-to-wake carbon dioxide emissions of the mineral fertilizer,
kgCO2/kg; and MF is the mass of the mineral fertilizer substituted by biofertilizer, kg.

3. Results and Discussion
3.1. Sunflower Residues and Husk Availability

The flows of sunflower biomass growing are as follows: seeds—1000 kg, stalks—from
1400 to 1700 kg, and heads and chaffs—from 200 to 600 kg [45]. The by-products have
acceptable calorific value and contain major nutrients, such as nitrogen, phosphorus, and
potassium (Table 2) [62].

Table 2. The properties of sunflower stalks.

Indicator Unit
Value

Minimum Maximum Average

Lower heating value MJ/kg 15.2 24.4 17.7
Moisture content % 2.3 18.0 9.1

Nitrogen db % 0.31 2.0 1.11
Phosphorus db % 0.01 0.23 0.09
Potassium db % 0.80 6.78 2.75

db—dry base.

Since 2012, Ukraine has held a worldwide leadership position in sunflower seed
production. Due to innovative technologies, Ukrainian farmers have achieved high yields
that exceed the worldwide average. The calculations assumed 2150 kg/ha and the total
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energy inputs of 12,000 MJ/ha [63,64]. At this seed yield, residues are generated in the
range of 3440 to 4945 kg/ha (fresh mass).

Husk is a by-product of sunflower oil production. Its output varies from 15.9 to 18.8%
of sunflower seed consumption. In Ukraine, the average output is 17.5% [65]. This value
was assumed for the calculations.

3.2. Indirect Energy Input and Carbon Dioxide Savings

Crop residues can be used as biofertilizer, which results in a decrease in the use of
mineral fertilizers. The indirect energy input savings is the function of nutrient contents in
the residues

IDE = 0.01 · MR · (1 − 0.01 · WC) ·
n

∑
i=1

(NCi · EEi), MJ/ha, (4)

where MR is the mass of the residues, kg/ha; WC is the water content of the residues,
%; NCi is the content of the ith nutrient component, %; and EEi is the energy equivalent
(embodied energy) of the ith nutrient component, MJ/kg.

The energy equivalent or embodied energy and well-to-wake (WTW) carbon dioxide
emissions of mineral fertilizers are shown in Table 3 [66–69].

Table 3. Embodied energy and WTW carbon dioxide emissions of fertilizers.

Component Embodied Energy, MJ/kg WTW Carbon Dioxide Emissions,
gCO2/kg

Nitrogen 52.0–121.2 913–7108
Phosphorus 12.6–63.0 1051–1083
Potassium 6.7–16.8 583

The indirect energy inputs of mineral fertilizers substituted by residues range from
772.8 to 1864.0 MJ per ton of seeds. These values constitute 8.25% to 52.95% of the total
energy inputs. In Ukraine, this indicator is approximately 23.6%. Carbon dioxide emission
savings vary from 27.1 to 95.9 kgCO2 per ton of seeds.

3.3. The Energy Production from Sunflower Field-Based Residues

Sunflower residues can be converted into energy using several methods (Figure 6).
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Direct combustion is the simplest pathway. It allows consumers to produce electricity
and/or heat. Farmers harvest the sunflower seeds when the water content of the stalks
is 60% [45]. Their lower heating value is approximately 7.78 MJ/kg. Sunflower residues
should be dried before burning. Biomass-based power plants have an electric efficiency of
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18% to 32% [70]. Sole heat generation has an efficiency of up to 85%. Combined heat and
power plants can reach a total efficiency of 85% (including electricity efficiency) [45]. This
technology is mature and, therefore, widespread. The direct combustion of residues can gen-
erate electricity, heat, or combined heat and power as follows: sole power generation—from
622.4 to 1590.5 kWh, and combined heat and power—from 2938.9 to 4224.8 kWh. The
renewable energy share is 0% because the energy generated is not used for sunflower
cultivation. Electricity and heat are delivered to external consumers.

Sunflower residues can be used as a substrate for anaerobic digestion. Due to the high
content of cellulose, they need to be treated before digestion. The biomethane yield ranges
from 127 to 210 m3 per ton of volatile solids [45]. The by-product of biogas production is the
digestate, which can be used as a biofertilizer [71]. Sunflower residues-based biogas plants
can generate from 690.2 to 1642.2 kWh, including electricity (from 324.8 to 772.8 kWh). The
use of the digestate as a biofertilizer increases the circular economy indicators.

Fermentation produces 101.4 L of bioethanol per ton of sunflower residues [72].
Ethanol can substitute fossil fuels for power generation [3]. There are different power
generation devices suitable to be fueled by ethanol: internal combustion engines, gas
turbine engines, and fuel cells. Their power efficiency varies in a wide range: gas turbine
engines—up to 35%, internal combustion engines—from 25 to 44%, and fuel cells—up to
83% [73,74]. The application of internal combustion engine generators is a mature technol-
ogy [75]. An ethanol-based power plant can generate electricity in the range of 238.9 to
604.2 kWh per ton of seeds.

The use of sunflower residues for power generation and the substitution of mineral
fertilizers reduces carbon dioxide emissions. The carbon dioxide intensity of any national
power generation system is a function of the following factors: the type of plant, conversion
efficiencies, fuel or energy sources, and transmission and distribution losses in the grid.
In European countries (top producers of sunflower seeds), this indicator varies from
98 (France) to 588 (Turkey) gCO2eq/kWh [76]. The Ukrainian power generation system
has an average carbon dioxide emission factor of 0.492 kgCO2/kWh [77–79].

Ukrainian heat supply systems mainly use natural gas as fuel. They have a carbon
dioxide emission factor of 0.219 kgCO2/kWh (at 90% efficiency). Natural gas upstream
emissions are the result of making the gaseous fuel ready for combustion. This process
includes the extraction, refining, and transportation of natural gas for heat generation.
Natural gas upstream emissions were estimated as 12.8 gCO2eq/MJ [80]; for this reason,
we used 0.128 kgCO2/kWh. These factors allowed for the determination of carbon dioxide
emission savings for different power supply systems. All derived biofuels can fuel co-
generation plants. This solution improves energy and environmental indicators.

The main circular economy indicators, such as the energy recoverability benefit rate,
the renewable energy share, circular material use rate, and carbon dioxide savings, are
calculated by the authors and presented in Table 4. The biomass-fired plants have the best
indicator values. The ethanol-based plants have the worst indicator values.

To implement the above energy potential, farms should set up vertically integrated
agro-energy companies. The utilization of all by-products produced by electricity genera-
tion increases their profitability [81,82]. However, despite the energy and environmental
advantages, sunflower field-based residues are not widely used for energy production [83].
Sunflower residue pellets are primarily produced for livestock farming [84].

3.4. Sunflower Husk Utilization

The undeniable advantage of sunflower husk pellets and briquettes is their ease of
use. These fuels have an even, smooth surface, so they do not leave splinters. In addition,
they do not require specialized boilers. They can be burned in ordinary furnaces and any
boilers designed for solid fuel. The duration of burning is at least one and a half hours or
even much longer. If the briquettes are stacked correctly, they will emit heat for several
hours—first during intense burning, and then when they are smoldering.
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Table 4. Indicators for sole power generation.

Technology

Indicator *

Energy
Recoverability
Benefit Rate, %

Renewable
Energy Share, %

Carbon Dioxide
Savings,

kgCO2/tseed

Circular
Material Use

Rate, %

Biofertilizer 4.3–14.9 8.3–52.9 27.1–95.9 100
Power generation

Direct burning 18.0–32.0 0 306.2–782.5 100
Biogas 6.5–22.3 8.3–52.9 159.8–380.2 100

Ethanol 6.9–12.2 0 117.5–297.3 100
Cogeneration

Direct burning 85.0 0 1109.9–1696.6 100
Biogas 13.9–47.5 8.3–52.9 286.8–598.9 100

Ethanol 23.5 0 316.7–492.7 100
* the calculation error is within the relative standard error.

A small amount of waste remains after combustion. Ash is no more than 5% and is an
excellent fertilizer with a high mineral content.

This product significantly exceeds the energy indicators of other types of solid biofuels.
As a result of research, it was established that one kilogram emits up to 19,000 KJ and even
more, depending on the quality. This is approximately the same as the best grades of hard
coal, which have long been used for heating, water heating, and obtaining energy needed
for other purposes.

2 tons of briquettes release as much energy as approximately
1 ton of diesel fuel,
1.3 tons of fuel oil,
3.2 tons of ordinary firewood,
and almost 1000 m3 of natural gas.
The presence of natural vegetable oil residues contributes to greater heat release,

which has a positive effect on the duration of combustion. On the other hand, the second
emission of carbon dioxide during the burning of sunflower husks does not exceed 6–8 g
(for comparison, the second emission of carbon dioxide during the burning of hard coal is
not less than 20 g).

There are several methods for sunflower husk utilization. The first method is as follows.
Many Ukrainian oil mills use husk as a solid fuel for heat generation. Cogeneration is a
promising method. The results of the authors’ calculations are presented in Table 5. The
total energy requirement for sunflower seed cultivation and oil production ranges from
3520 to 9370 MJ per ton of seeds. We considered the most realistic scenario, which is the
application of sunflower residues as a biofertilizer production and a husk-based energy
supply system of an oil mill. The calculations show that the combination of biofertilizer
and cogeneration has better indicators. Although, the improvement is not significant.

The share of power generation as a decrease in carbon dioxide savings is approximately
14.2%. It varies depending on the national carbon intensity. In European sunflower oil-
producing countries, the carbon intensity ranges from 98 to 588 gCO2eq/kWh. This
variation is caused by the differences in the fuel sources and the type of power generation
plants. In France, the share of renewable power generation decreases to 3.2%. In Romania,
this indicator is approximately 16.5%. Carbon dioxide savings ranges from 178.8 (France)
to 305.4 (Romania) kgCO2 per ton of seeds.

Husk utilization for energy supply systems reduces fossil fuel consumption. Thus,
this technology saves from 28.7 to 57.7 m3 of natural gas per ton of seeds processed. A
decrease in electricity supplied by the electric grid reduces the fossil fuels used for power
generation. This decrease constitutes from 56.8 to 86.0 kWh per ton of seeds. Natural
gas is typically used to manufacture nitrogen fertilizer. Its consumption ranges from 780
to 986 m3 per ton of ammonia [80]. Thereby, the use of sunflower residues for fertilizer
production saves from 7 to 8 m3 per ton of seeds. The total decrease in fossil fuels may be
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from 35.7 to 88.7 m3 of natural gas per ton of seeds or from 26.5 to 40.2 kg of hard coal per
ton of seeds (for coal-based power plants).

Table 5. Indicators for husk utilization.

Pathway of
Husk (Stalks)

Utilization

Indicator *

Energy
Recoverability
Benefit Rate, %

Renewable
Energy Share, %

Carbon Dioxide
Savings,

kgCO2/t Seeds

Circular Material Use
Rate (Processing/Total), %

Oil production
Heat generation 34.5–68.9 43.1–86.2 165.3–254.8 (43.1–6.2)/100

Cogeneration 42–80 100 193.2–297.1 (52.6–100)/100
Sunflower cultivation

Biofertilizer 4.3–14.9 8.3–52.8 27.1–95.9 100
Sunflower cultivation and oil production

Biofertilizer +
heat generation 8.3–24.6 16.5–60.1 192.4–350.7 100

Biofertilizer +
cogeneration 9.3–26.6 18.1–70.9 220.3–393.0 100

* the calculation error is within the relative standard error.

4. Conclusions

Agricultural residue-based biorefinery is a way towards sustainable development. It
allows farmers to use by-products instead of fossil fuels to generate electricity and heat and
reduce carbon dioxide emissions. Carbon dioxide emissions savings and the recycling of
nutrients for plant growth are the environmental benefits. The recycling of crop residues
improves circular economy indicators. In this study, we measured four indicators: the
circular material use rate (sunflower stalks), the carbon dioxide emissions savings, the
share of renewable energy, and the energy recoverability benefit rate.

Our investigation revealed that the recycling of sunflower husk for energy supply
systems had the best indicators. The heat output of sunflower husk pellets and briquettes
is much higher than that of traditional solid fuels such as firewood. They are needed much
less. What also increases is the convenience of use—you do not need to constantly load the
firebox. In addition, the duration of their burning is longer. Husk-based cogeneration can
meet its own energy demands. The investigation showed that biomass-fired cogeneration
plants provided the best circular economy indicators. The circular material use rate was the
same for all pathways of residue utilization. Field-based and process-based residues can
be recycled. Their combination can reach the following results: the circular material use
rate—100%, the carbon dioxide emissions savings—up to 393 kgCO2 per ton of seed, the
share of renewable energy—up to 70.9%, and the energy recoverability benefit rate—26.6%.

The direction of further research should be to conduct a feasibility study of the above
technologies based on the developed methodology for alternative fuels [85].
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