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Abstract: An increase in energy demand, fossil fuel reserves depletion, and environmental issues are
primary reasons for renewable energy use, including power generation. Bioenergy is the primary
alternative to conventional hydrocarbon fuels. Biomass-based power generation is increasing due
to some reasons, including a gradual decrease in the levelized cost of electricity and a reduction of
carbon dioxide emissions. Sorghum is a promising energy crop for semi-arid climate zones, including
southern Ukraine. It can be used for both biofuel production and power generation. However,
there is a lack of methodology for energy and environmental assessments of sorghum-based power
generation. Some possible technologies were analyzed. The novelty of this study is the accounting of
energy consumed and carbon dioxide emissions during crop cultivation. We have determined that
sorghum-based power plants can generate from 2 to 12 MWh per hectare. Their operation significantly
reduces carbon dioxide emissions (from 613 to 3652 kg of carbon dioxide per hectare of sorghum
silage cultivation). Sorghum-based biogas plants have energy and environmental advantages if they
use co-generation technologies and utilize digestate as a biofertilizer. The utilization of digestate
(obtained from silage production per hectare) substitutes up to 12.8 MWh of indirect energy. The
results obtained can be used by farmers and authorities for bioenergy development.

Keywords: bioenergy; sorghum; power generation; carbon dioxide emissions; energy

1. Introduction

In 2020, the world’s electricity generation was 26,823 TWh, wherein the share of
renewables reached 11.7%. The world leader in renewables is the Asia-Pacific region. It
generated 1,322 TWh. Despite the low renewable power generation (921 TWh), European
countries have their highest share of 23.8%. The global tendency is an increase in renewables
in power generation [1].

In the world, the share of installed renewable capacity, including hydropower, was
around 38.3%. In Europe, this indicator was 52.2%. It allows European renewable power
systems and hydroelectric to generate up to 40% of the total electricity generation (including
23.8% of renewables) [2,3]. The steady growth of renewables, including bioenergy, is
stipulated by some significant factors. Power generation based on conventional fuels
is accompanied by numerous associated issues, such as the exhaustibility of fossil fuels,
greenhouse gas emissions, an increase in fuel prices, etc. The first factor is a decrease in the
levelized cost of electricity (LCOE). Thus, in 2021, the average LCOE of bioenergy was USD
67/MWh [4]. In 2022, the competitiveness of all renewable technologies was improved due
to the global energy crisis [4]. This crisis caused a significant increase in wholesale electricity
prices. In December 2021, they varied from EUR100/MWh (Finland and Ukraine) [5,6]
to EUR270/MWh (Italy) [7,8]. The statistics show that since 2008 electricity prices have
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increased by around 30% [9]. Thereby, high market prices promote the expansion of
renewable power generation.

After the Russian invasion of Ukraine, the European Union speeded up the devel-
opment of renewable power generation [10]. By the end of 2022, authorities of European
countries plan to increase the share of renewable electricity (without hydroelectric) to
25% [11].

The valuable advantage of bioenergy is a higher capacity factor compared to hy-
dropower, Solar PV, and wind power plants [4]. Moreover, renewables create new jobs.
In 2021, world employment was 12.7 million, including 1.23 million in bioenergy (solid
biomass and biogas) [12].

Ukrainian electricity generation primarily relies on uranium and coal. In 2021, the
share of renewables was 10.7%. Their capacity was 13.8 GW or 24% of the total national
power capacity. Among renewables, hydroelectricity held the first position. The share of
biomass-based power plants was 2%. These plants generated 3% of the total electricity
generated [13].

Conventional power plants emit plenty of carbon dioxide. The average carbon dioxide
emission factors are as follows, kgCO2/kWh: coal-fired power plants—1.105; nuclear
power plants—0.029; and combined heat and power plants—0.499 [14–20]. The average
national carbon dioxide emission factor is 0.318 kgCO2/kWh [20]. This value is lower than
the average carbon dioxide emission factor in countries in the European Union [21].

Since 2020, wholesale electricity prices have increased. A rise in fossil fuel prices
is the primary reason [9]. In 2022, the average fuel-only costs for fossil fuel-fired power
generation were fairly high. Thus, they varied from USD 50/MWh to USD 268/MWh for
natural gas-fired power plants and from USD 77/MWh to USD 127/MWh for coal-fired
power plants. These costs are higher compared to bioenergy [4]. Moreover, the burning of
fossil fuels results in carbon dioxide emissions. This greenhouse gas spurs global warming.
The use of biomass for power generation significantly reduces carbon dioxide emissions.
That is why bioenergy can be a competitive alternative to conventional power generation.

Issues of greenhouse gas emissions and expensive fossil fuels are driving forces for
biomass-based power generation, including sorghum-based ones. In the European Union,
agricultural biomass is used as the primary feedstock for bioenergy [22–25]. Sorghum can
be a feedstock for power generation too. This crop is suitable for different technologies,
such as direct burning, anaerobic digestion, and fermentation [25–28].

Direct biomass burning and co-firing technologies are widespread for power genera-
tion. Biomass contains mineral compounds that cause combustion problems. Methanation,
fermentation, gasification, and pyrolysis are used to improve the quality of biofuels [29].
Derived biofuels (gaseous and liquid) are used in power generation technologies such
as boilers, internal combustion engines, gas turbines, and fuel cells. However, tech-
nological and economic problems hinder the distribution of gasification and pyrolysis
technologies [30,31].

Sorghum can be converted into bioethanol. Further, fuel cells or internal combustion
engine generators are fueled by bioethanol. Despite the high electric efficiency (up to
40–50%), high production costs of bioethanol and expensive equipment are the primary
drawbacks of these technologies [30,32,33].

Biogas-based power generation is currently a mature technology. Biogas is used in
both generation and co-generation plants. As a rule, biogas power plants use internal
combustion engine generators with high electric efficiency (up to 50%) [34,35]. Biogas and
combustion-based technologies are currently at a mature commercial stage, and they are
the subject of this study.

Sorghum is a promising energy crop. In semi-arid climate zones, such as southern
Ukraine, sorghum silage has a higher yield compared to corn silage [36]. Thus, the corn
silage yield is around 22 t/ha. At the same time, sorghum silage gives a 40 t/ha yield.
Although, unlike corn, the current production of sorghum is from 100 to 275 thousand
metric tons per year [37].
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Sorghum as an energy crop is a spotlight of numerous research. Sorghum is esti-
mated to be a valuable resource for producing biofuels and biodegradable materials [38].
Krzystek et al. [39] investigated the biomethane yield and energy efficiency of sorghum
cultivation. They revealed that reducing the application of nitrogen fertilizers increases the
energy efficiency of sorghum production. In most cases, the low inputs of fertilizers (80 kg
N per ha) raise the biomethane yield from one metric ton of sorghum silage. This fact allows
farmers to implement resource-saving technologies. Matsakas et al. [40] evaluated the
methane potential of dried sorghum stalks. They reported that even dried sweet sorghum
stalks are suitable for anaerobic digestion. Salimbeni [41] focused on biofertilizer produc-
tion by sorghum-based biogas plants. He proposed an integrated anaerobic digestion
technology to improve the nutrient content of biofertilizers. That increases the economic
attractiveness of sorghum-based biogas plants. Life cycle assessment and the potential
greenhouse gas savings in a coal-fired power plant by co-firing with sorghum pellets were
studied in Indonesia [42]. Researchers studied sorghum cultivation on marginal land in
Indonesia. They found that the co-firing of sorghum pellets and coal can reduce carbon
dioxide emissions by 85%. The energy yield of sorghum as a bioenergy feedstock has
been analyzed by Ren et al. [43]. The energy efficiency of sweet sorghum for biomethane
production was evaluated by Jankowski et al. [44]. Biboum and Yilanci [45] carried out a
feasibility study of sorghum-fired power plants in the Sub-Saharan region. They found
that the levelized cost of electricity generated by sorghum power plants is competitive and
ranges from USD 6.8/MWh to USD 12.9/MWh.

Adequate utilization of indigenous sorghum biomass requires knowledge of energy
and environmental indicators for power supply systems. Despite the numerous research,
there is a lack of energy and environmental assessment of sorghum-based power generation
for semi-arid climate zones, for example, southern Ukraine. The novelty of this study is the
determination of such indicators as energy-specific costs, carbon dioxide emissions savings,
the embodied energy of sorghum silage, the carbon dioxide emission factor associated with
sorghum silage production, and energy costs of bioenergy.

The purpose of this study was to determine the energy efficiency and carbon dioxide
savings of sorghum-based power plants. To reach this purpose, the following objectives
were set up:

• To find the carbon dioxide emission factor, embodied energy, and production costs of
sorghum silage based on a field experiment;

• To compare sorghum to other biomass-based and fossil fuels (coal and natural gas);
• To determine the energy-specific cost for different power generation technologies;
• To evaluate the carbon dioxide savings.

2. Materials and Methods

This study was carried out based on the following scientific sources: the results of our
own field experiments and a review of the literature of relevant publications. The results of
our field experiments were used to determine some indicators, such as sorghum silage yield,
production costs, embodied energy, and Well-to-Tank (WTT) carbon dioxide emissions.

In this study, we used the following units. The power was measured in kW and MW.
Energy generated is presented in kWh and MWh. We used kgCO2/kWh, kgCO2/ha, and
kgCO2/MJ to measure carbon dioxide emissions. The mass was measured in kg and tons.
The relationship between these units is as follows: 1 ton = 1000 kg. The energy-specific
costs were presented in MJ/kWh, and the specific fuel costs were measured in USD/kWh.

2.1. Crop Properties

In this study, we compared energy and environmental indicators of sorghum silage
and other biomass, such as maize silage, cereal straw, and maize stalk. Their primary prop-
erties (lower heating values and moisture) were taken from different sources [43,44,46,47].
Energy consumption and carbon dioxide footprint associated with straw formation were
determined by the methods of Mishra et al. [48] and Fix et al. [49].
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2.2. System Boundary

In this paper, we analyze two power supply systems. The first system is the combustion-
based power plant. Its system boundary is depicted in Figure 1. A system boundary of a
biogas plant is presented in Figure 2. Biogas is generated by the digester from sorghum
silage. Digestate is dried and used as a biofertilizer. Upgraded biogas feeds an internal
combustion engine generator. Exhaust heat is recovered and used to heat the digester and
dry the digestate. The biogas plant consumes part of the electricity and heat to meet its
energy requirements. The biogas plant delivers to consumers around 89% of electricity and
35% of the heat generated [40,50].
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2.3. Energy Indicators

Experience shows that the electric efficiency of power plants ranges from 12% to
40% [51]. The total efficiency of combined heat and power plants is up to 85% (including
electricity efficiency) [52]. The energy-specific costs for any power generation system is [53]

ESC =
3.6
ηe

·
[

1 +
EE

LHVs

]
, MJ/kWh, (1)

where ηe is the efficiency of power generation; LHVs is the lower heating value of biofuel,
MJ/kg; EE is the energy used for biofuel production, MJ/kg.

Sorghum silage yield, its embodied energy, the carbon dioxide emission factor as-
sociated with silage production and its production costs were determined by field ex-
periment. The experiment was performed on a farm of Mykolaiv National Agrarian
University (the Mykolaiv region, Ukraine). The embodied energy was calculated with the
following formula

EE =
IE

SSY
, MJ/kg, (2)

where IE is the input energy, MJ/ha; SSY is the sorghum silage yield, kg/ha.
Lower heating values of biofuels vary in a wide range from 8 to 18 MJ/kg [43,44,46,47].

We suggest applying the ratio of embodied energy to a lower heating value for correct
comparison. This indicator can be calculated with the following formula

EELHV = 1000 · EE
LHV

, kJ/MJ, (3)

where LHV is the lower heating value, MJ/kg.
To estimate economical attractiveness of any fuel, a fuel energy cost is used [54]

FEC =
FMP
LHVt

, USD/GJ, (4)

where FMP is the fuel market price, USD/t; LHVt is the lower heating value, GJ/t.

2.4. Environmental Indicators

The carbon dioxide savings can be calculated with the formula [53]

SCDE = EFc f − 3.6
ηe · LHVs

· EFs, kgCO2/kWh, (5)

where EFcf is the carbon dioxide emissions factor conventional power plant, kgCO2/kWh;
EFs is the carbon dioxide emission factor associated with biofuel production, kgCO2/kg.

Sorghum feedstock can be used to generate electricity and/or heat. Moreover, digestate
(a co-product of biogas production) can be converted into a biofertilizer. In general, the
total carbon dioxide emissions savings are calculated by the expressing

CDS = EFe · We + EFh · Wh +
n

∑
i=1

(WTW fi · MBFi), kgCO2/ha, (6)

where EFe is the emission factor for power generation, kgCO2/kWh; EFh is the emis-
sion factor for heat generation, kgCO2/kWh; We is the power generated from biomass
harvested from one hectare, kWh/ha; Wh is the heat generated from biomass harvested
from one hectare, kWh/ha; WTWfi is the well-to-wake carbon dioxide emissions of the ith
mineral fertilizer, kgCO2/kg; MBF is the mass of the ith mineral fertilizer substituted by
biofertilizer, kg/ha.
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The the carbon dioxide emission factor associated with sorghum silage production is
equal to

EFs = 10−3 · CDE
SSY

, kgCO2/kg, (7)

where CDE is the carbon dioxide emissions during sorghum cultivation, kgCO2/ha.
We also used an emission factor per lower heating value. This indicator is calculated

with the following formula

EFLHV = 103 · EFs
LHV

, gCO2/MJ, (8)

The emission factor per lower heating value and embodied energy per lower heating
value are useful indicators to compare fuels (biomass) with different physical properties.

2.5. Energy, Environmental and Economic Indicators of Sorghum Silage Production

In our current study, we used data obtained from our field experiments [55]. The
input and output flows are summarized in Table 1. Based on the input materials flows,
total energy inputs and carbon dioxide emissions were determined. Total costs included
energy, labor, equipment operating costs, chemicals, etc. Carbon dioxide emissions were
calculated as a sum of direct and indirect emissions (fuel combustion, power generation,
and manufacturing of chemicals).

Table 1. Input and output flows.

Indicator Unit Value

Input flows
Diesel fuel kg/ha 63.5
Gasoline kg/ha 8.0

Electricity kWh/ha 11.38
Sweet sorghum seeds kg/ha 6.0

Mineral fertilizer (10:40 N:P2O5) kg/ha 187.0
Herbicides kg/ha 8.0

Total energy inputs GJ/ha 12.27
Total costs USD/ha 1279.5

Output flows
Sorghum silage t/ha 40.6

Carbon dioxide emissions kgCO2/ha 438.32

To analyze sorghum power generation systems, we use the following properties
of sorghum silage (fresh mass): a lower heating value —3.1 MJ/kg [44]; biomethane
yield—from 52 to 84 m3/t [56,57]. By-products of sorghum biogas plants are biofertilizers.
The nutrient content of original sorghum is as follows: nitrogen—from 1.58% to 2.71%;
phosphorus—from 0.19% to 0.27%; potassium—from 0.92% to 1.19% [52]. They can be
returned to the soil.

3. Results and Discussion
3.1. Embodied Energy and Well-to-Tank Carbon Dioxide Emissions of Feedstock

We carried out field experiments to determine the necessary data. The average
sorghum silage yield was found to be 40.6 t/ha. The technology of sorghum silage produc-
tion consumed diesel fuel—63.5 kg/ha; gasoline—8 kg/ha; electricity—11.38 kWh/ha; and
mineral fertilizer—187 kg/ha. The total energy inputs were 12.27 GJ/ha [55]. The calculated
specific energy consumption or embodied energy was 0.302 GJ/t (fresh mass) or 0.302 MJ/kg
(97.4 kJ/MJ). Agricultural practice emitted 438.32 kgCO2/ha or 0.0108 kgCO2/kg.

The costs of growing sorghum silage have the following structure: energy (diesel fuel,
gasoline, and electricity)—7.19%; fertilizer, herbicide, and insecticide—50.08%; labor—14.58%;
seed—8.91%; and other (repair, amortization, etc.)—19.24%. The total silage production
costs were found of USD 1279.5/ha or USD 31.52/t. It is slightly less than in different
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countries. For example, in California, the total costs of sorghum silage are USD 39.5/t and
higher [58]. Its market prices reach the value of USD 65/t [59]. In Ukraine, the energy
costs of sorghum silage are around USD 9.93/GJ. For comparison, the energy costs of
some energy resources are as follows, USD/GJ: diesel fuel—27.60; natural gas—29.67;
electricity—29.76; power coal—15.54; straw pellets—9.06; sunflower pellets—9.50 [60].

Jankowski et al. [44] studied the energy efficiency of sorghum and maize silage in
Poland. Having obtained data, we estimated embodied energy and Field-to-Tank (WTT)
carbon dioxide emissions. The embodied energy ranged from 0.312 to 0.428 MJ/kg or from
100.6 to 138.1 kJ/MJ. WTT was around 0.0124 kgCO2/kg or 4 gCO2/MJ.

Ren et al. [43] investigated the energy productivity of sorghum in China. Their data
obtained allowed us to estimate the embodied energy of 0.428 MJ/kg. WTT carbon dioxide
emissions were found of 0.0141 kgCO2/kg or 3.7 gCO2/MJ.

Embodied energy and WTT carbon dioxide emission of maize silage and cereal straw
were compared (Figures 3 and 4). We used data reported by Nguyen et al. [61], Ou et al. [62],
Kim et al. [63,64], Bazaluk et al. [55], Ren et al. [43], Jankowski et al. [44]. Different biomass
feedstock has similar ratios of embodied energy to lower heating value. Ratios of emission
factor to lower heating value differ significantly. Sorghum and maize have the least values.
Therefore, their use for power generation results in lower carbon dioxide emissions. The
main reason for this difference is the higher silage yield.
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3.2. Energy Indicators

The energy-specific costs, electricity generated by one hectare of sorghum, and heat
produced by one hectare of sorghum as indicators were analyzed. The electric efficiency of
biomass-fired power plants varies from 18 to 32% [42,65]. Biogas power plants use internal
combustion engines. These engines can reach an electric efficiency of 50% [34,35]. That is
why we assumed an electric efficiency of 15 to 50%. We found that for combustion-based
power plants, the energy-specific costs range from 7.9 to 26.3 MJ/kWh. It depends on the
electric efficiency. Conventional power plants have almost the same energy-specific costs.
However, some kinds of power plants have lower ones (Figure 5) [66]. We estimated the
power generated by sorghum silage grown on one hectare. We suggest calculating this
indicator with the following formula

Wha = 0.001 · SSY · LHVs
ESC

, MWh/ha, (9)
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Hence, the sorghum-based power plant can generate from 4.6 to 15.8 MWh/ha.
Sorghum silage is a suitable substrate. The specific methane yield of fresh silage

ranges from 52 to 84 m3/t. For comparison, maize silage (widespread feedstock for biogas
plants) ensures a biomethane yield of 109 to 185 m3/t [56,57]. Outputs of a biogas plant are
electricity, heat, and biofertilizer. Energy-specific costs of power generated vary from 7.9 to
27.9 MJ/kWh (Figure 5). Sorghum-based biogas plants can generate electricity from 2.3 to
18.6 MWh/ha.

The waste heat of internal combustion engines can be recovered. Waste heat recovery
systems provide heat to both internal and external consumers. It improves the energy
efficiency of biogas plants. The total power and heat generation (if the methane yield is
84 m3/t) are presented in Figure 6. If there is a minimum methane yield (52 m3/t), the total
energy production is reduced by 38.1%.

Electricity generated by sorghum-based power plants is the function of electric effi-
ciency, sorghum silage yield, and biomethane yield. It varies from 3.1 to 12.7 MWh/ha for
biomass-fired power plants and from 1.62 to 11.04 MWh/ha for biogas plants (Figure 7).
However, we would like to underline that the electric efficiency of 40% is possible only
for biomass-fired power plants having a capacity of more than 10 MWe. Combustion-
based technologies are superior compared to biogas-based technologies. However, biogas
co-generation plants can be preferable if there are heat consumers.
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Figure 7. Power generated by sorghum-based power plant.

Biogas plants have a co-product called digestate. It can be dried and used as a
biofertilizer. Sorghum stalks contain nitrogen (from 1.58% to 2.71%), phosphorus (from
0.19% to 0.27%), and potassium (from 0.92% to 1.29%) [52]. The following formula was
used to find indirect energy substituted

IDES = SSY ·
n

∑
i=1

(αi · EEFi), MJ/ha, (10)

where αi is the ith nutrient content in sorghum, %; EEFi is the embodied energy of ith
nutrient component, MJ/kg.

The embodied energy of mineral fertilizer ranges from 6.7 MJ/kg (potassium) to
121.21 MJ/kg (nitrogen) [66–68]. We calculated indirect energy inputs substituted by
digestate. It constitutes from 3.17 to 12.84 MWh/ha (Figure 8). Therefore, combined heat
and power plants that produce biofertilizers have better energy indicators than biomass-
fired power plants.
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3.3. Carbon Dioxide Emissions Savings

The Ukrainian power generation system ensures an average carbon dioxide emission
factor of 0.318 kgCO2/kWh [19–21]. If we use sorghum silage from one hectare, biomass-
fired power plants can provide carbon dioxide savings from 613 to 3652 kgCO2/ha. Con-
ventional heat supply systems are fueled by natural gas. Thermal efficiencies of natural
gas-fired boilers vary from 85 to 95% [69,70]. In our calculations, we assumed a 90%
efficiency. At 90% efficiency, their carbon dioxide emission factor is 0.219 kgCO2/kWh.
Combined heat and power plants produce both heat and electricity. It improves their
environmental indicators. It is necessary to determine the specific carbon dioxide savings
of sorghum-based power plants. We calculated a decrease in carbon dioxide emissions if a
power plant uses sorghum silage from one hectare. Biogas plants (if a methane yield is 84
m3 per ton of sorghum) have higher carbon dioxide savings (Figure 9). The use of digestate
as a biofertilizer reduces carbon dioxide emissions. This is a result of decreasing in fossil
fuel consumption for mineral fertilizer production. The anticipated carbon dioxide savings
are around 1098 kgCO2/ha.
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3.4. Economic Efficiency

In our economic analysis, we considered only fuel (biomass) costs. Accounting for
investment costs in a sorghum-based power plant is a subject of our further study. The
specific fuel costs per power generated are calculated according to the formula proposed
by the authors

SSFC = be · FC, USD/kWh, (11)

where be is the specific fuel consumption, kg/kWh (m3/kWh); FC is the fuel costs, USD/kg
(USD/m3).

After transformation, we get the following equation

SSFC = be · FC · LHV
LHV

= ESC · FEC, USD/kWh, (12)

where FEC is the fuel energy costs, USD/MJ.
The specific fuel costs per power generated for different fuels are shown in Figure 10.

It can be seen that biofuels have lower costs. Therefore, they can be recommended for
power generation based on local biomass feedstock. Currently, natural gas is not a suitable
fuel for power generation. Coal-based power generation can be cheaper if biomass-based
power plants have an electrical efficiency of less than 20 . . . 25%.
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4. Conclusions

Biomass-based power generation systems are being developed to decrease the reliance
on fossil fuels and carbon dioxide emissions. Sorghum is a promising crop to be energy
feedstock due to its drought resistance, high biomass yield, and ability to be cultivated on
marginal land. This crop can be used by different power generation technologies. In this
study, direct burning and anaerobic digestion were considered.

Due to the field experiment, embodied energy (0.302 MJ/kg), carbon dioxide emis-
sion factor (0.0108 kgCO2/kg), yield (40.6 t/ha), and production costs (USD 31.52/t) of
sorghum silage have been found. Energy and environmental indicators of biomass-fired
and anaerobic digestion-based power plants were analyzed and compared. We determined
that embodied energy increases energy-specific costs by around 10%.

We revealed that biogas co-generation plants have higher efficiency and carbon dioxide
savings than combustion-based technology. Moreover, anaerobic digestion produces more
energy, including direct (electricity and heat) and indirect (biofertilizer).
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It is determined that sorghum-based power plants can reduce carbon dioxide emissions
by 600–4000 kgCO2/ha. Biomass-fired power plants have lower carbon dioxide savings
than biogas co-generation ones.

It was found that sorghum energy costs were similar to other biofuels and cheaper
than fossil fuels. This study has confirmed that sorghum is a suitable biofuel for local power
generation and co-generation plants. The direction of further studies is the evaluation of
the economic effectiveness of sorghum-based energy supply systems.
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