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Abstract: An increase in the share of renewables in heat supply systems is a promising direction to
reach sustainable development goals and decarbonization. Decision makers should consider various
factors, including energy market prices, the availability of biofuels, boiler and auxiliary equipment
costs, logistic costs, and the taxation system. In the European Union, the energy crisis causes a rapid
increase in fossil fuel prices. Moreover, the use of fossil fuels results in greenhouse gas emissions,
which threatens the achievement of sustainable development goals. We studied the influence of the
delivery cost and the value of environmental tax rates on the levelized cost of heat. Low-capacity
boilers (up to 1 MW) and different fossil and renewable fuels were analyzed. An analysis was carried
out on the example of Ukraine. The European trends were factored in. The obtained results showed
that biofuel boilers had lower levelized costs of heat than fossil fuel boilers. Delivery costs and
environmental taxes have a significant impact on heat energy costs.

Keywords: biofuel; levelized cost of heat; heat supply; thermal energy; delivery costs; environmental
tax rates; solid fuel boiler

1. Introduction

In 2019, the European Commission put forward the concept of the European Green
Deal [1], the goal of which is to create a modern climate-neutral, resource-saving, and
competitive economy. The key areas of this course are the transition to the use of clean
energy, the fight against climate change, reducing environmental pollution, etc. The EU
aims to become climate neutral by 2050, and to this end, most EU countries need to phase
out coal, the largest global source of emissions, by 2030. Even the global energy crisis,
which began in 2021, did not seem to be able to stand in the way of achieving these goals.
However, the rapid increase in energy resource prices and their shortage in Europe during
the last months of 2022 has created new challenges for achieving environmental goals in
the EU and Ukraine.

In early 2020, Ukraine’s 2050 Green Energy Transition Concept [2] project was pre-
sented, which, in general, sets goals close to the goals of the European Green Deal. Accord-
ing to this plan, energy efficiency and renewable energy sources are becoming the priority
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areas of Ukraine’s green energy transition. Carbon dioxide, which is released when fossil
fuels are burned, is the most common greenhouse gas in the world. A decrease in carbon
dioxide emissions results in a gradual abandonment of fossil fuels in favor of renewable
energy sources [2].

The climatic conditions of Ukraine are similar to those in some European countries. In
these countries, the heating season lasts around six months. Their heat supply systems use
primarily organic-fuel-based boilers.

Most EU countries, including Ukraine, use natural gas, coal, electricity, and biofuels
for heat generation. The problems of their energy security and the diversification of energy
imports, especially natural gas, are becoming more acute. The relevance of the replacement
of fossil fuels with biomass has significantly increased.

In many countries, including Ukraine, there are areas, especially in the countryside,
where the existing power grids do not allow consumers to use electric boilers with a
capacity of more than 500 kW. This makes them use fuel-based boilers, which is why these
boilers were the subject of our study.

Biomass-based fuels, such as wood chips, wood pellets, sunflower husk pellets, straw
briquettes, straw peat, wood, and peat briquettes, are manufactured and used for heat
generation in Ukraine. Ukrainian companies manufacture biomass boilers taking into
account the characteristics of burning these types of fuels for both domestic and industrial
consumers. In 2020, the total primary energy supply was 3617.39 TJ, including biofuels,
and the generated waste was 177.52 TJ (according to Energy balance of Ukraine 2020). The
domestic supply of solid biofuel was 137,539 TJ.

Among the reasons that stand in the way of investments for their implementation in
Ukraine, we can single out the imperfection of environmental taxation, constant increase
in environmental tax rates, frequent price changes for various types of fuels, significant
exchange rate fluctuations, etc.

The importance of research is also confirmed by a significant number of relevant
publications in the direction of this study. Articles [3–25] were devoted to various aspects
of burning biofuels. Celebi et al. [3] examined combined heat supply systems that use
lignocellulosic biomass. Cheney and Deo [4] studied wood-based biofuels for heat supply
systems. They revealed that wood chips could substitute up to 80% of fossil fuel. Jasinskas
et al. [5] analyzed the possibilities of using reeds for energy purposes and provided the
results of experimental studies on their use for the production of heat energy; in particular,
they determined the elemental composition of reed pellets, ash content, and calorific value,
and the impact on the environment during their burning. Kim et al. [6] suggested the novel
concept of a decentralized biorefinery to substitute hard coal. The objective of another
study [7] was to determine the optimal combination of biochar and bio-oil production and
its end use to achieve environmental and economic benefits using a life cycle assessment
and costing approach. Musule et al. [8] analyzed conventional and wood-based residential
heat supply systems. Rover et al. [9] developed a novel biomass-based fuel that can be
used for co-firing in coal power plants. This novel biofuel reduces the emissions of sulfur
and nitrogen compounds. Sawai et al. [10] examined alternative torrefied solid biofuel to
be used by coal-fired boilers and power plants. Bermúdez et al. [11] used an Eulerian fixed-
bed biomass combustion model coupled with the commercial CFD code ANSYS-Fluent
to simulate a large-scale moving grate biomass furnace. Karim et al. [12] developed a 3D
CFD model for biomass combustion in a moving grate furnace. Shi et al. [13] constructed a
supercritical oxyfuel combustion system based on a CFB boiler burning coal, lignite, and
sawdust to evaluate the performance of the system. Another study [14] presented the
results of the experimental studies of the ignition processes of a large set of wood-coal
composite fuel particles under the conditions of high-temperature radiative–convective
heating. Verma et al. [15] conducted studies in which one multi-fuel domestic pellet boiler
(40 kW) was tested under standard laboratory conditions when burning eight different
biomass pellets, and two boilers (35 kW) were tested under real conditions when burning
DIN plus certified wood pellets. Björnsson et al. [16] studied the integration of a pyrolysis
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plant into an existing CHP plant. Mustapha et al. [17] analyzed how the growth of biofuel
production in forests affects fuel use in the district heating sector in northern Europe.
Duong et al. [18] investigated Acacia mangium solid biofuel characterization and its ash
properties. García et al. [19] investigated the joint pelletization of spent fuel and pine
sawdust in a continuous pilot pelletizer, which resembles industrial pelletization. The
purpose of another study [20] was to evaluate the suitability of residual biomass of conifers
and broad-leaved trees to produce quality pellets using an agri-pellet machine activated by
the power take-off of a tractor. Nuryawan et al. [21] investigated the main properties of
mangrove branches as a raw material for the production of wood pellets and briquettes.
Petlickaitė et al. [22] conducted a study of compressed solid biofuel produced from multi-
culture biomass. The purpose of article [23] was to determine the variability of the quality
parameters of wood chips produced from the most favorable raw material (energy round
forest) and under the most controlled operating conditions (pellet mill) as a first step in
determining the opportunities to optimize wood chip quality monitoring. Woo et al. [24]
studied the characteristics of solid fuel pellets containing spent coffee grounds and wood
powder. Souček et al. [25] dealt with the production of mixed fuels, in particular pellets
consisting of a mixture of grass and sawdust.

Many studies [26–40] were devoted to the various environmental aspects of using
different types of fuel. Kraszkiewicz et al. [26] investigated the effect of ignition techniques
on pollutant emissions during the combustion of selected solid biofuels. Zaporozhets [27]
carried out a correlation analysis between the energy balance components (the types of
energy resources, the transformation sector, and energy-consuming industries) and the
emissions of pollutants. Iatsyshyn et al. [28] studied the problem of the impact the storage
places of ash and the slag dumps of fuel and energy complex enterprises can have on
the environment. Experimental results were obtained from the combustion of raw and
torrefied palm kernel shells in a domestic-scale boiler [29]. Zajac et al. [30] analyzed the
emission characteristics of a domestic heating boiler (32 kW with automatic fuel loading)
fueled with mallow pellets and wood pellets. Duong et al. [31] explored wood pellets for
non-industrial applications. Havrysh et al. [32] studied the distribution of input energy
and carbon dioxide emissions between the main product and the crop residues during the
growing process. Bala-Litwiniak [33] presented an analysis of the combustion of pine husk
and sunflower pellets without and with a 5% addition of spent glycerol, and the effect of the
addition of spent glycerol on the concentrations of CO2, CO, and NOX in the exhaust gases
was studied. The aim of another study [34] was to investigate the use of an electrostatic
precipitator to control particulate emissions from small heating installations, in particular,
solid fuel boilers with a heating output of less than 300 kW. Zhou et al. [35] conducted a
study of a cleaner way of burning wood biomass waste on a grate with an emphasis on NOX
emissions. Nong et al. [36] used the GTAP-E-Power model, with additional improvements
to include non-CO2 emissions, to study the impact of increasing environmental taxes on the
Vietnamese economy. Wang et al. [37] presented an original interdisciplinary performance-
based contract evaluation model for controlling SO2 emissions in Chinese coal-fired power
plants. Wesseh et al. [38] developed a dynamic applied equilibrium model to study the
dynamics of CO2 emissions and assessed how the achievement of environmental policy
goals may affect production and productivity in a transition country. Foumani et al. [39]
considered how three general emission reduction policies, namely emission taxes, emission
benchmarks, and emission trading schemes, can create a competitive environmental sphere.
The chemical compositions of 40 samples of wood chips of various genera and origins were
analyzed by Rodríguez et al. [40].

Many studies were devoted to the various economic aspects of the study of prospects
for the use of biofuels, in particular using the LCOH indicator [41–63]. Coelho et al. [41]
analyzed several basic power plants and hybrid biomass options: wood gasification, fuel
pellets from garbage, biogas from anaerobic reactor wastewater, landfill biogas, and natural
gas. The simulation model developed by Fujii et al. [42] was used to predict the perfor-
mance of a heat charger, based on which a case study of heat transport between a local
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steel plant and a hotel was studied, and a comparison of the LCOE with a pellet boiler was
made. Gerssen-Gondelach et al. [43] explored the current status and possibility of biomass
value chains for energy generation and material manufacturing. They estimated their
levelized production costs and emission reduction. Moreover, they found that woodchip
combustion and pellets in large power plants and central heating systems are economically
and environmentally preferred. Article [44] stated that the combination of geothermal
district heating from medium and deep wells with heat from waste incineration creates a
synergy that achieves above-average price competitiveness and economic impact. Ruffino
et al. [45] estimated the LCOH for the most common heating technologies in Piedmont
(NW Italy), i.e., fossil fuels (methane, fuel oil, and liquefied petroleum gas), wood biomass
(wood logs and pellets, etc.), and heat pumps (air source and ground source) in both
heating only systems as well as heating and cooling configurations. The authors of [46]
presented a new approach to the analysis of multi-vector energy systems and proposed
the levelized cost of exergy (LCOEx) as a new useful indicator in this field. Technical and
economic analyses and a life cycle analysis of the ways of the biochemical transformation
of seaweed as a sustainable source of bioenergy were carried out [47]. Kargbo et al. [48]
conducted a similar study for fuel from lignocellulosic sources. Article [49] was devoted
to the modeling of the cost-optimized technological integration of fuel production using
the method of hydrothermal liquefaction. The authors in [50] showed that a price model
based on the LCOH can clearly reflect the production cost of heat. Article [51] examined
the economic feasibility of commercial heat supply technologies suitable for use in dis-
trict heating networks. Article [52] analyzed and evaluated the possibilities of using oak
bark, oak leaves, and their mixtures for obtaining biofuel. Lehtinen et al. [53] studied the
structure of the supply chain of wood chips from harvest to thermal power plant using the
example of Finland. Van Stralen et al. [54] analyzed the distribution of different biomass
feedstocks in the heat, power, and transport sectors up to 2020 for different biomass use
scenarios. Leisen et al. [55] studied new sustainable business models in the energy sec-
tor using the example of Germany. Andreoni [56] carried out a comparative analysis of
factors influencing the receipt of environmental taxes in 25 EU members from 2004–2016.
Zhang et al. [57] studied the impact of a carbon tax on tourism development in terms of
energy consumption in China through modeling. Nong [58] proposed a new carbon price
mechanism with full emission coverage to improve the ability and accuracy of climate
change assessment and energy policy. Kondo et al. [59] proposed green procurement
solutions for supplier selection and order quantity to minimize greenhouse gas emissions
and costs, taking into account different carbon taxes in different countries. Streimikiene
et al. [60] conducted a comparative assessment of the impact of environmental taxes on
the indicators of sustainable energy development in three selected countries of the Baltic
region (Lithuania, Latvia, and Estonia) during 2005–2015. Nissen et al. [61] proposed a
modification of the traditional equalized energy cost formula that takes into account the in-
crease in energy prices. Zang et al. [62] carried out a techno-economic comparative analysis
of biomass-integrated gasification combined cycles with and without CO2 capture. Zang
et al. [63] suggested a hypothesis concerning the possibility of developing an integrated
methodology for assessing the potential of biogas based on the integration of crop residues
and livestock manure.

The studies in [64–66] are most relevant to this study. Bogoslavska et al. [64] deter-
mined the LCOH for boilers with a capacity from 100 to 1000 kW. They analyzed different
fossil (natural gas and anthracite) and renewable fuels (wood pellets, sunflower husk
pellets, straw briquettes, etc.). Specific pollutant emissions were calculated. The authors
of [65] showed that the amount of environmental tax in Ukraine does not stimulate the
implementation of measures to reduce pollutant emissions, but an increase in environ-
mental tax rates can change it. The purpose of the article [66] was to analyze the impact
of the delivery logistics of different types of fuel for low-capacity boilers (0.5 and 1 MW,
burning biofuel) on the LCOH. This study showed that the cost of delivering pellets from
the producer to the consumer can be up to 20% of their cost.
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However, in those conditions when the energy market is changing sharply, the LCOH
of biomass boilers and their comparison with conventional boilers are not studied enough.
The LCOH structure is also of scientific and practical interest. The purposes of the present
study are to analyze the trends of changes in the LCOH for fossil fuel and biofuel boilers in
Ukraine, which increases the validity of management decisions in the field of the develop-
ment of environmentally and economically efficient heat supply systems, and to determine
the contribution of the environmental tax and delivery logistic components to the LCOH.

The novelty of this study is its analysis of the LCOH for biomass-based boilers in specific
geographical and climate conditions. These conditions are characterized by limited fossil
fuel reserves. The territory is predominantly steppe, with sparse forests. Highly developed
agriculture is a source of biomass as a raw material for energy production. The study was
conducted using the example of Ukraine as a country that satisfies the above conditions.

Two hypotheses were set up:

Hypothesis 1 (H1). The economic competitiveness of biofuel boilers is stable to the fluctuation of
market fuel prices.

Hypothesis 2 (H2). The use of agricultural residue-based pellets ensures the lowest LCOH
compared with wood and fossil fuels.

In addition, the authors show that the existing environmental taxation in Ukraine
does not stimulate the implementation of measures to reduce the emissions of pollutants.
Moreover, we should note that the introduction of a global approach to the taxation of
carbon dioxide emissions from biofuel burning, and a significant increase in the share of
biofuel boilers in heat supply systems in Ukraine will contribute to both decarbonization
and an increase in the country’s energy security level.

The rest of this document is as follows: Section 2 describes the formulas and the data
for calculations. Section 3 presents the main results of the calculations. A discussion of the
obtained results is covered in Section 4.

2. Materials and Methods
2.1. Levelized Cost of Heat

The method of the levelized cost of energy is widely used for economic comparison of
energy projects using different fuel types [67]. The levelized cost of heat (LCOH) is used
for determining the optimal heating projects [43,45,50,64–66]. This method allows you to
compare different heat production technologies. To calculate the LCOH, the following
formula is used:

LCOH =

N
∑

t=1

It+Mt+Ft
(1+r)t

N
∑

t=1

Ht
(1+r)t

, USD/GJ, (1)

where It is the initial investment costs in tth year, USD; Mt is the operations and maintenance
costs of the heat supply system in tth year, USD; Ft is the fuel costs in tth year, USD; Ht is
the heat generation in tth year, GJ; r is the discount rate; N is the lifetime of the project, year.

The knowledge of the LCOH allows investors to select promising heat generation
technologies for any country or region. Moreover, this simplifies the prediction of the cost
structure for each technology [66].

As the environmental requirements for boilers and the rate of environmental tax
are constantly increasing, the environmental factor must be taken into account when
determining the LCOH [64]. We determined the environmental tax based on Chapter VIII
of the Tax Code of Ukraine [68].
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Biofuel costs comprise their production costs and delivery costs. If we add the envi-
ronmental tax, Formula (1) is transformed into the following expression:

LCOHET+DL =

N
∑

t=1

It+Mt+Ft+Dt+Et
(1+r)t

N
∑

t=1

Ht
(1+r)t

, USD/GJ, (2)

where Et is the environmental tax in tth year, USD; Dt is the fuel delivery costs in tth year, USD.
The impact of the environmental tax and logistic costs on the LCOH is of scientific

and practical interest. The change in the LCOH due to the environmental tax (∆LCOHET)
is determined as follows:

∆LCOHET =


N
∑

t=1

It+Mt+Ft+Et
(1+r)t

N
∑

t=1

Ht
(1+r)t

− LCOH, USD/GJ. (3)

The impact of delivery costs is as follows:

∆LCOHDL =


N
∑

t=1

It+Mt+Ft+Dt
(1+r)t

N
∑

t=1

Ht
(1+r)t

− LCOH, USD/GJ. (4)

2.2. Discount Rate

The discount rate is used in financial analyses to find the present value of future cash
flows. There are three primary methods to calculate the discount rate: the capital asset
pricing model (CAPM), the weighted average cost of capital (WACC), and the cumulative
method [69]. Scientists substantiated that due to the poorly developed Ukrainian stock
market, the cumulative method is more suitable to be applied [69,70].

It must be borne in mind that the transition from fossil fuels to renewables is not con-
sidered in commercially invested projects in the world because they curb global warming.
In these projects, a social discount rate should be used [71]. In developed countries, a
discount rate ranges from 2% to 6% [72]. The major developing countries apply a discount
rate of up to 15% [73]. Zuniga et al. [74] revealed that the discount rate of social projects
must be around 10%. Therefore, we used a 10% discount rate in this study.

2.3. Logistics

In addition to the choice of boilers and the type of fuel, the correct and efficient
organization of delivery is important, which will ensure the timely receipt of orders and
the stable operation of boiler plants. Additionally, the transportation process must take into
account the characteristics of the fuel and ensure protection from negative external factors
(protection of pellets from moisture, precipitation, and mechanical damage). A logistic
system impacts the profitability of any heat supply system. The delivery of solid fuel can
be carried out in different ways (in bulk, in big bags, in ordinary bags) and by different
means of transport (water, rail, and road). The choice of the specific means of transport
directly depends on the location of the consumer. Water transportation is the cheapest for
long distances. Road transport is relatively expensive for long distances. However, it is
convenient and competitive for short distances. Pellets are the most convenient biofuel
for transportation and use. They have a constant and high bulk density, which greatly
simplifies the process of transporting fuel even long distances, and loading and unloading
are easy to automate, which significantly facilitates and speeds up both processes. Bags
and bunkers are used to transport pellets. Their prices include production costs, loading,
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unloading, and transportation costs. The transportation of biofuels is discussed in more
detail in the article [35].

We considered pellets packed in big bags (weight—one ton, volume—1.54 cubic
meters). Delivery by road transport with a carrying capacity of 20–22 t and a distance of
300 km was considered. This distance is the average within one region of Ukraine.

2.4. Environmental Tax

Environmental taxes are fiscal instruments. They are used for stimulating sustainable
development. Therefore, they have a significant impact on the development of heat supply
systems and the use of alternative fuels. The environmental tax was calculated based on
the annual fuel consumption and the kind of fuel. We used the following information: the
thermal power, the thermal efficiency, the annual operating time, the load factor, the lower
heating value of fuel, the emission factors, and the environmental tax rate [64–66].

In Ukraine, the heat-generating enterprises that use biofuel are taxpayers for CO2
emissions, which does not correspond to modern world practice, since biofuel is considered
a CO2-neutral fuel. However, according to the Tax Code of Ukraine [68], the tax base for
carbon dioxide emissions is 500 tons/year.

In 2010, Ukraine introduced an environmental tax for carbon dioxide emissions of
0.025 USD/tCO2. Since 2022, this tax rate has increased to 1.075 USD/tCO2. The tax rates
for different pollutants increase every year.

According to the current Tax Code of Ukraine [68], the environmental tax is paid for
the emissions of pollutants by stationary sources; therefore, the tax for the emissions by
vehicles was not considered in this article.

The emission factors for the different fuels fired in boilers are presented in Appendix A.
The tax rates for the stationary sources of pollution (heating boilers) are presented in
Table 1 [68]. Tax rates in EU countries differ tenfold. Poland uses the lowest taxes in the
EU, and Sweden has the highest ones (Table 1).

Table 1. Emission tax rates in Ukraine, Poland, and Sweden, USD/t [68,75,76].

Pollutant Ukraine, 2020 Ukraine, 2022 Poland, 2022 Sweden, 2022

NOx 87.19 92.27 118.39 697.17
SO2 87.19 92.27 118.39 394.62
CO2 0.36 1.08 0.09 153.02

2.5. The Fuel Price and Delivery Costs

Since 2016, in Ukraine, fuel prices have significantly increased (Table 2). The costs and
lower heating value of fuels (no delivery costs) are given in Table 2 [77–81].

Table 2. The costs and lower heating values of fuels [64–66,77–81].

Fuel
Lower Heating
Value, MJ/kg

Cost, USD/t (USD/1000 m3)

October
2016

September
2020

January
2022

July
2022

Natural gas 33.08 266.11 273.83 1433.69 1008.03

Natural gas (distribution) - - 42.67 64.16 60.79

Power coal 22 73.50 99.57 250.90 341.88

Anthracite 27 92.84 124.47 358.42 444.44

Wood pellets 17 96.71 74.68 179.21 273.50

Straw pellets 15.1 38.68 48.01 118.28 136.75

Sunflower husk pellets 18 34.82 42.67 142.65 170.94

Since January 2020, the state regulator has changed the procedure for paying for
natural gas distribution services, and a separate payment and tariff for gas distribu-
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tion (delivery) has been developed [82]. Since August 2020, the retail price of natu-
ral gas, in particular for household consumers, is freely set between the supplier and
the consumer; that is, it is contractual [83]. In September 2020, the gas delivery rates
ranged from 11.95 to 116.5 USD/(1000 m3) [84], and an average of 42.67 USD/(1000 m3)
was used in our calculations. In 2022, the gas delivery rates varied from 13.66 to
104.98 USD/(1000 m3) [84], and the average value was 63.66 USD/(1000 m3). In the
heating period of 2021–2022, budget and communal institutions bought natural gas at
the price of 1244.67 to 1600.28 USD/(1000 m3) despite the conclusion of the Memoran-
dum with Naftogaz [85] about the price of 586.77 USD/(1000 m3) [86]; therefore, in our
calculations for January 2022, a natural gas price of 1422.48 USD/(1000 m3) was accepted.
For industry, at the same time, the price was 1891.84 USD/(1000 m3) [87]. The significant
increase in natural gas prices caused an increase in pellet prices. Vehicle fuels and their
delivery prices [88] increased less. For trucks with a load capacity of 20–22 tons, the
delivery cost was 0.96 USD/km (January 2022) and 1.6–1.78 USD/km in July 2022 [88].

2.6. The Boiler Costs

We studied solid fuel boilers manufactured by Ukrainian companies. They have
capacities of 500 and 1000 kW. We analyzed the use of fossil fuels (natural gas and coal) and
renewable ones (sunflower husk, straw, and wood pellets). The boiler prices are presented
in Table 3 [83,89–91]. As can be seen, their prices rose in price by 49–117% from 2016 to
2022 (Table 3).

Table 3. Main characteristics of boilers and costs in 2016, 2020, and 2022 [33–35,89–91].

The Boiler Capacity, kW Efficiency, %
Price, USD

October 2016 September
2020 January 2022 July 2022

Solid fuel boilers

ARS 500 (2016–2020)/KZOT ARS 500
Comfort (2022) 520 85 7117.98 8097.44 10,558.39 10,071.08

ARS 500 BM (2016–2020)/KZOT BRS
500 Comfort BM (2022) 500 84 (coal)

89–92 (pellets) 7644.10 8080.725 10,536.92 10,050.6

Gefest Profi-P 500 500 92 7945.841 7379.09 8903.226 12,556.65

ARS 1000 (2016–2020)/KZOT ARS
1000 Comfort (2022) 1000 85 11,605.42 12,268.85 15,997.99 15,259.62

ARS 1000 BM (2016–2020)/KZOT BRS
1000 Comfort BM (2022) 980/1000 84 (coal)

89–92 (pellets) 11,203.09 11,843.88 15,443.84 14,731.04

Gefest Profi-P 1000 (2016–2020)/(2022) 980/1000 91 12,301.74 13,798.01 16,666.67 23,631.11

Natural gas boilers

ARS 500 (2016–2020)/Protherm Bison
510 NO (2022) 520/510 90/92 7117.99 8097.44 10,502.62 10,017.88

ARS 1000 (2016–2020)/Protherm Bison
1030 NO (2022) 1000/1030 90/92 11,605.42 12,268.85 19,947.38 19,026.74

3. Results and Discussion
3.1. The Evaluation of LCOH in 2016–2022

The LCOH was calculated at the market prices of 2016, 2020, and 2022. The LCOH
comprises the thermal energy costs, the environmental tax (LCOHET), and the delivery
costs (LCOHDL). The results are shown in Table 4.
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Table 4. LCOH and its components in 2016, 2020, and 2022, USD/GJ.

Boiler

LCOH LCOHET LCOHDL LCOHET+DL

October
2016

September
2020

January
2022

July
2022

September
2020

January
2022

January
2022

July
2022

January
2022

July
2022

Wood pellets

1. ARS 500 (2016–2020)/KZOT
ARS 500 Comfort (2022) 7.27 5.94 13.30 19.79 5.97 13.33 14.30 21.40 14.37 21.44

2. ARS 500 BM (2016–2020)/KZOT
BRS 500 Comfort BM (2022) 6.81 5.58 12.37 18.36 5.58 12.44 13.33 19.90 13.41 19.93

3. Gefest Profi-P 500 6.81 5.55 12.33 18.50 5.58 12.37 13.30 20.03 13.33 20.07

4. ARS 1000 (2016–2020)/KZOT
ARS 1000 Comfort (2022) 7.16 5.76 13.08 19.59 5.80 13.19 14.12 21.20 14.19 21.30

5. ARS 1000 BM
(2016–2020)/KZOT BRS 1000

Comfort BM (2022)
6.62 5.44 12.15 18.15 5.48 12.22 13.08 19.62 13.15 19.73

6. Gefest Profi-P 1000 6.73 5.48 12.29 18.53 5.48 12.37 13.23 20.03 13.33 20.10

Sunflower husk pellets

7. ARS 500 (2016–2020)/KZOT
ARS 500 Comfort (2022) 2.86 3.56 10.22 12.03 3.59 10.29 11.18 13.57 11.25 13.64

8. ARS 500 BM (2016–2020)/KZOT
BRS 500 Comfort BM (2022) 3.02 3.77 10.82 12.75 3.81 10.90 11.83 14.36 11.94 14.43

9. Gefest Profi-P 500 2.75 3.34 9.46 11.32 3.38 9.53 10.39 12.79 10.47 12.85

10. ARS 1000 (2016–2020)/KZOT
ARS 1000 Comfort (2022) 2.67 3.27 9.89 11.73 3.31 10.04 10.86 13.26 11.00 13.37

11. ARS 1000 BM
(2016–2020)/KZOT BRS 1000

Comfort BM (2022)
2.59 3.24 9.43 11.28 3.27 9.53 10.32 12.72 10.43 12.82

12. Gefest Profi-P 1000 3.17 3.81 9.86 11.52 3.88 9.96 10.75 12.92 10.86 13.03

Straw pellets

13. ARS 500 (2016–2020)/KZOT
ARS 500 Comfort (2022) 3.60 4.52 10.14 11.52 4.55 10.22 11.29 13.37 11.36 13.44

14. ARS 500 BM
(2016–2020)/KZOT BRS 500

Comfort BM (2022)
3.40 4.27 9.46 10.77 4.30 9.53 10.54 12.44 10.57 12.48

15. Gefest Profi-P 500 3.44 4.30 9.50 10.97 4.30 9.53 10.61 12.72 10.65 12.79

16. ARS 1000 (2016–2020)/KZOT
ARS 1000 Comfort (2022) 3.48 4.37 9.93 11.35 4.37 10.04 11.08 13.16 11.18 13.30

17. ARS 1000 BM
(2016–2020)/KZOT BRS 1000

Comfort BM (2022)
3.25 4.13 9.21 10.53 4.16 9.32 10.29 12.21 10.39 12.31

18. Gefest Profi-P 1000 3.29 4.16 9.35 10.84 4.16 9.43 10.43 12.55 10.54 12.65

Coal

19. ARS 500 BM
(2016–2020)/KZOT BRS 500

Comfort BM (2022)
6.46 6.19 14.52 19.38 6.47 14.80 15.34 20.72 15.63 20.99

20. ARS 1000 BM
(2016–2020)/KZOT BRS 1000

Comfort BM (2022)
6.31 5.97 14.27 19.18 6.26 14.62 15.09 20.44 15.41 20.79

Natural gas

21. ARS 500
(2016–2020)/Protherm Bison

510 NO (2022)
9.21 9.78 46.67 33.03 9.78 46.67 48.71 34.97 48.71 34.97

22. ARS 1000
(2016–2020)/Protherm Bison

1030 NO (2022)
9.09 9.64 46.52 32.89 9.64 46.56 48.57 34.84 48.60 34.87

In general, the more expensive the fuel, the more expensive the thermal energy. For
six years, the heat energy generated by sunflower husk boilers was the cheapest, and straw
pellets were slightly more expensive. The LCOH from wood pellet boilers and coal boilers
was comparable. Since 2016, the levelized cost of heat has increased by at least four times.
The heat generated by natural gas boilers has had the largest increase.
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The trend of a significant increase in the price of all types of fuel over the last year
is obvious, but there was an exception—from 2016 to 2020, the value of wood pellets
decreased by 20%, and the growth rate of their value was the lowest—three times in 5 years.
The price of sunflower husk pellets increased the most time, in 5 out of the past 6 years,
but the cost of thermal energy obtained from their burning was the lowest. The difference
between the minimum and maximum LCOH for the period was 1.5–2.8 times.

The fuel component for biofuel boilers ranged from 68% to 93% in 2016, and from 90%
to 97% in July 2022. This increase in the share of fuel components in the LCOH was caused
by a significant increase in the cost of all types of fuel. The LCOH was not significantly
affected by doubling the boiler capacity. The main reason is that the share of investment
costs in the LCOH was less than 5% (Figure 1).
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Figure 1. The evolution of LCOH (the number on the x-axis corresponds to the first column in Table 4).

We found that, in Ukraine, the LCOH of biomass-fired boilers ranged from EUR
35.2/MWh to EUR 56.3/MWh. These values were lower than the LCOH for natural
gas-fired boilers (EUR 100.2/MWh). This ratio is consistent with European countries. For
instance, Ruffino et al. [45] reported that, in Italy, the LCOH of biomass-fired boilers is lower
than the LCOH of fossil fuels. Its value ranges from EUR 72.1/MWh to EUR 118.7/MWh.
In France, the situation is the same. The LCOH is around EUR 87/MWh [92]. In Poland
and Switzerland, the LCOH is somewhat higher [93,94]. The attractiveness of alternative
fuels is determined by the ratio of their prices to traditional fuels [95].
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3.2. Environmental Tax and Delivery Logistic Components

In 2022, coal boilers had the highest LCOH environmental tax component (∆LCOHET)
of 0.30–0.34 USD/GJ. Gas boilers had the smallest one of 0.007–0.032 USD/GJ. For biofuel
boilers, this component was 0.039–0.114 USD/GJ or 0.26–0.94% of the LCOH. The trend
has not changed in the past six years. The environmental tax component had the minimum
value for 500 kW boilers that burn wood pellets. In addition, 1 MW boilers firing sunflower
husk pellets had the maximum environmental tax component.

According to our calculations, the LCOH logistic component (a transport distance of
300 km) increased from 4.4–11.6% in January 2022 to 5.9–16% in July 2022. The minimum
value was for burning natural gas boilers, while the maximum was for burning straw pellet
boilers. The smallest component for biofuel boilers was for burning wood pellet boilers.

In January 2022, the LCOH (taking into account environmental taxes and logistics) of
solid fuel boilers was more than half as much as from gas boilers (Figure 2). The LCOH
from coal boilers was on the same level as the LCOH from the boilers burning wood pellets.
In July 2022, the LCOH difference significantly decreased (Figure 3).
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Figure 2. LCOH structure in January 2022 (the number on the x-axis corresponds to the first column
in Table 4).

The LCOH components of the environmental tax and logistics for biofuel boilers
increased during January–July 2022 from 0.96–1.17 USD/GJ to 1.56–1.88 USD/GJ, which in
percentage terms was from 7.4–13.5% to 7.7–18%. The LCOH of other non-fuel components
did not significantly change and in monetary terms were less than the environmental tax
and logistic components (0.59–0.92 USD/GJ in January and 0.59–1.03 USD/GJ in July 2022).
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Table 4).

The LCOH environmental tax component in Ukraine was insignificant and, therefore,
would not stimulate the implementation of measures to reduce the emissions of pollutants.

3.3. LCOH Structure

The LCOH structures for some boilers are shown in Figures 4–8. For biofuel boilers,
the LCOH fuel component increased in value terms for the first six months of 2022 from
1.78 USD/GJ for straw pellet boilers (Figure 6) to 7.40 USD/GJ for wood pellet boilers
(Figure 4). In percentage terms, this component increased only for wood pellet boilers, for
others, including coal boilers, it decreased.
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Figure 6. LCOH structure from KZOT BRS 1000 Comfort BM (1 MW) from straw pellets: (a) January
2022; (b) July 2022.
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Figure 7. LCOH structure from KZOT BRS 1000 Comfort BM (1 MW) from coal: (a) January 2022;
(b) July 2022.
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For natural gas boilers, the component significantly decreased, which was because the
price of gas was lower in the summer than in the winter. The LCOH logistic component
for all biofuel boilers increased, both in percentage terms (by 1–4%) and in terms of value
(0.60–0.75 USD/GJ, Figures 4–6). For gas boilers, in terms of value, it almost did not change
(Figure 8), but for coal, it increased by 0.53–0.55 USD/GJ (Figure 7). The LCOH environ-
mental tax component in monetary terms did not change during this time. The LCOH of
other non-fuel components changed for some boilers, as they became more expensive.

The Development Ukraine Recovery Plan is currently underway. It contains a chapter
concerning biofuels such as bioethanol, biodiesel, biomethane, and biomass. It is currently
under consideration. After its approval, the authors will investigate the main scenarios for
biofuel boilers in Ukraine.

4. Conclusions

The increase in the natural gas price provoked a rise in the cost of biofuels. However,
even with a threefold increase in their prices in the past six years, the thermal energy
produced by biofuel boilers was cheaper than the thermal energy from fossil fuel boilers.

The cost of fuel delivery can significantly increase the cost of heat energy. For example,
a transportation distance of 300 km increases the cost of thermal energy by 6–16%.

The LCOH environmental tax component at Ukrainian environmental tax rates was
insignificant and, therefore, would not stimulate the implementation of measures to reduce
the emissions of pollutants. A CO2 emission tax is charged for biofuel boilers in Ukraine.
This component was higher for biomass-fired boilers than for natural gas boilers.

The use of biofuel boilers is economically justified in Ukraine and will contribute to
the reduction in greenhouse gas emissions, the development of biofuel production, the
increase in the number of jobs, and the development of mechanical engineering. The
use of biofuels, which are produced in the region of their use, is expedient to reduce the
transportation distance.

The LCOH indicator can be used to make decisions about the choice of equipment and
the type of fuel in the near term and to optimize the heat supply systems of settlements
and the country. For more accurate forecasting of the cost of thermal energy, forecasting
models of components, primarily of the cost of fuels, are needed.

Biomass-derived fuels, when sourced in a sustainable manner, are environmentally
friendly (CO2-neutral); however, their combustion results in harmful pollutants and ash. In
further research, it is worth determining the ways of handling ash and its effect on the cost
of heat energy.

This study confirmed the first hypothesis that biomass-based heat supply systems are
stable to the variation in market fuel prices. The second hypothesis is also correct. The
LCOH of sunflower husk and straw pellets was lower than those of wood pellets, coal, and
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natural gas. Its relative value was in the range of 60% (compared with wood pellets) to 35%
(compared with natural gas). Therefore, these systems are promising alternatives.

In early 2020, Ukraine’s 2050 Green Energy Transition Concept project was presented,
which sets its goals close to those of the European Green Deal. Even in the global energy
crisis, which began in 2021, the EU and Ukraine should be to make more efforts to develop
green energy and increase the share of biofuels for heating. Combined heat supply systems
based on heat pumps, wind power, and solar energy are a promising direction. The main
scenarios of their development are of significant importance. In addition, a life cycle
assessment of carbon dioxide emissions (including transport emissions) is the subject of
further investigation.
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Appendix A

The data from the following table were used to determine the environmental tax and
the LCOH environmental tax components.

Table A1. Specific pollutant emissions from fuel combustion [33].

Fuel
Specific Pollutant Emissions, kg/t Fuel Fuel Pollutant Emission Index, g/GJ

NOx SOx CO2 PM10 NOx SOx CO2 PM10

Natural gas 2.127 0 1943.4 0.00 64.31 0 58,748 0
Coal 2.065 51.30 1918.9 47.20 100.9 2506 93,740 2305.9

Wood pellet 1.36 0.187 1700 0.51 80 11 100,000 30
Sunflower husk pellets 1.36 3.2 1816.1 0.091 75.56 207.4 100,893 5.911

Straw briquettes 1.38 2 1544.2 0.171 89.03 127.4 99,624 10.892
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