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Abstract: This study aimed to assess biomass production costs from perennial energy crops, such
as Miscanthus giganteus, Sida hermaphrodita, and coppiced willow, in selected agricultural holdings.
This assessment was based on applied technologies for harvesting the biomass of the energy crops
mentioned above. The scope of the study included research on ten farms located in Matopolska and
establishing the possibility of biomass production from selected energy crops in these entities.
Biomass production costs have been estimated using the computer application “Bioalkylation”.
The result of the research was the answer to the question: what can be the cost range of biomass
production from perennial energy crops for the crops Miscanthus giganteus, Sida hermaphrodita, and
coppiced willow as the most popular plants? The study shows that production costs depend pri-
marily on the harvesting technology used and the machinery used in the farm. The harvest with
rotary mowers, small presses, and windrows was applied regarding Miscanthus giganteus and Sida
hermaphrodita. The costs of biomass production were, on average, 424.7 EUR ha™ for Miscanthus
giganteus and 278.9 EUR ha™! for Sida hermaphrodita. Concerning tonne, this was 37.6 EUR t for
Miscanthus giganteus and 30.0 EUR t™! for Sida hermaphrodita, respectively. In the case of harvesting
energy willow, in the form of whole shoots, inefficient and labour-intensive technologies using
chainsaws and combustion cutters were applied. The biomass production costs were thus the
highest among the assessed plants and amounted, on average, to 612.1 EUR ha™, which in terms of
tonne corresponded to a value of 30.6 EUR. The obtained results and the analysis presented in the
paper may help in planning the cultivation of perennial energy crops in order to obtain biomass
used for heating purposes on a farm.

Keywords: biomass; production costs; Miscanthus giganteus; honeysuckle; energy willow;
agricultural holding

1. Introduction

The foundation of the economy of the super-industrial era is still fossil fuels, the use
of which has steadily increased since the industrial revolution in Europe [1]. Half of the
total energy consumption of the last two thousand years was consumed by humankind
during the last century of this period [2]. Unfortunately, with successive decades, this
disparity has intensified and the need for constant energy consumption has grown to
become the biggest addiction of modern civilisation. According to the BP Statistical Re-
view of World Energy report [3], the world consumed over 14,000 Mtoe in 2019, and
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global consumption is growing at a rate of 178 Mtoe/year. The World Counts industry
portal alerts that modern civilisation is acquiring so many resources that continuing these
trends will soon require a second Earth [4]. Conventional energy resources like carbon,
natural gas, and oil are no longer sufficient to satisfy the global economy’s demand [5].
Experts warn that with the current energy consumption, non-renewable resources may
be used up as soon as 2040 [6]. Power generation in Poland is mainly based on the com-
bustion of hard coal and lignite; therefore, as the probability of their exhaustion seems
natural and to meet the obligations towards the European Union, the government of
Poland should intensify its actions to promote renewable energy sources (RES) in the
country [7].

One of the most popular and used renewable energy sources is undoubtedly bio-
mass [8]. Biomass includes raw materials of plant and animal origin, which are biode-
gradable and come from agricultural production and the agri-food industry, as well as
from forestry and related branches of the economy. According to the provisions of Di-
rective 2009/28/EC of the European Parliament and of the Council of 23 April 2009, the
term ‘biomass’ means the biodegradable fraction of products, waste, or residues of bio-
logical origin from agriculture (including vegetal and animal substances), forestry and
related industries including fisheries and aquaculture, as well as the biodegradable frac-
tion of industrial and municipal waste [9].

The most popular and used source of biomass is energy crops. Energy crops are
grown on agricultural land and are processed into biofuels and biocomponents, heat, or
electricity. In the climatic conditions of Poland, the raw material base of biomass pro-
duced for energy purposes can be categorized into three groups of plants:

trees and shrubs: willow (Salix L.), poplar (Populus L.), robinia acacia (Robinia pseu-
doacacia L.), multiflora rose (Rosa multiflora);

grasses: Miscanthus x giganteus (Miscanthus x giganteus ].M. Greef M. Deuter), Mis-
canthus sinensis Andersson, Miscanthus sacchariflorus Maxim Hack, Spartina prairie
(Spartina pectinata Bosc ex Link);

perennial plants: Pennsylvania hemlock (Sida hermaphrodita Rusby L.), Japanese
knotweed (Reynoutria japonica Houtt), Sakhalin knotweed (Reynoutria sachalinensis), per-
ennial bindweed (Silphium perfoliatum), Jerusalem artichoke (Helianthus tuberosus) [10].

The use of biomass from field crops is beneficial regarding energy and the envi-
ronment [11-13]; however, the current economy limits the possibility of its use on a
broader scale for economic reasons. It should be emphasised that these crops can activate
rural areas and allow the possibility to manage soils not used for agriculture and waste-
lands [14-18].

2. Fundamentals of Perennial Energy Crop Production

The perennial energy crops that enjoy the most significant popularity in Poland are
energy willow, Pennsylvania sida, and Miscanthus giganteus. Willow in Poland com-
monly grows on the edges of watercourses and wetlands. It occurs in tree and shrub
forms, and a change in form may occur due to cultivation. The most popular species used
for energy purposes is the willow wicker, also called hemp willow, characterised by fast
biomass growth and resistance to pests and diseases [19,20].

Honeysuckle willow, in cultivation for energy purposes, is harvested in one-, two-
or three-year cycles. Depending on site and age, shoots reach up to 6 m in height and 80
mm in diameter. The intense green leaves, lanceolate in shape with a prominent yellow
nerve, are 80-250 mm long and 6-12 mm wide. The inflorescences are cylindrical catkins
that flower before the leaves develop [21]. Willow is propagated vegetatively using
pieces of cut stem called cuttings or, more commonly, stobras. Their length should be
between 200 and 250 mm with a thickness of 5-12 mm, and the thickness in the centre
should not be less than 7 mm [22,23].

The most suitable sites for willow cultivation are soils of bonitation classes III, IV,
and V with sufficient moisture [24]. Precipitation in willow cultivation is significant in
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the spring period, as lack of precipitation can result in plant loss. Lack of water limits the
development of the root system of young plants. Therefore, willow cultivation must be
carried out in soils with adequate groundwater levels ranging from 1 to 1.5 m, depending
on their permeability. For complete and intensive growth, willow needs a minimum of
500 mm of rainfall, and the moisture accumulated in the soil after winter is also necessary
[17].

When planning willow plantings, consideration should be given to the harvesting
system envisaged: single or two-phase. Machine harvesting requires heavy machinery to
enter the field without damaging the freshly cut willow crowns with its wheels. For sin-
gle-phase harvesting, the willow is planted in strips. Two rows are planted at a spacing of
0.75-0.8 m and a belt spacing of 1.25-1.5 m. The distance between plants in a row is 0.4—
0.5 m. For two-phase harvesting, a row spacing of 0.7-0.8 m and a distance between
plants in rows of 0.4-0.45 m is recommended [25-27].

Under Polish climatic conditions, willow is best harvested from mid-November to
mid-March, after the plants have finished their vegetation period and leaves have fallen
from shoots. Still, weather conditions do not always allow the harvest to be completed in
this period. At this time, the moisture content of the wood is around 45-55%, depending
on the rotation, variety, region, and weather conditions. Under favourable climatic and
soil conditions for willow cultivation and high mineral fertilisation, some short-rotation
plants yield 20 t d.m. ha. Usually, the yield of these plants is 812 t d.m. ha [22].

Pennsylvania honeysuckle is also called sida from the Latin name Sida hermaphrodita
or Virginia mallow and is erroneously referred to as Pennsylvania mallow. The plant is
native to North America and currently occurs in natural habitats in the central part of the
eastern belt of the continent. A great interest in mallow in Poland appeared with the idea
of using the biomass of this plant for energy purposes [28].

As a perennial plant, Pennsylvania honeysuckle develops a robust root system that,
after a few years, can reach a depth of 2.5-3.0 m and grow horizontally to a diameter of
0.7-1.0 m. However, the main number of roots is in the layer at a depth of 0.3-0.4 m. In
the horizontally growing roots, just below the soil surface, growth buds form from which
new shoots grow in spring [28,29]. Mallow can be propagated both generatively by seeds
and vegetatively using cuttings obtained by division of roots, shoots, or carpels. The op-
timum planting density for plants grown for dry stems on good soils can be considered
30-40 thousand plants ha'; on worse sites; it should be 50-60 thousand plants ha-'. When
grown for green mass (biogas), a higher planting density is recommended [10].

Sida hermaphrodita does not have special soil requirements. It grows in all types of
soils, even in sandy soils of bonitation class V, provided that they are moisturised. When
growing mullein for energy purposes or for obtaining seeds, it should be remembered
that plantations will last not 3—4 years (fodder use) but 15-20 years [29]. Seed sowing is
carried out from April, when the top layer of soil reaches 8-10 °C, in rows with a spacing
of 0.6 x 0.7 m at a depth of 10-15 mm. Root cuttings, i.e., root sections with growth buds,
are planted in rows every 0.24-0.48 m at a row spacing of 0.70 m or 0.28-0.56 m x 0.60 m.
The seedlings are best prepared just before planting [30].

The mullein biomass for burning should be harvested from late autumn to early
spring. Studies conducted at the Institute of Soil Science and Plant Cultivation—Polish
Research Institute (IUNG-PIB) indicate that the yield of mullein is mainly affected by
plant density. At the density of 10 thousand per hectare, irrespective of the soil quality,
the average yield of dry matter of mullein for 4 years was about 9.5 t ha™!, while in par-
ticular years, it ranged from 7.9 to 11.4 t ha-'. However, at the density of 20 thousand per
hectare, the average yield for 4 years on heavy soil was 18.0, and on light soil—16.4 t ha!
[31].

Miscanthus giganteus is a perennial bunchgrass in the panicle family, native to
Southeast Asian countries. It is erroneously called elephant grass, which is a typical Af-
rican grass. For energy purposes, giant Miscanthus giganteus (Miscanthus giganteus x gi-
ganteus) is most commonly grown, which was bred by crossing Chinese Miscanthus gi-
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ganteus (otherwise known as Japanese Miscanthus giganteus) and sugar Miscanthus gigan-
teus [32]. Miscanthus giganteus is a perennial plant that produces underground rhizomes.
It is characterised by a very extensive root system, reaching up to 2.5 m deep into the soil.
As a result, it quickly and efficiently absorbs water and nutrients from the soil [33]. This
grass forms large clumps, and the usable yield is thick stalks filled with a spongy core of
200-350 cm in height, the number of which per plant can reach 200. Diameter ranges from
a few to more than 10 mm [10]. The plant has leaf blades of a light or dark green colour,
lanceolate, is 0.6 m long and 8-32 mm wide [34].

Miscanthus giganteus can be grown in soils of V and VI class with adequate humidity
and pH, which should be around 6.5 [35]. In such soils, not very high yields should be
expected. In soils richer in humus substances (Il and IV classes) and with regulated wa-
ter relations, yields can be obtained 20-30% higher than soils of lower bonitations [33].
Therefore, depending on habitat conditions, the yield of Miscanthus giganteus can be 10—
30 t ha™ of dry biomass. Miscanthus giganteus seedlings are planted at a spacing of 1x1 m,
allowing the plant to form large and dense clumps and ensuring optimal canopy pene-
tration by light radiation. Miscanthus giganteus plants are less resistant to low tempera-
tures, especially in the first year of cultivation. Therefore, it is recommended to protect
the plantation for winter, e.g., by mulching or performing plant edging [36].

As in the case of all perennial plants, the preparation of the site before establishing
the target Miscanthus giganteus plantation is the critical factor determining the success of
cultivation. Depending on the cultural status of the soil on which the plantation is to be
established, such cultivation treatments should be carried out that will enable its careful
preparation [10]. It is crucial to weed the field before establishing the plantation thor-
oughly and perform soil chemical analyses to properly determine the need for liming and
fertilisation with phosphorus and potassium [32]. The costs of tending a Miscanthus gi-
ganteus plantation are meagre. In the first year, mechanical weeding is carried out in the
rows and between rows, using standard inter-row cultivations [37]. In the following
years, an even Miscanthus giganteus canopy reduces weed growth. Before winter, in the
first year after plantation establishment, it is necessary to protect plants against frost. A
good solution may be to cut the first year’s offshoots at the height of 8-10 cm above the
ground and leave them on the field surface or mulch the plantation with straw [31,37].

Miscanthus giganteus can be harvested in late autumn with field forage harvesters,
but this yields biomass with a moisture content of 35-55%, depending on the genotype
and year, which is not very useful for transport and storage. Postponing the harvest to
early spring makes it possible to obtain biomass with 20-30% moisture content. The
equipment used for harvesting hay or straw may then be used for harvesting Miscanthus
giganteus. Miscanthus giganteus biomass with a moisture content of around 20% can be
compacted, facilitating transport and storage. However, a lower yield of about 25% is
obtained in spring [31].

The choice of technology for harvesting energy crops depends on their types.
Fast-growing shrubs and trees, including willow wattle, multiflorous rose, poplar, and
acacia robinia, can be harvested in one or two stages in one-year cycles or more often in
multi-year cycles [22,32,38]. The shrubs of multiflowered rose and acacia robinia, as well
as perennials (Pennsylvania hemlock, tuberous sunflower), perennial grasses (Miscanthus
giganteus, knapweed millet, prairie spartina, Gerard’s palm) and reed canarygrass can
also be harvested in one or two stages, but only in one-year cycles.

Single-stage harvesting involves simultaneous cutting and shredding of the plants,
usually using a field chopper, either tractor- or self-propelled. The logical consequence of
this is that it is also harvests plants in the form of chips (shrubs and trees) or chaff
(grasses and perennials).

The two-stage harvesting involves two independent phases in which separate ma-
chines carry out the operations. In the first phase, the plants are cut, and in the second
phase, they are chopped. The distinction between these phases is based on the form of the
raw material or product to be obtained. There may be several operations between these
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phases, depending on the type of plant and the form of material to be cut. Concerning
short-rotation plants, two-stage harvesting is dominated by harvesting whole plants and
then, after the material has dried, shredding it under stationary conditions.

Grasses and perennials, after being cut, are harvested with balers or collecting trail-
ers. Generally, it can be stated that harvesting grass plants or perennials can be carried
out with machines commonly used to harvest green fodder, hay, or straw [38]. The size of
the plantation largely determines the choice of harvesting technology, the form of raw
material obtained (e.g., chips, whole stems, chopped straw, pressed straw), and if owned
or rented harvesting machinery is used [39,40].

Harvesting technologies for energy crops have gone through various stages of evo-
lutionary development. Although the theoretical possibilities of applying modern har-
vesting technologies are extensive, very diverse mowing and processing biomass tech-
niques are still used in practice. It is especially true for Polish conditions, where the cul-
tivation of energy crops is very dispersed, and the areas of individual plantations are
highly diverse, ranging from a few acres to several hundred hectares [38].

Production of biomass from energy crops is related to production costs and eco-
nomic calculation. Due to the immense diversity of plants grown for energy purposes
and their intended use, it is complicated to calculate such an economic impact. Regarding
plants, which are used to produce biogas and liquid fuels, it can be noted that the income
and costs of their products are very similar to those incurred in production for food
purposes. The situation is quite different concerning perennial plantations, as these
plants have a different agrotechnology, production cycle, and way of storage and sale.
Establishing and maintaining such plantations is very difficult and gives rise to many
concerns about the profitability of production and competitiveness in the marketplace
relating to other agricultural crops.

It is crucial to carry out a thorough analysis and preliminary calculation before es-
tablishing an energy plantation. This task is quite difficult because the resource of initial
data on the norms of consumption of production means, labour input, yield, or sale
prices is relatively limited [41-43].

The primary cost carriers to produce biomass from energy crops are:

machinery park operating costs—these include maintenance and use costs of ma-
chinery;

maintenance costs (fixed costs)—including depreciation, insurance, capital interest,
and machinery storage; use costs (variable costs) arise from the use of machinery, in-
cluding costs of energy carriers, repair, and maintenance costs;

labour costs (labour costs)—separated as a separate component (not included in
machinery operating costs);

material costs—costs incurred because of the use of material (e.g., costs of purchas-
ing seeds, seedlings, mineral, and organic fertilisers) other (indirect) costs—e.g., agri-
cultural tax, and plantation insurance [35].

The cost intensity of biomass production for energy purposes is determined by the
size of the yield and its price, the field area, and the harvesting technology. As the yield
increases, the cost per unit mass decreases. Furthermore, modern machinery, with high
efficiency, working in fields with a larger area, reduces costs significantly [44]. The se-
lection [39,40] and operation of the machinery [45-47] used in biomass production pro-
cesses also plays an essential role.

In the processes of biomass production from perennial energy crops, the following
stages can be distinguished: establishment of the plantation, use (running the plantation),
and plantation liquidation. The costs of biomass production are related to these stages,
and an important assumption that should be considered in the cost calculations is the
planned period of plantation use. The costs of establishment and decommissioning of a
plantation, related to the years of its use, will allow the estimation of the average annual
costs of running the plantation. In the costs of biomass production from perennial energy
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crops, an important role is played by harvesting costs, which are directly related to the
applied harvesting technology.

In the Polish and foreign literature on the subject, there are no studies which would
analyse the costs of biomass production from energy crops (e.g., Miscanthus giganteus,
Sida hermaphrodita and coppiced willow) in a regional perspective, taking into account the
harvesting technology used. Therefore, research in this direction is justified to show what
the range of biomass production costs from selected perennial energy crops may be.

3. Research Methodology

This study aimed to assess biomass production costs from perennial energy crops,
i.e., energy willow, Sida hermaphrodita, and Miscanthus giganteus, which can be grown on
selected farms. The production costs were given in monetary units of Euro, and the
evaluation was based on the applied biomass harvesting technologies.

The subject scope of the study included ten agricultural holdings located in the
Matopolska region. The selection of research subjects was based on the possibility of
biomass production from selected energy crops occurring in these farms. The research
took the form of an interview with the owner of the farm. During the interviews, infor-
mation was obtained that characterised the farm, which was necessary for further analy-
sis (Table 1). These data provided information on, among other things:

—  the area of holding (utilised agricultural area),

—  the area of the farm owner’s dwelling to be heated,

—  number of persons living in the dwelling,

—  year of construction of the dwelling,

—  the estimated efficiency of the heating installation of the residential building,

—  types of tractors and agricultural machinery at the disposal of agricultural holding
that can be used to harvest perennial energy crops (especially ‘straw’ crops, i.e.,
Miscanthus giganteus and Sida hermaphrodita)—agricultural tractors and balers,
windrowers.

Table 1. Selected characteristics of the surveyed farms.

Effici f th
o . Number of Persons  Area of the Year of Construc- .1c1ency of the
Utilised Agricul- . . . . Heating System of a
Farm Forming the House-  Residential tion of the . . ot e
tural Area (ha) ot e . Residential Building
hold Building (m?) Dwelling %)
1 6.79 5 140 1999 70
2 7.34 6 180 2010 80
3 7.36 4 140 2002 70
4 9.91 4 150 1996 70
5 15.91 3 200 1997 70
6 16.29 3 180 2001 70
7 19.55 4 120 2009 80
8 34.28 3 190 1990 70
9 38.34 5 200 1999 70
10 46.60 4 210 2008 80
Average value 20.24 4 171 — —

Source: Own elaboration based on the conducted research.

The calculation methodology used included an algorithm to estimate the biomass
demand from perennial energy crops that will cover the energy demand for social pur-
poses of a residential building located on the farm under study. The algorithm also pre-
sented a method for estimating the theoretical area of energy crop cultivation from which
biomass will cover the energy demand for social purposes.
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The following initial assumptions were adopted for the calculations:

—  the type of biomass that can be used for heating purposes on the farms under
study —Miscanthus giganteus, Pennsylvania sida, energy willow;

—  the agricultural holding has a residential building with a specific area to be heated,
and the total needs of the holding for energy for heating (EG) include two compo-
nents:

Ec=Es+Er (M] year?)

where: Es is energy for social purposes (M] year), and Er is energy for production pur-

poses (M] year™);

—  biomass from energy crops with an assumed calorific value will be used to heat the
dwelling;

—  the total annual energy demand for social purposes on the farm comprises:

Es=Ew+ Ep (M] year)

where: EW is the annual energy demand for water heating (M] year), and ED is the
annual energy demand for heating the house (M] year™);

—  energy used per year for water heating, calculated according to the formula:
Ew=i-q-(Tc—=Tz)-cw-365 (M] year™)

where: I is the number of persons in the holding (pcs.), q is daily hot water consumption
(I/person), Tc is hot water temperature (°C), T is cold water temperature (°C), cw is spe-
cific heat of the water (MJ] kg), and 365 is the number of days per year;

—  energy need for heating a residential building calculated using the formula:
Ep =F - XE (M] year)

where: F is the area to be heated (m?), X is the energy consumption index (M] (m?

year)™);
— annual biomass demand to cover energy needs for social purposes:

(t-year?)
where: Zs is biomass demand (t year™), Es is energy for social purposes (M] year™), WE

—  energy value of biomass (M] kg™), 1 is the boiler efficiency of the heating system (%),
1000;

—  conversion of requirements from kilograms to tonnes;

—  the area under energy crops, from which the specific biomass yield Pjs.m. will cover
the annual energy demand for social purposes:

—  daily hot water consumption q = 80 1 person;

—  hot water temperature Tc =55 °C;

—  cold water temperature Tz = 10 °C;

—  specific heat of water cw =4.19 - 10-3 MJ (kg K1);

— energy consumption index for a house built before 1998 Xe1 = 1260 MJ (m? year)™!
(CPPAI 2001);

— energy consumption index for a house built after 1998 Xe2 = 432 MJ (m? year)™!
(PN-91/B02020).

The costs of biomass production from energy crops were estimated using the com-
puter application “Biobkalkulator”, made by the employees of the Faculty of Production
Engineering and Energy of the University of Krakow (The computer application “Biobcal-
culator” has been developed within the framework of the Ordered Research Project No.
PBZ-MNIiSW - 1/3/2006 entitled: “Modern technologies of energetic use of biomass and biode-
gradable wastes /BiOB/—conversion of BiOB to energy gaseous fuels”. The application is available
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at: http://biob.wipie.ur.krakow.pl/biobkalk/ [48].) [48], “Biobkalkulator” is an IT system for
comprehensive advice on biomass production and processing as a substitute for conven-
tional energy carriers used for heating purposes. It has a modular character, meaning that
there are four separate modules in the application, which can be used by the user inde-
pendently or in combination with others, i.e.,:

—  Module 1: enabling an estimation of the energy demand for heating a building
(conventional energy carriers or biomass) and producing an estimated energy audit
for the building;

—  Module 2: enabling the estimation of the labour and energy cost of biomass produc-
tion in field crops and the cost of biomass production and energy in biomass;

—  Module 3: enabling the estimation of labour and energy cost for the production of
compact biofuels (briquettes or pellets) from biomass;

—  Module 4: containing a database of technical equipment for biomass production,
processing, and combustion.

In this study, Module 2 was used to estimate biomass production costs, assuming a
theoretical perennial energy crop plantation area and a dry biomass yield.

Biomass production costs were determined as the sum of plantation depreciation
costs and harvesting costs. In turn, the plantation depreciation costs were calculated as
the quotient of the plantation establishment costs and the planned lifetime of the planta-
tion (i.e., 18 and 25 years). It should be stressed at this point that the costs of establishing
willow plantations are still high, and among them, the costs of purchasing cuttings or
hedgerows are a huge item. It is confirmed by other studies that the costs of establishing
a willow plantation and the share of the cost of seedlings in their structure can be highly
differentiated and are dependent on the applied planting density, the price of the plant-
ing material, and the applied agrotechnics [49-53]. In the Eko-Salix system, it is possible
to reduce the costs of plantation establishment by obtaining hedgerows from their
mother plantations and mechanising their planting. Moreover, it should be added that
the costs of establishing a willow plantation significantly burdens the investor once at the
beginning of the investment and freeze the financial resources, so to speak, which dis-
courages undertaking this kind of activity [54]. Plantation establishment costs range from
1538 EUR ha [14] to 1987 EUR ha-! [52]. A similar situation is related to the costs of es-
tablishing Miscanthus giganteus and sida plantations, which are also high and burden the
one-time investment in the establishment of plantations. The costs of establishing a Mis-
canthus giganteus plantation are on the level of 5105 EUR ha™, and in the case of hay
mallow, from 2150 EUR ha! to 2511 EUR ha [31]. The costs of plantation establishment
were assumed as constant values for ten plantations, separately for each of the specified
plants. The assumptions for the calculations are presented in Table 2.

The technical and operational parameters of the machinery used for harvesting
Miscanthus giganteus, Sida hermaphrodita, and energy willow were determined based on
data and standards indicated in the literature on the subject [49-55].

Table 2. Calculation assumptions for selected energy crops.

Description Unit Miscanthus Gi- Sida Hermaphrodita Erfergy
ganteus Willow
Dry matter yield tha! 8 9 10
Calorific value M]J kg! 17 15 19
Costs of establishing a plantation EUR ha™! 4555 2312 1774
Planned period of use of the plantation years 18 18 25
Plantation depreciation costs EUR (ha year)?! 253 128 71

Source: Own elaboration based on [10,18,22,32,53,56].

Additional assumptions made for the calculations are:
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—  diesel oil price—1.15 EUR I;

—  price of baling twine—9.29 EUR kg™;

—  operator work costs—3.11 EUR rbh;

—  labour costs for an assistant—2.43 EUR rbh1;

— exchange rate of 1 EUR (on average according to the National Bank of Poland in
2020)—4.52 PLN;

—  prices of tractors and machinery were averaged from the 1st quarter of 2020.

Calculations and analyses were performed using descriptive statistics—the mini-
mum value, the average value, the maximum value, and the standard deviation were
considered.

4. Technology of Harvesting Energy Crops

A key stage in the production of energy crops is harvesting. Although the theoretical
possibilities of using modern harvesting technologies are great, very different techniques
of mowing and processing biomass are still used in practice. It applies primarily to Polish
conditions, where the cultivation of energy crops is very dispersed. The areas of indi-
vidual plantations are highly varied and range from several acres to several hundred
hectares. Depending on the adopted harvesting technology, different machines are used,
which may be equipped with units with installed shearing mechanisms, with specific
functional features adapted to the type of plant and harvest cycle [51].

The technology of harvesting Miscanthus giganteus and mullein biomass in the form
of straw compacted with a small-size baler (A) includes the stage of mowing with a ro-
tary mower, baling, and transport, understood as loading and unloading manually. At
the first stage, Miscanthus giganteus or mullein is cut into swaths, and then, at the second
stage, the plant mass is compacted, which facilitates the transport of biomass. The tech-
nology of straw baling with small presses is used on small farms. The disadvantage of
this type of baler is the relatively low capacity and higher labour requirement for straw
transport and storage. The advantage is the universality of the balers and the low power
requirement of the cooperating tractor. The main factors determining the cost of straw
harvesting are the crop yield and harvesting method. As the yield increases, the cost per
unit decreases. Straw harvesting with a small baler is the cheapest method due to low
investment outlays and uncomplicated loading and transport. However, in the case of
harvesting straw from larger areas, this technology is not efficient enough and requires
relatively high labour input (Table 3).

Harvesting straw that was compacted with a small-size baler with direct loading (B)
comprises mowing with a rotary mower, baling of straw with direct loading (trailers
used interchangeably, the so-called stream harvest) and manual unloading. Harvesting
via this technological option is carried out depending on transport. The baler is equipped
with a rear bale guide (the so-called longitudinal), which transfers the tied bales directly
to the trailer attached to the rear baler. The bales are unloaded manually. Technology is
also suitable for small farms. The main elements that determine the cost of straw har-
vesting are the yield and the harvesting method (Table 3).

In the technology of straw harvesting with a large-bale baler (C), at the first stage,
Miscanthus giganteus or mallow (similarly to technologies A and B) is cut into swaths and
then, at the second stage, plant matter is compacted. The technology of harvesting straw
with balers allows for more straightforward and more complex mechanisation. De-
pending on the type of compaction chamber, there are variable, fixed, and mixed com-
pactors. Furthermore, equipping the balers with a pre-compaction chamber approxi-
mately doubles the capacity. Straw harvesting with a round baler is carried out inde-
pendently of transport, i.e., the baling procedure is carried out separately from the
transport of the bales. The large size and weight of the bales do not allow for direct
(step-by-step) harvesting of the straw onto transport vehicles. The main elements that
determine the cost of straw harvesting are the yield and the harvesting method. As the
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yield increases, the cost per unit decreases. The use of modern high-capacity machines
working in fields with a more extensive acreage can significantly reduce the costs (Table 3).

Table 3. Miscanthus giganteus and mullein harvesting technology and machinery used in the sur-
veyed agricultural holdings.

Harvesting Technology Mowing Ironing Transport
Farm for Miscanthus Gigan-
teus and Sida Hermaph-  Tractor Mower Tractor Press Tractor Trailer
rodita
1 A C330 7125/2K C330 7511 U4512 D732
2 B C360 7070/1 C360 7224/1 74320 T654
3 A U3514 7105/1 U3514 7511 U3514 T058
4 B C360 Z070/1 C360 7224/1 U4512 D732
5 A C360 7125/2K C360 7224/1 C360 T654
6 A U3512 7125 U3512 7511 U3512 T058
7 A C360 7175 C360 7224/1 U4512 D732
8 A 75320 ZTR165 75320 7224/1 75320 D732
9 C Pronar 82A Z010 Pronar 82A 7276 Pronar 82A T127
10 C 75340 ZTR165 75340 7581/1 U6012 T150/1
Source: own elaboration based on the conducted research.

Willow felling with chainsaws (D) or combustion cutters (E) are the most popular
harvesting technology methods of this plant in Poland. They consist of manually forming
willow shoots into bundles, then manually loading, transporting, and again, manually
unloading. For harvesting energy willow on small plantations, chainsaws or combustion
cutters can be used. Both methods are ad hoc, have low productivity, require special care,
and a trained work team to use the cutting equipment (Table 4).

Table 4. Energy willow harvesting technology and machinery used.

Technology M.owing (Harvesting) Transport
Farm of Harvesting Willow Chalnsav?i Number of )
Energy or Petrol-Driven People * Tractor Trailer
Lawnmower

1 D Stihl MS230 1+2 U4512 D732
2 E Solo 142 1+2 C360 T654
3 D Stihl MS310 1+1 U3514 T058
4 E Stihl FS75X 1+1 U4512 D732
5 E Solo 134 1+2 C360 T654
6 D Stihl MS270 1+1 U3512 T058
7 D Stihl MS230 1+2 U4512 D732
8 E Solo 142 1+2 75320 D732
9 D Stihl MS310 1+1 Pronar 82A T127
10 D Stihl MS390 1+2 U6012 T150/1

* number of persons—a person operating a chain saw or a petrol-driven cutter and additional
persons forming bundles of cut shoots. Source: own elaboration based on the conducted research.

5. Research Findings and Discussion

Following the adopted research methodology, the analyses began with determining
the energy demand in the studied agricultural holdings for the so-called social purposes.
Within this category, the components have been distinguished, i.e., the energy needed to
heat water consumed by the persons composing the farm and the energy needed to heat a
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residential building located in the farm has been determined. At the same time, the de-
mand for biomass obtained from Miscanthus giganteus, Sida hermaphrodita, and energy
willow was determined for each analysed unit (Table 5). The energy required to heat
water was 22573.2 MJ] year™ on average for the farm, while the energy required to heat
the house was 118584.0 MJ year™ on average (which accumulated an energy demand of
141157.2 M] year in total). The biomass demand, in turn, depended on the type of plant
used for this purpose. Miscanthus giganteus was, on average, 11.5 tonnes year™ of dry
matter and for mallow, 13.1 tonnes year!, while for energy willow it was 10.3 tonnes
year..

Table 5. The demand for energy (Es) and biomass (Zs) in the studied agricultural holdings.

Energy for Social Purposes (Es) Biomass Demand (Dry Matter) (Zs)
Energy to Heat Energy to Heat Miscanthus Gi- Sida Hermaph- Energy Wil-
Farm Total .
Water Your Home ganteus rodita low
(MJ - Year?) (t- Year?)

1 27528.3 60480.0 88008.3 7.4 8.4 6.6

2 33034.0 77760.0 110794.0 8.1 9.2 7.3

3 22022.6 60480.0 82502.6 6.9 7.9 6.2

4 22022.6 189000.0 211022.6 17.7 20.1 15.9

5 16517.0 252000.0 268517.0 22.6 25.6 20.2

6 16517.0 77760.0 94277.0 7.9 9.0 7.1

7 22022.6 51840.0 73862.6 5.4 6.2 49

8 16517.0 239400.0 255917.0 21.5 24.4 19.2

9 27528.3 86400.0 113928.3 9.6 10.9 8.6

10 22022.6 90720.0 112742.6 8.3 94 7.4

Basic descriptive statistics
Min. value 16517.0 51840.0 73862.6 54 6.2 49
Averiie valb 5732 118584.0 141157.2 115 13.1 10.3
Max value 33034.0 252000.0 268517.0 22.6 25.6 20.2
Standard 5475.0 77249.3 74336.8 6.4 73 5.8
deviation

Source: own elaboration based on the conducted research.

A necessary measure complementing the above energy demand of the surveyed
farms was calculating the theoretical area of cultivation of energy crops, from which
biomass would cover the demand for energy used for social purposes. Depending on the
energy demand of the studied farms related to the area of the residential building, the
number of inhabitants and the technical condition of the heating system, the theoretical
cultivation areas (Table 6) ranged from:

— 0.6 ha-2.51 ha (average 1.28 ha) for giant Miscanthus giganteus,
—  0.88 ha-3.65 ha (average 1.87 ha) for Sida hermaphrodita,
—  0.49 ha-2.02 ha (average 1.03 ha) for energy willow.

Table 6. Theoretical area of cultivation of selected energy crops.

Farm

Theoretical Cultivated Area (ha):

Miscanthus Giganteus Sida Hermaphrodita Energy Willow
1 0.82 1.20 0.66
2 0.91 1.32 0.73
3 0.77 1.12 0.62
4 1.97 2.87 1.59
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5 2.51 3.65 2.02
6 0.88 1.28 0.71
7 0.60 0.88 0.49
8 2.39 3.48 1.92
9 1.06 1.55 0.86
10 0.92 1.34 0.74
Basic descriptive statistics
Min. value 0.60 0.88 0.49
Average value 1.28 1.87 1.03
Max. value 2.51 3.65 2.02
Standard deviation 0.72 1.04 0.58

Source: own elaboration based on the conducted research.

The analyses carried out so far have provided a starting point for estimating biomass
production costs from selected energy crops. Separate cost calculations have been made
for each crop, including production costs and biomass harvesting costs. Biomass har-
vesting costs were divided into mowing and baling costs and transport costs. The plan-
tation depreciation costs (assuming 18 years of plantation use), irrespective of the crop
area, were assumed at a constant level of 253 EUR ha year (Table 2). The obtained re-
sults indicated that in the case of Miscanthus giganteus, the costs of mowing and baling
amounted, on average, in the studied holdings to 94 EUR ha'. In comparison, the costs of
transport were estimated at the average level of 78 EUR ha! (Table 7). On the other hand,
the biomass production costs from Miscanthus giganteus amounted on average to 424.7
EUR ha! (minimum 370.5 EUR ha’!, maximum 573.4 EUR ha™). In turn, converted into
tonne, it averaged 37.6 EUR t. For comparison, the costs of producing biomass from
Miscanthus giganteus, according to other studies, amounted to 63 EUR t [31].

Table 7. Production costs of biomass from Miscanthus giganteus in the agricultural holdings under
study.

Biomass Harvesting Costs

Production Costs
Mowing Costs

Farm and Baling Transport Costs Biomass
(EUR ha™) (EUR ha™) (EUR )
1 94.7 66.2 414.1 36.6
2 84.9 324 370.5 32.8
3 103.9 60.7 417.8 37.0
4 84.9 33.3 371.3 32.9
5 83.0 68.5 404.7 35.8
6 98.6 54.2 405.9 35.9
7 82.5 66.2 401.9 35.6
8 89.1 66.8 409.1 36.2
9 119.8 200.4 573.4 50.7
10 97.0 128.0 478.1 42.3
Basic descriptive statistics
Min. value 82.5 324 370.5 32.8
Average value 93.8 77.7 424.7 37.6
Max. value 119.8 200.4 573.4 50.7
Standard deviation 11.7 50.5 60.0 53

Source: own elaboration based on the conducted research.
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Similar submissions concerning unit plantation depreciation costs were accepted in
the case of Pennsylvania hogweed. Regardless of the cultivation area of this energy crop,
they were at the same level of 128 EUR ha year! (Table 2). Based on obtained results from
investigated agricultural holdings, the costs of mowing and pressing mulch straw were,
on average, 89.5 EUR ha, ranging from 77.8 EUR ha! to 115.4 EUR ha! in agricultural
holding No. 9. Transport costs, on the other hand, oscillated around the average level of
60.9 EUR ha'. Total costs of biomass production from Pennsylvania mallow were, on
average, 278.9 EUR ha and 30 EUR t7, ranging from 241.4 EUR to 361.1 EUR per hectare
and from 26.0 EUR to 38.8 EUR per 1 ton (Table 8). For comparison, the biomass produc-
tion costs from mallow, according to other studies, were 73.2 EUR-t! [31].

Table 8. Costs of production of biomass from Sida hermaphrodita in the investigated agricultural
holdings.

Biomass Harvesting Costs

Production Costs

Farm Mowing ?OStS Transport Costs Biomass
and Baling
(PLN ha™) (EUR ha) (EUR t)
1 91.8 54.5 274.8 29.5
2 80.4 32.4 241.4 26.0
3 99.5 50.0 277.9 29.9
4 80.4 33.3 242.2 26.0
5 77.8 56.4 262.7 28.2
6 94.2 50.2 272.8 29.3
7 78.1 54.5 261.1 28.1
8 84.7 55.0 268.2 28.8
9 115.4 117.2 361.1 38.8
10 92.6 105.3 326.4 35.1
Basic descriptive statistics
Min. value 77.8 32.4 241.4 26.0
Average value 89.5 60.9 278.9 30.0
Max. value 115.4 117.2 361.1 38.8
Standard deviation 11.8 28.1 37.3 4.0

Source: own elaboration based on the conducted research.

In the case of biomass production costs from energy willow, due to the applied
harvesting technologies (i.e., technology D or E), the category of harvesting costs was
narrowed down to components, including shearing costs (no baling costs) and transport
costs. Unit plantation depreciation costs irrespective of the cultivation area were assumed
at the same level of 71 EUR ha year™ (Table 2), assuming harvesting occurs in a three-year
rotation. On this basis, it was estimated that in the assessed agricultural holdings with
diversified willow cultivation areas, the costs of felling in the form of whole shoots using
circular saws and cutters amounted to 427.6 EUR ha'. In comparison, the costs of bio-
mass transport amounted to 113.5 EUR ha! (Table 9). The total costs of biomass produc-
tion from energy willow per 1 hectare ranged from 485.4 EUR ha to 725.8 EUR ha”,
amounting, on average, to 612.1 EUR ha™'. Converted into 1 tonne of biomass, it was,
respectively: min. 24.3 EUR t!, max. The costs of biomass production from energy wil-
low, according to other studies, were at the level of 42.2 EUR t [31].
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Table 9. Production costs of biomass from energy willow.

Biomass Harvesting Costs

Biomass Production Costs

Farm Shear Costs Transport Costs
(PLN ha™) (EUR ha") (EUR t9)
1 1737.2 502.7 566.5 28.3
2 1483.1 468.2 502.7 25.1
3 2244.1 410.3 658.3 32.9
4 2058.3 502.7 637.6 31.9
5 2003.6 468.2 617.9 30.9
6 2157.6 412 639.5 32.0
7 1737.2 502.7 566.5 28.3
8 1391.5 481.6 485.4 24.3
9 2244.1 694.5 721.1 36.0
10 22729 687.1 725.8 36.3
Basic descriptive statistics
Min. value 1391.5 410.3 485.4 24.3
Average value 1933.0 513.0 612.1 30.6
Max. value 22729 694.5 725.8 36.3
Standard deviation 325.3 99.6 82.0 4.1

Source: own elaboration based on the conducted research.

To sum up, it should be stated that in the agricultural holdings from the Matopolska
region selected for the study, the biomass from Miscanthus giganteus and Sida hermaphro-
dita was harvested in the compressed form. In contrast, the energy willow was harvested
in the form of whole shoots. Taking the above into account, it should be assessed that the
most favourable type of biomass used for heating purposes would be the biomass ob-
tained from Sida hermaphrodita, for which production costs were the lowest and ranged
from 241.4 EUR ha™ to 361.1 EUR ha. The least economically advantageous variant was
the production of biomass from energy willow, for which production costs were the
highest and ranged from 485.4 EUR ha! to 725.8 EUR ha! (Figure 1). The factor differen-
tiating the costs of plantation management and the costs of biomass production from
energy crops was the machinery park in the holding and the level of mechanisation of
production. Machines used in the production of energy crops should be characterised by
high efficiency and maximally reduce the share of manual work [56]. The conducted re-
search also confirmed it. The machinery that was on the equipment of the analysed farms
and its efficiency and the applied technology of biomass harvesting shaped the level of
biomass harvesting costs.
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Figure 1. Comparison of biomass production costs from energy crops in EUR ha. Source: own
elaboration based on the conducted research.

6. Conclusions

1.

The level of demand for energy for social purposes in the studied agricultural
holdings in the Malopolska region was estimated at an average of 141157 M] year™'.
On the other hand, the demand for biomass from energy crops ranged from 10.3 t
year™ (dry mass) for energy willow to 13.1 t year for Pennsylvania sida.

The theoretical area of cultivation of the analysed energy crops, from which the
biomass obtained would cover the demand for energy used for social purposes in
the studied agricultural holdings, should be 1.28 ha for Miscanthus giganteus, 1.87 ha
for Pennsylvania mallow, and 1.03 ha for energy willow.

The Biobkalkulator computer application used for research is an added value and
turned out to be a very helpful tool to estimate the cost of biomass production from
selected perennial energy crops. However, it should be emphasized that an im-
portant role in its application is played by the input data obtained from farms se-
lected for the research.

The costs of biomass production from energy crops in the agricultural holdings
under study depended, to a considerable extent, on the harvesting technology used,
the machinery used, and its efficiency. Regarding Miscanthus giganteus and Sida
hermaphrodita, the harvesting was carried out using rotary mowers and small
windrow balers. The costs of biomass production amounted to 424.7 EUR ha! for
Miscanthus giganteus and 1260.5 278.9 EUR ha™! for Sida hermaphrodita. In conversion
per tonne, it was, respectively, 37.6 EUR t for Miscanthus giganteus and 30.0 EUR t
for mullein.

In the case of harvesting energy willow in the form of whole shoots, inefficient and
labour-intensive technologies using chainsaws and scythes were applied. It influ-
enced the level of willow biomass production costs, which were the highest among
the assessed plants and amounted, on average, to 612.1 EUR ha! and EUR 6-t.

The analysis presented in the paper and the results obtained may help in making a
decision by potential owners of farms about cultivating perennial energy crops in
order to produce biomass, taking into account the use of their own machinery for
harvesting.
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