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ABSTRACT

The cultivation of energy crops is an important component of renewable bioenergy, which pursues the goal
of reducing greenhouse gas emissions and determines the effective management of fertility and land use
of marginal lands and disturbed areas of various nature. As a result of the conducted research, convincing
relationships were established between the application of sewage sludge with a compensatory dose of mineral
fertilizers and the productivity of grassy energy crops. The greatest increase in green mass is provided by the
application of SS (SS — 40 t/ha + N10P14K58) for all studied crops. Applying sewage sludge with the addition of
mineral fertilizers is an effective way to increase the productivity of green mass by 57-64% for such energy crops
as Jerusalem artichoke, Silphium perfoliatum L, Miscanthus giganteus, and switchgrass (Panicum virgatum L).

Keywords: fertilizer, macronutrients, harvest, statistical analysis

INTRODUCTION

One of the key problems at the current stage of
human development is ensuring further progress
with low-cost energy resources, in particular
renewable ones. The cultivation of bioenergy
crops is considered as a means of providing
stable sources of renewable energy with a zero
balance of greenhouse gas emissions. However,
their performance has not yet been fully realized
and studied in different soil and climate zones
(Campbell, 2013, Moon-Sub Lee et al., 2021,
Heletukha 2020). It is known that the cultivation
of energy crops is an important component of
renewable bioenergy, which pursues the goal of
reducing greenhouse gas emissions and determines
the effective management of fertility and land use
of marginal lands and disturbed areas of various
nature (Lopushniak and Hrytsuliak, 2021).In
European countries, biomass is considered as an
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important source of renewable energy and the vast
majority of researchers predict that it will play a
significant role in achieving carbon neutrality,
mainly thanks to the cultivation of high-yielding
energy crops (Wu and Muller, 2023; Lopushniak
and Hrytsuliak, 2021; Kulyk, 2020). A promising
direction for the cultivation of perennial woody
and herbaceous energy crops is the formation of
energy plantations on marginal degraded lands,
which ensures minimal compromises with food
production and the environment (Ni, 2020;
Sandstad Ness, 2022). Bioenergy from marginal
lands plays another important role of energy
accumulation and periodic accumulation of
energy resources under the conditions of seasonal
fluctuations of solar and wind energy production
(Campbell, 2013; He and Jaiswal, 2022), to which
little attention is paid.

In Ukraine in the pre-war period, renewable
energy sources provided only 4% of total energy
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consumption (Kulyk, 2020; Kaletnyk, 2021).
However, many researchers note the significant
potential for the use of biomass in Ukraine
and predict a significant increase in the share
of bioenergy in the country’s energy balance
in the medium term (Heletukha, 2020). In our
opinion, this trend may intensify in connection
with the destruction of the energy infrastructure
associated with military actions on the territory
of Ukraine, which occur mainly in the regions of
intensive coal mining.

Therefore, it is important to determine the
bioproductivity potential of agrophytocenoses
of energy crops in different soil conditions of
Ukraine under dynamic changes of climatic
factors. In the foothills of the Carpathians of
Ukraine, the conditions for growing phytoenergy
crops are characterized by the hilliness of the
terrain, the heterogeneity of the soil cover, a
large number of relatively small areas suitable
for growing cultivated plants with difficult access
for heavy agricultural machinery, as well as stony
soils depleted of organic matter. which are not
suitable for cultivation. Together with a sufficient
amount of precipitation and the availability of
sufficient labor resources, this contributes to the
development of phytoenergy in the region and the
spread of bioenergy crop plantations.

The purpose of our research is a comparative
assessment of the biomass productivity of various
phytoenergy crops grown under the same condi-
tions of mineral nutrition, namely, with the intro-
duction of municipal sewage sludge (SS). Because
it is known that the application of fertilizers based
on SS, especially on nutrient-depleted soils, con-
tributes to a significant increase in the productiv-
ity of agrophytocenoses, in particular, bioenergy
crops (Lopushniak, 2021a; Kalenska, 2019).

MATERIALS AND METHODS

Field experiments were conducted in the
Ivano-Frankivsk region of Ukraine on the
territory of the village Tsenzhiv of the Yamnytsk
United Territorial Community as part of a
stationary experiment with various energy crops:
Miscanthus (Miscanthus giganteus), switchgrass
(Panicum virgatum L), Jerusalem artichoke and
Silphium perfoliatum L, under which certain
doses of sewage sludge were applied according
to the options experiment (fresh and composted)

and mineral fertilizers at the rate of N, P, K,/ (in

options 3—8) (Lopushnyak, 2021a; Lopushnyak,
2021Db). The scheme of field experiments included
the following options: 1. Without fertilizers -
control; 2. N P K :3.N_P. K _:4.SS-20t/ha

60" 607 607 90" 90" 7907

andN_P_K_:5.SS—-30thaand N, P..K ;6.SS

507 5277742 307 337766

—40 t/ha and N, P. K_; 7. Compost (SS + straw

107 1477582

(3:1)) - 20 t/ha and N, P, K _; 8. Compost (SS +
straw (3:1)) — 30 t/ha and N, K., (Lopushnyak,
2021a; Lopushnyak, 2021b).

Options 3-8 are balanced for entry the main
nutrients — nitrogen content, of phosphorus and
potassium was 90 kg/ha. Previous studies with
the introduction of sewage sludge and composts
based on them under the energy willow showed
that the norms of SS application are 20—40 t/hais
the most economically beneficial and ecologically
safe, because it provides a 20—40% yield increase.

To carry out the experiments, samples of mu-
nicipal sewage sludge were taken from sludge
maps of the Ivano-Frankivsk aeration station of
the state concern “Ekotechprom”. As a result of
the conducted research, the content of the main
nutrients (nitrogen, phosphorus and potassium)
for plants was established: humidity 77.0%, Ni-
trogen — 0.66% on dry matter, P,O, — 2.60% on
dry matter, K,O — 2.18% on dry matter, pH — 8.1
As already mentioned, compost was laid, which
was later used in field experiments. The com-
post was a homogeneous dark bulk mass with
a moisture content of no more than 75% and a
close to neutral (pH 7) reaction of the environ-
ment. In anaerobic conditions, raw materials un-
dergo changes and transformations, on the basis
of which the chemical composition of fertilizers
changes. Composts have a chemical composi-
tion: organic matter — 78%, alkaline hydrolyzed
nitrogen —453.23 mg/kg, N-NO, — 752.1 mg/kg,
mobile phosphorus — 401.3 mg/kg, exchangeable
potassium — 224.3 mg/kg.

Table 1 shows the fertilizer application scheme
according to the experiment options for each
individual bioenergy crop. The data presented
in the Table 1, reflect the amount of application
of a certain macronutrient with a certain type
of fertilizer (sewage sludge, compost based on
sewage sludge and cereal straw, as well as mineral
fertilizers as the main fertilizer (options 2 and 3)
and an additional compensatory dose of mineral
fertilizer calculated on the specified amount (90
kg/ha) of each nutrient (macronutrient). Thus, in
columns N, P,O,, K,O — the amount of each type
of macronutrient applied with mineral fertilizers
is displayed; in columns Nss, P,O_ss, K Oss — the
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Table 1. Compositional and corresponding chemical composition of fertilizers

oyt?\tig)?p\éarirrir?ga t Fertilizer option N P,O, K,0 Nss P,O,ss K,Oss
M1 Control 0 0 0 0 0
M2 NeoPeoKso 60 60 60 0 0
M3 NgoPooKoo 90 90 90 0
M4 S8 -20tha+ N, P_K, 50 52 74 40 28 16
M5 S8 -30tha+ N, P, K., 30 33 66 60 47 24
M6 SS-40tha+N, P K, 10 14 58 80 66 32
M7 Compost — 20 t/ha + N, P, K. 50 16 67 30 64 23
M8 Compost — 30 t/ha + N, K., 30 0 55 60 90 35

amount of macronutrient applied with organic
fertilizers fertilizers (sewage sludge + straw).
Manure, respectively, refers to the application of
fertilizers. The total amount of fertilizers applied
in each variant of the experiment, except for
variant 2, was 270 kg/ha of the active substance.
As already noted, variants 3—8 are balanced by
application the main elements of mineral nutrition
—NPK (Lopushnyak, 202 1a; Lopushnyak, 2021b).
The area of the experimental plot is 35 m?
for each plant, the placement of the plots in three
repetitions is systematic. The scheme of plant-
ing energy crops, namely Miscanthus (Miscan-
thus giganteus), Jerusalem artichoke (Helianthus
tuberosus L) and Silphium perfoliatum L., was
5.0x7.0 dm. Scheme of sowing switchgrass (Pan-
icum virgatum L), with a row spacing of 7.0 dm,
and the distance between plants in a row was 1.0
— 1.5 dm. All planting work was done manually.
Plant shoots appeared within three weeks.
During the first month of the growing season of
energy crops, many types of weeds emerged, so
several (3—4 times) inter-row weeding was carried
out in order to protect against weeds and loosen
the top layer of the soil in the initial period. After
the plants reach a height of 5—7 dm. soil culti-
vation was not carried out, as the plants success-
fully competed with weeds and suppressed their
further development. In dry periods, weeding was
not carried out, thereby preventing excessive dry-
ing of the soil. Harvesting was carried out in the
winter period, which allows obtaining biomass
with a higher percentage of dry matter, compared
to spring-summer harvesting. The biomass
samples taken during harvesting were weighed
and dried to a stable weight and the productivity
level per unit area was calculated. In the presented
study, all productivity indicators are given in tons
of dry matter per hectare of area (Syasyev, 2004,
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Jaya, 2014, Urbaniak, 2017). A known advantage
of grass energy crops over woody energy crops is
that they can be harvested every year. In the first
year after planting, the phytomass of herbaceous
energy crops was not collected due to its small
amount (up to 5 t/ha of dry matter).

Statistical processing of the research results
was carried out using the methods of mathematical
statistics using the STATISTICA 6.0 and EXEL
programs, as well as using the CoreIDRAW
graphic editor (Syasyev, 2004, Lopushnyak,
2021a, Lopushnyak, 2021Db).

RESEARCH RESULTS

Comparative studies of biomass productiv-
ity of grassy energy crops under similar condi-
tions of cultivation and application of identical
rates of fertilizers established that different crops
respond differently to the application of SS and
depending on the application rate and form of ap-
plication (fresh SS and composted with straw in
a ratio of 3:1) provide different levels of plant
biomass yield and productivity of culture phyto-
cenoses (Table 2). In particular, the productivity
of Silphium perfoliatum L increased from 14.7 t/
ha in the control to 21.1-25.2 t/ha in the variants
with the application of fresh SS and with the cor-
responding compensatory dose of mineral fertil-
izers (options 4 and 6), which was 6.4—10.5 t/ha
of dry nuts higher than the control option without
additives (option 1). At the same time, the use of
composts with SS and straw had a certain advan-
tage in the level of productivity of the studied
crop, compared to the similar rate of application
of fresh SS, and the yield was 21.5-24.0 t/ha
with the smallest significant difference in indica-
tors of 0.4 t/ha. A similar tendency to increase in
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Table 2. Productivity of energy crops 2017-2022 t/ha of dry matter

Ne Silphium perfoliatum | Jerusalem artichoke '\giiz(;irt‘g:juss Panicum virgatum
Control 14.7 14.4 191 11.3
NeoPeoKso 16.2 15.6 23.6 12.8
NgoPooKso 18.9 17.7 25.8 13.6
8S -20tha+ N, P_K, 211 20.6 26.4 15.2
8S -30t/ha+N,P, K, 23.3 22.9 27.8 16.7
88 -40tha+N,P K, 25.2 24.5 29.8 18.9
Compost — 20 t/ha + N, P K., 21.5 21.5 27.3 16.0
Compost — 30 t/ha + N, K, 24.0 23.6 28.5 17.5
LSD,, 0.4 0.7 0.5 0.7

productivity due to application of fertilizer based
on SS was also observed in indicators of produc-
tivity of Jerusalem artichoke. Productivity in the
control reached 14.4 t/ha, and in the options with
fresh SS and mineral fertilizers it increased by 6.2—
10.1 t/ha and amounted to 20.6-24.5 t/ha (options
4-6). The introduction of compost contributed to
an increase in Jerusalem artichoke productivity by
5.9 t/ha compared to the introduction of only min-
eral fertilizers (option 3) and was 23.6 t/ha.

Forms of application of SS (fresh and com-
posted with straw in a ratio of 3:1) for the culti-
vation of miscanthus contributed to an increase
in biomass productivity by 7.3-10.7 t/ha com-
pared to the control (option 1). The application
of composts at the rate of 20-30 t/ha and the
corresponding doses of mineral fertilizers con-
tributed to an increase in productivity compared

to the application of mineral fertilizers (option
3) by 1.5-2.7 t/ha. The culture of switchgrass
(Panicum virgatum L) was characterized by the
following indicators of productivity in the con-
trol of 11.3 t/ha and 15.2-18.9 t/ha with the in-
troduction of SS at the rate of 2040 t/ha. The
introduction of mineral fertilizers at the rate of
60-90 t/ha contributed to an increase in produc-
tivity by 1.5-2.3 t/ha, which in percentage was
11.8-27.6%.

It is appropriate to note that it was the in-
troduction of fresh SS at the rate of 40 t/ha and
N, P K., (option 6) that contributed to increas-
ing the productivity of miscanthus to 29.8 t/ha
of dry matter, while the other studied energy
crops at the same rate of fertilization provided a
slightly lower level of productivity compared to
this indicator — by 17.8% Jerusalem artichoke,

30 -

25 -

20 -

Productivity, tons

M1 M2 M3

M5 Ms M7 Ms

Figure 1. Distribution of the density of crop productivity probabilities (sylphia, Jerusalem
artichoke, Miscanthus giganteus, switchgrass (Panicum virgatum L). depending
on the rate of application of SS (M1-M8 — variants of the experiment)

195



Journal of Ecological Engineering 2023, 24(9), 192-201

Sil Perfoliatum

20

Productivity, tons

15 |-

I B R P

M1 M2 M3

M4

x i ,
M5 M6 M7

Figure 2. Probability density distribution of Silphium perfoliatum L productivity depending
on the application rate of organic fertilizers (M1 — M8 — variants of the experiment) and a
graphical representation of the average value (Mean) of Silphium productivity, the standard error
of the study (Mean SD) and the 95 percent confidence level interval (Mean 1.96 SD)

by 15.4% Silphium perfoliatum and by 25.6%
Panicum virgatum. Figure 1 shows the experi-
mental distribution of the probability density of
productivity indicators for 8 different options
for applying fertilizers. Manure 1 (M1) shows
a control group of plots that did not have arti-
ficially applied fertilizers. Other fertilizers cor-
responded to a certain amount of applied macro-
nutrients (Table 1). Each experimental plot with
different doses of fertilizers was divided into 21
parts. Thus, the experiment included 672 mea-
surements (4 cultures, 168 plots for each of the
experimental cultures). In Figure 2 shows the

experimental density distribution of Silphium
perfoliatum L productivity depending on applied
fertilizers. The figure also shows a box-whisker
plot for this distribution. As can be seen from
Figure 2, for this crop, the optimal application
of fertilizers is option 6. This combination of
fertilizers not only ensures the maximum level
of productivity for Silphium perfoliatum L,
but also, given its low cost (mainly the cost of
transportation and storage and application) and
simplicity in application, this fertilizer can be
widely applied during the cultivation of this crop.
Of course, there remain questions related to the
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Figure 3. Probability density distribution of Jerusalem artichoke productivity
depending on the rate of application of SS. (M1-M8 — variants of the experiment)
and a graphic representation of the average value (Mean) of productivity
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transition of heavy metals and other chemicals
from sewage sludge to the raw mass of plants
and the ecological risks associated with this
process, but such research is beyond the scope
of this article and was analyzed in our previous
publications (Lopushniak and Hrytsuliak 2022,
Fijatkowski, 2021, Kaletnik, 2021).

In Figure 3 shows the probability density
distribution of Jerusalem artichoke productivity.
It can be seen from the graph that the same
conclusions as those made for Silphium
perfoliatum L can be made for Jerusalem
artichoke, for which the introduction of sewage
sludge (M6) in the amount of 40 t/ha is optimal.
In Figure 4 shows a distribution of the probability

density of Miscanthus productivity similar to the
previous one. The figure follows the same logic
that is characteristic of Jerusalem artichoke and
Sylphia, that is, option (M6) may be the optimal
choice for the conditions. But unlike other
cultures, option 8 (M8) can also be an acceptable
option. The density distribution of switchgrass
productivity probabilities (Panicum virgatum
L.), shown in Figure 5 for switchgrass, as well
as for all other energy crops, option (M6) is the
optimal choice of the rate of application of SS.
Table 6 shows the correlations between certain
types of mineral fertilizers (N, P,O,, K O) and the
productivity of growing switchgrass (Panicum
virgatum L) on a certain experimental plot (1-21).

30

Miscanthus x giganteus
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= Mean
[ MeansSD
~ Means1,96'SD
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MoM2 M3 M4 M5 Me AT M8

| | | |

M1 M2 M3

T
M4
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Figure 4. Probability density distribution of the productivity of Miscanthus giganteus
depending on the rate of introduction of SS (M1-M8 — variants of the experiment) and a graphic
representation of the average value (Mean) of the productivity of the culture, the standard
error of the study (Mean SD) and the 95 percent confidence interval (Mean 1.96 SD)

20 anicum

15

Productivity, tons

10

5

= Moan
1 MeansSD
T Means1.96'SD

7 e

M1 M2 M3

T
M4

M5 M6 M7 M8

Figure 5. Probability density distribution of the productivity of Panicum virgatum L
depending on the rate of introduction of SS (M1 — M8 — experimental options) and a graphical
representation of the average value (Mean) of the productivity of the culture, the standard
error of the study (Mean SD) and the 95 percent confidence interval (Mean 1.96 SD)
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It can be seen from the table that the increase in the less pronounced, or absent at all. Based on the
productivity indicator is most closely correlated  value of the correlation coefficient, the following
with the introduction of SS. On the other hand, for ~ conclusions can be drawn: r if » acquires a value
mineral fertilizers M2—M3, this tendency is much close to - 1, then there is a relationship between

Table 3. Correlations between types of mineral fertilizers (N, PO, etc.) and productivity
of switchgrass (Panicum virgatum L). on the relevant research sites (1-21)

Color map of correlations
r>=

Variable N P2i5 | Kol Nss P2i5 ss K2l ss

SV1 0,946737
Sv2 0,945800
Sv3 0,807896
Sv4 0,884185
Sv5 0,952039
Sve 0,894271
svr7 0,936911
Svs 0,909291
Svo 0,896497
SV10 0,885766
SV11 0,928648
SV12 0,952348
SV13 0,845703
Sv14 0,841709
SV15 0,43196 0,953734
SV16 0,433334|  -0,494364] 0,927768
Sv17 0,969764
Sv18 0,884379
SV19 0,942948
SV20 0,896707
SV21 0.2768191 0.9361121 0.790667] 0.881092

Table 4. Correlations between the application rates of SS (M1-M8 — experiment
options) and the productivity of growing Miscanthus in the corresponding experimental
plot (1-21)

Color map of correlations
r>=

Variable N | P25 | Kol P2i5 ss | K2l ss
MS1 0,821034
MS2 0,838223
MS3 0,781752
MS4 0,811875
MS5 0,211044

MS6 0,799612
MS7 0,741262
MS8 0,833024
MS9 0,22060

MS10 0,781883
MS11 0,795441
MS12 0,855568
MS13 0,834316
MS14 0,843002
MS15 0,883520
MS16 0,892247
MS17 0,872041
MS18

MS19 0,223950 0,758115
MS20 0,796603

MS21 0,664880| 0,814465 0,804114
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the factors; tight feedback; if » = 0, then there 1 or = -1, then there is a functional relationship
is no connection; if r is close to +1, then there between the factors communication (22). The
is a tight straight line between the factors; if =  same applies to Jerusalem artichoke, data on

Table 5. Correlations between the application rates of SS (M1-M8 — experiment options)
and the productivity of Jerusalem artichoke cultivation on the corresponding experimental
plot (1-2)

Color map of correlations

r>=[E 0,20 0,40 0,60 0,80 1
Variable N P2i5 K21 Nss P2i5 ss K21 ss
TP1 =0,207298|" =0,334730] 0,400032| 0,946710| 0,902217| 0,95717¢
TP2 | 0,321292| 0,398141] 0,908213| 0,885251| 0,92945¢

TP3 0,95763¢
P4 0,968571
TP5 0,97732¢
TP6 0,96848:

TP7 0,20040¢| -0,403138] 0,312003] 0,946410| 0,886386] 0,94532¢
TP8 0,88941¢
TPY 0,910532
TP10 0,91157¢
TP11 0,91315€
TP12 0,884861

TP13 =0,325952] 0,404364| 0,929931| 0,876534| 0,93957¢
TP14 0,2076 =0,358388| 0,391032| 0,926978| 0,905199| 0,95439¢
TP15 0 -0,467287| 0,294418] 0,916570] 0,956204| 0,982512

TP16 =0;217397 0,507968| 0,884229] 0,849782| 0,90090¢
TP17 0,580895| 0,855414| 0,813404] 0,865517

TP18 0,3904 -0,44234C| 0,227715| 0,987211] 0,872089| 0,955111
TP19 -0,414841)  -0,416353] 0,218138] 0,988146| 0,820114] 0,921377
TP20 =0,246808| " =0,315648| 0,375171] 0,952562| 0,849161| 0,923681

TP21 | =0;24801% 0,452656| 0,882211] 0,848953| 0,89596¢

Table 6. Correlations between the rates of application of SS (M1-M8 — experimental
options) and the productivity of growing Silphium perfoliatum L on the corresponding
experimental site (1-21)

Color map of correlations

r>=[El 0,20 0,40 0,60 0,80 1
Variable N | p2i5 K21 Nss P2i5 ss K21 ss
SF1 20,269984] 0,446600] 0,939099] 0,872267| 0,934098
SF2 0,909446
SF3 0,944088
SF4 0,935309
SF5 0,9386
SF6 0,9
SF7 0,926994
SF8 0,924184
SF9 0,2268 0,88
SF10 0,2574 0,89540
SF11 -0,333642| 0,417154| 0,883532] 0,931610] 0,947750
SF12 0,936894
SF13 0,836649
SF14 0,882354
SF15 0,87736
SF16 0,889559
SF17 0,87038
SF18 0,842420
SF19 0,7878
SF20 0,83468
SF21 0,2416 0,284808| O 480 0,913664 0,80068 0,8 8
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the correlation of its productivity with the
application of fertilizers are shown in the Ta-
ble 5. From it, it can be seen that the rates of
introduction of SS are almost linearly correlated
with the productivity in the increase of green
mass. Tables 3—6 show the correlations between
certain types of mineral fertilizers (N, P,O,,
K,0) and the productivity of growing the studied
crops on the selected experimental plots (1-21).

It can be seen from the tables that the increase
in the productivity indicator is most closely
correlated with the introduction of SS. On the
other hand, for mineral fertilizers M2-M3, this
tendency is much less pronounced, or absent at all.
Also, it can be seen from the correlation matrices
that the application rates of SS are almost linearly
correlated with the productivity of energy crops
in the increase of green mass.

Taking this into account, it can be stated that
the introduction of sewage sludge with a small
addition of mineral fertilizers is an extremely
effective way of increasing the productivity
of green mass growth for all studied energy
crops, namely Jerusalem artichoke, Silphium
perfoliatum L, switchgrass (Panicum virgatum L)
and Miscanthus (Miscanthus giganteus).

CONCLUSIONS

As a result of the conducted research,
convincing relationships  were established
between the application of sewage sludge with a
compensatory dose of mineral fertilizers and the
productivity of grassy energy crops (Figs. 1-5).
The greatest increase in green mass is provided by
the application of SS (SS - 40 t/ha+ N, P K, ) for
all studied crops. Thus, the introduction of sewage
sludge with the addition of mineral fertilizers
is an effective way to increase the productivity
of green mass by 57-64% for such energy crops
as Jerusalem artichoke, Silphium perfoliatum
L, Miscanthus (Miscanthus giganteus), and
switchgrass (Panicum virgatum L ). Such a dose of
fertilizer application is a relatively inexpensive way
of increasing the productivity of agrophytocenoses
(the main component of the cost is transportation
to the place of planting plants and application
to the soil), and also solves the problem of the
accumulation of sewage sludge on sludge maps
and municipal waste storage landfills.
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