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The purpose of the paper is to identify the most energy efficient 
value chains using solid biomass of specially grown energy crops 
and the most significant parameters affecting their energy efficien-
cy and environmental sustainability. The methodology of Life Cy-
cle Assessment (LCA) was used to determine the energy efficiency 
of value chains of heat production from energy crops. According 
to the methodology, the scope of the product system includes the 
raw material cycle of growing energy crops and the subsystem of 
transformation with production of thermal energy. Cumulative 
energy demand and energy yield coefficient were chosen as ener-
gy efficiency indicators. The product system was compared with 
a similar one using natural gas. The non-renewable energy yield 
coefficient was used to define how many times the energy output 
was bigger than the input of non-renewable energy. Assessment 
was conducted for two energy crops: Miscanthus as a typical rep-
resentative of specially grown grassy energy crops and willow as a 
typical representative of specially grown woody energy crops. The 
growing of energy crops in Ukraine for the subsequent production 
of biofuel in the form of chips and their combustion in biofuel 
boilers are energetically effective with a maximum transportation 
distance of 400 km for Miscanthus chips and 180 km for willow 
chips.

Keywords: energy crops, Miscanthus, willow, LCA, energy effi-
ciency, GHG, Cumulative Energy Demand, Energy Yield Coeffi-
cient, bioenergy heat

INTRODUCTION

Ukraine is now on the track of obtaining energy 
independence, searching for energy alternatives 
to fossil coal and natural gas. Despite a signif-
icant boost that is recently observed in the de-
velopment of wind and solar energy sectors in 
Ukraine, the most reliable renewable energy 
source (RES) is still biomass. Biomass is now a 
major RES used in Ukraine in terms of prima-

ry energy supply, amounting to 81.3% from all 
RES in 2015 [1] with 5.22E + 8 MJ of produced 
electricity and 6.42E + 10 MJ of produced heat 
[2]. Biomass potential in Ukraine includes vari-
ous sources, but according to the data of Bioen-
ergy Association of Ukraine the major biomass 
resource potential belongs to energy crops and 
amounts to 2.75E + 11 MJ [3], considering the 
growing of energy crops on the area of 1.5 mil-
lion ha. According to RE Directive [4], growing 
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of energy crops must not result in land use 
change influencing the food/feed crops cultiva-
tion. The potential lands that are acceptable for 
growing energy crops are underutilized lands 
that are unsuitable for agriculture. On the other 
hand, underutilized lands can influence energy 
crops yields negatively that discourages poten-
tial investors, including agrarians, to be involved 
into this business. The paper presents the re-
sults of energy efficiency assessment of the bio-
mass-to-energy value chains using solid biomass 
of specially grown energy crops in Ukraine.

LIFE CYCLE METHODOLOGY

Goal and scope definition
The goal of this study is to quantify greenhouse 
gas emissions (GHG), cumulative energy de-
mand (CED) [5] and cumulative energy demand 
of non-renewable sources (CEDNR) [5] of two 
value chains of complete life cycles of heat pro-
duction from Miscanthus and willow, and to as-
sess the influence of most critical parameters on 
the energy yield coefficient (EYC and EYCNR) [5] 
of each value chain, as well as to compare them 
with each other and with fossil natural gas ones.

The functional unit of the system is MJ of 
heat produced in the 500 kW biomass boiler 

that combusts chips produced at the harvest of 
Miscanthus and willow cultivated at plantations 
over the assumed life cycle of 20 years.

The life cycle boundaries for the assessment 
of the energy-crops-to-heat value chain are 
shown in Fig. 1. Energy crops analysed in the 
assessment are Miscanthus (M) and willow (W). 
The scope includes the feedstock sub-cycle with 
inputs from soil preparation, planting, caring for 
plants, biomass harvesting, wood chips trans-
port and storage, and the processing sub-cycle 
that includes boiler manufacture and disman-
tling and heat production during 20 years, but 
it does not include heat transport and heat con-
sumption by final consumers.

Life cycle inventory
Data on inputs for all the processes identified 
within the life cycle were collected. Data on 
technological operations and machinery used 
in the feedstock cycle are based on consulta-
tions with operating producers of energy crops 
(farmers (M), companies (W)) (Table  1). The 
input to the system at such stages as growing, 
harvest with shredding, transporting and stor-
age, and disposal of products of combustion 
contains consumption of diesel, pesticides and 
fertilizers. 

Fig. 1. Life cycle boundaries of the energy-crops-to-heat value chain
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Ta b l e  1 .  Technological operations applied during 20-year life cycle with frequency

Technological operations Frequency
Machinery

Miscanthus (M) Willow (W)

Disking up to 12 cm depth 1 HTZ-242K + Harrow BDVP-5,5

Ploughing up to 30 cm depth 1 John Deere 8360R + KUHN-6

Pre-plant cultivation 1 HTZ-242K + KPS-8

Pre-emergence harrowing 2
MTZ-892 + Harrow 

BPN-12 X

Inter-row cultivation 1 X
HTZ-242 + Folding power 
harrow Celli Ranger 400

Inter-row disking 1 (M); 2 (W)
John Deere 8360R + Disc 
plough-harrow LSD-3,7

Herbicide preparation and spraying 4 (M), 3 (W) MTZ-892 + Sprayer HARDI RANGER

Fertilizer spreading 1 HTZ-242K + RUM-8

Planting 1 MTZ-892 + KSN-L-202
John Deere 8360R + 

Egedal 4 row

Harvesting 20 (M), 7 (W) Claas Jaguar
Claas Jaguar + HSAB’s SRC 

Chipping Head

Removal 1
HTZ-242K + Harrow 

BDVP 5.5
John Deere 6930 + Multi-

forst

Transport of rhizomes/seedlings 1
John Deere 6930 + 

Tractor-trailer 2PTS-6
Transport of rhizomes/

seedlings

Transport of water for herbicide 4 (M), 3 (W)
John Deere 6930 + 

Tanker RZS-6
Transport of water for 

herbicide

Transport of fertilizer 1 (M), 7 (W)
John Deere 6930 + 

Tractor-trailer 2PTS-6
Transport of fertilizer

Transport of chips to local storage 20 (M), 7 (W)
John Deere 6930 

(HTZ-242K, MTZ-892) + 
Tractor-trailer 2PTS-6

Transport of chips to local 
storage

Transport of chips to central stor-
age of boiler-house

35 (M), 29 (W)
MAZ-6501C9-8525-000 

with trailer
Transport of chips to cen-

tral storage of boiler-house

Loading/unloading operations 70 (M), 58 (W) Front loader MAN ВМЕ-1560

Diesel consumption was calculated according 
to Equation (1). For diesel, pesticides and fer-
tilizers consumption and primary energy input 
for their production are also considered [6]. For 
all stages that use machinery and equipment, the 
consumption of primary energy for their pro-
duction is considered in proportion to time of 
their use in the process. 

0

..0

100
** lec

hourly
kqNQ = , (1)

where Qhourly is hourly fuel consumption, Nc is en-
gine power, q0 is specific fuel consumption, and 

ke.l. is the coefficient that takes into account the 
engine load [7].

Consumption amounts of pesticides and fer-
tilizers were provided by operating producers of 
energy crops (Tables 2 and 3).

For a heat boiler, non-renewable energy used 
for construction and dismantling is considered, 
as well as electricity consumption, repairs and 
maintenance. In addition, the primary energy 
used for the production of planting material 
and for the production of fertilizers, herbicides, 
and insecticides (for a cycle of growing willow) 
in proportion to their required volume is con-
sidered. For all transport operations, such as 
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Ta b l e  2 .  Pesticides applied for M and W plantations

Pesticide type Active ingredient
Norm of application, l/ha

Miscanthus (M) Willow (W)

Herbicide Glyphosate 450 g/l 2.4

Herbicide Pendimethalin 330 g/l X 3

Herbicide
2,4-D acid (complex 2-ethylhexyl ether) + to florasula, 

300 g/l + 6.25 g/l
0.5 X

Insecticide Imidacloprid 600 g/l X 0.5

Ta b l e  3 .  Fertilizers applied for M and W plantations

Fertilizer name Active ingredient
Norm of application, kg/ha

Miscanthus (M) Willow (W)

Di-amonium-phosphate 9%N, 30%P X 1000

NPK 16%N, 16%P, 16%K 375 X

Potassium-Magnesium
К ≥ 44…48%, Мg – 4…7%, S ≤ 3%

Na+Cu+Zn+Ca ≤ 20%
X 682

UAN-32 32%N X 188

Urea 46.2%N 100 X

transport of water for herbicides, transport of 
fertilizers, planting material (by tractors with 
trailers) and harvested chips (by tractors with 
trailers to a local storage and by trucks with 
trailers to the central storage/boiler house), the 
use of diesel is considered. Transportation dis-
tance of 5 km to the local storage is considered 
for these processes, except for transport of chips 
to the central storage/boiler house. In the lat-
ter case, transportation distance is a variable, 
showing the impact on energy efficiency and 
GHG emissions reduction of the assessed value  
chains. 

Energy efficiency and environmental 
sustainability indicators
Cumulative energy demand of non-renewable 
sources was calculated for the assessed life cy-
cles, where heat energy is a product received in 
a biofuel boiler according to the system of Equa-
tions (2). The biofuel for this boiler is the chips 
of energy crops, such as Miscanthus or willow. 
Chips, as a biofuel, are obtained during harvest-
ing with the shredding of the energy crop from 
the plantations where this crop was grown (feed-
stock cycle). 

 (2)

where Efdsk is primary energy spent in the feed-
stock cycle for harvesting with shredding of en-
ergy crops from the field, transportation, as well 
as loading/unloading operations and storage of 
biofuels in GJ/a; Em is primary energy consump-
tion for the repair and maintenance of boiler 
equipment; Eel is own electricity consumption of 
the boiler; Eb is primary energy consumption at 
the stage of construction and dismantling of the 
plant; n is a period of boiler lifetime, and СЕР 
is production of heat energy by the boiler plant, 
GJ/a.

Yearly yields of Miscanthus and willow differ, as 
Miscanthus is harvested annually, and willow every 
three years. Yields in the first 1–2 years are also less 
for these crops, so mean yields were assumed in 
the assessment. Mean yields of Miscanthus and 
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willow are calculated according to Equation (3) 
and Equation (4), correspondingly:

Mean yield Miscanthus [t ha–1yr–1] =

, (3)

Mean yield willow [t ha–1yr–1] =

 . (4)

GHG emissions reduction at heat production 
from biomass compared to gas is calculated ac-
cording to Equation (5), where specific GHG 
emissions from heat production from biomass are 
calculated according to Equation (6):

ECh = ε/ηh, [gСО2-eq./MJheat], (5)

Δε = (ЕCFh–ЕCh)/ЕCFh, [%], (6)

where ЕCFh are specific GHG emissions in the 
production of heat from natural gas, 80 gСО2-eq./
MJheat [8]; ε are GHG emissions from the produc-
tion of biomass before its conversion into heat, 
and gСО2-eq./tbiomass, ηh is the efficiency of heat 
production, calculated as the ratio of annual heat 
production to annual fuel consumption, MJheat/
tbiomass.

RESULTS 

For installations on renewable energy sources, 
indicators that consider only consumption of 

non-renewable energy in the input of technolog-
ical processes and operations of the value chain 
are used (CEDNR, EYCNR). The non-renewable 
energy yield coefficient means how many times 
the energy production is bigger than the input of 
non-renewable energy. An acceptable value for 
renewable energy installations is to receive twice 
as much energy output as was spent of non-re-
newable energy; however, the recommended 
value is assumed in the work, which means the 
output of 5 times more energy than was spent of 
non-renewable energy [5].

Cumulative energy demand of non-renewable 
sources was calculated for the assessed life cycles, 
where heat energy is a product received in a bio-
fuel boiler. The biofuel for this boiler is the chips 
of energy crops, such as Miscanthus or willow. 
Chips, as a biofuel, are obtained during harvest-
ing with the shredding of the energy crop from 
the plantations where this crop was grown (feed-
stock cycle) (Table 4).

As a result of energy efficiency calculations 
for a biofuel boiler of 500 kW of installed heat 
capacity, the following results were obtained. For 
value chains “Miscanthus-to-heat” (Table 5) and 
“willow-to-heat” (Table 6), the indicators of cu-
mulated energy demand and energy yield coeffi-
cients remained within the recommended values 
(EYCNR > 5.) for transport distances of biofuels up 
to 400 km and up to 180 km, respectively.

As an environmental sustainability indicator, 
a reduction of GHG emissions was used. The ac-
ceptable level of GHG emissions reduction was 
chosen at a level of 60% for the whole life cycle 
from cradle-to-heat, compared to traditional heat 

Ta b l e  4 .  Cumulative energy demand for growing and harvesting Miscanthus and willow (CEDNR)

Components
Miscanthus,

life cycle 20 years
Willow,

life cycle 20 years

GJ/year GJ/ha/year GJ/year GJ/ha/year

1. Soil tillage operations 4.3 0.13 6.54 0.16

2. Planting 6.9 0.21 10.03 0.24

3. Fertilizer spreading 37.98 1.15 73.39 1.79

4. Weeding 1.33 0.04 2.87 0.07

5. Harvest with shredding 50.15 1.52 32.82 0.80

6.
Transport (fertilizer, water for herbicides, 

 planting material) for 2 km
37.88 1.15 13.86 0.34

Total 138.54 4.20 139.51 3.40
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Ta b l e  5 .  Energy efficiency of “Miscanthus-to-heat” value chain, 500 kW

Components GJ/year

1. Fuel supply (Miscanthus chips) for boiler 463.6 t/year

2. Miscanthus cultivation (on area 33 ha) 88.39

3. Harvest with shredding 50.15

4. Loading, unloading, storing and storage of chips of 
Miscanthus

31.54

5. Boiler operation (electricity consumption, repairs, 
maintenance)

126.2

6. Construction of the boiler (manufacturing equip-
ment, construction and installation work)

30

7. Dismantling, utilization of boiler installation 
equipment

3.8

8. Transportation of Miscanthus chips 
(field–central storage–boiler house)

0 km 50 km 100 km 200 km 400 km

0 80.25 160.5 321.0 642

CED: Energy input (sum of items 1–8) 6 663 6 743 6 823 6 984 7 305

EYC: Energy output / Energy input 0.77 0.76 0.75 0.73 0.70

CEDNR: Energy input (sum of items 2–8) 330 410 491 651 972

EYCNR: Energy output / Energy input 15.49 12.46 10.42 7.85 5.26

Ta b l e  6 .  Energy efficiency of “willow-to-heat”  value chain, 500 kW

Components GJ/year

1. Fuel supply (willow chips) for boiler 755.0 year

2. Willow cultivation (on area 41 ha) 106.69

3. Harvest with shredding 32.82

4. Loading, unloading, storing and storage of willow chips 50.65

5. Boiler operation (electricity consumption, repairs, 
maintenance)

125.8

6. Construction of the boiler (manufacturing equipment, 
construction and installation work)

17.7

7. Dismantling, utilization of boiler installation equipment 2.2

8. Transportation of willow chips (field–central storage–
boiler house)

0 km 50 km 100 km 180 km 400 km

0 189.35 378.7 681.65 1514.78

CED: Energy input (sum of items 1–8) 6 668 6 858 7 047 7 350 8 183

EYC: Energy output /Energy input 0.77 0.75 0.73 0.7 0.62

CEDNR: Energy input (sum of items 2–8) 336 525 715 1017 1 851

EYCNR: Energy output /Energy input 15.23 9.74 7.16 5.03 2.76
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production in gas boilers, according to RE Di-
rective 2009/28/EC [4]. Specific GHG emissions 
reduction for heat production from energy crops 
at a transportation distance of 100 km are shown 
in Fig. 2, and the influence of transportation dis-
tance of willow and Miscanthus chips for heat 
production in a biomass boiler at GHG emissions 
reduction compared to traditional heat produc-
tion in a gas boiler is shown in Table 7.

DISCUSSION

Biomass is widely used for energy in many coun-
tries and most likely its share will remain signif-
icant among other renewables in the future. Due 
to this, there is a need to define the most viable 
bioenergy systems that contribute to GHG emis-
sions reduction by reducing fossil fuels consump-
tion in similar energy pathways. There is a variety 
of conversion processes for biomass-to-energy 
value chains and approaches to define bound-

aries, functional unit and reference product of 
the system, as well as methodological assump-
tions that make results of life cycle assessments 
more specific and complicate their comparison 
with each other. Available researches that use the 
life cycle approach for energy crops value chains 
investigate the feedstock cycle from planting to 
harvest [9, 10] or biofuels production [11, 12]. 
Analysed papers that assess energy conversion 
pathways use specific LCA tools usually with a 
variety of impact categories and receive results as 
normalized values that show the calculated im-
pact as a proportion of the emissions of an aver-
age European citizen [12, 13]. Such approach is 
not applicable for Ukrainian conditions, as there 
is lack of required local input data available (for 
example, emissions of an average Ukrainian citi-
zen). For this reason, LCA based on GHG and en-
ergy balance was applied in research of forest and 
agro biomass for heat energy pathways conduct-
ed under Ukrainian conditions [14]. The results 

Ta b l e  7 .  GHG emissions reduction compared to heat production from natural gas in a 500 kW heat boiler, %

Energy crop
Transportation distance, km

0 50 100 150 200 300 400 500 600 1700

Willow 92.63 88.48 84.34 80.19 76.05 67.76 59.47 51.18 42.88 –

Miscanthus 92.44 91.51 90.59 89.66 88.74 86.89 85.04 83.19 81.34 61.01

Fig. 2. Specific GHG emissions for “willow-to-heat” and “Miscanthus-to-heat” value chains
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of LCA for value chains of wood chips and straw 
bales combustion in a 350 kW boiler show the 
energy efficiency of these pathways for transport 
distance of up to 150 km for wood chips and up 
to 200 km for straw bales (EYCNR > 5). Results of 
the present research show that the feedstock cycle 
for willow chips to the heat value chain is almost 
similar to the feedstock cycle of forest wood chips 
in terms of non-renewable energy consumption. 
The Miscanthus-chips-to-heat value chain shows 
even a better energy efficiency than the straw-to-
heat value chain (EYCNR > 5 for 400 km for Mis-
canthus compared to 200 km for straw) that can 
be explained by a higher net calorific value of 
Miscanthus compared to straw, as well as higher 
yield per ha. GHG emissions reduction of energy 
crops to heat pathways is less compared to that 
analysed in [14] due to application of fertilizers 
and pesticides that have high emission factors, 
but still performs a 60% GHG emission reduction 
at transportation distances of 390 km (W) and 
1700 km (M).

CONCLUSIONS

The growing of energy crops in Ukraine for the 
subsequent production of biofuel in the form of 
chips and their combustion in biofuel boilers 
are energy effective with a maximum transpor-
tation distance of 400 km for Miscanthus chips 
and 180 km for willow chips and environmen-
tally sustainable at transportation of 390 km and 
1700 km for willow and Miscanthus chips, cor-
respondingly.
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Oleksandra V. Tryboi

EFEKTYVIOS BIOMASĖS VERTĖS 
GRANDINĖS, SKIRTOS ŠILUMOS GAMYBAI IŠ 
ENERGETINIŲ KULTŪRŲ UKRAINOJE

Santrauka
Straipsnio tikslas – pristatyti efektyviausias vertės gran-
dines, naudojant specialiai auginamų energinių augalų 
kietąją biomasę, ir svarbiausius parametrus, turinčius 
įtakos efektyviam energijos vartojimui ir aplinkos tva-
rumui. Gyvavimo ciklo įvertinimo metodika buvo nau-
dojama energetinių augalų vertės grandinių energijos 
efektyvumui, gaminant šilumą, nustatyti. Remiantis 

metodika, produktų sistema apima energetinių augalų 
žaliavų auginimo ciklą ir transformacijos posistemę, 
kurioje gaminama šiluminė energija. Energijos varto-
jimo efektyvumo rodikliais buvo pasirinktas bendras 
energijos poreikis ir energijos išeigos koeficientas. 
Produkto sistema buvo palyginta su analogiška gamti-
nių dujų sistema. Neatsinaujinančios energijos išeigos 
koeficientas buvo naudojamas norint nustatyti, kiek 
kartų energijos išeiga didesnė už įeinančią neatsinau-
jinančią energiją. Atliktas dviejų energetinių augalų 
vertinimas: miskanto, kuris yra tipiškas specialiai au-
ginamų žolinių energetinių augalų atstovas, ir gluosnio, 
kuris yra tipiškas specialiai medienai auginamų augalų 
atstovas. Ukrainoje tolesnei biokuro skiedros gamy-
bai ir jos deginimui biokuro katiluose miskantas yra 
energetiškai efektyvus, jeigu gabenamas iki 300 km, o  
gluosnių skiedros – iki 100 km atstumu. 

Raktažodžiai: energiniai augalai, miskantas, gluos-
nis, gyvavimo ciklo įvertinimas, efektyvus energijos 
vartojimas, šiltnamio efektą sukeliančios dujos, bend-
ras energijos poreikis, energijos išeigos koeficientas, 
bioenergijos šiluma


