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The issue of environmental impacts has emerged 
as a prominent area of concern in the broader dis-
course on climate change mitigation. The adoption 
of eco-friendly production methodologies is predi-
cated on  the principle of  minimising greenhouse 
gas emissions, a strategy that seeks to mitigate the 
environmental ramifications of  human activity. 
Life cycle assessment (LCA) is a method of assess-
ing the environmental impacts associated with the 
production processes of products or services, with 
the aim of protecting the environment (ISO 14040 
and ISO 14044). LCA provides scientific evidence 

of  a  product's sustainability and environmental 
performance (Sahoo et al. 2019).

The standardisation of LCA was initiated in 2006 
with the establishment of ISO 14040, Environmen-
tal Management – Life Cycle Assessment – Princi-
ples and Framework, and ISO 14044, Environmental 
Management – Life Cycle Assessment – Require-
ments and Guidelines. However, the application 
of LCA in forestry did not become widespread until 
the end of the 2010s (Klein et al. 2015). A research ar-
ticle published in Scopus and Web of Science further 
substantiates this claim, asserting that LCA research 
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in Hungary's forestry industries commenced in the 
early 2010s (Mulyana et  al.  2023). Environmental 
assessment using LCA has been applied in the for-
est operation of  short-rotation energy plantations 
(Polgár et al. 2018, 2019) and wood utilisation (Kirá-
ly et al. 2022; Polgár 2023).

The development of  bioenergy plantations has 
emerged as  a  promising solution in  the context 
of energy transition. Bioenergy plantations provide 
biomass for energy, thereby contributing to  the 
achievement of  a  carbon neutrality scheme. Bio-
mass for energy can be categorised into three dis-
tinct groups: woody biomass, herbaceous biomass, 
and fruit biomass (Miranda et  al.  2015). In  addi-
tion, Miranda et al. (2015) have delineated that the 
classification of  woody biomass encompasses for-
est waste, remnants from the wood industry, and 
woody cultivation. The  biomass utilised in  this 
study is  derived from woody cultivation man-
aged with a  short-rotation coppice (SRC) system. 
The present study aligns with the findings of Muly-
ana et  al.  (2024), who examined SRC plantations 
(poplar and black locust), emphasising their role 
in providing environmental services and their ca-
pacity to absorb carbon.

The SRC system has been extensively utilised 
for bioenergy production, particularly in  the 
Northern Hemisphere. Examples of  SRC bioen-
ergy production include its application in  China 
(Wang et al. 2023), the Czech Republic (Štochlová 
et al. 2019), Germany (Langhof, Schmiedgen 2023), 
Italy (Bacenetti et al. 2016a; Manzone, Calvo 2016), 
Poland (Krzyżaniak et  al.  2023), Spain (Fernán-
dez et al. 2020), and the United States of America 
(Eisenbies et  al.  2017; Morales-Vera et  al.  2022) 
The management practices of SRC systems for bio-
energy production also varied, depending on  the 
site characteristics.

Characteristics of  SRC can be  seen from the 
species, cutting cycle, rotation, harvesting meth-
ods, and stand density. The main purpose of SRC 
is  to  provide bioenergy (fuelwood and biofuel) 
(Hart et  al.  2015; Pereira, Costa 2017). The  com-
mon species that have been cultivated in SRC plan-
tations are poplar, black locust, eucalyptus, and 
willow (Bergante et  al.  2016; Ferreira et  al.  2017; 
Oliveira et al. 2018). The cutting cycles in SRC sys-
tems are varied, from 2 years to 8 years (Fernán-
dez et  al.  2020; Rodrigues et  al.  2021; Schiberna 
et al. 2021; Johnston et al. 2022; Stolarski, Stacho-
wicz 2023). Furthermore, the rotations for SRC 

are 15, 20, and 25 years (Rodrigues et  al.  2021; 
Schiberna et  al.  2021). The  harvesting methods 
that are employed in  SRC plantation are single 
pass cut-and-chip harvester, double pass cut-
and-store harvester, cut-and-bale harvester, and 
cut-and-billet harvester (Vanbeveren et  al.  2017; 
Eisenbies et al. 2021). For the stand density, one ha 
of SRC can comprise the planting of about 5 000–
22 222 trees (González-García et al. 2012a, b; Schi-
berna et al. 2021; Livingstone et al. 2022).

However, the development of  bioenergy planta-
tions has also been linked to  potential emissions, 
including carbon dioxide (CO2), nitrogen dioxide 
(NO2), methane (CH4), and sulphur dioxide (SO2), 
which are released through the consumption 
of  fuel and agrochemicals, such as  fertiliser and 
pesticides. In this study, the CML 2001 method was 
used for calculating the life cycle impact assess-
ment, in  accordance with that used by  González-
Garcia et al. (2012a, b) and Livingstone et al. (2022) 
in short-rotation coppice systems in Italy, Sweden, 
and Northern Ireland. For  example, timber pro-
duction on  poplar plantations in  Italy has been 
associated with acidification and eutrophication 
resulting from fertiliser application (Lovarelli 
et al. 2018). Furthermore, the production of seed-
lings for softwood and hardwood has been linked 
to  potential impacts such as  aquatic ecotoxic-
ity, global warming potential, and human toxicity 
(Yousaf et  al.  2024). The  utilisation of  machinery 
in  forestry operations has been associated with 
elevated CO2 emissions (Prinz et al. 2018; Spinel-
li, Moura  2019; De Francesco et  al.  2022; Spinelli 
et al. 2022). The employment of LCA in forestry op-
erations is  imperative to assess the environmental 
ramifications and offer alternative solutions.

This study aims to assess the potential environmen-
tal impacts on  bioenergy production in  short-rota-
tion coppice systems, focusing on the environmental 
impacts based on  activities (cutting cycles) and in-
puts (fuel, lubricant, electricity, and fertiliser).

MATERIAL AND METHODS

The methodology employed in this study to eval-
uate the environmental impacts of bioenergy pro-
duction in  short-rotation coppice systems was 
guided by  the principles and framework outlined 
in  ISO 14040, 'Environmental management – life 
cycle assessment – principles and framework' 
and the requirements and guidelines stipulated 
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in  ISO  14044 'Environmental management – life 
cycle assessment – requirements and guidelines'.

Data for life cycle inventory was collected from 
a  literature review and LCA's software database. 
Fuel and lubricants, fertilisers, and pesticide con-
sumption were required as  input data during the 
rotation. The most significant obstacle in the LCA 
process is the availability of inventory data, which 
practitioners and researchers address by  employ-
ing proxy data (Kouchaki-Penchah et  al.  2016). 
Furthermore, Kouchaki-Penchah et  al.  (2016) ex-
plained that the proxy data may be collected from 
literature, such as the LCA analytical software da-
tabase (Ecoinvent and ETH-ESU 96 database), re-
ports, and peer-reviewed papers.

Literature and databases can provide informa-
tion on  fuel consumption for machinery and ag-
rochemicals (fertilisers and pesticides) (Oneil, 
Puettmann 2017; Zhang et al. 2020). However, due 
to limitations in the available data, we employ the 
equation developed by  Cantamessa et  al.  (2022) 
to  estimate fuel consumption (see Equation 1 be-
low). Cantamessa et al. (2022) developed an alter-
native estimation method that utilises projections 
from multiple data sources, a strategy that has been 
employed in  studies focusing on  the Northwest 
United States (Oneil, Puettmann 2017) and China 
(Zhang et al. 2020).

F = Sc × P × d × t 	  (1)

where:
F 	 – fuel consumption (kg·ha–1);
Sc 	 – specific fuel consumption (fixed to 0.25 kg·kWh–1);
P 	 – maximum engine power (kW);
d 	 – power utilisation (%);
t 	 – time (h).

Furthermore, the life cycle impact assessment 
was conducted using Sphera LCA for Experts 
Education License software (Version 9.2.1.68, 
2020). Sphera LCA for Experts Education License 
is a software that calculates environmental impacts 
using methods such as  CML 2001, Environmen-
tal Footprint (EF) 3.0, IPCC AR5, ReCIPe 2016, 
and TRACI.

Goal and scope definition. According to Hungar-
ian Law, Act LIV of 1996 on Forests and the Protec-
tion of Forests, planting a row of trees, a tree group, 
and wooded pastures is classified as tree plantations. 
In this study, the black locust and poplar plantation 

for bioenergy production with short-rotation cop-
pice systems was categorised as  tree plantations. 
The  operation of  tree plantations presents a  series 
of challenges, including on-site activities such as site 
preparation, silvicultural operations, infrastructure 
development, transportation, and off-site activities, 
including product manufacturing and distribution. 
In this research, we had to define the goal and scope. 
Furthermore, a system boundary has been delineat-
ed to emphasise the tree plantation processes, from 
planting to harvesting. The research aims to system-
atically assess the environmental impact of  short-
rotation coppice system plantations for bioenergy 
production in Hungary.

It is  acknowledged that the system boundaries 
in forest operations vary across studies or research 
on LCA for forestry operations. Research on LCA 
with the system boundaries cradle-to-grave ap-
proach encompasses all activities from site prepara-
tion to the end of wood products disposal (Schweier 
et al. 2019). The cradle-to-farm gate system bound-
aries delineate the scope of activities, including site 
preparation, silvicultural operations, and final har-
vesting (Lovarelli et al. 2018). Because this research 
focused on  on-site tree plantation operations, 
we adopted the cradle-to-farm gate system bound-
ary (Figure 1). Furthermore, the cradle-to-gate sys-
tem boundary for bioenergy production has been 
applied in poplar biomass production (Cantamessa 
et al. 2022; Krzyżaniak et al. 2023), biodiesel pro-
duction from oil palm and physic nut in Indonesia 
(Siregar et al. 2015), and biochar production from 
forest residues (Puettmann et al. 2020).

In this study, we  adopted a  methodological ap-
proach consistent with that employed by Mulyana 
et al. (2024) in their examination of SRC plantation 
management in  Hungary. The  system boundary 
was initiated with the site preparation, plantation 
establishment, and growth maintenance through 
the application of  fertiliser and pesticides dur-
ing the first year. In the subsequent year, the focus 
shifted to the maintenance of growth. In the third 
year, the bioenergy plantation will be  harvested, 
and it will naturally sprout and grow until the next 
harvest. Following the final harvest in the 15th year, 
the plantation will be liquidated and then replant-
ed with new seedlings. In  summary, the activities 
involved in  short-rotation forestry include site 
preparation, site ending, silvicultural operations, 
secondary/off-site processing, transport, and chip-
ping (Klein et al. 2015).
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Functional unit. The decision to choose a  func-
tional unit is  an  important step in  the life cycle 
assessment process since it  involves assessing in-
put and output. According to  Martínez-Blanco 
et  al.  (2015), the functional unit serves as  the pri-
mary unit of analysis in LCA. In this study, the func-
tional unit was a one-hectare short-rotation coppice 
system for bioenergy production. We follow Bacen-
etti et al. (2014, 2016b) and Cantamessa et al. (2022), 
who employed the functional unit of  area (1 ha) 
to evaluate the LCA of agricultural production sys-
tems. Furthermore, Polgár et al. (2018) also used the 
functional unit of 1 ha to estimate the carbon foot-
print of several harvesting work methods in short-
rotation energy plantations in Hungary.

Life cycle inventory. According to ISO 14044, in-
ventory analysis was performed to acquire qualita-
tive and quantitative data for application within the 
system boundaries. The data may be measured, cal-
culated, and approximated to determine the inputs 
and outputs of processes. The  life cycle inventory 
phase is  notably time-consuming, as  its primary 
activity involves the aggregation and configuration 
of data for all operations within product systems, 
employing a range of techniques (Bjørn et al. 2018). 
The  quality of  life cycle inventory data is  critical, 
as  it  has been demonstrated to  have a  significant 
impact on the outcomes of the LCA process (Sire-
gar et al. 2015).

In this research, forest activities employed ma-
chinery to  facilitate forest operations and agro-

chemicals to  stimulate growth. Consequently, the 
primary inputs encompass fuel, lubricants to oper-
ate the machinery, and agrochemicals (fertilisers 
and pesticides) (Table  1). Input data in  planta-
tion management include seedlings, agricultural 
chemicals (fertilisers and insecticides) applied dur-
ing stand growth, as well as fuel and lubricant for 
maintenance and harvesting operations (Oneil, 
Puettmann 2017; Zhang et  al.  2020). In  the con-
text of  plantation establishment, encompassing 
soil preparation, planting, and weed control, the 
fuel and lubricant consumption was recorded 
at  58.25 L·ha–1 and 1.98 L·ha–1, respectively (Bar-
bara 2018). Furthermore, Barbara (2018) describes 
that the application of  pesticide for weed control 
was 2.03 L·ha–1 and electricity consumption for 
seedling treatment was 1.5 Kw.

In the stand maintenance, the fuel, lubricant 
and fertiliser consumption were 35.2 L·ha–1, 
1.584 L·ha–1, and 162 kg N·ha–1, respectively (Bar-
bara 2018). Moreover, in the harvesting operations, 
the fuel and lubricant for tractors were 8.80 L·ha–1 
and 0.396 L·ha–1. Furthermore, the fuel and lubri-
cant consumption for harvester machines were 
7.50 L·ha–1 and 0.135 L·ha–1 (Barbara 2018).

Life cycle impact assessment. Life cycle im-
pact assessment (LCIA) is  derived from the life 
cycle inventory analysis using software or  man-
ual calculation. According to  the Directorate-
General for Energy of  the European Commission 
(DG Ener 2012), the equations used to estimate the 

Figure 1. System boundary of bioenergy production in short-rotation coppice systems

Inputs Processes Outputs

Biomass

Emissions

Plantation  
establishmentAgrochemicals  

(fertiliser,  
pesticides)

Energy  
(electricity, 

fuel, 
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Growth  
maintenance

Harvesting 
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total emission of greenhouse gases in agricultural 
production are described by Equation (2):

eec = efert + eseeds + eN2O + efuel	 (2)

where:
eec 	 – total greenhouse gas emissions;
efert 	 – emissions from fertiliser application;
eseeds 	 – emissions from seeds;
eN2O 	 – direct and indirect N2O emissions according  
		   to IPCC 2006 guideline (IPCC 2006);
efuel 	 – emissions from fossil fuel consumption.

In this study, the Sphera LCA for Experts Edu-
cation License software was used for the LCIA 
calculation. The  Sphera LCA for Experts Educa-
tion License database modelling has been used 
widely by academia and researchers, practitioners, 
and policymakers to  analyse the life cycle assess-
ment of  product processes (Kupfer et  al.  2021). 
The  Sphera LCA for Experts Education License 
software has been applied to  analyse the LCIA 
for sustainability assessment of  wood utilisation 

in Hungary (Polgár 2023), lignin nanoparticle bio-
refinery (Koch et  al.  2023), and crop production 
in different harvesting systems in short-rotation en-
ergy plantation (Polgár et al. 2018, 2019). In Sphera 
LCA for Experts Education License software, the 
system boundary and life cycle data inventory are 
vital in developing a plan or  framework for prod-
ucts' processes (Figure 2).

RESULTS AND DISCUSSION

Environmental impacts potential in  short-
rotation coppice for bioenergy production. 
The  generation of  bioenergy from short-rotation 
coppice systems has had ramifications for the en-
vironment, owing to  the consumption of  energy 
(fuel, lubricant, and electricity) and agrochemicals 
(fertiliser and pesticides) during the plantation 
management process. According to the CML 2001 
method for life cycle impact assessment, the most 
significant impact was identified as marine aquatic 
ecotoxicity, followed by  global warming potential 
and terrestrial ecotoxicity (Table  2). Consistent 

Table 1. Inputs in forest operations for short-rotation coppice systems of black locust and poplar plantations

Inputs in forest operations
Year

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Forest planting
Fuel tractor √
Lubricant √
Fuel car √
Agrochemical √
Electricity √

Stand maintenance
Fuel tractor √ √ √ √ √ √ √ √ √
Lubricant √ √ √ √ √ √ √ √ √
Fertiliser √ √ √ √ √ √ √ √ √

Coppicing/final harvesting
Fuel tractor √ √ √ √ √
Lubricant tractor √ √ √ √ √
Fuel combine harvester √ √ √ √ √
Lubricant combine harvester √ √ √ √ √

Plantation liquidation
Fuel tractor √
Lubricant √
Agrochemical √

Source: Barbara (2018)
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with these findings, similar results have been ob-
served in  a  variety of  contexts, including poplar 
plantations in Italy (González-García et al. 2012a), 
willow plantations in  Northern Ireland and Swe-
den (González-García et  al.  2012b; Livingstone 
et al. 2022), softwood and hardwood seedling pro-
duction in  a  forest nursery in  Pakistan (Yousaf 
et al. 2024), and arable crop cultivation in Hungary 
(Polgár et al. 2019).

As illustrated in  Table  2, our study has demon-
strated that, in comparison to SRC plantations for 
bioenergy production in  Italy, Northern Ireland, 
and Sweden, our research has indicated a reduced 
environmental impact. Despite the similarity 
in system boundaries, functional unit, and system 
management, disparities in  the outcomes of  en-
vironmental impact analysis are evident among 
short-rotation coppice plantations dedicated to bi-
oenergy production. The variation in methodologi-
cal options, reference systems, and data sources has 
been identified as a contributing factor to these dis-
crepancies in  environmental impact results (Per-
domo et  al.  2021). Perdomo et  al.  (2021) further 
elucidated that while the interpretation of  results 
posed challenges, a  comprehensive understand-
ing of potential impacts is imperative to ensure the 
sustainability of  the bioeconomy. The  distinctive 
feature of LCA is  its capacity to identify potential 
hotspots and propose alternative solutions to miti-
gate environmental impacts.

In this study, the identified hotspot is in the first 
cycle, encompassing activities such as  soil prepa-
ration and seed planting, growth maintenance, 
and first harvesting (Figure 3). Notably, the initial 
cycle exhibited a  higher fuel consumption com-
pared to subsequent cycles. According to the data 
presented in Table 1, the fuel consumption in  the 
first cycle was 109.75 kg·ha–1. In contrast, the fuel 
consumption in  the subsequent cycles (second, 
third, and fourth) was reduced to 51.5 kg·ha–1 per 
cycle. The final cycle exhibited a fuel consumption 
of 69 kg·ha–1.

In detail, the calculation through Sphera LCA for 
Experts Education License software showed that 
the dominant environmental impacts come from 
fuel consumption (Table 3). Fuel and lubricants are 
sources of  emissions that affect the environment. 
In  this study, out of  10 impact categories, 9 im-
pacts were caused by  fuel consumption. Further-
more, fertiliser consumption is affected dominantly 
by global warming potential. Similar findings have 

also been shown in poplar and oil palm plantations 
where the application of  fertiliser has contributed 
dominantly to global warming potential (González-
García et al. 2012b; Siregar et al. 2015).

As indicated in  Table  3, fuel consumption 
emerged as  the predominant input contributing 
to  the environmental impacts during the SRC. 
Fuel is  consumed in  on-farm operations, includ-
ing ploughing, fertiliser and pesticide application, 
harvesting, and transporting seedlings (Dijkman 
et al. 2018). Consequently, reducing fuel consump-
tion emerges as a pivotal strategy to mitigate envi-
ronmental degradation.

The utilisation of  fertilisers has been identified 
as a pivotal strategy for enhancing soil quality post-
harvest (Stolarski, Stachowicz 2023). However, the 
utilisation of  fertiliser has been observed to exert 
deleterious effects on  surface water quality (Dijk-
man et  al.  2018). The  utilisation of  fertilisers also 
results in  the release of  ammonia (NH3), nitrous 
oxide (N2O), and nitrogen oxides (NOx) into the 
atmosphere, contributing to  acidification, global 
warming potential, and eutrophication (Dijkman 
et al. 2018). Moreover, the release of nitrate (NO3

–) 
and phosphate (PO4

–) during the application of fer-
tiliser contributes to eutrophication in water bod-
ies (Dijkman et al. 2018).

The application of  pesticides, encompassing 
herbicides, fungicides, insecticides, and other 
chemical compounds, poses a  significant threat 
to non-target species during the process of appli-
cation. These pesticides often accumulate within 
the  product components, thereby contributing 
to the development of ecotoxicity and human tox-
icity (Dijkman et al. 2018). The Sphera LCA for Ex-
perts Education License database did not include 
any pesticide-production processes. However, 
the usage of  pesticides was found to  be  less than 
2 kg·ha–1, and the calculation of  pesticide avoid-
ance did not result in a significant alteration of the 
overall environmental impact.

Carbon footprint in short-rotation coppice for 
bioenergy production. Impact categories in LCA 
can vary across different life cycle impact assess-
ment methods. However, the impact categories 
can be  used for some items in  practice. For  in-
stance, in  the context of  Denmark's LCA of  meat 
production, the researchers' emphasis was placed 
on  three potential environmental impacts: global 
warming, eutrophication, and acidification (Dijk-
man et al. 2018). In a review of  literature on LCA 
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Figure 3. Environmental impacts by cutting cycles according to the CML 2001 method
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in forestry, Perdomo et al. (2021) identified a focus 
on  climate change impact categories, with other 
categories receiving less attention. This research 
will centre on the environmental impacts of global 
warming potential (GWP). In the GWP, the effects 
of  greenhouse gas emissions released during the 
forest management process will be assessed.

The concept of  carbon footprint came from 
Wackernagel and Rees (1996) as a subset of the ter-
minology of  ecological footprint. The  conceptual 
development of  the carbon footprint is  intrinsi-
cally linked to  the GWP, which is  a  critical com-
ponent of  life cycle impact assessment (Durojaye 
et  al.  2020). Moreover, the ISO 14044 stipulates 
that the GWP is expressed mathematically relative 
to CO2, with the unit designated as the carbon diox-
ide equivalent (CO2 eq). Consequently, the carbon 
footprint constitutes the value of  global warming 
potential (GWP 100 years), signifying the reference 
carbon emissions from a  bioenergy production 
process in short-rotation coppice plantation.

The life cycle impact analysis output in  the 
Sphera LCA for Experts Education License 
is  based on  the CML 2001, Environmental Foot-
print (EF) 3.0, IPCC AR5, and ReCiPe 2016 meth-
odologies. The  total carbon footprint of  biomass 
production in SRC plantation for 15-year rotation 
for CML 2001, EF 3.0, IPCC AR5, and ReCiPe 2016 
midpoint is  5.96E+03, 6.29E+03, 5.97E+03, and 
4.25E+03 kg CO2 eq, respectively. It  is  important 
to note that the application of different methods 
results in the generation of different values for im-

pact categories (Perdomo et  al.  2021). However, 
the trends of  carbon footprint value in  different 
life cycle impact assessment methods (CML 2001, 
EDIP, EF, TRACI, and ReCiPe 2016) in  the same 
research site and production processes have 
shown similar trends (Koch et al. 2023). A review 
of  the literature conducted by  Martín-Gamboa 
et al. (2020) revealed that the most frequently uti-
lised life cycle impact assessment methods by re-
searchers to  analyse the carbon footprint were 
IPCC and CML 2001. Polgár et al. (2018, 2019) have 
employed the CML  2001 methods to  assess the 
carbon footprint in  different harvesting systems 
in  short-rotation energy plantations in  Hungary. 
The value of the carbon footprint  in understand-
ing the potential environmental impacts of green-
house gas emissions is vital.

To this end, a  detailed analysis was conducted, 
focusing on the carbon footprint contribution from 
each cutting cycle. The carbon footprint from the 
CML 2001 method for the first, second, third, fourth, 
and final cycles is  1.40E+03, 1.05E+03, 1.17E+03, 
1.17E+03, and 1.17E+03 kg CO2 eq, respectively. 
The LCA plan (Figure 3) indicates that the primary 
carbon footprint sources are fertiliser, fuel, and lu-
bricant consumption. The  carbon footprint based 
on consumption of fuels, lubricants, fertiliser, and 
electricity in  black locust and poplar short-rota-
tion coppice management systems were 2.10E+03, 
2.60E+01, 3.83E+03, and 6.43E-01 kg  CO2 eq, re-
spectively. The  combustion of  machinery utilised 
in  the cultivation process has resulted in  the re-

Table  3. Environmental impact distribution based on  inputs in  short-rotation coppice for bioenergy production 
(CML 2001 method)

Impact categories Total
Contribution (%)

fuels lubricants fertiliser electricity
Abiotic depletion (kg Sb eq) 1.71E-04 97.99 1.94 0.00 0.07
Acidification potential (kg SO2 eq) 2.16E+01 95.50 4.48 0.00 0.02
Eutrophication potential (kg PO4

3 eq) 7.79E+00 90.25 0.36 9.38 0.01
Freshwater aquatic ecotoxicity potential (kg DCB eq) 1.18E+00 62.03 0.08 37.89 0.00
Global warming potential (kg CO2 eq) 5.96E+03 95.82 3.91 0.25 0.02
Human toxicity potential (kg DCB eq) 4.84E+02 34.17 0.44 65.38 0.01
Marine aquatic ecotoxicity potential (kg DCB eq) 3.43E+03 35.27 0.44 64.28 0.01
Ozone layer depletion potential (kg R11 eq) 3.87E-13 99.19 0.52 0.28 0.01
Photochemical ozone creation potential (kg C2H4 eq) 1.82E+00 93.74 5.38 0.28 0.60
Terrestrial ecotoxicity potential (kg DCB eq) 4.68E+00 84.26 14.29 0.00 1.45

C2H4 – ethylene; CO2 – carbon dioxide; DCB – dichlorobenzene; PO4
3 – phosphate; R11 – trichlorofluoromethane ; Sb – 

antimony; SO2 – sulphur dioxide
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lease of  carbon emissions into the atmosphere 
(González-García et  al.  2012a, b). Furthermore, 
according to  González-García et  al.  (2012b), the 
carbon footprint of poplar with inorganic fertiliser 
was more significant than that of poplar plantation 
management without inorganic fertiliser. A  simi-
lar finding was also found in Indonesia, where the 
dominant contribution to  the carbon footprint 
in oil palm plantations is fertiliser, which accounts 
for around 50.46% of  the total carbon footprint 
(Siregar et al. 2015).

CONCLUSION

Forest operations in bioenergy production from 
short-rotation coppice (SRC) systems have resulted 
in potential environmental impacts. Based on LCA 
analysis, the impacts categories during the 15 years 
of SRC to produce bioenergy are abiotic depletion, 
acidification potential, eutrophication potential, 
freshwater aquatic ecotoxicity potential, global 
warming potential, human toxicity potential, ma-
rine aquatic ecotoxicity potential, ozone layer de-
pletion potential, photochemical ozone creation 
potential, and terrestrial ecotoxicity potential. 
Compared to  other SRCs, the environmental im-
pacts in our study were lower than those of others.

Furthermore, the total carbon footprint in  the 
short-rotation coppice management system during 
the 15 years is 5.96E+03 kg CO2 eq The highest con-
tribution comes from the first cycles as 1.40E+03. 
Furthermore, cycles 2, 3, 4, and 5 contribute to the 
carbon footprint as 1.05E+03, 1.17E+03, 1.17E+03, 
1.17E+03 kg CO2 eq, respectively. Moreover, the 
carbon footprint based on the consumption of fuel, 
lubricants, fertiliser, and electricity was 2.10E+03, 
2.60E+01, 3.83E+03, and 6.43E-01 kg CO2 eq, 
respectively.

In the future, the consumption of  fuel, lubri-
cants, fertilisers, and pesticides should be reduced 
to  minimise the negative environmental impacts. 
Research on  life cycle assessment in  the forestry 
sectors should be  applied in  different plantation 
management systems to  better understand the 
potential environmental impacts and alternative 
solutions.

Acknowledgement: We wish to thank the Sphera 
Team, which provided a  license for the Sphera 
LCA for Experts Education License software (Ver-
sion 9.2.1.68, 2020). We would also like to express 

our appreciation to  the editors and anonymous 
reviewers for their constructive comments and 
suggestions.

REFERENCES

Bacenetti J., Fusi A., Negri M., Guidetti R., Fiala M. (2014): 
Environmental assessment of two different crop systems 
in terms of biomethane potential production. Science of the 
Total Environment, 466–467: 1066–1077.

Bacenetti J., Bergante S., Facciotto G., Fiala M. (2016a): 
Woody biofuel production from short rotation coppice 
in  Italy: Environmental-impact assessment of  different 
species and crop management. Biomass and Bioen-
ergy, 94:  209–219.

Bacenetti J., Pessina D., Fiala M. (2016b): Environmental 
assessment of  different harvesting solutions for Short 
Rotation Coppice plantations. Science of the Total Envi-
ronment, 541: 210–217.

Barbara G. (2018): Energetikai faültetvények környezeti 
hatásainak vizsgálata. [MSc Thesis]. Sopron, University 
of Sopron. (in Hungarian)

Bergante S., Manzone M., Facciotto G. (2016): Biomass and bio-
energy alternative planting method for short rotation coppice 
with poplar and willow. Biomass and Bioenergy, 87: 39–45.

Bjørn A., Moltesen A., Laurent A., Owsianiak M., Corona A., 
Birkved M., Hauschild M.Z. (2018): Life cycle inventory 
analysis. In: Hauschild M., Rosenbaum R., Olsen S. (eds): 
Life Cycle Assessment. Cham, Springer: 117–165.

Cantamessa S., Rosso L., Giorcelli A., Chiarabaglio P.M. 
(2022): The environmental impact of poplar stand manage-
ment: A life cycle assessment study of different scenarios. 
Forests, 13: 464.

De Francesco F., Magagnotti N., Kováč B., Heger P., Hei-
lig D., Heil B., Kovács G., Zemánek T., Spinelli R. (2022): 
Integrated harvesting of medium rotation hybrid poplar 
plantations: Systems compared. Forests, 13: 1873.

Dijkman T.J., Basset-Mens C., Antón A., Núñez M. (2018): 
LCA of  food and agriculture. In:  Hauschild M., Rosen-
baum  R., Olsen S. (eds): Life Cycle Assessment. Cham, 
Springer: 723–754.

DG Ener (2012): The Report on Greenhouse Gas Emissions 
from the Cultivation of Agricultural Crops Used as Raw 
Materials for Biofuels Production. Sofia, Directorate-Gen-
eral for Energy, European Commission: 21. Available at: 
https://energy.ec.europa.eu/system/files/2023-09/19_2_
bulgaria_en.pdf (accessed Mar 25, 2024).

Durojaye O., Laseinde T., Oluwafemi I. (2020): A descriptive 
review of carbon footprint. In: Ahram T., Karwowski W., 
Pickl S., Taiar R. (eds): Advances in Intelligent Systems and 
Computing. Cham, Springer: 960–968.

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/10/2025-JFS
https://energy.ec.europa.eu/system/files/2023-09/19_2_bulgaria_en.pdf
https://energy.ec.europa.eu/system/files/2023-09/19_2_bulgaria_en.pdf


248

Original Paper	 Journal of Forest Science, 71, 2025 (5): 237–249

https://doi.org/10.17221/10/2025-JFS

Eisenbies M.H., Volk T.A., DeSouza D., Hallen K., Stanton B., 
Espinoza J., Himes A., Shuren R., Stonex R., Summers B., 
Zerpa J. (2021): An  assessment of  the harvesting and 
fuel performance of a single-pass cut-and-chip harvester 
in  commercial-scale short-rotation poplar crops as  in-
fluenced by  crop and weather conditions. Biomass and 
Bioenergy, 149: 106075.

Fernández M., Barro R., Pérez J., Ciria P. (2020): Production 
and composition of biomass from short rotation coppice 
in  marginal land: A  9-year study. Biomass and Bioen-
ergy, 134: 105478.

Ferreira M.C., Santos R.C., dos Castro R.V.O., Carnei-
ro A.C.O., Silva G.G.C., da Castro A.F.N.M., Costa S.E.L., 
Pimenta A.S. (2017): Biomass and energy production 
at short rotation eucalyptus clonal plantations deployed 
in Rio Grande Do Norte. Revista Árvore, 41, 1–7.

González-García S., Bacenetti J., Murphy R.J., Fiala M. (2012a): 
Present and future environmental impact of poplar cultiva-
tion in the Po Valley (Italy) under different crop management 
systems. Journal of Cleaner Production, 26: 56–66.

González-García S., Mola-Yudego B., Dimitriou I., Arons-
son  P., Murphy R. (2012b): Environmental assessment 
of  energy production based on  long term commercial 
willow plantations in Sweden. Science of the Total Environ-
ment, 421–422, 210–219.

Hart Q.J., Tittmann P.W., Bandaru V., Jenkins B.M. (2015): 
Modeling poplar growth as a short rotation woody crop 
for biofuels in the Pacific Northwest. Biomass and Bioen-
ergy, 79: 12–27.

IPCC (Intergovernmental Panel on Climate Change ) (2006): 
IPCC Guideline for National Greenhouse Gas Inventories, 
prepared by the National Greenhouse Gas Inventories 
Programme, Eggleston H.S., Buendia L., Miwa K., Ngara T., 
and Tanabe K (eds). Hayama, IGES. Available at: https://
www.ipcc-nggip.iges.or.jp/public/2006gl/

Johnston C.R., Walsh L.R., McCracken A.R. (2022): Effect of two 
vs. three year harvest intervals on yields of Short Rotation 
Coppice (SRC) willow. Biomass and Bioenergy, 156: 106303.

Király É., Börcsök Z., Kocsis Z., Németh G., Polgár A., Boro-
vics A. (2022): Carbon sequestration in harvested wood 
products in Hungary an estimation based on the IPCC 2019 
refinement. Forests, 13: 1809.

Klein D., Wolf C., Schulz C., Weber-Blaschke G. (2015): 
20  years of  life cycle assessment (LCA) in  the forestry 
sector: State of the art and a methodical proposal for the 
LCA of forest production. The International Journal of Life 
Cycle Assessment, 20: 556–575.

Koch D., Friedl A., Mihalyi B. (2023): Influence of different 
LCIA methods on  an  exemplary scenario analysis from 
a  process development LCA case study. Environment, 
Development and Sustainability, 25: 6269–6293.

Kouchaki-Penchah H., Sharifi M., Mousazadeh H., Zarea-
Hosseinabadi H. (2016): Life cycle assessment of medium-
density fiberboard manufacturing process in Islamic Republic 
of Iran. Journal of Cleaner Production, 112: 351–358.

Krzyżaniak M., Stolarski M.J., Warmiński K., Rój E., 
Tyśkiewicz K., Olba-Zięty E. (2023): Life cycle assessment 
of  poplar biomass for high value products and energy. 
Energies, 16: 7287.

Kupfer T., Baitz M., Colodel C., Kokborg M., Scholl S., Ru-
dolf M., Bos U., Bosch F., Gonzalez M., Schuller O., Heng-
stler J., Stoffregen A., Thylmann D., Koffler C. (2021): GaBi 
Databases & Modelling Principles. Available at: https://
sphera.com/wp-content/uploads/2020/04/Modeling-Prin-
ciples-GaBi-Databases-2021.pdf (accessed Apr 26, 2024).

Langhof M., Schmiedgen A. (2023): 13 years of  biomass 
production from three poplar clones in a temperate short-
rotation alley cropping agroforestry system. Biomass and 
Bioenergy, 175: 106853.

Livingstone D., Smyth B.M., Lyons G., Foley A.M., Mur-
ray  S.T., Johnston C. (2022): Life cycle assessment 
of a short-rotation coppice willow riparian buffer strip for 
farm nutrient mitigation and renewable energy production. 
Renewable and Sustainable Energy Reviews, 158: 112154.

Lovarelli D., Fusi A., Pretolani R., Bacenetti J. (2018): Delv-
ing the environmental impact of roundwood production 
from poplar plantations. Science of  the Total Environ-
ment, 645: 646–654.

Manzone M., Calvo A. (2016): Energy and CO2 analysis 
of poplar and maize crops for biomass production in north 
Italy. Renewable Energy, 86: 675–681.

Martínez-Blanco J., Inaba A., Finkbeiner M. (2015): Scoping 
organizational LCA – Challenges and solutions. The Inter-
national Journal of Life Cycle Assessment, 20: 829–841.

Miranda T., Montero I., Sepúlveda F.J., Arranz J.I., Rojas C.V., 
Nogales S. (2015): A  review of  pellets from different 
sources. Materials, 8: 1413–1427.

Morales-Vera R., Vásquez-Ibarra L., Scott F., Puettmann M., 
Gustafson R. (2022): Life cycle assessment of bioethanol 
production: A  case study from poplar biomass growth 
in the U.S. Pacific Northwest. Fermentation, 8: 734.

Mulyana B., Polgár A., Vityi A. (2023): Research trends in the 
environmental assessment of poplar plantations in Hun-
gary: A bibliometric analysis. Ecocycles, 9: 23–32.

Mulyana B., Polgár A., Vityi A. (2024). Forest carbon mod-
eling in  poplar and black locust short rotation coppice 
plantation in Hungary. Jurnal Sylva Lestari, 12: 324–337.

Oliveira N., del Río M., Forrester D.I., Rodríguez-Soalleiro R., 
Pérez-Cruzado C., Cañellas I., Sixto H. (2018): Mixed 
short rotation plantations of  Populus alba and Robinia 
pseudoacacia for biomass yield. Forest Ecology and Man-
agement, 410: 48–55.

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/10/2025-JFS
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://sphera.com/wp-content/uploads/2020/04/Modeling-Principles-GaBi-Databases-2021.pdf
https://sphera.com/wp-content/uploads/2020/04/Modeling-Principles-GaBi-Databases-2021.pdf
https://sphera.com/wp-content/uploads/2020/04/Modeling-Principles-GaBi-Databases-2021.pdf


249

Journal of Forest Science, 71, 2025 (5): 237–249	 Original Paper

https://doi.org/10.17221/10/2025-JFS

Oneil E., Puettmann M.E. (2017): A  life-cycle assessment 
of forest resources of the Pacific Northwest, USA. Forest 
Products Journal, 67: 316–330.

Perdomo E.A.E., Schwarzbauer P., Fürtner D., Hesser F. 
(2021): Life cycle assessment of  agricultural wood pro-
duction-methodological options: A  literature review. 
BioEnergy Research, 14: 492–509.

Pereira S., Costa M. (2017): Short rotation coppice for 
bioenergy: From biomass characterization to  establish-
ment – A  review. Renewable and Sustainable Energy 
Reviews, 74: 1170–1180.

Polgár A. (2023): Carbon footprint and sustainability as-
sessment of  wood utilisation in  Hungary. Environment, 
Development and Sustainability, 26: 24495–24519.

Polgár A., Horváth A., Mátyás K.S., Horváth A.L., Rumpf J., 
Vágvölgyi A. (2018): Carbon footprint of different harvest-
ing work systems in short rotation energy plantations. Acta 
Silvatica et Lignaria Hungarica, 14: 113–126.

Polgár A., Kovács Z., Fodor V.E., Bidló A. (2019): Environ-
mental life-cycle assessment of  arable crop production 
technologies compared to different harvesting work sys-
tems in short rotation energy plantations. Acta Silvatica 
et Lignaria Hungarica, 15: 55–68.

Prinz R., Spinelli R., Magagnotti N., Routa J., Asikainen A. 
(2018): Modifying the settings of CTL timber harvesting 
machines to reduce fuel consumption and CO2 emissions. 
Journal of Cleaner Production, 197: 208–217.

Puettmann M., Sahoo K., Wilson K., Oneil E. (2020): Life 
cycle assessment of  biochar produced from forest resi-
dues using portable systems. Journal of Cleaner Produc-
tion, 250: 119564.

Rodrigues A.M., Costa M.M.G., Nunes L.J.R. (2021): 
Short rotation woody coppices for biomass production: 
An  integrated analysis of  the potential as  an  energy 
alternative. Current Sustainable/Renewable Energy Re-
ports, 8: 70–89.

Sahoo K., Bergman R., Alanya-Rosenbaum S., Gu H., Liang S. 
(2019): Life cycle assessment of  forest-based products: 
A review. Sustainability, 11: 4722.

Schiberna E., Borovics A., Benke A. (2021): Economic 
modelling of  poplar short rotation coppice plantations 
in Hungary. Forests, 12: 623.

Schweier J., Magagnotti N., Labelle E.R., Athanassiadis D. 
(2019): Sustainability impact assessment of forest opera-
tions: A review. Current Forestry Reports, 5: 101–113.

Siregar K., Tambunan A.H., Irwanto A.K., Wirawan S.S., 
Araki T. (2015): A  comparison of  life cycle assessment 
on oil palm (Elaeis guineensis Jacq.) and physic nut (Jat-
ropha curcas Linn.) as feedstock for biodiesel production 
in Indonesia. Energy Procedia, 65: 170–179.

Spinelli R., Moura A.C.A. (2019): Decreasing the fuel con-
sumption and CO2 emissions of excavator-based harvesters 
with a machine control system. Forests, 10: 43.

Spinelli R., Magagnotti N., De Francesco F., Kováč B., Heger P., 
Heilig D., Heil B., Kovács G., Zemánek T. (2022): Cut-to-
length harvesting options for the integrated harvesting of the 
European industrial poplar plantations. Forests, 13: 1478.

Štochlová P., Novotná K., Costa M., Rodrigues A. (2019): 
Biomass production of poplar short rotation coppice over 
five and six rotations and its aptitude as a  fuel. Biomass 
and Bioenergy, 122: 183–192.

Stolarski M.J., Stachowicz P. (2023): Black locust, poplar 
or  willow? Yield and energy value in  three consecutive 
four-year harvest rotations. Industrial Crops and Prod-
ucts, 193: 116197.

Vanbeveren S.P.P., Spinelli R., Eisenbies M., Schweier J., 
Mola-Yudego B., Magagnotti N., Acuna M., Dimitriou I., 
Ceulemans R. (2017): Mechanised harvesting of  short-
rotation coppices. Renewable and Sustainable Energy 
Reviews, 76: 90–104.

Wackernagel M., Rees W. (1996): Our Ecological Footprint: 
Reducing Human Impact on  the Earth. Gabriola Island, 
New Society Publishers: 176.

Wang Z., Yan W., Peng Y., Wan M., Farooq T.H., Fan W., Lei J., 
Yuan C., Wang W., Qi Y., Chen X. (2023): Biomass produc-
tion and carbon stocks in poplar-crop agroforestry chron-
osequence in subtropical central China. Plants, 12: 2451.

Yousaf A., Hussain M., Ahmad S., Riaz A., Shaukat S., 
Shah  S.W.A., Mishr R.S., Akram S., Majeed M., Tabas-
sum A., Amin M., Jabeen F. (2024): Environmental sustain-
ability assessment of  softwood and hardwood seedlings 
production in forest nurseries: A case study from Pakistan. 
Brazilian Journal of Biology, 84: e260615.

Zhang X., Zhang W., Xu D. (2020): Life cycle assessment 
of complex forestry enterprise: A case study of a  forest-
fiberboard integrated enterprise. Sustainability, 12: 4147.

Received: January 18, 2025
Accepted: March 24, 2025

Published online:  May 28, 2025

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/10/2025-JFS

	_Hlk164874729
	_Hlk155339823
	_Hlk185516833
	_Hlk160871785
	_Hlk185518256
	_Hlk185518740
	_Hlk185519026
	_Hlk176608974
	_Hlk185519363

