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Abstract: The increasing global demand for energy and the negative environmental impacts of fossil fuel exploitation 
have driven interest in sustainable energy solutions, such as wood. The Russian Federation, as one of the world's largest 
pellet producers, has an opportunity to utilise pellets domestically. This study addresses the lack of publicly available life 
cycle assessment (LCA) studies on pellet production and utilisation in Russia, specifically examining the environmental 
impact of residential heat production from locally produced wood pellets. Utilising primary data from the Northwest 
region, the study follows ISO 14040 and 14044 standards and employs the ReCiPe 2016 (H) Midpoint v. 1.1 method 
to assess environmental impacts. The results indicate that the production of pellets is the dominant contributor to the 
global warming impact category, marine eutrophication, and fossil resource scarcity, while transportation has the least 
impact across all categories. Sensitivity analyses confirm the robustness of these findings, revealing that using natural 
gas for pellet drying increases emissions for global warming and fossil resource scarcity, and increasing transportation 
distance significantly raises emissions across all categories. The findings provide valuable insights for policymakers and 
stakeholders aiming to enhance the sustainability of similar bioenergy systems.
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Increasing global demand for energy produc-
tion, negative environmental effects from fos-
sil fuel exploitation, and fossil fuel exhaustibility 
(Shafiee, Topal 2009) have led to a growing interest 
in sustainable and environmentally friendly energy 
solutions. According to the Renewable Energy Di-
rective II (EC 2018), Europe aims to achieve a 32% 
share of  renewable energy in  total energy con-
sumption by  the year 2030. Bioenergy is  becom-
ing a more frequently utilised alternative to  fossil 
fuels when compared to  other renewable energy 
resources (Mandley et  al.  2020). Woody biomass 
is a unique resource that can be derived in different 

forms from a  variety of  sources and used for the 
production of heat, electricity, and transportation 
fuel (Malmsheimer et al. 2008; Guo et al. 2015).

To facilitate the transition from fossil fuels to re-
newable bioenergy, bioenergy production options 
should be carefully assessed. Life cycle assessment 
(LCA) is a commonly used tool for evaluating the 
environmental impact of a product system through-
out its entire cycle. In  recent years, numerous 
studies have analysed the life cycle of various bio-
energy production scenarios (Agostini et al. 2020; 
Martín-Gamboa et  al.  2020; Musule et  al.  2021). 
Many aspects of bioenergy production, such as the 
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impacts of  different biomass feedstock on  biofuel 
production (Sjølie, Solberg 2011; Morrison, Gold-
en 2016), the nature of  the biofuels themselves 
(Alizadeh  et  al.  2023), conversion technologies 
(Carotenuto et  al.  2022), and transportation op-
tions (Pierobon et al. 2015; Vera et al. 2019) have 
been thoroughly evaluated. Several studies focused 
on wood chips production and utilisation (Fitzpat-
rick 2016; Hammar et al. 2017; Klavina et al. 2017). 
Other studies investigated the impact of briquettes 
(Alanya-Rosenbaum et  al.  2018; Medina-Ríos 
et al. 2021; Sahoo et al. 2021).

One of  the most studied and utilised biofu-
els is  wood pellets (Musule et  al.  2021). Numer-
ous LCA studies have analysed various scenarios 
of pellet production and bioenergy generation from 
pellet utilisation. For instance, Pergola et al. (2018) 
compared the environmental impact of  pellet 
production from roundwood logs to  pellets from 
sawmill residues (mainly sawdust). Another paper 
by  Lu and Hanandeh (2017) studied various bio-
fuel and bioenergy production scenarios using dif-
ferent conversion technologies for woodchips and 
wood pellets. Ahmadi et al. (2020) investigated the 
difference between power generation in  Canada 
from the gasification of woodchips originating from 
softwood harvesting residues to  the gasifica-
tion of pellets, combustion of pellets, and pyroly-
sis of woodchips. McKechnie et al. (2011) examined 
emissions related to  electricity production from 
co-firing pellets obtained from different sources. 
Porsö and Hansson (2014) assessed the environ-
mental impacts of district heat production via the 
combustion of wood pellets produced from poplar 
and willow. Wang et al. (2017) compared emissions 
from heat production via combustion of  wood 
pellets to  heat production via combustion of  coal 
in Changchun City, China.

Due to  increased pellet production and their 
higher combustion and heating efficiency compared 
to  conventional firewood, pellets are becoming 
more commonly used for household heat produc-
tion. Several LCA studies have focused on assessing 
the environmental impact of pellet combustion for 
residential heat generation. For example, Sgarbossa 
et  al.  (2020) evaluated the environmental profile 
of four wood pellet supply chains for heat produc-
tion from different types of  biomass feedstock. 
Research performed by Quinteiro et al. (2019) ex-
amined the environmental impact of  residential 
heat production in  Portugal by  comparing alter-

native maritime pine wood pellet production sce-
narios. Pa et al. (2013) evaluated emissions related 
to pellet combustion for residential heat production 
in  British Columbia. Röder and Thornley (2017) 
investigated the use of waste wood as a bioenergy 
feedstock for heat production in the United King-
dom. A  study conducted by  Ferreira et  al.  (2018) 
compared heat production from the combustion 
of  wood pellets to  pellets produced from grape 
stalks. Another study published by  Quinteiro 
et  al.  (2020) compared the environmental impact 
of heat production via combustion of pellets pro-
duced at  the sawmill to  pellets produced at  the 
household level. Sadaghiani et  al.  (2023) assessed 
the emissions related to heat generation from pel-
let combustion in remote communities in Canada 
and compared it to heat generated from diesel utili-
sation. Topić Božič et al. (2024) conducted an LCA 
that compared the effects of  heat production via 
combustion of  wood pellets vs. firewood at  the 
household level in Slovenia.

Despite being one of  the biggest pellet pro-
ducers in  the world, Russia has not been exten-
sively studied in  terms of  life cycle assessment 
of  pellet production and utilisation. According 
to FAOSTAT (2024), over two million tons of wood 
pellets were produced in 2022. More recently, the 
export of  wood pellets has decreased, creating 
an opportunity for the transition from fossil fuels 
to the more environmentally friendly option of uti-
lising the produced and unsold pellets within Rus-
sia for energy needs. Closing this gap in scientific 
literature is important given the amount of pellets 
produced in the Russian Federation and the recent 
trends in pellet export from Russia. This study aims 
to fill that gap. Using primary data on pellet pro-
duction in the Arkhangelsk area of the Northwest 
region of Russia, provided by the executive director 
of the Russian Pellet Union, this LCA evaluates the 
environmental impact of  residential heat produc-
tion from pellet combustion.

MATERIAL AND METHODS

LCA is a widely utilised method for assessing the 
environmental impact associated with a  product 
by gathering all relevant inputs and outputs of the 
product system, evaluating all the impacts associat-
ed with every step of the life cycle, and interpreting 
the results according to the defined goal and scope 
of the LCA. The current study was performed in ac-
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cordance with ISO 14040 and ISO 14044 standards 
(ISO 2006a, b). The assessment was performed us-
ing OpenLCA software (Version  2.1.1, 2024) and 
Ecoinvent 3.4 database (Ecoinvent 2017). Open-
LCA software, as well as Ecoinvent database, were 
selected for this project because they comply with 
the ISO standards, are widely accepted in the scien-
tific community, have all the necessary features and 
capabilities to  undertake the project, and are af-
fordable and easily accessible. The ReCiPe 2016 (H) 
Midpoint v. 1.1 (Huijbregts et  al.  2017) was used 
as  a  method for quantitative life cycle impact  as-
sessment (LCIA) across the following impact 
categories: 
– global warming (GW);
– freshwater eutrophication (FE);
– marine eutrophication (ME);
– terrestrial acidification (TA);
– fine particulate matter formation (FPMF);
– fossil resource scarcity (FRS);
– ozone formation (human health; OFHH);
– ozone formation (terrestrial ecosystems; OFTE).

This particular impact assessment method was 
chosen because it  complies with ISO standards 
of  transparency, scientific rigour, and consistency. 
It  provides a  comprehensive and harmonised set 
of  midpoint impact assessment categories that 
are suitable for this LCA, and it is widely accepted 
in the scientific community.

Goal and scope. The goal of this study is to eval-
uate the environmental impact of  residential heat 
production in the Northwest region of Russia from 
the combustion of  wood pellets locally produced 
from sawmill residues in a pellet furnace. A gate-
to-grave approach of  LCA was applied with sys-
tem boundaries consisting of  the following steps: 
(i) sawmill residue collection at the sawmill; (ii) pel-
let production; (iii) packed pellet distribution; and 
(iv) thermal energy production and waste disposal. 
The  production of  fuels, lubricants, low-density 
polyethylene (LDPE) bags, as  well as  ash disposal 
from biofuel combustion, were also accounted 
for. The  production of  capital goods (buildings, 
equipment, and machinery) was excluded due 
to the scarcity of relevant data, the potential to in-
crease uncertainty, and low relevance to  the key 
impact categories that are analysed in  this study 
(Silva et  al.  2018). 1 MJ of  thermal energy pro-
duced as a result of combustion of pellets was cho-
sen as the functional unit. A number of sensitivity 
analyses were performed in order to assess the in-

fluence of methodological assumptions and inputs 
on  the environmental impact. The  first sensitivity 
analysis investigates an alternative life cycle impact 
assessment method to compare the general trends 
in  environmental impact categories. The  choice 
of a particular impact assessment method can in-
fluence the results and interpretation of  an  LCA. 
Therefore, using an alternative impact assessment 
method helps to  avoid methodological bias, en-
sures the robustness of  the result, and facilitates 
a  more comprehensive understanding of  the en-
vironmental impacts. The  first sensitivity analysis 
compares the outcomes of  bioenergy production 
evaluated using the ReCiPe 2016 (H) Midpoint im-
pact category method with those obtained from the 
ILCD (International Reference Life Cycle Data Sys-
tem) 2011 methodology (European Commission, 
Joint Research Centre, Institute for Environment 
and Sustainability 2011). The  ILCD 2011 Mid-
point method was selected as  an  alternative due 
to the similarity in the analysed impact categories. 
These two LCIA methods can be compared across 
six impact categories. Specifically, the GW, FE, 
ME, TA, FPMF, and FRS impact categories in  the 
ReCiPe LCIA method correlate with the climate 
change (CC), freshwater eutrophication (FE), ma-
rine eutrophication (ME), acidification, particulate 
matter (PM), and mineral, fossil, and renewable 
resource depletion (MFRRD) impact categories 
in  the ILCD 2011 Midpoint method. The  second 
sensitivity analysis assesses the impact of different 
transportation distances of  pellet transportation 
on the environment. This particular parameter was 
selected based on the existing literature that high-
lights the significance of  emissions related to  the 
transportation distance in  bioenergy production 
scenarios on overall environmental impact (Beagle, 
Belmontt 2019; Topić Božič et al. 2024). The third 
sensitivity analysis focuses on an alternative source 
of heating used during the drying step of  the pel-
letisation process. This aspect was chosen for the 
third sensitivity analysis as  it  is  one of  the most 
analysed parameters in  bioenergy LCA studies 
(Martín-Gamboa et al. 2020), and the choice of en-
ergy source during the pelletisation stage can sig-
nificantly affect the sustainability of the bioenergy 
production process. A  more detailed explanation 
regarding sensitivity analyses is  provided in  the 
'Sensitivity analysis' section.

Description of  the region. The  bioenergy pro-
duction scenario has been modelled using primary 

https://jfs.agriculturejournals.cz/


185

Journal of Forest Science, 71, 2025 (4): 182–194	 Original Paper

https://doi.org/10.17221/88/2024-JFS

Figure 1. Flow chart of the system boundaries of heat production
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data obtained via a questionnaire from the executive 
director of  the Russian Pellet Union. The  Russian 
Pellet Union is an independent, non-governmental 
association of pellet producers created to provide 
a  platform for pellet producers to  solve the cur-
rent problems of the industry in the domestic and 
foreign markets. It  is a self-regulated organisation 
that interacts with government agencies and pellet 
companies, to  solve problems regarding produc-
tion, logistics, domestic consumption, etc. The Un-
ion members account for more than 60% of  the 
production and export of  wood pellets in  Russia. 
For this study, several representatives of the pellet 
production industry in Russia were contacted, but 
only one industry professional agreed to  collabo-
rate. The  data describes the production of  wood 
pellets from sawmill residues in  the Arkhangelsk 
area of Northwest Russia and the subsequent local 
thermal energy production via pellet combustion 
at the household level. The Arkhangelsk area is lo-
cated in the Northwest part of Russia and occupies 
590 thousand km2, of which more than 60% is cov-
ered with boreal forests dominated by  coniferous 
tree species. The  local climate is  subarctic, with 
long, cold winters and short summers. The average 
temperature in winter is 11.6 °C; the average sum-
mer temperature is 13.6 °C. The region has roughly 
one million inhabitants. This region was selected 
because it  is  a  major hub for forestry and timber 
processing with several pellet production mills 
located in  the area. We  were able to  gather data 
about one pellet mill that is  located in  the centre 
of the Arkhangelsk region (in the suburban indus-

trial area approximately 15 km away from the city 
of Arkhangelsk), but we were asked not to disclose 
the name of the facility.

Description of  the system. Initially, trees 
(predominantly Scots pine, with smaller shares 
of spruce, Siberian fir, and larch) are mechanically 
harvested for lumber production and transported 
as  logs to  a  timber mill. At  the mill, timber pro-
cessing generates sawmill residues, such as  saw-
dust, wood chips, and wood shavings, which are 
collected for pellet production. The pellet produc-
tion process occurs at  the same facility where the 
biomass is  collected. Since the biomass used for 
pellet production is a by-product that would oth-
erwise be  disposed of  as  waste, the scope of  this 
LCA excludes harvesting, log transportation, and 
sawmill residue production. Therefore, the system 
boundaries include the following steps: (i) pellet 
production, (ii) pellet transportation, and (iii) pel-
let combustion and waste disposal (Figure 1). Pellet 
combustion and waste disposal are combined into 
a single process as  it  is supported by the software 
and aligns with common practices in  the litera-
ture (Dias et  al.  2017; Ruiz et  al.  2018; Quinteiro 
et  al.  2019). Combining these processes ensures 
a  more streamlined and accurate representation 
of  the system, as  the waste generated (e.g.  ash) 
is directly tied to combustion activity.

The pellet production stage starts with grind-
ing woodchips and larger residues in  a  grinder. 
The process is repeated until the desired size of bi-
omass is  achieved. Afterwards, the sawdust col-
lected as  sawmill residues is  combined with the 
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ground biomass produced during the previous 
stage and then supplied to the drying drum. Dur-
ing drying, the exhaust air is captured along with 
small fractions of biomass using a vacuum and de-
posited down into the hammer mill for further fine 
crushing. It  is  important to  mention that wood-
chips and larger residues are used as fuel during the 
drying process. In a hammer mill, biomass is milled 
to the size of sawdust (4 mm length, 1.5 mm diam-
eter). Next, sawdust is supplied to a cyclone in or-
der to  separate the dust from the air. After being 
filtered from the air, the dust is  supplied to  the 
straight screw conveyor and into the pelletiser. 
The pelletisation process occurs in the press-gran-
ulator under high pressure and at  a  temperature 
of 250–300 °С. Wood dust is glued together via ad-
hesive (e.g. maize starch) in  the form of  cylindric 
pellets. Then, pellets are cut by a special blade that 
is installed in the granulator. The size of produced 
pellets is 10–30 mm in length and 6–10 mm in di-
ameter. Cut pellets are hot and have to be cooled 
down. Pellets are put through a  cooler equipped 
with fans. The cooling process changes the proper-
ties of  the pellets to achieve the desired moisture 
content, firmness, and temperature. The character-
istics of the produced pellets are presented in Ta-
ble 1. After cooling, the pellets are moved from the 
cooler to  a  holding bunker equipped with a  scale 
via a scraper conveyor. At the holding bunker, pel-
lets are packed into small bags (10 kg, 25 kg, 50 kg), 
large bags (250 kg, 500 kg, 1 000 kg), or containers 
(20 feet or 40 feet long). Once packed, pellets are 
stored at the pellet production facility at the stor-
age warehouses.

It is important to note that the pellet producer can 
sell pellets directly to the consumer, as it  is a part 
of  the company's business model. The  pellets are 
held in storage containers at the production facil-
ity and, when purchased, can be delivered direct-

ly to  the consumer. Avoiding the additional step 
of  distributing packed pellets from the producer 
to a dealer provides the pellet producer with greater 
control over the quality of service, pricing, and cus-
tomer relationships. This pellet distribution meth-
od for pellets is  considered and analysed in  our 
study. The  final step is  the production of  thermal 
energy at  the household level. We  assumed the 
combustion of wood pellets took place in a pellet 
furnace with a nominal power output of 25 kW, fol-
lowed by the disposal of ash at a landfill. A 25-kW 
pellet furnace was selected for this study due to its 
widespread availability on  the Russian market, 
cost-effectiveness, and sufficient heating capacity 
for typical residential homes ranging from 200 m² 
to  300 m². Pellet combustion efficiency is  consid-
ered to  be  90%. Waste disposal at  a  landfill was 
selected as the end-of-life option because the alter-
native option of utilising ashes as a fertiliser is not 
feasible in the region due to the climate conditions 
limiting private gardening.

Life cycle inventory. The  inventory data used 
for this LCA are provided by  the executive direc-
tor of the Russian Pellet Union and completed with 
the data from the Ecoinvent 3.4 database (Ecoin-
vent 2017). Main input and output flows used for 
the LCA are presented in Table 2. A biogenic car-
bon neutrality status of  biomass used for energy 
production was applied as  it  is  common practice 
when conducting LCAs (Ruiz et al. 2018; Quinteiro 
et  al.  2019; Martín-Gamboa et  al.  2020). The  ra-
tionale behind the assumption of  carbon neutral-
ity is  that the CO2 emissions occurring during 
biomass combustion are balanced out by  the car-
bon sequestered during biomass growth. In  this 
study, the assumption of  carbon neutrality is  fur-
ther supported by  the fact that sawmill residues 
not utilised for pellet production and subsequent 
heat generation would still be disposed of through 
alternative means, such as  combustion or  land-
filling. In  these alternative scenarios, the amount 
of biogenic emissions released would be compara-
ble to  those generated by  the biomass being used 
for pellet production and subsequent combustion. 
It is crucial to highlight that the concept of carbon 
neutrality applies exclusively to biogenic emissions 
and does not encompass non-biogenic emissions, 
such as  those resulting from fossil fuel consump-
tion and other emission sources associated with 
pellet production and bioenergy generation. These 
non-biogenic emissions have been carefully ac-

Table 1. Characteristics of pellets

Characteristic Unit Amount
Moisture content % 7
Ash content % 0.5
Low heating value MJ·kg–1 17
Bulk density kg·m–3 630
Carbon content % 49.70

Source: Data obtained from the executive director of  the 
Russian Pellet Union via questionnaire
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Table 2. Inventory data for the production of 1 MJ of heat energy from the combustion of pellets in a pellet furnace

Flow Unit Amount Data description
Pellet production (1 kg)

Electricity, high voltage kWh 0.096 Ecoinvent database, electricity  
production mix, APOS, U – RU

Heat, central or small, non-
fossil MJ 0.11232 heat production, wood chips  

from industry, 50 kW furnace

Lubricant oil kg 8.4e-5 Ecoinvent database, lubricant  
oil, APOS, U – GLO

Maize starch kg 0.005 Ecoinvent database, maize  
starch, APOS, U – GLO

LDPE bags kg 0.00228 Ecoinvent database, packaging film,  
low-density polyethylene, APOS, U – GLO

Saw dust kg 0.45 primary data
Wood chips kg 0.45 primary data
Wood shavings kg 0.1 primary data
Water m3 3.0e-5 primary data

Distribution

Truck freight lorry, light (< 3.5 t)  
commercial vehicle

Distance km 20 primary data

Conversion and waste disposal

Pellets kg 0.05882 primary data, moisture content 7%,  
lower heating value 17 MJ·kg–1

Electricity, low voltage kWh 0.005 Ecoinvent database, electricity,  
low voltage, APOS, U – RU

Furnace Ecoinvent database, furnace, pellets,  
25 kW, APOS, U – GLO

Transportation of combustion 
waste (ash) to landfill km 30 freight lorry, heavy (~ 25 t)  

commercial vehicle

Ash kg 2.9e-4 primary data

LDPE – low-density polyethylene; APOS – allocation at the point of substitution; U – undefined; RU – Russia; GLO – global

counted for in our analysis. This concept can also 
be applied to the drying process and pellet combus-
tion process.

Data for the production of 1 kg of pellets was col-
lected from a  primary source via a  questionnaire 
and supplemented with the Ecoinvent database 
(Ecoinvent 2017). The main biomass materials used 
for pellet production are equal parts sawdust and 
wood chips, with a small share of mostly softwood 
shavings. A  high-voltage Russian electricity pro-
duction mix was used for power generation during 
the pellet production process. Heat energy, neces-
sary for the drying phase, was generated from the 

combustion of  wood chips in  a  50-kW furnace. 
Wood chips were sourced from wood process-
ing activities at  the mill. The  Ecoinvent database 
(Ecoinvent 2017) was used to gather input informa-
tion for LDPE bags, lubricant oil, and maize starch. 
The  distribution step of  the LCA includes the 
transportation of pellets over a distance of 20 km 
from the pellet producer to the consumer by a light 
commercial vehicle. This particular distance was 
selected due to  the prevalence of  centralised dis-
trict heating in  Russia's national heating  sys-
tem. The  Russian centralised district heating 
system  is  the largest in  the world and serves over 
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70% of the population (Korppoo, Korobova 2012). 
Most of  the population lives in  apartment build-
ings in  cities. 90% of  the heating in  urban areas 
is from centralised heating plants that utilise con-
ventional fossil fuels to produce heat. On the other 
hand, inhabitants of rural areas live mostly in pri-
vate houses and only 20% of the heat energy comes 
from district heating plants. The pellet production 
facility described in  this study is  located outside 
of  the general urban area, where district heating 
ceases to be the default option. Several rural inhab-
ited areas are located around 20 km away from the 
pellet production facility, hence the decision to se-
lect a  transportation distance of  20 km. The  ra-
tionale behind utilising a light commercial vehicle 
is its economic feasibility and accessibility. A small 
number of  inhabitants live in  rural areas that are 
relatively close to  the pellet mill, which results 
in short transportation distances and lower quanti-
ties of  pellets that need to  be  transported. At  the 
conversion step of the LCA, the production of 1 MJ 
of thermal energy was calculated. During this step, 
pellets are directly combusted in  the 25-kW pel-
let furnace. After the combustion process, it is as-
sumed that the combustion waste will be collected 
by a state-operated waste management service us-
ing a large heavy-duty truck as part of a weekly col-
lection route. The  waste will then be  transported 
approximately 30 km from the household to a des-
ignated landfill.

The ISO 14044 guideline for LCA (ISO 2006b) 
recommends avoiding allocation whenever pos-
sible. As the energy and resource demands within 
the system boundaries of this study were associated 
solely with the production of a single product, al-
location was not performed.

RESULTS AND DISCUSSION

Life cycle impact assessment. Table  3 shows 
the impact assessment results from the generation 
of 1 MJ of heat energy. Figure 2 represents the con-
tribution of  each step of  the life cycle assessment 
to a particular impact category analysed.

GW is regarded as the most relevant and exten-
sively studied impact category in  bioenergy life 
cycle assessments (Martín-Gamboa et  al.  2020; 
Musule et al. 2021) due to its direct link to climate 
change. GW quantifies the greenhouse gas emis-
sions associated with bioenergy systems, provid-
ing a clear metric to evaluate their environmental 

performance and contribution to  climate change. 
Evaluation of  global warming from the produc-
tion of 1 MJ of  thermal energy showed emissions 
of 0.015 kg of CO2 equivalent (eq), mostly accrued 
from pellet production (44.4%) and pellet combus-
tion and waste disposal (40.6%), with 15% emission 
related to  the transportation stage. Despite the 
fact that comparing LCAs can be  challenging 
due to  variations in  system, temporal, and spa-
tial boundaries, functional units, methodological 
choices, differences in feedstock, conversion tech-
nology, etc., some similarities can be found in LCAs 
with particular parameters. A  review conducted 
by Martín-Gamboa et al.  (2020) showed that GW 
values from 0 to 0.025 g CO2 eq use waste biomass 
as  feedstock for pellet production, utilise bio-
mass  for drying during the pelletisation process, 
assume carbon neutrality of  biomass for biogenic 
emissions, and have low transportation distances. 
The parameters of the system in our LCA, as well 
as the GW emissions, overlap with the parameters 
mentioned in the review. The freshwater eutrophi-
cation impact category results show the emission 
of  5.85e-6 kg of  P  eq contributed by  pellet pro-
duction (42.5%) and combustion (49.5%). Marine 
eutrophication emissions amounted to  1.42e-6 kg 
of  N  eq coming predominantly from the pellet 
production stage (85.7%). Terrestrial acidification 
impact amounted to  the emission of  8.29e-5 kg 
of  SO2  eq and is  mainly related to  the combus-
tion stage of the life cycle (61.4%), followed by pel-
let production (29.2%) and transportation (9.4%). 
Fine particular matter formation impact category 
analysis shows the emission of 7.35e-5 kg PM2.5 eq 
generally from the combustion stage (74.5%) and 
pellet production stage (20.5%). Fossil resource 
scarcity emissions are equal to 0.0045 kg of oil eq, 
coming from all three stages of the life cycle in sig-
nificant  shares: pellet production – 49.4%, trans-
portation – 16.7%, and pellet combustion and waste 
disposal – 33.9%. The analysis of ozone formation 
(human health) and ozone formation (terrestrial 
ecosystem) showed practically identical results 
with the main contributor being the stage of pellet 
combustion and waste disposal (74%).

Overall, the combustion and waste disposal stage 
of the life cycle is the most impactful step within the 
current LCA, as  it  is  the main contributor in  five 
out of the eight impact categories (FE, TA, FPMF, 
OFHH, and OFTE). The remaining impact catego-
ries (GW, ME, FRS) are most influenced by the pel-
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Figure 2. Contribution of each step in life cycle assessment (LCA) by impact category using ReCiPe 2016 (H) Midpoint 
life cycle impact assessment (LCIA) method

GW – global warming; FE – freshwater eutrophication; ME – marine eutrophication; TA – terrestrial acidification; FPMF – 
fine particulate matter formation; FRS – fossil resource scarcity; OFHH – ozone formation (human health); OFTE – ozone 
formation (terrestrial ecosystems)
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let production step, with the transportation step 
being the least impactful and never exceeding 17% 
of contribution to any impact category. These find-
ings correspond with the existing literature. For ex-
ample, Quinteiro et al. (2019) assessed the impact 
of small-scale thermal energy production in Portu-
gal from the combustion of pellets produced from 
maritime pine logs. Their findings showed that the 
main contributor to GW and FRS is pellet produc-
tion, whereas thermal energy generation has the 
greatest impact on OFTE, OFHH, and TA. Moretti 
et al. (2014) analysed the effects of thermal energy 
production from pellet combustion in Southern It-
aly and also concluded GW was the most impacted 

by the pellet production process. In another study, 
Topić Božič et al. (2024) conducted an LCA to as-
sess the effects of domestic heat production in Slo-
venia from combustion of  wood pellets produced 
from sawmill residues. The  results of  their LCA 
showed that the pellet production process has the 
greatest impact on GW even when transportation 
distances for pellet distribution reach 500 km.

Sensitivity analysis. Three sensitivity analyses 
were conducted to assess the impact of the meth-
odological assumptions and data used within the 
framework of  this LCA. The  first sensitivity anal-
ysis consists of  the application of  an  alternative 
LCIA method to examine whether the same trend 

Table 3. Results of impact assessment of the production of 1 MJ of heat energy

Impact category Unit Amount
Global warming (GW) kg CO2 eq 0.015
Freshwater eutrophication (FE) kg P eq 5.85e-6
Marine eutrophication (ME) kg N eq 1.42e-6
Terrestrial acidification (TA) kg SO2 eq 8.29e-5
Fine particulate matter formation (FPMF) kg PM2.5 eq 7.35e-5
Fossil resource scarcity (FRS) kg oil eq 0.0045
Ozone formation (human health; OFHH) kg NOx eq 0.00012
Ozone formation (terrestrial ecosystems; OFTE) kg NOx eq 0.00012
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Figure 3. Contribution of each step in life cycle assessment (LCA) by impact category using ILCD 2011 Midpoint method

CC – climate change; FE – freshwater eutrophication; ME – marine eutrophication; PM – particulate matter; MFRRD – 
mineral, fossil, and renewable resource depletion
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in results is observed. The results of the evaluation 
of  ILCD impact categories are presented in  Fig-
ure 3. Similar trends were observed when analysing 
the results of the contribution of each stage of the 
LCA for all impact categories, with the exception 
of marine eutrophication. When utilising the ILCD 
method, the results showed that the main impact 
is  related to  the combustion and waste disposal 
step of LCA (67%), with pellet production contrib-
uting 25%, and the remaining 8% being attributed 
to  the transportation stage. This result is  expect-
ed  considering the difference in  methodological 
approaches these two methods implement in  this 
particular impact category (Colucci et  al.  2021). 
Such discrepancies in  the marine eutrophication 
impact category come from the higher characteri-
sation factors for nitrogen oxides (NOx), simpler 
midpoint modelling approach, and lack of region-
alisation in  ILCD 2011 compared to ReCiPe 2016 
(European Commission, Joint Research Centre, 
Institute for Environment and Sustainability 2011; 
Huijbregts et al. 2017).

The second sensitivity analysis consists of  the 
evaluation of  the alternative source of  heat used 
during the drying stage in  the pelletisation step 
of  the LCA. Many pellet production facilities 
in the Northwest region of Russia generate heat for 
the drying stage of the pelletisation by combusting 
sawmill residues, as is the case in the current study. 

However, there are facilities that obtain the heat for 
the drying step from other sources. For this sensi-
tivity analysis, the production of  1 MJ of  thermal 
energy was assessed with the use of  natural gas 
for the drying of  biomass for pellet production 
since it is one of the most common sources of heat 
in  the Arkhangelsk area in  the Northwest region. 
The results of  the impact assessment are present-
ed in Table 4. The GW and FRS impact categories 
showed a  higher number of  emissions, compared 
to the baseline scenario. Both GW and FRS impact 
categories showed increased emissions by  6.5% 
and 4.3%, respectively, due to the increased emis-
sions during pellet production. The results of ME 
and OFTE impact categories remained the same, 
whereas the overall impact on FE, TA, FPMF, and 
OFHH decreased. The most significant impact re-
duction is observed in the OFHH impact category 
with the amount of  NOx eq emissions decreased 
by 8.7%. Other impact categories showed lower im-
pact reduction with the results not exceeding 2% 
reduction. These results correlate with the existing 
LCA studies that have assessed alternative sources 
of heat for the drying step of pelletisation. The LCA 
conducted by  Padilla-Rivera et  al.  (2017) demon-
strated that the production of  one ton of  packed 
pellets using sawmill residues in  the form of saw-
dust, shavings, and woodchips for heating during 
the drying stage of the pelletisation process emits 
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2.84 kg CO2 eq, whereas drying using natural gas 
emits 20.25 kg CO2 eq. In a study published by Ben-
etto et  al.  (2015), utilising wood chips for drying 
during the pellet production process significantly 
reduced the impact on GW, FE, and FRS compared 
to  drying using natural gas, grape marc pellets, 
or electricity from the grid.

The third sensitivity analysis tests the as-
sumed transportation distance. The  chosen  dis-
tance  of  20 km in  the baseline scenario is  due  to 
the  proximity of  the pellet production facility 
to  the residential areas. For  this sensitivity analy-
sis, the distance of 100 km was chosen due to the 
potential for the pellet production company to in-
crease their distribution networks to smaller rural 
inhabited areas. Several of  these settlements are 
located further from the centre of the Arkhangelsk 
region at a distance of 100 km from the pellet pro-
duction facility. Rural communities living further 
from the urbanised area lack centralised heating 
and are more likely to  have an  increased demand 
for alternative heat sources. The results of this sen-
sitivity analysis can help identify potential environ-
mental impacts and opportunities for optimising 
logistics. Additionally, the same lightweight truck 
was kept as the means of transportation as opposed 
to transportation of pellets by train because it is not 
an  economically viable method for the relatively 
low demand for pellets in the area associated with 
the small number of rural inhabitants. The results 
of LCIA showed significantly increased emissions 
in all impact categories assessed, with the biggest 
growth of 50% for GW and FRS, and almost 30% for 
FE, TA, OFHH, and OFTE (Table 4). These results 

correlate with the existing literature. Topić Božič 
et al. (2024) observed an increase of 85% in OFHH, 
120% in FRS, and 102% in GW if the distance pel-
lets are transported by  truck is  increased from 
100 km to 1 000 km. Another LCA study published 
by Cleary and Caspersen (2015) showed a 37% de-
crease in GW related to the transportation of pel-
lets in  Canada when the transportation distance 
is decreased from 1 889 km (where 250 km are cov-
ered by truck, and 1 635 km by train) to 1 350 km 
by train.

The results of this study provide a comprehensive 
evaluation of the environmental impacts associated 
with residential heat production from wood pellets 
in the Northwest region of Russia, utilising primary 
data specific to the Arkhangelsk area.

CONCLUSION

This study evaluated the environmental impact 
of residential heat production in the Northwest re-
gion of Russia using wood pellets derived from saw-
mill residues through a life cycle assessment (LCA) 
following ISO 14040 and ISO 14044 standards. 
The  analysis, based on  a  gate-to-grave approach, 
included sawmill residue collection, pellet produc-
tion, pellet distribution, and thermal energy pro-
duction and ash disposal. The  ReCiPe 2016 (H) 
Midpoint v. 1.1 method was employed to assess the 
environmental impacts across several categories.

The results indicated that pellet combustion and 
waste disposal is  the most impactful stage in  the 
life cycle, contributing significantly to  freshwater 
eutrophication (FE), terrestrial acidification (TA), 

Table 4. Sensitivity analysis results by impact category

Impact categories Unit
Baseline  
scenario

Sensitivity  
analysis 2

Sensitivity  
analysis 3

amount amount amount
Global warming (GW) kg CO2 eq 0.015 0.016 0.025
Freshwater eutrophication (FE) kg P eq 5.85e-6 5.82e-6 7.69e-6
Marine eutrophication (ME) kg N eq 1.42e-6 1.42e-6 1.55e-6
Terrestrial acidification (TA) kg SO2 eq 8.29e-5 8.20e-5 0.00011
Fine particulate matter formation (FPMF) kg PM2.5 eq 7.35e-5 7.22e-5 8.81e-5
Fossil resource scarcity (FRS) kg oil eq 0.0045 0.0047 0.0075
Ozone formation (human health; OFHH) kg NOx eq 0.00012 0.00011 0.00016
Ozone formation (terrestrial ecosystems; OFTE) kg NOx eq 0.00012 0.00012 0.00016

Baseline scenario – transportation distance of 20 km with waste biomass used for drying; sensitivity analysis 2 – natural 
gas used for drying; sensitivity analysis 3 – transportation distance of 100 km
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fine particulate matter formation (FPMF), and 
ozone formation (both OFHH and OFTE). Pellet 
production was the dominant contributor to global 
warming (GW), marine eutrophication (ME), and 
fossil resource scarcity (FRS). Transportation had 
the least impact across all categories.

Sensitivity analyses confirmed the robust-
ness of  these findings. When an alternative LCIA 
method (ILCD 2011 Midpoint) was applied, simi-
lar trends were observed, with minor deviations 
in marine eutrophication impacts due to methodo-
logical differences. The evaluation of an alternative 
heat source for pellet drying (natural gas) resulted 
in higher emissions for GW and FRS, while other 
impact categories showed reduced impacts. In-
creasing the transportation distance from 20 km 
to 100 km significantly raised emissions across all 
impact categories, emphasising the importance 
of  proximity between the pellet manufacturer 
or distributor and end users.

This study highlights the environmental benefits 
and drawbacks of using wood pellets for residential 
heating in  the Northwest region of  Russia. While 
pellet combustion and production stages are the 
most significant contributors to  environmental 
impacts, optimising the supply chain, particularly 
in terms of transportation distance and heat sourc-
es for drying, can mitigate some of these impacts. 
The  findings provide valuable insights for policy-
makers and stakeholders aiming to  enhance the 
sustainability of bioenergy systems.

The importance of aspects of the transportation 
process, as  highlighted in  the current study, un-
derscores the need for future LCA studies to  in-
vestigate alternative transportation methods and 
transportation distances. Additionally, subsequent 
studies could compare the findings of  this study 
with those of  other bioenergy production scenar-
ios. These scenarios might include: 
– The  use of  different biofuels, such as  wooden 

chips or  firewood, to  assess their comparative 
environmental impact.

– The use of various biomass sources, such as log-
ging residues or bioenergy plantations, used for 
biofuel production to identify the most suitable 
feedstock options.

– The  use of  different conversion technologies, 
such as  pyrolysis or  gasification, to  determine 
their potential for emission reduction.

The findings from such comparative analyses can 
provide critical insights for policymakers, enabling 

them to make more informed decisions on climate 
change mitigation strategies.
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