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Abstract 

Forest biomass is used in many countries as an abundant and easily accessible source of 
renewable energy. While forest biomass has certain advantages in terms of carbon sink 
capability, it cannot be considered an emission-free energy source, and the environmental 
differences among various forest biomass sources have been unclear. This study uses life cycle 
assessment for two purposes. The first is to quantify the environmental impacts of the energy 
production of a small-scale, combined heat and power production plant utilizing different forest 
biomasses. The second aim is to estimate the change in environmental impacts on district heat 
production from natural gas when partially replacing it by heat from the combined heat and 
power plant. The environmental impacts include global warming potential, acidification 
potential, and eutrophication potential. The calculated environmental impacts of utilizing 
different forest biofuels in the CHP plant in relation to produced energy are 2.2–5.1 
gCO2,eq./MJenergy excluding biogenic carbon emission, 59–66 gCO2,eq./MJenergy with biogenic carbon 
emission, and 133–175 mgSO2,eq./MJenergy and 18–22 mgPO34-,eq./MJenergy with pellets, showing the 
highest values. The results indicate that by using forest biomass instead of natural gas in energy 
production, the global climate impacts are reduced when biogenic carbon is excluded, while the 
local effects are higher (acidification potential and eutrophication potential). Including biogenic 
carbon reduces the calculated climate benefit since the total emissions end up being 4–7 % over 
those of natural gas use. The potential benefits need to be weighed against the possible 
drawbacks. 
 
Keywords: life cycle assessment, forest biomass, combined heat and power, environmental 
impacts, renewable energy   

1. Introduction 

Most of the current energy production methods cause adverse environmental impacts and often 
involve considerable resource uncertainties (Hammond, 2004). The (European Union, 2009) has 
targeted a 20 % reduction in greenhouse gas (GHG) emissions by 2020 from the 1990 levels, and 
renewable energy production is deemed the key solution. So far, there has been widespread 
enthusiasm related to renewable energy generation; therefore, an environmental impact 
evaluation of a new bioenergy production process is obviously required. 

Biomass is a renewable energy source with the highest potential to contribute to the energy needs 
of modern society worldwide (European Commission, 1997). Wood and other forms of biomass, 
including energy crops and industrial, agricultural (Cherubini and Ulgiati, 2010), and forestry 
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waste, are some of the main renewable energy resources available (Bridgewater, 2004). In 
Finland, the use of renewable sources for district heating has increased rapidly in recent years, 
and biofuels have contributed an important share in the total energy production to date (Salomón 
et al., 2011). With its abundant forest resources, Finland has the potential to develop renewable 
energy generation from forest biomass by utilizing combined heat and power (CHP) plants. 
Wood chip (WC) fuel chains have been examined, and improvements in the logistic chain have 
been sought (Tahvanainen and Anttila, 2011). The WCs have been produced from small-
diameter wood and wood residues. Additionally, industrial residues, such as cutter dust and 
sawdust, have been used to produce pellets for small-scale CHP plants.  

To contribute to the mitigation of climate change, renewable energy technology has to produce 
less emission than the conventional fossil fuel-based energy production. Life cycle assessment 
(LCA) examines the potential environmental impacts throughout a product’s life cycle, from raw 
material acquisition to final disposal (ISO 14040, 2006). LCA offers a powerful tool to analyze 
environmental impacts, including climate change effects of energy production methods. LCA has 
been conducted on photovoltaic systems (Sherwani and Usmani, 2010), biogas (Ishikawa et al., 
2006), biomethane (Uusitalo et al., 2014),bioethanol production (Sandilands et al., 2009), and 
wind power production (Schleisner, 2000). Caserini et al. (2010) state that GHG savings can be 
obtained in comparison to conventional fuels if biomass supplying distance is less than 600 km. 
Furthermore, Pehnt (Pehnt, 2008) found that most micro cogeneration systems are superior in 
GHG reduction potential compared to average electricity and heat supply as well as to state-of-
art separate production. Kimming et al. (2011) concluded that utilizing agricultural biomass in 
small-scale CHP plants result to GHG emission reductions in comparison to fossil fuel-based 
systems. CHP can play an important role in the energy system. For example, CHP reduces fuel 
costs and contributes to the optimization of total energy costs, capacity, and societal costs 
(Østergaard, 2009). 

Cherubini and Strømman (2011) state that in most LCA studies, replacing fossil energy with 
bioenergy results in a significant net reduction in GHG emissions. Eriksson et al. ( 2007) found 
that district heat and electricity production from biofuels would be environmentally sound 
strategy when comparing it to waste combustion and natural gas in Sweden. Similarly Kimming 
et al. (2011) concluded that small scale CHP production from agriculture biomass would be 
suitable in rural areas in Sweden and would reduce emissions considerably in comparison to 
fossil-fuel based system. According to a study by Caserini et al. (2010) net GHG emission 
savings are obtained when comparing biomass combustion to fossil fuel use when supplying 
distance is less than 600 km but the more locally affecting emission such particle matter, PAH 
and VOC are a negative environmental effect from the biomass combustion. The common 
practice of assuming the carbon neutrality of biomass use has also been challenged (Cherubini et 
al., 2016).While forest biomass has certain advantages in terms of carbon sink capability, it 
cannot be regarded as an emission-free energy source (Cherubini et al., 2016), and the 
environmental differences among various forest biomass sources are unclear.  

LCA has been also used in calculating GHG emission impacts of biomass production chain  
(Jäppinen et al., 2014; Wihersaari, 2005) and use in energy production (Leino et al., 2016) in 
Finland. Jäppinen et al. (2014) concluded that harvesting residues and small diameter wood are 
most attractive sources for wood-based fuels.Leino et al. (2016) concluded that from climate 
change perspective, saw mills would benefit from using saw mill residues in CHP production. 
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Wihersaari (2005) found that reductions GHG emission reductions could be as much as 98 %. 
However, few studies have focused on other impact categories, such as acidification potential 
(AP) and eutrophication potential (EP) when biomass fuels replace fossil fuels. Distributed CHP 
production using wood-based fuels can help mitigate global GHG emissions by replacing fossil 
fuels. However, the impacts might be different when examining more locally affecting emissions 
that cause acidification and eutrophication. In addition, there is a research gap on the impact a 
small scale CHP plant utilizing wood-based fuels would have as a part of district heat production 
system. A small scale CHP plant could provide enough district heat during warmer months of the 
year when there is not enough heat load for large scale CHP plant and also provide renewable 
electricity. 

Thus, this study’s first goal is to quantify environmental impacts, including the global warming 
potential (GWP), the AP, and the EP of producing energy in a small-scale CHP plant that utilizes 
different forest biomasses. The second goal is to compare the environmental impacts of 
producing district heat solely from natural gas against producing part of the district heat in the 
CHP plant in the selected case area. The examined wood-based fuels include WCs from forest 
residues and small-diameter wood, as well as pellets from cutter dust and sawdust. 

2. Methods 

2.1. Case study  

The technology examined in this study is a small-scale CHP plant using forest biomass, located 
in the Saimaanharju area in the municipality of Taipalsaari, Finland. The plant is used alongside 
the natural gas heating plant. The total heat demand in the Saimaanharju district heat grid 
averages 7 000 MWh/a (Neuvonen, 2014). The small-scale CHP plant uses wood chips or pellets 
as fuels in a grate furnace. The combustion gases are directed to a heat exchanger where the heat 
is transferred to compressed air. The air is then used in a micro gas turbine to produce electricity. 
The aim of using pressurized air is to have reliable, error-free operations as much as possible. In 
addition to the electricity, the plant also produces heat which is directed to the district heating 
network and replaces the heat produced by natural gas (Karhunen and Koskelainen, 2013). A 
simplified process chart is presented in Figure 1. According to an updated simulation of the 
Saimaanharju CHP plant, it uses 580 kW (4 400 MWh/a) of fuel and produces 106 kW 
(approximately 790 MWh/a) of electricity and 400 kW (approximately 3 000 MWh/a) of heat. 
The electric efficiency is 18  %, with a heat efficiency of 68  % (Koskelainen, 2012). More 
information about the Saimaanharju CHP plant modeling has been reported (Sipilä et al., 2015), 
and the CHP plant has been compared with other distributed energy systems (Väisänen et al., 
2016). More information about the Saimaanharju CHP plant in general (Sipilä et al.), Matlab 
modelling (Karjalainen, 2015) and comparison of the CHP plant with other distributed energy 
systems (Väisänen et al., 2016).  
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Figure 1. Simplified flow chart about small-scale CHP plant investigated in the study. 

First, this study calculates and compares the environmental impacts of using wood-based fuels 
for the small-scale CHP plant. Second, the environmental impacts of producing district heat 
solely from natural gas are compared against partially producing heat from the small-scale CHP 
plant in the Saimaanharju area. The system boundaries for calculating the emissions of energy 
production in the CHP plant and the changes in the environmental impacts of the Saimaanharju 
district’s heat production are represented in Figure 2. 
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Figure 2. System boundaries and reference flows for calculating the environmental impacts of 
producing energy with a small-scale CHP plant utilizing different wood-based fuels (System 
boundary 1) and for determining the environmental impacts in Saimaanharju when district heat 
produced from natural gas is partially replaced by heat from the small-scale CHP plant (System 
boundary 2). 
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2.2. Life cycle assessment 

LCA was performed in accordance with ISO standards 14040 and 14044 (ISO 14040, 2006; ISO 
14044, 2006). The functional unit was 1 MJ of produced energy (21 % electricity and 79 % 
heat); Figure 2 shows the two system boundaries, as well as the reference flows. The impact 
assessment was performed by using GaBi 6.0 software (Thinkstep, 2015) with the CML2001–
April 2013 life cycle impact assessment methodology (CML - Department of Industrial Ecology, 
2016; Guinée et al., 2002). The environmental impact categories included GWP (gCO2, equivalent), 
AP (mgSO2, equivalent), and EP (mgphotphate, equivalent). The GWP was selected to calculate the global 
environmental impact of utilizing wood based fuels in CHP production and estimate the impact 
when replacing fossil fuels. Also the biomass carbon effect on GWP is calculated. Since small 
scale CHP plant is part of distributed local energy production, also AP and EP impact categories 
were included to study the local environmental impacts that energy production from wood based 
fuels could have. The impact assessment was done until the characterization phase. The results of 
the environmental impact assessment of district heat production were normalized to compare the 
relative changes of the investigated impact categories—GWP, EP, and AP. Normalization 
includes calculation of the magnitude of the category results relative to reference information.” 
The normalization of the results was conducted by using CML2001–April 2013 EU25+3 values 
(CML - Department of Industrial Ecology, 2016; Guinée et al., 2002) , which means that the 
reference information was the total emissions of a given category produced in EU 28 countries. 
The study focused on comparing the environmental impacts of using different wood-based fuels 
in the small CHP plant and estimating the changes in environmental impacts if this small-scale 
CHP plant would be used to partially replace district heat produced from natural gas. The 
consequential impacts of diverting the studied wood-based fuels or building materials from other 
possible uses are beyond the scope of this study, as well as deciding whether to use the small-
scale CHP plant for utilizing biomass or other energy production methods. 

The emissions from land use change (LUC) were not included since the small diameter wood 
and forest residues are assumed to come from thinning of existing forest without land use 
change. The saw dust and cutter dust on the other hand are residuals from wood industry and as 
wastes considered to have zero emission burden for following processes. The environmental 
impact caused by manufacturing and maintaining of capital goods related to obtaining forest fuel 
were excluded due to earlier findings on low effect on environmental impact results when 
studying seedling production (Cambria and Pierangeli, 2011), pulpwood supply chain (González-
García et al., 2009) or forest biomass to biofuel production (Zhang et al., 2015). The carbon 
sequestration and release effect were included by taking into account the temporal asymmetry 
between biomass combustion and regrowth. The used GWP factor for forest biomass-originated 
carbon (biogenic carbon) was 0.45 ± 0.05 kgCO2,eq./kg CO2 biogenic (Cherubini et al., 2016). LCA 
studies usually assume that forest biomass is carbon neutral; therefore, this study’s results both 
include and exclude the biogenic carbon emissions.  
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2.3. Life cycle inventory  

2.3.1. Wood chip production 

The feedstocks for WC products include small-diameter wood and forest residues. The 
information for a small-diameter WC production chain was obtained from a local supplier in the 
Taipalsaari municipality (Brofeldt, 2013). The forest residue WC chains differ from each other 
by the comminution site. In the terrain comminution chain the comminution is done in the forest 
by the same machine that collects the forest residue and no haulage of the forest residue is 
needed. In the road side comminution chain the food residues are hauled next to the forest road 
where a comminution of the forest residue takes place so that wood chips are loaded to a 
transport vehicle. In the terminal comminution chain the forest residues are transported to 
centralized terminal where the comminution takes place and the wood chips are transported from 
there to the customer. The forest residue WC chains in this study were based on average chains 
in Finland, according to Wihersaari and Palosuo (2000). Table 1 presents the diesel consumption 
of WC production chains. More specific information on the forest residue production chain in 
Finland can be found from Wihersaari and Palosuo (2000) and Wihersaari (2005).  

Table 1. Diesel consumption in producing small-diameter wood and forest residue WCs and 
properties of these fuels (Asikainen et al., 2012; Brofeldt, 2013; Heikkilä et al., 2005; Karttunen 
et al., 2010; Laitila et al., 2010; Lectura, 2013; Wihersaari and Palosuo, 2000). 

Wood material Small-diameter wood Forest residue  Unit 
Comminution site Roadside Terrain Roadside Terminal 

Cutting 0.00260  l diesel/kg
Haulage 0.00101 0.083 0.0056 l diesel/kg
Comminution 0.00101 0.1781 0.135 0.00267 l diesel/kg
Transportation 0.00101 0.0438 0.044 0.00111 l diesel/kg
Total 0.0056 0.22 0.26 0.00937 l diesel/kg
Moisture 36 40 40 40  % 
Heating value LHVar 11.6 10.7 10.7 10.7 MJ/kg 

1Includes hauling 

The emissions of the harvester, agricultural tractor, forest tractor, and full trailer truck were 
obtained from the (Lipasto, 2012) database. The transport was assumed to use the Euro 5th-class 
full trailer truck, and the emissions from diesel use also came from the (Lipasto, 2012) database. 
Table 2 presents the emissions from working machines and transport vehicles. The emissions 
caused by manufacturing the required equipment were excluded due to the lack of available data 
and information on how much of the emissions could be allocated for the pellets used in this 
particular plant. 
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Table 2. Working machine and transport vehicle emissions when using diesel (Lipasto, 2012). 

Emission Harvester 
Forest 
tractor 

Agricultural 
tractor 

Full trailer 
truck 

Heavy delivery 
truck 

g/l diesel g/l diesel g/l diesel g/l diesel g/l diesel 
CO 5.4 5.2 8.3 0.4 0.16 
HC 1 1.1 2.8 0.05 0.02 
NOx 11 12 22 8.5 3.40 
PM 0.27 0.43 1.2 0.09 0.04 
CH4 0.15 0.15 0.15 0.005 0.08 
N2O 0.071 0.07 0.072 0.07 0.08 
NH3 0.01 0.012 
SO2 0.017 0.017 0.017 0.02 0.008 
CO2 2607 2607 2624 2491 1197 

 

2.3.2. Pellet production 

The pellets were assumed to be produced from either sawdust or cutter dust. Sawdust pellets 
require heat in the production process since the raw material is wet and has to be dried, whereas 
cutter dust is already dry enough for pellet production. Additionally, electricity is needed in the 
pellet production process (Hagberg et al., 2009). The pellet fuel is transported at an average 
distance of 108 km (Statistics Finland, 2012). Full trailer trucks were assumed to be used for the 
transportation of pellets. Table 3 shows the energy needs in pellet production and transport, as 
well as the pellet properties. 
 
Table 3. Electricity and heat consumption in sawdust and cutter dust pellet production and pellet 
properties (Alakangas, 2000; Hagberg et al., 2009; Statistics Finland, 2012). 
Raw material Sawdust Cutter dust   Unit 
Electricity use 0.04 0.02 MJ/MJ fuel 
Heat use 0.2 MJ/MJ fuel 
Transport 0.00222   l diesel/kg 
Moisture 10 10 % 
Heating value LHVar 17 17 MJ/kg 
 
2.3.3. Construction materials for Saimaanharju CHP plant  

The emissions from producing the construction materials for the Ekogen plant were included into 
the LCA, but the energy consumption of construction phase was not recorded and it was 
excluded from the LCA. The lifetime of the plant was assumed to be 20 years, and the yearly 
emissions were divided evenly by that period. Table 4 presents the construction materials for the 
plant and the emissions from producing them. 
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Table 4. Saimaanharju CHP plant construction materials and masses (Ecoinvent Centre, 2010; 
Juhl, 2013; Koskelainen, 2012; Paroc Group, 2013; Thinkstep, 2015).  
Material Mass GWP Acidification Eutrophication 
  kg kgCO2,eq/kg kgSO2,eq./kg kgPO34-,eq./kg 
Steel 20 098 2.35 0.0068 0.00048 
Furnace 12 490 1.26 0.036 0.0011 
Reinforced concrete 15 000 0.55 0.00079 0.000087 
Total 47 588       

 

2.3.4. Combustion 

The NO2, CH4, and SO2 emissions from combusting WCs and pellets are estimated to be 0.114 
g/MJ fuel, 0.0008 g/MJ fuel, and 0.044 g/MJ fuel (Alakangas, 2000; Koskelainen, 2012; Raiko et 
al., 2002; Vesterinen et al., 1985; Wihersaari and Palosuo, 2000). Nitrous oxide (N2O) is easily 
disintegrated at high temperatures of over 930oC (Wihersaari and Palosuo, 2000). According to 
Winter et al. (1999), the concentration of H-radicals in combusting hydrogen-rich biofuels, low 
nitrogen contents, and relatively high NH3 levels explain the very low N2O emissions from 
biomass combustion. Since the temperature in the furnace of the Saimaanharju CHP plant is 
higher than 1000oC (Koskelainen, 2012), the N2O emissions are assumed to be negligible.  

2.3.5. Ash granulation, transport, and spreading 

Ash from combustion is assumed to be granulated by using electricity, transported with full 
trailer trucks, and spread into the forest with a forest tractor (Wihersaari and Palosuo, 2000). 
Values from the Lipasto (2012) database for the Euro 5th-class full trailer truck were used for 
vehicle emissions. The energy requirement of ash granulation is 0.0153 MJ electricity/kg, and 
those for transport and spreading are 0.00235 l diesel/kg and 0.005 l diesel/kg (Wihersaari and 
Palosuo, 2000). 

2.3.6. Energy production and use 

The emission factors for electricity were determined by using the Finnish production mix plan 
from Gabi 6 and by applying the average electricity production mix in Finland between June 
2006 and September 2013 (Table 5). The sawdust pellet process required renewable heat from 
solid biofuel, and the emissions were obtained from Gabi 6. The values of the emissions from 
producing heat from natural gas and obtaining diesel also came from Gabi 6. The used NO2, 
CH4, and SO2 emission factors for the heat produced from natural gas were 0.72 g/MJ, 0.055 
g/MJ, and 0.0093 g/MJ (Thinkstep, 2015). 
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Table 5. Average electricity production mix in Finland, June 2006–September 2013 
(Soimakallio, 2013). 
Source of electricity Share (%)
Nuclear power 30 
Hydropower 19 
Coal 15 
Wood and other biofuels 14 
Natural gas 13 
Peat 7 
Other domestic fuels, not biofuels 1 
Oil 0.5 
Wind power 0.5 
Total 100 
 
 
2.3.7. Uncertainty analysis 

The values collected for the life cycle inventory data often include the selection of values for 
calculation from a set of available values. Uncertainty analysis was conducted for the calculation 
of the Saimaanharju CHP plant’s environmental impacts to increase the robustness of the LCA 
results and to find out how much the environmental impacts would vary according to the changes 
made in the initial data. 

The energy efficiency of production processes is improving continuously, and it is also possible 
to reduce the energy use of the wood-based fuel production chains. Therefore, the impact of 
decreased energy use in the production chains of WCs and pellets was estimated in the 
uncertainty analysis. The values used in the uncertainty analysis for WC production are 
summarized in Table 6, and those for pellet production are listed in Table 7.  

The NO2, CH4, and SO2 emissions from combusting WCs and pellets also varied at 0.08–0.149 
g/MJ of fuel, 0.00056–0.00104 g/MJ of fuel, and 0.034–0.063 g/MJ of fuel (Alakangas, 2000; 
Koskelainen, 2012; Raiko et al., 2002; Vesterinen et al., 1985; Wihersaari and Palosuo, 2000). 
Additionally, the heating values of wood-based fuels changed somewhat, depending on the 
moisture content of the produced fuels, which also affected the results of the LCA. The LHVar of 
the pellets varied between 14 MJ/kg and 18 MJ/kg (Alakangas, 2000), the LHVar of the WCs 
from small-diameter wood ranged from 9.6 MJ/kg to 13 MJ/kg, and the LHVar of the WCs from 
forest residues ranged from 8 MJ/kg to 11 MJ/kg. 
 
Table 6. Values used in uncertainty analysis for energy consumption in WC production 
(Asikainen et al., 2012; Karjalainen and Asikainen, 1996; Kärhä et al., 2011).  
Wood material Small-diameter wood Forest residue      Unit 
Comminution site Roadside Terrain Roadside Terminal   
Cutting 0.0017       l diesel/kg
Haulage 0.00079 0.0008 0.0041 l diesel/kg
Comminution 0.00068 0.0022 0.0014 0.0014 l diesel/kg
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Table 7. Values used in uncertainty analysis for energy consumption in pellet production (Chen, 
2009; Hagberg et al., 2009). 
Raw material Sawdust Cutter dust   Unit 
Electricity use 0.02 0.01 MJ/MJ fuel
Heat use 0.14   MJ/MJ fuel

3. Results 

3.1. Environmental impacts of energy produced in small-scale CHP plant 

The Saimaanharju CHP plant emissions causing global warming, eutrophication, and 
acidification were calculated when using 4 400 MWh/a of wood-based fuel and producing 790 
MWh/a of electricity and 3 000 MWh/a of heat. 

3.1.1. Global warming potential  
Figure 3 illustrates the GWP results, including and excluding the biogenic carbon emissions from 
the Saimaanharju CHP plant. The biogenic carbon emissions cause the majority of the emissions, 
11–30 times more than other emission categories combined, contributing 57–64 gCO2,eq./MJ of 
energy. Excluding the biogenic carbon emissions, obtaining fuels (including the related transport, 
heat, electricity, comminution, hauling, and cutting) causes the most significant portion of the 
emissions (82–92 %), while plant materials contribute about 6–13 % of the emissions. In WC 
production from small-diameter wood, cutting down trees produces most of the emissions (41 
%), and there are no significant differences in emission values among hauling, comminution, and 
transport (14 % for each contributor). Producing WCs from forest residues (including terrain, 
terminal, and roadside WCs) does not require cutting down trees; therefore, emissions mainly 
come from hauling, comminution, and transport. Hauling terminal WCs results in the highest 
emissions (1.8 gCO2,eq./MJ of energy), followed by roadside WCs (0.8 gCO2,eq./MJ of energy), 
while comminution shows the highest emissions (1.6 gCO2,eq./MJ of energy) for terrain WCs, 
followed by roadside and terminal WCs (1.2 gCO2,eq./MJ of energy and 0.9 gCO2,eq./MJ of energy). 
Transport contributes 8–17 % of the emissions in WC production from forest residues and pellet 
production. In WC production, electricity consumption produces most of the emissions (70–72 
%), whereas in saw dust pellet production, consumed heat accounts for 14 % of the emissions. 
The emission amounts from other contributors are low or negligible. 
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Figure 3. Saimaanharju CHP plant’s GHG emissions in relation to functional unit (1 MJ of 
produced energy), calculated based on System boundary 1, including the uncertainty of the 
results (represented by the error bar). 

3.1.2. Acidification potential 
Combustion is responsible for the main percentage of the emissions causing the AP (72–94 %), 
as shown in Figure 4. The highest combustion emissions result from using WCs from small-
diameter wood (133 mgSO2,eq./MJ of energy), and the lowest emissions come from cutter dust and 
sawdust pellets (125 mgSO2,eq/MJ of energy). There are no significant differences among the 
combustion emission values of WCs produced from wood residues (128 mgSO2,eq./MJ of energy). 
Heat consumption accounts for 21 % of the emissions in the production process of sawdust 
pellets due to the wet raw material which needs to be dried, while consumed electricity produces 
low emissions (4–5 %) in the production processes of both cutter dust and sawdust pellets.  
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Figure 4. Saimaanharju CHP plant emissions causing AP in relation to functional unit (1 MJ of 
produced energy), calculated based on System boundary 1, including the uncertainty of the 
results (represented by the error bar). 

3.1.3. Eutrophication potential 

Eutrophication results from airborne emissions containing nitrogen. The findings show that 
combustion comprises the largest segment of emissions causing the EP (77–95 %) (Figure 4). 
Obtaining fuel (including the related transport, heat, electricity, comminution, hauling, and 
cutting) contributes a small fraction of the emissions, and with the exception of sawdust pellet 
production, heat consumption contributes about 17 % of the emissions causing the EP. 
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Figure 5. Saimaanharju CHP plant emissions causing EP in relation to functional unit (1 MJ of 
produced energy), calculated based on System boundary 1, including the uncertainty of the 
results (represented by the error bar). 
 
3.2. Environmental impacts of district heat production in the Saimaanharju area 

The Saimaanharju area needs approximately 7 000 MWh/a of heat annually for district heating 
purposes. The situation where all this heat is produced with a natural gas boiler is compared to 
the case where the Saimaanharju CHP plant produces part of it (3 000 MWh/a), and the rest is 
produced with a natural gas boiler. The Saimaanharju CHP plant also produces electricity (790 
MWh/a), and taking into account the emission reductions from displacing the average grid 
electricity reduces the overall emissions.  

3.2.1. Emissions in relation to produced heat 

Figure 6 shows the emissions in relation to the produced heat (7 000 MWh/a). Compared to the 
heat produced only from natural gas, producing part of the heat from biomass results in lower 
GHG emissions in relation to the heat produced, when excluding biogenic carbon emissions. On 
the other hand, including biogenic carbon emissions leads to 2–7 % higher GHG emissions than 
those of natural gas use. Emissions related to eutrophication and acidification are increasing. The 
heat production emission factors of natural gas in relation to the heat produced are 72 
gCO2,eq./MJheat, 55 mgSO2,eq./MJheat, and 9 mgPO34-,eq./MJheat, while the emission factors in wood-
based fuel utilization are 33–35 gCO2,eq./MJheat, 80–103 mgSO2,eq./MJheat, and 12–13 mgPO34-

,eq./MJheat when accounting for electricity displacement and excluding biogenic carbon emissions. 
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The GWP of natural gas is the most dominant. Acidification is highest in sawdust pellets, 
followed by the rest of the wood-based fuels, and lowest in natural gas. There are no significant 
differences in eutrophication among wood-based fuels. If the electricity displacement is not 
considered, the emission factors would increase to 19–21 % in GHG emissions, 18–22 % in 
acidification, and 13–29 % in eutrophication. 
 

 
Figure 6. Emissions causing global warming, including and excluding biogenic carbon 
emissions (gCO2,eq./MJheat), eutrophication (mgPO34-,eq./MJheat), and acidification (mgSO2,eq./MJheat) 
when producing heat for the Saimaanharju area from natural gas only compared to 43 % of heat 
produced from different biofuels in the Saimaanharju CHP plant and the rest from natural gas.  

3.2.2. Normalization 

Figure 7 summarizes the normalized results of the annual environmental impacts of the 
Saimaanharju district’s heat production.  
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Figure 7. Normalized values (EU-25+3) of annual emissions of the Saimaanharju district’s heat 
plant, causing global warming, acidification, and eutrophication with natural gas only and with 
different biofuel and natural gas combinations.  

The change in relation to the yearly emissions of the EU-25+3 is more significant in GHG 
emissions than in acidification and eutrophication. Natural gas emissions have the lowest 
acidification impact, but the difference from wood-based fuels is small. All of the examined fuels 
have relatively low eutrophication impacts. The results show that the reduction in GHG 
emissions is more significant than the increase in emissions causing acidification and 
eutrophication.  

4. Discussion 

From the GHG emission perspective, obtaining fuel for CHP production causes the most 
significant percentage of the emissions (approximately 90 %); therefore, it is worthwhile to 
examine the causes of emissions in fuel-obtaining chains. These emissions are caused by the 
diesel used in working machines in the case of WCs, as well as heat and electricity consumption 
in pellet production. According to Arvidsson et al. (2012), the amount of fossil energy used 
during the production of biofuels is an important factor in the optimization of production 
systems. Supply chains of forest residues for combustion in the Saimaanharju CHP plant are 
responsible for emissions in the production phase. The GHG emission results related to obtaining 
forest fuels are in line with those of previous studies. This study notes 2–4 gCO2,eq./MJ for forest 
fuels, while Berg and Lindholm (2005) estimate that harvest logging residues in Central Sweden 
yield 2.3 gCO2,eq./MJ, and Berg et al. (2014) calculate that forest supply chains in Germany and 
Sweden have a GHG emission range of 1–2.8 gCO2,eq./MJ. In this study, transport contributes 12–
17 % of the emissions causing the GWP in WC production from forest residues.  

According to Wihersaari (2005), the emissions from collecting, chipping, and transporting 
residues depend on harvesting and chipping methods and transportation distance. Valante et al. 
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(2011) also report that transportation accounts for 31 % of emissions, while Puettmann and 
Lippke (2013) reveal that the transportation and collection of wood waste feedstocks contribute 
minimally (8 %) to the GWP. The process of WC production from small-diameter wood 
generates lower GHG emissions per produced energy (2.2 gCO2,eq./MJ) compared to the 
production of other wood fuels, with sawdust pellets yielding the most (5.1 gCO2,eq./MJ). In 
contrast, the production of pellets has a higher impact due to its required amount of electricity 
and heat compared to WC pathways. Thus, research into more efficient methods of wood pellet 
production would help diminish its environmental impacts. 

The combustion of forest biomass is often assumed to be carbon neutral. However, the temporal 
asymmetry between biomass combustion and regrowth has an impact on the GWP of forest 
biomass use (Cherubini et al., 2016). As the results show, taking this biogenic carbon emission 
into consideration would significantly increase the GWP of forest biomass. The small-diameter 
wood comes from the thinning of the industrial forests, and the removal of this biomass aims at 
increasing the growth of the remaining trees. This might result in higher carbon sequestration of 
the remaining trees, but its extent is unclear, and this issue is not included in this study. 

Combustion is responsible for the main percentage of emissions causing acidification (72–94 %). 
The combustion emissions consist of SO2 and NO2, each amounting to half of the total SO2,eq. 
emissions. The SO2 emissions arise from the fuel’s sulfur content (assumed to be 0.04 % for 
wood), resulting in SO2 emissions of 43–48 mgSO2/MJ (Alakangas, 2000; Raiko et al., 2002). 
The NOx emissions are assumed to be 114 mgNO2/MJ (Vesterinen et al., 1985; Wihersaari and 
Palosuo, 2000). Similar to acidification, combustion emissions from NOx also constitute the 
main reason for eutrophication (77–95 %). In this study, acidification occurs at a higher level 
than eutrophication from all resources, based on the attribution of NOx and other emissions 
during combustion. According to Zah et al. (2007), biofuels are beneficial in terms of GHG 
reduction but occasionally result in greater impacts on other environmental indicators during 
their production. The environmental impacts can be decreased by implementing appropriate 
practices, which will presumably offer possibilities to further optimize several production paths.  

In relation to the produced heat, wood-based fuels contribute less to the GWP than natural gas 
(53 % decrease on average) when excluding biogenic carbon emissions but contribute more to 
acidification and eutrophication (on average, 57 % and 44 % increase). Including biogenic 
carbon reduces the calculated climate benefit since the total emissions end up being 4–7 % over 
those of natural gas use. In comparison, Puettmann and Lippke (2012) report that the greatest 
reduction in the GWP (66 %) results from the increased use of forest residuals for heat energy, 
which is slightly higher than our findings without biogenic carbon emissions. Based on our 
study, the impacts on the AP and the EP of wood-based fuels are higher than the impact of 
natural gas due to SO2 and NOx emissions from wood combustion. According to Cherubini and 
Ulgiati (2010), biofuels often have a higher EP than a conventional fossil fuel life cycle. When 
electricity displacement is included, emissions are reduced. In our study, the emission factors of 
natural gas heat and grid mix electricity are approximately the same, and the energy production 
of the Saimaanharju CHP plant emits very little GHG. The selected emission values for grid 
electricity affect the results.  

The normalized results in Figure 7 indicate that relatively most significant effect is the reduced 
GWP associated with wood-based fuel production. In the case of the normalized acidification 
impact, the district’s heat from natural gas has lower values. All resources have relatively low 
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normalized eutrophication impacts. It becomes apparent that focusing on different impact 
categories produces different conclusions and recommendations on the environmental impacts of 
using forest biomass for energy generation. LCA is suitable method to investigate the 
environmental impacts of wood biomass energy production and comparing it with fossil fuel 
based energy production. It is also advisable to show effect of the biogenic on biomass LCA 
results. 

5. Conclusions 

Environmental impacts—including the GWP, the EP, and the AP of the small-scale CHP plant 
utilizing different wood-based fuels and replacing the district’s heat produced from natural gas 
with heat from the CHP plant—were calculated. Obtaining fuels (including the related transport, 
heat, electricity, comminution, hauling, and cutting) generates the majority of the GWP (82–92 
%) of the small-scale CHP plant. Combustion is responsible for the main percentages of the 
emissions causing the AP (72–94 %) and the EP (77–95 %). The calculated environmental 
impacts of utilizing forest biomass in the small-scale CHP plant in relation to produced energy 
are 2.2–5.1 gCO2,eq./MJenergy, 133–175 mgSO2,eq./MJenergy, and 18–22 mgPO34-,eq./MJenergy. Pellet 
production requires a large amount of electricity and heat and thus creates a higher impact than 
WCs. Additionally, when 43 % of the district’s heat from natural gas is replaced with heat from 
the small-scale CHP plant and electricity displacement is accounted for, the annual GWP is 
reduced by 51 %–53 %, whereas the AP is increased by 47 %–88 %, and EP is increased by 37 
%–61 %. The results indicate that by using forest biomass instead of natural gas in energy 
production, the global climate impacts (GWP) are reduced when excluding biogenic carbon 
emissions, while the local effects are higher (AP and EP). Including biogenic carbon reduces the 
calculated climate benefit since the total emissions end up being 4–7 % over those of natural gas 
use. The potential benefits need to be weighed against the possible drawbacks.  
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