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ABSTRACT 

Wood-fuelled systems are commonly used all over the world for residential heating, and 

recently wood pellets have been replacing traditional firewood. This article presents an 

environmental life cycle assessment of five wood-based combustion systems for 

residential heating: i) a pellet stove using maritime pine pellets; a wood stove using ii) 

eucalyptus (Eucalyptus globulus Labill.) and iii) maritime pine (Pinus pinaster Ait.) 

split logs; and a fireplace using iv) eucalyptus and v) maritime pine split logs. The 

functional unit is 1 MJ of thermal energy for residential heating. System boundaries 

include four stages: (1) forest management; (2) pellet and wood split log production; (3) 

distribution; and (4) thermal energy generation. Environmental impacts were calculated 

for seven impact categories from the ReCiPe 2016 midpoint method, and a sensitivity 

analysis was performed using the Product Environmental Footprint (PEF) life cycle 

impact assessment method and modifying the distances travelled. 

Of the five heating systems analysed, the fireplace presents the worst performance for 

all the impact categories with the exception of freshwater eutrophication and marine 

eutrophication, when maritime pine split logs are burned in the fireplace. Comparing the 

pellet stove with the wood stove, neither system is better for all the impact categories 

analysed. Regarding sensitivity analysis, the use of an alternative characterisation 

method leads to similar trends in the results in comparison with those obtained from the 

ReCiPe method, while changes in transport distances do not affect the total impacts to a 

large extent. 

 

 

Keywords: biomass, fireplace, LCA, residential heating, wood pellets, wood stove 
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1. Introduction 

The use of woody biomass for energy purposes has been increasing in recent decades, 

highlighting the importance of woody resources in sustainable economies (Branck, 

2017; IEA Bioenergy, 2002), due to the potential to reduce fossil fuel dependency and 

greenhouse gas (GHG) emissions. Directive 2009/28/EC (Renewable Energy Directive) 

supports the use of woody biomass for achieving a 20% share of renewable energy 

sources in the European Union (EU) final energy mix by 2020. Recently, a new 

Renewable Energy Directive for the period beyond 2020 has been approved, with the 

purpose of reaching 32% renewable energy in the EU energy mix by 2030 and defining 

a ‘bioenergy sustainability policy’ (European Commission, 2018). In 2015, 46% of the 

total renewable energy produced in the EU came from woody biomass. Besides that, 

about half of the thermal energy produced from woody biomass was for residential 

heating (82,921 ktoe) (AEBIOM, 2017). 

Wood-fuelled systems are commonly used all over the world for residential heating, and 

recently wood pellets have been replacing the firewood traditionally used for residential 

heating. Wood pellets are burned in pellet stoves with a higher combustion efficiency 

than traditional heating systems (wood stoves and fireplaces). Besides that, wood pellets 

have a higher energy density and thus require less storage space than firewood, 

considering an energy basis (Carvalho, 2016; Cespi et al., 2014; Loo and Koppejan, 

2008). However, pellet production requires more complex industrial processing 

(Giuntoli et al., 2015; Marques et al., 2018), in principle leading to higher life cycle 

impacts. 

Portugal is in the top ten of the largest producers of wood pellets in the EU, producing 

more than 1 million tonnes and consuming around 100,000 tonnes (AEBIOM, 2015). 

Portuguese forest covers an area of approximately 3.1 million hectares, which 
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represents 35% of the national territory (ICNF, 2013), making Portugal a country with 

great potential for the exploitation of forest biomass, including for energy purposes (da 

Costa et al., 2018). The Portuguese national action plan for renewable energy promotes 

the use of forest biomass, namely pellets for residential heating, as a key to achieve 

GHG benefits compared to fossil fuel alternatives (European Commission, 2010). 

However, the use of woody fuels for residential heating leads to the emission of other 

air pollutants, namely carbon monoxide (CO), non-methane volatile organic compounds 

(NMVOC) and sulphur dioxide (SO2) (Cespi et al., 2014; Kocbach Bølling et al., 2009; 

Nyström et al., 2017; Solli et al., 2009) which should be taken into account in the 

environmental assessment of forest biomass for residential heating. This can be 

accomplished by applying a life cycle assessment (LCA)-based methodology, which has 

been widely used to assess the environmental impacts of forest-based products (e.g. 

Dias, 2014; Dias and Arroja, 2012; González-García et al., 2014; Quinteiro et al., 2016; 

2015). 

In particular, several LCA studies on producing (e.g. Kylili et al., 2016; Laschi et al., 

2016) and burning wood pellets for residential heating are available (e.g. Ferreira et al., 

2018; Monteleone et al., 2015; Pa et al., 2013; Ruiz et al., 2018); however, the number 

of LCA studies on residential burning of traditional firewood is much smaller (Ferreira 

et al., 2018; Paolotti et al., 2017) and only a few compare the impacts of burning wood 

pellets against split wood logs (Cespi et al., 2014; Giuntoli et al., 2015). 

So far, no LCA study comparing the environmental burdens of burning different wood 

fuels in a pellet stove, wood stove and fireplace, from a cradle-to-grave perspective, i.e. 

from forest management activities through pellet and wood split log production and 

distribution to thermal energy generation, has been performed. Therefore, the objective 

of this study was to assess the environmental impacts of five different wood-based 
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residential heating systems in Portugal: i) a pellet stove using maritime pine (Pinus 

pinaster Ait.) pellets as feedstock; a wood stove using ii) eucalyptus (Eucalyptus 

globulus Labill.) and iii) maritime pine split logs as feedstocks; and a fireplace using iv) 

eucalyptus and v) maritime pine split logs as feedstocks. In addition, a sensitivity 

analysis was undertaken to assess how different impact assessment methods and 

assumed data (transport distances) influence the results. Maritime pine (softwood) is the 

most used raw material to produce wood pellets in Portugal, mainly because of its lower 

ash content, easier grindability and higher amount of extractives than eucalyptus 

(hardwood), and thus it is more suitable for pelletising. Maritime pine has an ash 

content of around 0.4 weight %, on a dry basis (average data from Alves et al. (2011) 

and Gonçalves et al. (2011)), which is lower than the ash content threshold required by 

the international wood pellet ENplus certification standard (≤ 0.7 weight %, dry basis) 

(ENplus, 2015). Wood extractives are the non-structural components of wood like resin, 

fatty compounds, sterols and phenolics. Softwood and hardwood have different types 

and quantities of extractives (Ekman and Holmbom, 2000), which contribute to 

differences in energy consumption during the pelletising operation (Nielsen et al., 

2010). Softwood has a higher quantity of extractives than hardwood, which acts as 

lubricant, resulting in lower energy consumption in the pelletisation process and better 

agglomeration properties of the feedstock. 

Wood stove, fireplace and pellet stove heating systems have been considered in this 

study. Wood stoves and fireplaces are the most used wood-based appliances in Portugal 

(Gonçalves et al., 2012), and the use of wood pellet stoves has been largely increasing 

over the last few years (Vicente et al., 2016). 

 

2. Methods 
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The LCA methodology assesses the environmental aspects and potential impacts 

associated with a product by compiling an inventory of the relevant inputs and outputs 

of a product system, evaluating the potential environmental impacts associated with 

those inputs and outputs, and interpreting the results of the inventory analysis and 

impact assessment phases in relation to the objectives of the study. The LCA was 

performed following ISO 14040 and 14044 standards (ISO, 2006a, 2006b). 

 

2.1. Systems analysed, functional unit and system boundaries 

Five different wood-based residential heating systems were evaluated as follows: 

–  PS-MP: thermal energy generation through combustion of maritime pine pellets in a 

pellet stove; 

–  WS-E: thermal energy generation through combustion of eucalyptus split logs in a 

wood stove; 

–  WS-MP: thermal energy generation through combustion of maritime pine split logs in 

a wood stove; 

–  F-E: thermal energy generation through combustion of eucalyptus split logs in a 

fireplace; 

–  F-MP: thermal energy generation through combustion of maritime pine split logs in a 

fireplace. 

Table 1 shows the biomass characteristics (elemental analysis, moisture and ash, and 

lower heating value) used in the five wood-based residential systems. Table 2 presents 

the main characteristics of the pellet and split log combustion appliances. 

The functional unit is 1 MJ of thermal energy for residential heating. A cradle-to-grave 

approach was applied, i.e. from forest management activities through the pellet and 

wood split log production and distribution to thermal energy generation. System 
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boundaries, shown in Fig. 1, include four stages as follows: (1) forest management of 

both eucalyptus and maritime pine species up to log loading onto trucks; (2) pellet and 

wood split log production; (3) distribution of pellets and wood split logs; and (4) 

thermal energy generation. The production of fuels, lubricants and fertilisers was also 

considered, as well as disposal of ashes from biomass burning. Moreover, in the case of 

pellets, the production of low-density polyethylene (LDPE) bags and maritime pine 

logging residues (used for producing the heat required in drying operations) was also 

included. The transport of workers and machinery was excluded, as was the production 

of capital goods (buildings, machinery and equipment). 

 

2.2. System description 

2.2.1. Wood pellets 

The forest management stage includes all operations carried out during infrastructure 

establishment, stand establishment, stand tending and wood felling, forwarding and 

loading onto trucks. In the case of the wood pellet system, it also includes operations 

related to forwarding, forest roadside chipping and loading of residual forest biomass 

from maritime pine logging activities onto trucks. Following Dias and Arroja (2012), 

for the maritime pine forest, a high-intensity management model was considered, 

characterised by adoption of the best management practices recommended for the forest 

stands, and in which logging is accomplished by harvesters and forwarders for felling 

and forwarding. Maritime pine stands are managed as high forest with final cutting at 

the average age of 45 years. A more detailed description of the operations carried out is 

given by Dias et al. (2007) and Dias and Arroja (2012). 

The production stage includes the production of wood pellets from maritime pine wood. 

Five main operations are considered: (1) log chipping; (2) milling; (3) drying, using the 
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heat produced from the combustion of maritime pine logging residues, chipped at the 

forest roadside; (4) pelletising; and (5) packaging. 

The distribution stage considers the distribution to stores of wood pellets packed in 

LDPE bags (15 kg of pellets per bag) by truck and the subsequent transport by final 

consumers by private cars. The last stage of thermal energy generation consists of wood 

pellet burning in a pellet stove with a nominal power of 9.5 kWth for residential heating. 

The pellet stove has an internal pellet storage tank, and pellets are supplied to the burner 

by an auger screw.  

The primary combustion air is supplied through holes in the bottom of the basket, while 

the secondary air is fed at the flame level. Ignition of the wood pellets is done by 

heating the air with an electrical resistance heater (Vicente et al., 2016). The pellet stove 

requires electricity to start up and for the operation of a fan to admit atmospheric air into 

the combustion chamber, that is the combustion air, and another fan to circulate the 

building’s indoor air throughout the pellet stove heat exchanger to be heated (Vicente et 

al., 2015). The resulting ashes were considered to be landfilled at a sanitary landfill. 

 

2.2.2. Wood split logs 

Regarding the eucalyptus and maritime pine split log systems, they encompass forest 

management, split log production, distribution and thermal energy generation by 

households (Fig. 1). 

The forest management stage includes all operations accomplished during infrastructure 

establishment, stand establishment, stand tending and wood felling, forwarding and 

loading onto trucks, both for eucalyptus and maritime pine. High-intensity management 

was considered for both species (Dias and Arroja, 2012), as in the case of the pellet 

system. Eucalyptus stands are managed as coppiced stands in three successive rotations, 
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each one of 12 years, while maritime pine stands are managed as high forest with final 

cutting at the average age of 45 years, as mentioned above (Dias et al., 2007; Dias and 

Arroja, 2012). Fertiliser requirements in eucalyptus stands are higher than in maritime 

pine stands. Besides that, both phosphorus- and nitrogen-based fertilisers were 

considered for eucalyptus, while for maritime pine only phosphorus-based fertilisers 

were considered. 

Split log production consists of splitting the wood logs into smaller portions of wood 

ready for burning. The thermal energy generation encompasses the combustion of split 

logs in a wood stove or a fireplace, depending on the system. The wood stove has 

manual control of combustion air that enters below the grate, and is equipped with two 

electric fans to force the building’s indoor air through the heat exchanger to be heated. 

The driving force for the air flow rate through the combustion chamber is the natural 

draught resulting from the up-flowing stream of hot combustion flue gases through the 

woodstove chimney (Calvo et al., 2014). 

The fireplace is a traditional Portuguese brick open fireplace operated manually in batch 

mode and with no control of combustion air. In both cases, the ashes produced were 

considered to be disposed at a sanitary landfill. 

 

2.3. Allocation 

Forest management is a multifunctional process that generates both wood and residual 

material produced during harvesting such as bark, logging residues (branches, tops and 

foliage) and stumps (only in eucalyptus). Mass allocation (dry basis) was applied for 

allocating the environmental burdens associated with the operations undertaken up to 

felling among the forest biomass components that leave the forest. All wood and bark 

leaving the forest was considered to be used by industry, while half of the logging forest 
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residues and stumps was considered to remain on the forest floor due to ecological, 

technical and logistical reasons (Dias, 2014). The allocation factors adopted are shown 

in Table 3. In the case of eucalyptus, the mass proportions of each biomass component 

(wood, bark, logging residues and stumps) were taken from Dias (2014), whereas in the 

case of maritime pine, the allocation factors were estimated based on González-García 

et al. (2014) and Faias (2009). 

 

2.4. Inventory analysis 

2.4.1. Wood pellets 

The inventory data for the production of maritime pine wood were taken from Dias and 

Arroja (2012) and complemented with data from González-García et al. (2014) for 

thinning operations. Regarding the production of maritime pine logging residues, data 

up to tree felling are the same as for wood but the respective allocation factor was 

applied. Data for the subsequent operations of forwarding (with a forwarder), forest 

roadside chipping and loading onto trucks were retrieved from Dias (2014). A neutral 

biogenic CO2 balance was considered, as the CO2 assimilated during forest growth was 

assumed to be equal to the CO2 that is emitted to the atmosphere during the combustion 

of logging residues and wood pellets. 

Table 4 presents the inventory data for the production of 1 tonne of wood pellets. All 

data other than for packaging material and air emissions are average primary data 

obtained based on surveys of two wood pellet mills in Portugal. The quantity of LDPE 

bags was taken from Laschi et al. (2016). Regarding air emissions from logging residue 

burning, data on CO, nitrogen oxides (NOx), methane (CH4) and NMVOC were 

calculated based on emission factors taken from EMEP/EEA (2017). The SO2 was 

calculated based on a sulphur content in the logging residues of 0.01 weight % (dry 
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basis) (Energy Research Centre of the Netherlands, 2017). Data for the production 

diesel and bags, as well as for ash transport and disposal, were taken from the Ecoinvent 

database (2017). Data for electricity generation in Portugal (for the period 2012 to 

2016), including the life cycle impact assessment of electricity, were taken from Garcia 

et al. (2014) and Kabayo et al. (2018). 

In the distribution stage, a distance of 15 km by truck from pellet mill to store and 

another 15 km by private car from store to households were considered, according to a 

‘short chain topology’. This implies proximity between the places of energy 

consumption and production (Paolotti et al., 2017). Data on environmental impacts for 

the trucks and private cars used in pellet transport were taken from the Ecoinvent 

database (2017). 

In the thermal energy generation stage, the amount of pellets consumed was estimated 

based on a typical energy conversion efficiency of 82%, while electricity consumption 

was taken from Kruse (2016). The pellet stove was operated at three levels of power 

output (lowest, medium and highest) to cover different behaviours by users, with an 

average rate of feedstock consumption of around 1 kg.h
−1

. The combustion of wood 

pellets emits several gaseous pollutants, namely CO, NOx, SO2, CH4 and NMVOC, to 

the air (Table 5). Data on NOx were calculated from our own measurements from 

Fourier-transform infrared spectroscopy conducted in a top-feed pellet stove burning 

maritime pine pellets. As SO2 emissions depend on the sulphur content of the feedstock, 

they were calculated based on an average sulphur content of 0.01 weight % (dry basis), 

which corresponds to the lower detection level of the equipment used for elemental 

analysis (Table 1). Data for CH4 and NMVOC (expressed as mass of CH4 and NMVOC 

per unit energy in wood) were calculated based on emission factors taken from 

EMEP/EEA (2017). The CO emissions were also measured by Fourier-transform 
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infrared spectroscopy. Finally, the ashes generated during the combustion process in the 

pellet stove were transported for an average distance of 40 km to the sanitary landfill 

site by a waste collection truck. Data on the ash transport and disposal were taken from 

the Ecoinvent database (2017). 

 

2.4.2. Wood split logs 

The inventory data for the forest management stage of maritime pine were the same as 

used for the pellet system, while those for eucalyptus forest were retrieved from Dias 

and Arroja (2012). As in the case of the pellet system, a neutral biogenic CO2 balance 

was considered. 

For the production of eucalyptus and maritime pine split logs (Table 4), an average 

value was used for the diesel consumed, resulting from data provided by two facilities. 

During the production of split logs, around 5% of the total wood is lost as wood chips 

during the log splitting process. Regarding air emissions from diesel combustion to 

deliver useful work in the machine producing the wood split logs, data on CO, CO2, 

NOx, CH4 and NMVOC were calculated based on emission factors taken from 

EMEP/EEA (2017). Emissions of SO2 were calculated based on the average sulphur 

content in the diesel (20 mg.kg
−1

, Decree Law no. 142/2010, 2010). Inventory data for 

the production of diesel were sourced from the Ecoinvent database (2017). 

An average distance of 15 km from the log splitting facilities to households was 

assumed. The split logs were transported by truck, and inventory data were taken from 

the Ecoinvent database (2017). 

In the thermal energy generation stage (Table 5), the wood was burned as split logs. The 

wood stove and fireplace were operated with combustion cycles of between 45 and 90 

min. About 6 kg of wood split logs was burned, using three consecutive batches of 
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around 2 kg each. The amounts of split logs consumed were calculated based on typical 

energy conversion efficiencies of wood stoves and fireplaces, 65% and 10%, 

respectively (Carvalho, 2016; Loo and Koppejan, 2008). The energy conversion 

efficiency of the fireplace is much smaller than that of the wood stove, because the 

fireplace has no control of combustion air admission, and the combustion air flow rate is 

completely driven by the natural convection induced by the combustion flue gas 

through the chimney; this induces relatively high losses of thermal energy through the 

chimney. Electricity consumption for the wood stove was taken from Kruse (2016). 

The NOx emissions for WS-E and WS-P were calculated based on emission factors 

(expressed as mass of NOx per mass of wood) obtained by Fernandes et al. (2011) 

considering the same feedstock as in this study and, therefore, presenting the same 

ultimate analysis (Table 1). Because no specific measurements of NOx emissions are 

available for the fireplace, it was assumed that the NOx emission factors (expressed as 

mass of NOx per mass of wood) for F-E and F-WS are the same as those for WS-E and 

WS-MP, respectively. As in the case of the pellet stove, data on CH4 and NMVOC were 

calculated based on emission factors (expressed as mass of CH4 and NMVOC per unit 

energy in wood) taken from EMEP/EEA (2017), while emissions of SO2 were 

calculated based on the sulphur content in the feedstock (0.01 weight %, dry basis), 

which corresponds to the lower detection level of the equipment used for elemental 

analysis. For CO emission factors, average values were obtained from Fernandes et al. 

(2011) and Gonçalves et al. (2012). 

As in the case of pellet stove, the resulting ashes were transported to a sanitary landfill 

considering an average distance of 40 km. Data on the ash transport and disposal were 

taken from the Ecoinvent database (2017). 
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2.5. Impact assessment 

A quantitative impact assessment was performed for seven impact categories – global 

warming, fossil resource scarcity, terrestrial acidification, freshwater eutrophication, 

marine eutrophication, ozone formation (human health) and ozone formation (terrestrial 

ecosystems) – applying the characterisation factors from the ReCiPe 2016 midpoint 

v.1.01 method (Huijbregts et al., 2016). 

 

3. Results and discussion 

3.1. Comparison of systems 

Table 6 shows the impact assessment results obtained for the production of 1 MJ of 

thermal energy for residential heating under the five different wood-based heating 

systems. Fig. 2 shows the relative contribution of each stage within the system 

boundaries to the total impact. Overall, the results show that the fireplace produces the 

highest impacts for all the impact categories, with the exception of freshwater 

eutrophication and marine eutrophication, when maritime pine split logs are burned in 

the fireplace. Comparing the pellet stove with the wood stove, neither of the systems is 

better than the other, for all the impact categories analysed. 

The pellet stove system presents the lowest environmental impacts for global warming, 

ozone formation (human health) and ozone formation (terrestrial ecosystems). For fossil 

resource scarcity, it performs better (2.15E−03 kg oil eq) than the fireplace system 

(5.95E−03 kg oil eq for maritime pine and 6.17E−03 kg oil eq for eucalyptus) but worst 

that when maritime pine and eucalyptus are burned in the wood stove (1.10E−03 kg oil 

eq and 1.14E−03 kg oil eq, respectively). For terrestrial acidification, it performs better 

(7.87E−05 kg SO2 eq) than the fireplace system when maritime pine and eucalyptus 

split logs are burned (3.72E−04 kg SO2 eq and 5.13E−04 kg SO2 eq, respectively) and 
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the wood stove system when eucalyptus is burned (8.03E−05 kg SO2 eq), but it is worst 

when maritime pine is burned in the wood stove (5.84E−05 kg SO2 eq). For freshwater 

eutrophication, it performs better (1.86E−06 kg P eq) than the fireplace when 

eucalyptus split logs are burned (2.31E−06 kg P eq) but worst that when maritime pine 

and eucalyptus split logs are burned in the wood stove (5.02E−07 kg P eq and 

5.91E−07 kg P eq, respectively), and when maritime pine is burned in the fireplace 

(1.75E−06 kg P eq). For marine eutrophication, it performs better (2.16E−07 kg N eq) 

than the wood stove and fireplace systems when eucalyptus split logs are burned 

(4.87E−06 kg N eq and 3.14E−05 kg N eq, respectively) but it is worst when maritime 

pine split logs are burned in the woodstove and fireplace (3.68E−08 kg N eq and 

4.31E−08 kg N eq, respectively). 

The global warming impact of the pellet stove system is lower than that of the other 

systems mainly because the energy conversion efficiency during the combustion 

process for thermal energy generation is higher, resulting in lower GHG emissions. 

Regarding ozone formation (human health) and ozone formation (terrestrial 

ecosystems), the lowest environmental impact for the pellet stove system is mainly due 

to the lowest emission of NOx during thermal energy generation due to higher 

combustion efficiency. The impacts of the pellet stove system for fossil resource 

scarcity and freshwater eutrophication result mainly from electricity consumption 

during the pellet production stage. The depletion of hard coal and natural gas for 

electricity generation are the main contributors to fossil resource scarcity, while for 

freshwater eutrophication it is the emission of phosphates to water, occurring primarily 

in hard coal mining. The impacts of the pellet stove system for terrestrial acidification 

result mainly from SO2 emissions during the combustion process for thermal energy 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

16 

 

generation, while the impacts for marine eutrophication result mainly from the nitrates 

emitted to water during electricity generation. 

Comparing wood stove and fireplace systems, the fireplace presents higher impacts for 

all impact categories because of the emission of gaseous pollutants during the 

combustion of wood split logs, with the exceptions of freshwater eutrophication and 

marine eutrophication, when maritime pine split logs are burned in the fireplace. These 

exceptions are due to the fact that during the maritime pine management stage, lower 

quantities of phosphorous-based fertilisers are applied compared to the ones applied 

during the eucalyptus management stage (freshwater eutrophication), and no fertilisers 

containing nitrogen are applied during the maritime pine management stage (marine 

eutrophication). 

Additional research on the biogenic carbon balance should be carried out using a 

dynamic approach that takes into consideration the temporal profile of biogenic CO2 

sequestration during forest growth, instead of considering biogenic CO2 neutrality 

(Demertzi et al., 2016). 

A further step framed in the evaluation of residential heating systems based on wood 

biomass could be based on combination of the results obtained with economic and 

social indicators in order to enlarge the scope and to embrace a holistic vision of 

sustainability. In addition, since none of the heating systems studied is better in all the 

impact categories considered, further research will be needed to understand what is the 

best environmental, economic and social choice among the five residential heating 

systems studied. In this sense, the use of multi-criteria decision analysis tools is found 

to be appropriate for the prioritisation of alternatives, being a possible solution towards 

more robust and suitable choices within a future bio-economy context in Portugal. 
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3.2. Hotspot analysis 

For the pellet stove system, the pellet production stage was particularly relevant for the 

impact categories of global warming, fossil resource scarcity, freshwater eutrophication 

and marine eutrophication, presenting contributions that range from 46% to 64% of the 

total impact (Fig. 2). These impacts result essentially from the electricity consumption 

and combustion of logging residues related to the process of pellet production. For 

global warming, the main contributor is the combustion of logging residues associated 

with heat generation for wood drying during the process of pellet production (due to 

CH4 emission), while for fossil resource scarcity and freshwater eutrophication, 

electricity consumption in the pellet production process represents the major 

contribution to the total impacts. For terrestrial acidification, ozone formation (human 

health) and ozone formation (terrestrial ecosystems), thermal energy generation is the 

hotspot, ranging from 62% to 74% of the total impact, mainly due to NOx emissions, for 

the three impact categories. The forest management stage presents the lowest impacts of 

all impact categories (2% to 14%), except for terrestrial acidification, freshwater 

eutrophication and marine eutrophication, in which the pellet distribution stage has the 

smallest impacts (0.6% to 4% of the total impacts, respectively). 

For both wood stove systems, the stage of eucalyptus and pine split log combustion for 

thermal energy generation is the most relevant for all impact categories other than fossil 

resource scarcity, freshwater eutrophication (with the exception of the WS-MP system) 

and marine eutrophication (with the exception pf the WS-MP system), with 

contributions that range from 51% to 96% of the total impacts. These contributions are 

mainly due to gaseous pollutant emissions during wood combustion. Regarding fossil 

resource scarcity, the stage of split log production is the one that contributes most to the 

total impact (49% for maritime pine and 52% for eucalyptus), as a result of diesel 
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consumption to operate the equipment to produce the wood split logs. For freshwater 

eutrophication and marine eutrophication, in the case of eucalyptus wood, the forest 

stage is the main hotspot, with 51% (freshwater eutrophication) and 99% (marine 

eutrophication) of impacts mainly resulting from application of phosphorus- and 

nitrogen-based fertiliser, respectively. For freshwater eutrophication, in the case of 

maritime pine, the main stage is thermal energy production from the maritime pine 

burned in the woodstove. This contribution comes from the electricity consumed by the 

stove fans, mainly because of phosphates emitted to water during electricity generation, 

in particular from the ones emitted during hard coal exploitation. For marine 

eutrophication, in the case of maritime pine wood, nitrogen-based fertilisers are not 

applied and, thus considering the maritime pine burned in the wood stove system, the 

main contributor is thermal energy generation, with 82% of the total impact due to NOx 

emission during combustion. The least relevant stage for all the impact categories is the 

distribution of wood split logs (0.3% to 11% of the total impact), for both eucalyptus 

and maritime pine wood stove systems. 

For both fireplace systems, the stage of eucalyptus and pine split log combustion for 

thermal energy generation is the most relevant to most impact categories (70% to 96% 

of the total impacts), with the only exceptions being fossil resource scarcity, freshwater 

eutrophication and marine eutrophication. These contributions are mainly due to 

gaseous pollutant emission during wood split log combustion. For fossil resource 

depletion, the wood split log production stage is the main hotspot, contributing 52% (F-

E) and 59% (F-MP) of the total impact because of diesel consumption to operate the 

equipment to produce split logs. For freshwater eutrophication, the forest management 

stage is the one that contributes most to the total impact, with 84% for eucalyptus and 

maritime pine because of the phosphorous-based fertiliser applied during the forest 
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management stage. Regarding marine eutrophication, for the eucalyptus burned in the 

fireplace, the hotspot is the forest management stage (99%), resulting from the 

application of nitrogen-based fertiliser, while for maritime pine burned in the fireplace 

the main contributor is split log production, with 49% of the total impact due to diesel 

consumption to split the logs. 

Other studies have compared the environmental burdens resulting from thermal energy 

generation for residential heating, using wood pellets and wood stoves (Cespi et al., 

2014; Giuntoli et al., 2015). However, it is important to note that a comparison between 

the results of these earlier studies with those of the present study should be considered 

with caution because different wood feedstocks and impact assessment methods, 

considering different impact categories, were used. 

Cespi et al. (2014) compared the environmental impacts of burning wood split logs and 

wood residues in a wood stove and wood pellets in a pellet stove in the region of 

Lombardy (Italy), using poplar and beech as feedstocks. Based on their results obtained 

with the ReCiPe endpoint 2008 method (Goedkoop et al., 2013), Cespi et al. (2014) 

found that the wood stove had the highest impacts for human toxicity, due to a lower 

combustion efficiency. However, for global warming (global warming to human health 

and to ecosystems), the pellet stove presented higher impacts due to the energy 

consumption during pellet production. 

Giuntoli et al. (2015) also compared the environmental impacts of burning wood pellets 

in a pellet stove and wood residues in a wood stove, but without identifying either the 

biomass species or the country where feedstock was grown. The environmental impacts 

obtained with the ILCD method (European Commission/Joint Research Centre/Institute 

for Environment and Sustainability, 2011) at midpoint level show that the pellet stove 

system had lower impacts for photochemical ozone formation, and higher impacts for 
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global warming change and acidification than the wood stove. In the present study, the 

same trend was observed for ozone formation and terrestrial acidification (Fig. 2), 

whereas for global warming, the pellet stove presented lower impacts when compared 

with the wood stove. Both Cespi et al.’s (2014) and Giuntoli et al.’s (2015) studies show 

that there is no best environmental option; one option is better in some impact 

categories but worse in others. 

 

3.3. Sensitivity analysis 

To evaluate the influence of methodological assumptions and data on the impact results, 

two sensitivity analyses were performed. The first one consists of applying a different 

impact assessment method to evaluate whether the same trends in results are observed. 

The alternative method selected was the Product Environmental Footprint (PEF) life 

cycle impact assessment method (European Commission, 2017). Fig. 3 presents the 

environmental impact results obtained by applying the PEF method. 

The absolute results obtained with the PEF method are not directly comparable with 

those obtained with the ReCiPe method (Fig. 2) due to differences in the 

characterisation factors, but trends can be evaluated. Besides that, fossil resource 

scarcity is replaced in the PEF method by abiotic depletion, in which characterisation 

factors for fossil fuels are expressed as MJ.MJth
−1

. Also, the ozone formation (human 

health) and ozone formation (terrestrial ecosystems) impact categories from the ReCiPe 

method are replaced in the PEF method by photochemical oxidant formation. The ozone 

formation impact categories use NOx equivalents instead of NMVOC equivalents (used 

in the formation of photochemical oxidants in the PEF) because NMVOC is a mixture 

of substances. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

21 

 

The results show that the fireplace leads to the highest impacts for all categories, with 

the exception of freshwater eutrophication, when maritime pine split logs are burned in 

the fireplace. Comparing the pellet stove and wood stove, neither system presents a 

better environmental performance for all the impact categories analysed. 

For all the systems under study, the trend is similar in all impact categories using the 

PEF method, with the exception of marine eutrophication, which confirms the results 

obtained for the impact categories using the ReCiPe method. For marine eutrophication 

predicted using the PEF method, the emissions from the thermal energy generation 

stage are the most relevant (55% to 82% for all the systems considered). For marine 

eutrophication using the ReCiPe method, the emissions from the forest management 

stage for eucalyptus production are more relevant than those from wood combustion for 

the thermal energy generation stage. This finding is due to the fact that the PEF method 

considers that NOx emissions are more relevant to this impact category, while the 

ReCiPe method considers that nitrate emissions from forest fertilisation are more 

relevant. 

Another sensitivity analysis is related to the distances travelled by raw wood, logging 

residues, pellets and split logs. Based on an optimal ‘short chain typology’, and since 

real ranges of distance variation are not available, the distances were assumed to 

decrease by 50% for the transport of logged wood and logging residues, and by 30% for 

the transport of packed pellets and wood split logs. Only the production and distribution 

stages were affected by this change because they include the transport steps. The 

decreases in the impacts are very small, varying from 0.02% to 16% in relation to the 

total impact of the baseline scenario. The impact category of fossil resource scarcity is 

most affected. 
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4. Conclusions 

The analysis performed for the five heating systems shows that the fireplace presents 

the worst performance for all the impact categories, with the exception of freshwater 

eutrophication and marine eutrophication, when maritime pine split logs are burned in 

the fireplace. Comparing the pellet stove with the wood stove, neither system is better 

for all the impact categories analysed. 

Regarding the sensitivity analysis, the PEF method was used to evaluate whether the 

same trends in results are observed as using the ReCiPe method. The results obtained 

with the PEF method show that the fireplace leads to the highest impacts for all the 

impact categories, with the exception of freshwater eutrophication, when maritime pine 

split logs are burned in the fireplace. Comparing the pellet stove and wood stove, once 

again neither system presents a better environmental performance for all the impact 

categories analysed. The sensitivity analysis performed for the distances travelled by 

raw wood, logging residues, pellets and split logs under analysis assuming a 50% 

distance decrease shows a very small reduction in impacts, varying from 0.02% to 16% 

in relation to the total impact of the baseline scenario. 
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Table 1. Elemental composition, ash and moisture content, and lower heating values of 

feedstock. 

  Pellets Eucalyptus Maritime Pine 

Proximate analysis 

(weight %, wet basis) 

Moisture  4.6 11.3
a
 9.1

a
 

Ultimate analysis 

(weight %, dry basis) 

Ash  0.32 0.58
a
 0.37

a
 

C  47.5 51.4
a
 48.6

a
 

H  6.20 6.20
a
 6.20

a
 

N  0.09 0.16
a
 0.16

a
 

S  <0.01 <0.01
a
 <0.01

a
 

O (by 

difference) 

 45.9 41.7 46.7 

Lower heating value of 

feedstock (MJ/kg, dry basis) 

 18.3
b
 17.5

c
 18.5

c
 

           a
Average data from Alves et al. (2011) and Gonçalves et al. (2011) 

          b
Vicente et al. (2016) 

         c
Tarelho et al. (2015) 
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Table 2. Characteristics of the pellets and split logs combustion appliances. 

 Pellet stove Wood stove Fireplace 

Feedstock Maritime 

pine pellets 

Eucalyptus 

split logs 

Maritime pine 

split logs 

Eucalyptus 

split logs 

Maritime pine 

split logs 

Nominal power (kWth) 9.5
a
 10.8

b
 10.8

b
 - - 

Energy conversion efficiency (%) 82 65
c
 65

c
 10

d
 10

d
 

Temperature in the combustion 

chamber (on average) (ºC) 

683
e
 425

e
 390

e
 300

f
 200

f
 

a
Vicente et al. (2015) 

b
Carvalho et al. (2018) 

c
Carvalho (2016) 

d
Loo and Koppejan (2008) 

e
Vicente et al. (2016) 

f
Calvo et al. (2014) 
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Table 3. Allocation factors for the forest management stage. 

Tree compartment 
Mass allocation factors (%) 

Eucalyptus Maritime pine 

Wood from final cutting 75.3 52.0 

Wood from thinnings -   25.1 

Bark 10.0 8.6 

Logging residues 10.3 14.3 

Stumps 4.4 - 
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Table 4.  Inventory data for the production of 1 t of wood pellets and split logs. 

 
Unit Pellets 

Split logs 

Eucalyptus  Maritime pine 

Inputs 

Feedstock 

  

  

Maritime pine wood from final felling 

(dry basis) t  1.00 

 

- 

 

1.05 

Eucalyptus wood (dry basis) t  1.05 - 

Energy 

 

   - 

Electricity kWh 158 -  

Diesel kg 0.860 3.75 4.51 

Logging residues – chips (dry basis) t 0.200 - - 

Ancillary materials     

LDPE bags kg 3.57E-04 - - 

Outputs 

 

    

Pellets packed (dry basis) t 1.00 - - 

Split eucalyptus logs (dry basis) t - 1.00 - 

Split maritime pine logs (dry basis) t - - 1.00 

Loses of wood (dry basis) t - 0.05 0.05 

Air emissions 

 

    

CO kg 2.43E-03 1.06E-2 1.28E-02 

CO2 fossil kg 2.73 11.9 14.2 

NOx kg 0.309 8.42E-02 0.100 

SO2 kg 4.00E-02 6.86E-05 8.38E-05 

CH4 biogenic kg 3.60E-03             - - 

CH4 fossil kg 5.53E-05 2.42E-04 2.91E-04 

NMVOC kg 2.72E-02 4.03E-03 4.84E-03 

Ashes to landfill kg 2.14                   -                         - 
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Table 5. Inventory data for the generation of 1 MJ of thermal energy for the five 

biomass heating scenarios: maritime pine pellets burned in a pellet stove (PS-MP), 

eucalyptus logs burned in a wood stove (WS-E), maritime pine burned in a wood stove 

(WS-MP), eucalyptus logs burned in a fireplace (F-E), maritime pine burned in a 

fireplace (F-MP). 

 

 Scenarios 

Unit PS-MS WS-E WS-MP F-E F-MP 

Inputs       

Feedstock t (dry basis) 6.66E-05 8.79E-05 8.32E-05 5.71E-04 5.41E-04 

Electricity  kWh 5.24E-03 2.25E-03 2.25E-03 - - 

Outputs 
 

     Air emissions 
 

     CO g 0.906 5.68 4.55 48.1 29.7 

NOx g 0.106 0.105 8.42E-02 0.683 0.547 

SO2 g 1.33E-02 1.76E-02 1.66E-02       0.114 0.108 

CH4 biogenic g 8.54E-03 0.559 0.559 3.03 3.03 

NMVOC g 1.22E-02 0.923 0.923 6.00 6.00 

Ashes to landfill g 0.192 0.462 0.308 3.00 1.80 
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Table 6. Impact assessment results associated with the generation of 1 MJ of thermal 

energy for residential heating under five different scenarios: maritime pine pellets 

burned in a pellet stove (PS-MP), eucalyptus logs burned in a wood stove (WS-E), 

maritime pine burned in a wood stove (WS-MP), eucalyptus logs burned in a fireplace 

(F-E), maritime pine burned in a fireplace (F-MP). 

Impact category Unit 
Scenarios 

PS-MP WS-E WS-MP F-E F-MP 

Global warming  kg CO2 eq 7.79E−03 2.27E−02 2.23E−02 1.22E−01 1.20E−01 

Fossil resources scarcity  kg oil eq 2.15E−03 1.14E−03 1.10E−03 6.17E−03 5.95E−03 

Terrestrial acidification kg SO2 eq 7.87E−05 8.03E−05 5.84E−05 5.13E−04 3.72E−04 

Freshwater eutrophication  kg P eq 1.86E−06 5.91E−07 5.02E−07 2.31E−06 1.75E−06 

Marine eutrophication  kg N eq 2.16E−07 4.87E−06 3.68E−08 3.14E−05 4.31E−08 

Ozone formation, Human health  kg NOx eq 1.84E−04 2.89E−04 2.68E−04 1.86E−03 1.73E−03 

Ozone formation, Terrestrial 

ecosystems  

kg NOx eq 1.56E−04 3.90E−04 3.70E−04 2.52E−03 2.39E−03 
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Figure captions 

 

Figure 1. System boundaries of the wood-based residential heating systems evaluated. 

 

Figure 2. Impact assessment results associated with the generation of 1 MJ of thermal 

energy for residential heating, for the five biomass heating scenarios studied: maritime 

pine pellets burned in a pellet stove (PS-MP), eucalyptus logs burned in a wood stove 

(WS-E), maritime pine burned in a wood stove (WS-MP), eucalyptus logs burned in a 

fireplace (F-E), maritime pine burned in a fireplace (F-MP). 

 

Figure 3. Results of the sensitivity analysis: effect of changing the impact assessment 

method – ReCiPe 2016 midpoint by the PEF, for the five biomass heating scenarios 

studied: maritime pine pellets burned in a pellet stove (PS-MP), eucalyptus logs burned 

in a wood stove (WS-E), maritime pine burned in a wood stove (WS-MP), eucalyptus 

logs burned in a fireplace (F-E), maritime pine burned in a fireplace (F-MP). 
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Research highlights 

 Five wood-based combustion systems for residential heating are assessed 

 Fireplaces present the worst environmental performance for almost all the impact 

categories considered 

 Pellet stove presents lower impacts than wood stoves for global warming and ozone 

formation 

 Pellet stove presents higher impacts than wood stoves for the remaining impact 

categories 

 A 50 % decrease in the distances travelled by feedstocks leads to a very small reduction 

in impacts 
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