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The use of alternative energy sources becomes ever more important due to the necessity to minimize the 

energy consumption of fossil fuels and fight climate changes. This study evaluates the combustion and 

emissions characteristics of a commercial wood pellet boiler with a nominal thermal output of 20 kW using 

purposed-manufactured Acacia dealbata pellets. Previously, the boiler was tested burning commercial Pine 

pellets that were used to benchmark the Acacia pellets. The thermal efficiency and emissions of the invasive 

species pellets were compared at three different predefined operation loads. The efficiency of the boiler was 

determined using the direct method. The obtained results show that, for the same fuel mass flow rate, the 

best boiler efficiency was always achieved with Pine pellets. Nonetheless, invasive species pellets deserve 

some credit if the boiler combustion conditions are adopted to that specific type of fuel. Concerning 

emissions, CO and NOx resulting of burning Acacia pellets were significantly higher than burning Pine pellets. 

Overall, the type of pellets had a significant effect on the boiler performance, mainly on emissions.  

1. Introduction 

The development of societies, industrialization and population growth that has been seen in recent years, 

triggered a sharp increase in worldwide energy consumption (Lee et al., 2007). During decades fossil fuels 

were clearly the main support for worldwide energy needs, and currently they continue to be the main 

source of energy. However, it is expected than in the next 40-50 y, this source of energy will be depleted 

(Saidur et al., 2011). Furthermore, these fuels are associated with higher emissions of carbon dioxide into 

the atmosphere, causing irreversible effects on the environment. An even greater effort has been made to 

increase the consumption of renewable energy, however, there is still much to do regarding energy 

efficiency and reduction of environmental impacts (González et al., 2006). 

There has been an increasing interest in the use of biofuels for energy purposes, driven mostly by political, 

social and environmental factors. Specifically, the use of biomass will allow countries like Portugal, which 

do not have its own fossil fuels reserves, to reduce its dependence on imported oil, creating employment 

through exploration of this fuel and reduce emissions of greenhouse gases (Van Loo and Koppejan, 2008). 

The combustion of biomass is considered carbon neutral, because it does not contribute to CO2 emissions. 

During the combustion of biomass it is released the same amount of carbon dioxide that was stored by the 

plant during its growth (Klason and Bai, 2007). In general way, biomass presents some disadvantages in its 

use as a fuel. The high moisture content, irregular shape, low bulk density and energy density are some of 

the reasons why its transport, handling, storage (Kaliyan and Morey, 2009) and combustion are complicated 

(Mediavilla et al., 2009). Transforming this bulky biomass material into a denser one (pellets) would improve 

its handling properties as well as reduce transportation and storage costs (Mani et al., 2006). 

In Portugal, about 80 % of the raw material used in the pellets production derived from Pine (ANPEB, 

2013). In the last few years the total area occupied by Pine has been significantly reduced (INCF, 2013) 

which leads to concerns of availability of raw material for the pellets industry.  

The genus Acacia includes about 1,200 species, native mainly from Australia, but also from other regions 

of the world, such as Africa (Marchante, 2001). Specifically, Acacia dealbata Link is indigenous to the 

Southeast of Australia and was introduced in Europe in 1790 as an ornamental plant, being later planted in 
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several areas of southern Europe that by presenting favorable climates led to its strong growth (Sheppard 

et al., 2006). This species have a number of properties that make it highly invasive, such as, the ability to 

fix nitrogen, allowing it to live in nutrient-poor environments, its fast growth and the creation of a large 

amount of seeds which have a high longevity (Sheppard et al., 2006). Currently, Acacia is considered an 

environmental problem and is one of the most abundant invasive species in Portugal, Spain, France and 

Italy (Lorenzo et al., 2010). Portuguese legislation (DR 565, 1999) refers Acacia dealbata as an invasive, 

and its cultivation is completely prohibited. 

However, the use of biomass as fuel for different types of boilers does not avoid pollutant emissions (Stoppiello 

et al., 2014) and the emission of particulate matter is still a main concern (Migliavacca et al., 2014). 

The main purpose of this work is to evaluate the use of Acacia dealbata as a fuel for domestic pellet 

boilers. The obtained results were compared with those obtained with previously tested commercial Pine.  

2. Materials and experiments 

2.1 Sample preparation 
For the present work, two different types of pellets were used: Pinus pinaster and Acacia dealbata. Pine 

pellets were acquired from a Portuguese company and they are currently commercialized in Portugal. 

Acacia pellets were manufactured specifically for this work. For this, Acacia dealbata was collected in a 

local forest and dried in a solar kiln, with the moisture content monitored. The drying process was carried 

out in the summer and took four days. Afterwards, a GKLC-19PK2010 hammer mill grounded the raw 

material and its products output passed through a 4 mm screen. The mean diameter of the samples was 

543 ± 38 μm, after being screened in an AS200 Retsch shaker. Each sieving was made for 10 min with 

1.50 mm amplitude. Pellets of Acacia dealbata with 6 mm diameter were produced in an AGP GK5500 

pelletizer press with a mass feed rate of 77 kg/h.  

2.2 Pellets characterization of Pinus pinaster and Acacia dealbata 
Aiming at comparing experimental pellets characteristics some tests were carried out. According to 

ÖNORM M 7135, the diameter and the length of twenty pellets for each sample were measured using a 

digital caliper with 0.01 mm precision. The corresponding mass was determined using a precision lab 

scale, Precisa 6200. The particle density of the pellets was determined using the stereometric method (the 

ratio between pellet weight and pellet volume), calculating the volume considering them as cylinders 

(Rabier et al., 2006). The moisture content of pellets was determined according to EN 14774-2 (2009), the 

pellet samples were dried in a Venticell 50L oven at a temperature of 105 ± 2 °C, until constant mass was 

achieved. The moisture content, wet basis, was determined according to Eq (1): 

MCwb (%) = 
mw-md

mw
   100 (1) 

where mw represents the initial wet mass and md the dry mass. 

Table 1:  Characteristics of the experimental pellets 

Tests of mechanical durability were made for three samples of each type of pellets, using a tumbling 

device defined by ASAE S269.4 (1998). Thereby, a 500 g sample was manually sieved with a 3.35 mm 

round hole sieve and then tumbled for 500 rotations during 10 min (Temmerman et al., 2006). The sample 

was sieved again and the pellets remaining in the sieve were weighed. The mechanical durability was 

determined according to Eq (2): 

Durability (%) = 
Mass of pellets after trumbling

Mass of pellets before trumbling
  100 (2) 

The characteristics of the pellets used in the tests are shown in Table 1. 

 Pinus pinaster Acacia dealbata Uncertainty (%) 

Diameter (mm) 6.15   0.06  6.33   0.19  0.16 

Length (mm) 20.9   0.2 20.49   4.52 0.05 

Mass (g) 0.755   0.02 0.595   0.16 18.8 

Particle density (kg/m
3
) 1190.8   19.0 923.6   142.2 13.2 

Moisture content (% wb) 5.9   0.21 7.56   0.14 0.26 

Mechanical durability (%) 99.2   0.06 86.0   0.8 0.03 

http://www.google.pt/url?sa=t&rct=j&q=onorm%20m%207135&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fwww.lividiotis.gr%2Fnorm_m_7135_englisch_61897.pdf&ei=nJmgUfDKC5OB7Qaz0YHYCA&usg=AFQjCNF3VHiskcBswettuOA55E0NU0QJHQ&bvm=bv.47008514,d.ZGU
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The obtained results show some differences between the physical properties of commercial Pine pellets 

and the pellets made of Acacia dealbata. Mass, particle density and mechanical durability were those 

presenting the highest differences. Regarding the dimensions, both pellets show some similarities. Acacia 

pellets had a higher moisture content (see Table 1), but below the 10 % established by EN 14961-2 

(2011). The mechanical durability achieved with Acacia pellets was nonetheless below the minimum 

established for the same standard, 97.5 %.  

2.3 Experimental setup 
The boiler used in the tests was a METLOR Aqualux, a commercial 20 kW nominal thermal output unit. It 

is composed by a hopper, with a capacity of 35 kg of pellets (approx.) and an intermittent top-feed system, 

where the pellets are conveyed from the hopper to the combustion chamber by a screw that determines 

the thermal input. An electrical resistance ensures the ignition of the pellets, that are burnt in a combustion 

chamber containing a small basket with orifices that allow for air influx; an ash pan is used to store the 

ashes, a fan to remove the fuel gases from inside the combustion chamber and a ventilator that, when 

turned on, promotes the circulation of external air and warms up the room - during the experimental tests 

this ventilator was turned off. Figure 1 shows a scheme and a photo of the experimental set-up. 

 

 

Figure 1: Experimental set-up (scheme and photo) Performance measurements 

The inlet and outlet water temperatures were measured by K type thermocouples, T1 and T2 respectively (in 

the scheme), as well as the stack temperature, thermocouple T3. The thermocouples were connected to a 

Picolog Recorder through a TC-08 datalogger (uncertainty of 3.93 %). The water mass flow rate was 

measured using both a Venturi and a turbine flow meter (uncertainty of 2.24 %) that were connected to 

National Instrument LabVIEW 8.6 software through a NI USB-6008 DAQ datalogger. The pellets mass flow 

rate was measured by two different methods: one using a strain sensor that weighed the whole boiler setup 

during the combustion process, connected to Catman datalogger through Sipder 8-30 software; the other 

was simply weighing the initial and the final mass of pellets in the hopper (uncertainty of 0.0051 %). A Testo 

350 Emission Analyzer was used to measure the exhaust gas composition: O2 (uncertainty of 0.2 %), CO 

(uncertainty of 0.028 %), CO2 (uncertainty of 0.388 %) and NO (uncertainty of 0.0005 %), using the software 

Easy Emission. The efficiency of the boiler was determined using the direct method, Eq(3): 

η = 
 ̇outup

 ̇input

 = 
ṁ 2O

   c  2O   (T2- T1 

ṁpellets   L Vpellets
 (3) 

where ṁ 2O
 is the water mass flow rate (kg/s), c 2O

 is liquid water specific heat (kJ/(kg.K)), T2 and T1 are 

the outlet and inlet water temperatures (°C , ṁpellets is the pellets mass flow rate (kg/s) and LHVpellets 

represents the pellets lower heating value (kJ/kg). The average mass flow rate of the burned pellets is the 

mass of a consumed batch of pellets contained in the feeding hopper divided by the required time interval. 

3. Results and discussion 

Several tests were made for Pine and Acacia dealbata pellets for reduced, medium and high loads. 

Reported values represent the average of, at least, four tests for Pine and three for Acacia. Initially, due to 
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the differences in physical characteristics between the two pellet types, for the same standard load, the 

feed rate was significantly lower with Acacia pellets. Later on, to ensure approximately the same mass flow 

rate of pellets, a built in variable frequency drive was used.  

The influence of fuel mass flow rate in the boiler thermal efficiency was studied for the three standard 

loads (reduced, medium and high) with both pellets and the results are shown in Table 2 and Figure 2. 

Table 2: Thermal efficiency (%) for different loads 

 

 

 

 

 

 
 

Figure 2: Thermal efficiency and excess air as a function of fuel mass flow rate 

For both pellets an increase in the fuel mass flow rate leads, on average, to an increase in the boiler 

thermal efficiency. The highest efficiency was obtained for high load burning Pine pellets. At reduced load 

the boiler thermal efficiency was slightly higher for Acacia pellets due to a somewhat higher average mass 

flow rate. For medium and high load there were few differences between using Pine or Acacia pellets on 

the boiler thermal efficiency: on average, 7 and 4 % lower with Acacia pellets.  

The European standard EN 14785 (2006) establishes a limit for the thermal efficiency at reduced and high 

loads, which is 70 and 75 %, respectively. As previously observed, both pellets do not comply with these 

limits, which mean that the boiler design has some flaws. Only under very strict controlled combustion of pine 

pellets can the boiler operate at minimum acceptable conditions, according to the above mentioned standard.  

As can be perceived in Figure 2, excess air decreases with the increase of fuel mass flow rate. Mainly at 

reduced load, the excess air used in the combustion was extremely high for both pellets. The boiler does 

not make an automatic adjustment of the air mass flow rate as a function of the fuel mass flow rate being 

burnt. Therefore, an increase in the fuel mass flow rate leads to a decrease in oxygen concentration in the 

exhaust gases, once that for approximately the same amount of air, an increase in fuel mass flow rate 

requires a greater consumption of oxygen in the combustion chamber.  

Regarding to emissions, Figure 3 shows the CO and NOx emissions for Pine and Acacia pellets at 

reduced, medium and high loads. These emissions were corrected to 13 % (v/v) of oxygen in the 

combustion gases.  

CO formation during the combustion process is due to several factors, such as: insufficient excess air, 

residence time in the combustion chamber limited, poor mixing of fuel and oxidant and low combustion 

temperature (Roy et al., 2013). The high emissions of this pollutant can be related to one of these factors 

or a combination of them.  

As can be observed for both pellets, CO emissions decrease with the increase in the fuel mass flow rate, 

diminishing the excess air ratio, thus reducing the CO combustion quenching phenomena and enhancing 

its burning to CO2. At reduced, medium and high loads, Acacia pellets emitted, on average, 58, 241, and 

106 % more CO compared with Pine pellets, respectively. The European standard also establishes a limit 

for CO emissions: 600 ppm (at 13 % O2) at reduced load and 400 ppm (at 13 % O2) at high load. At 

reduced load the CO emissions were extremely high for both pellets, which do not comply with the 

standard and, at high load, only Pine pellets comply with it. The highest CO emission when burning Acacia 

compared to Pine pellets, may be related to the fact that the combustion chamber of the boiler was 

designed to burn pine pellets and there is a need to adjust its geometry and volume for other fuels. Some 
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other boiler combustion conditions, including the excess air, must also be adjusted to the specific type of 

fuel and its mass flow. One other situation is the fuel feed system. Since it operates on an intermittent 

basis it causes some instability in the combustion and therefore some CO fluctuations. 

  

 

 

 

 

 

 

 

 

 

 

Figure 3: CO and NOx emissions for Pine and Acacia pellets at reduced, medium and high loads 

With respect to the NOx emissions, the pellet type had a significant effect (Khan et al., 2009). The nitrogen 

oxides include NO, NO2 and N2O, being the first main source of nitrogen oxides. NO formation during the 

combustion is mainly due to three mechanisms: ‘thermal NO’ - with high temperatures, dissociation of the 

atmospheric nitrogen and oxygen takes place; ‘fuel NO’ - due to the elemental nitrogen content of the fuel; 

and ‘prompt NO’ - due to the fast reaction at the flame front (Liu et al., 2013) and frequent in regions of rich 

air fuel mixtures. In face of high excess air values and moderate combustion temperatures registered, well 

below typical small domestic boilers’ 1,300°C (Verma et al., 2012 , and the amount of nitrogen in the 

tested fuels, the ‘fuel NO’ mechanism is the major cause for NO formation (Rabaçal et al., 2013 . Thus, the 

significant difference in NOx emissions for both pellets is a consequence of the inherent nitrogen content of 

the species (Mahmoudi et al., 2010).  

4. Conclusions 

The performance assessment of Acacia dealbata, an invasive species, as fuel for domestic pellet boilers was 

analysed. The thermal efficiency and the emissions burning Pine and Acacia pellets have been tested. 

The obtained results show that an increase in the fuel mass flow rate leads to an increase in the boiler 

thermal efficiency. The best boiler thermal efficiency was achieved with Pine pellets. On average, the 

boiler thermal efficiency was 7 and 4 % lower with Acacia pellets at medium and high loads, respectively, 

compared with Pine pellets. Nevertheless, regardless of load or type of pellets, the boiler thermal efficiency 

does not comply with EN14785 standard and it was, on average, 31 and 16 % lower than the minimum 

limit established by that standard, for reduced and high loads, respectively.   

The fuel mass flow rate has a significant effect in oxygen concentration in the exhaust gases. Exhaust gas 

analysis revealed that the boiler´s manufacturer programmed excess air was excessive for each of the 

predefined operational loads, leading to poorer efficiency performances. 

Concerning emissions, the fuel mass flow rate and the type of pellet had a significant effect. The CO 

emissions decrease with the increase in the fuel mass flow rate and, for the three loads, were always 

higher with Acacia pellets. At reduced load, the worst case, CO emissions were five and seven times 

higher than the maximum limit, respectively for Pine and Acacia, established by the above referred 

standard (EN 14785, 2006). With respect to NOx emissions, a significant effect of the pellet type was 

observed. On average, burning Acacia released five times more NOx than when Pine pellets were used.  

Overall, the type of pellets had a significant effect on the boiler performance. Acacia revealed a worse 

performance when compared to Pine.  

References 

ANPEB, 2013. Portuguese pellets industry and market report (in Portuguese).<www.anpeb.pt/#!relatrio-

mercado-2012/c191s>, accessed 20.08.2013. 

ASAE Standards, 1998. S269.4, Cubes, pellets and crumbles- Definitions and methods for determining 

density, durability and moisture content, St. Joseph, MI, USA. 

DR 565, 1999. Decree-Law nº 565/ 99 of December 21, Portuguese official publication. 

<www.icnf.pt/portal/icnf/legisl/legislacao/1999/decreto-lei-n.o-565-99-de-21-de-dezembro>, accessed 

12.02.2014. 

http://www.anpeb.pt/#!relatrio-mercado-2012/c191s
http://www.anpeb.pt/#!relatrio-mercado-2012/c191s


 
78 

 
EN 14785, 2006. Residential space heating appliances fired by wood pellets requirements and test 

methods, German version EN 14785:2006, Corrigenda to DIN EN 14785:2006-09 

<www.techstreet.com/products/1516054>, accessed 12.02.2014. 

EN 14774-2, 2009. Solid biofuels- Determination of moisture content- Oven dry method- Part 2: Total 

moisture- Simplified method, European Committee for Standardization, <www.en-standard.eu/csn-en-

14774-2-solid-biofuels-determination-of-moisture-content-oven-dry-method-part-2-total-moisture-

simplified-method/>, accessed 12.02.2014. 

EN 14961-2, 2011. Solid biofuels – Fuel specifications and classes Part 2: Wood pellets for non-industrial 

use, <www.en-standard.eu/csn-en-14961-2-solid-biofuels-fuel-specifications-and-classes-part-2-wood-

pellets-for-non-industrial-use/>, accessed 12.02.2014. 

González J., García C., Ramiro A., González J., Sabio E., Gañán J., Rodríguez M., 2006. Use of energy 

crops for domestic heating with a mural boiler, Fuel Processing Technology, 87, 717-726. 

INCF, 2013. IFN6 – Continental Portuguese soil and forest species area use. Preliminary results (in 

Portuguese), Lisbon, Portugal, <www.icnf.pt/portal/florestas/ifn/resource/ficheiros/ifn/ifn6-res-prelimv1-

1>, accessed 12.02.2014. 

Kaliyan N., Morey R., 2009. Factors affecting strength and durability of densified biomass products, 

Biomass and Bioenergy, 33, 337-359. 

Khan A., Jong W., Jansen P., Spliethoff H., 2009. Biomass combustion in fluidized bed boilers: Potential 

problems and remedies, Fuel Processing Technology, 90, 21-50. 

Klasom T., Bai X., 2007. Computational study of the combustion process and NO formation in a small-

scale wood pellet furnace, Fuel, 86, 1465-1474. 

Lee S., Speight J., Loyalka S., 2007. Handbook of alternative fuel technologies, CRC Press, Boca Raton, FL, USA. 

Liu H., Chaney J., Li J., Sun, C., 2013. Control of NOx emissions of a domestic/small-scale biomass pellet 

boiler by air staging, Fuel, 103, 792-798. 

Lorenzo P., Echeverría S., González L., Freitas H., 2010. Effect of invasive Acacia dealbata Link on soil 

microorganisms as determined by PCR-DGGE, Applied Soil Ecology, 44, 245-251. 

Mani S., Tabil L., Sokhansanj S., 2006. Specific energy requirement for compacting corn stover, 

Bioresource Technology, 97, 1420-1426. 

Mahmoudi S., Baeyens J., Seville J.P.K., 2010. NOx formation and selective non-catalytic reduction 

(SNCR) in a fluidized bed combustor of biomass, Biomass and Bioenergy, 34, 1393-1409. 

Marchante H., 2001. Acacia Portuguese dune ecosystems invasion: a threat to native biodiversity () 

[Invasão dos ecossistemas dunares portugueses por Acácia: uma ameaça para a biodiversidade 

nativa]”, M.Sc. Dissertation, Faculty of Sciences and Technology, University of Coimbra, Portugal. 

Mediavilla I., Fernández M., Esteban L., 2009. Optimization of pelletisation and combustion in a boiler of 

17.5 KWth for vine shoots and industrial cork residue, Fuel Processing Tecnology, 90,  621-628. 

Migliavacca G., Morreale C., Hugony F., Tombolato I., Pession G., 2014, Reduction of PM Emissions from 

Biomass Combustion Appliances: Evaluation of Efficiency of Electrostatic Precipitators, Chemical 

Engineering Transactions, 37, 25-30. 

ÖNORM M 7135, 2000. Compressed wood or compressed bark in natural state – pellets and briquetes, 

requirements and test specifications, Österreichisches Normungsinstitut, Vienna, Austria. 

Rabaçal M., Fernandes U., Costa M., 2013. Combustion and emission characteristics of a domestic boiler 

fired with pellets of pine, industrial wood wastes and peach stones, Renewable Energy, 51, 220-226. 

Rabier F., Temmerman M., Bohm T., Hartmann H., Jensen P., Rathbauer J., Carrasco J., Fernandez M., 

2006, Particle density determination of pellets and briquettes, Biomass and Bioenergy, 30, 954- 963. 

Roy M., Dutta A., Corscadden K., 2013. An experimental study of combustion and emissions of biomass 

pellets in a prototype pellet furnace, Applied Energy, 108, 298-307. 

Saidur R., Abdelaziz E., Demirbas A., Hossain M., Mekhilef S., 2011. A review on biomass as a fuel for 

boilers, Renewable and Sustainable Energy Reviews, 15, 2262-2289. 

Sheppard A., Shaw R., Sforza R., 2006. Top 20 environmental weeds for classical biological control in 

Europe: a review of opportunities, regulations and other barriers to adoption, Weed Research, 46, 93-117. 

Stoppiello G., Palma V., Hugony V., Meloni E., Gualtieri M., 2014, Catalytic Wall Flow Filters for the 

Reduction of Biomass Boilers Emissions, Chemical Engineering Transactions, 37, 19-24. 

Temmerman M., Rabier F., Jensen P., Hartmann H., Bohm T., 2006. Comparative study of durability test 

methods for pellets and briquettes, Biomass and Bioenergy, 30, 964-972. 

Van Loo S., Koppejan J., 2008. The Handbook of Biomass Combustion and Co-firing, 2
nd

 Edition, 

Earthscan, London, UK. 

Verma V., Bram S., Delattin F., Laha P., Vandendael I., Hubin A., 2012. Agro-pellets for domestic heating 

boilers: standard laboratory and real life performance, Applied Energy, 90, pp. 17-23. 


