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Summary: The results of investigation of small scale pellet stove (8.5 kW) for combustion of wood pellets used for household heating are presented in this paper. Experiments were performed on the test installation, designed and assembled in the Fuel and Combustion Lab at the University of Belgrade, Faculty of Mechanical Engineering. Design and manufacturing of test installation, as well as the entire testing procedure were carried out in accordance with the requirements of the applicable European regulation EN 14785 for ovens of this type. Tests were conducted for three thermal loads of the stove (minimum, medium and maximum) and three types of test fuel. Pellets of different quality (made of  beech wood, but with different proportions of bark and various technological parameters of the production process) were used as test fuels. Recalculation of test results in accordance with the requirements of a standard provided determination of thermal and environmental characteristics of the tested stove and its classification according to the criteria defined by standard EN 14785.
1. INTRODUCTION
Low energy density is the main disadvantage of raw biomass for energy use. Pelletising as a densification process of this kind of renewable energy source is possible solution for improving this characteristic. Nowdays, pellets made from biomass especially from wood are used in all areas for energy production from small scale stoves and boilers up to large scales energy plants. Automatic feeding, comfort use and relatively low maintenance costs with high efficiency of combustion process made pellets highly recomended for thermal energy production especially in households.  

Basic aim of the experimental investigations described in this paper was to obtain influence of pellet production parameters (die dimensions and temperature) on combustion process in smale scale pellet stove. During the realization of the experiments three types of wood pellets were used and thermal and environmental characteristics of investigated pellet stove were tested.
2. TESTS OF THE SMALL SCALE PELLET STOVE
The tests were based on definition of test program and choice of different fuels. Definition of listed parameters was necessary to provide the same test conditions for different pellets used in same pellet stove.
2.1 CONSTRUCTION OF INVESTIGATED PELLET STOVE
Stove used for experimental investigations in this paper is small scale pellet stove used for heating air in households with declared thermal output 8.5 kW. Schematic view of vertical cross section of investigated pellet stove is presented on Figure 1.
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Fig. 1 Schematic view of investigated pellet stove
Pellets from the built-in reservoir (1) with screw conveyor (2) are inserted from above into the combustion chamber (3) and fall into the burning pot (4), which is perforated from the bottom. Fan for hot gasses suck the flue gas from the combustion chamber providing slight underpressure (5 - 10 Pa) in it. This underpressure provide draft for airflow required for the combustion process, from the bottom of the burning pot, through a circular holes. Flue gasses from the combustion chamber are extracted by exhaust fan through the flue duct (5) to output section of the stove. Second fan introduce the air for room heating through the air duct (6) over heat exchanger and counterflow from flue gasses. This allows heat exchange between hot flue gasses and heated air for room heating.
2.2 TEST PROCEDURE AND INSTALLATION

The tests of pellet stove were made according to the demands of regulation EN 14785. Typical test cycle for determination of nominal heat output is foreseen by this standard, that comprise:
· startup and pre-test for reaching the steady state;

· minimum 3 hours is used for determination:

· total efficiency

· heat output.

· time required to reach the steady state.

Experimental tests were conducted for nine experimental regimes of investigated pellet stove. Three test fuels (marked as P_1, P_2 and P_3) and three thermal loads of the pellet stove (minumum, medium and maximum - marked as TL_1, TL_3 and TL_5 respectively) were tested.

The test installation was designed and constructed in Fuel and Combustion Lab at the University of Belgrade, Faculty of Mechanical Engineering, according to the demands of regulation EN 14785 (Figure 2). It consists of investigated appliance, weight scale and measurement section for flue gas composition, temperature and flow. The investigated pellet stove prepared for the test is shown on Figure 3.
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Fig. 2: Test installation used for investigations [1]
(1-exaust to atmosphere, 2-fan, 3-adjustable dumper, 4-adjustable gather, 5-flue gas connector, 6-measurement section, 7-trihedron side wall, 8-flue gas adaptor - bend,  9-pellet stove, 10-trihedron side wall, 11-trihedron test hearth, 12-platform scale)
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Fig. 3: Pellet stove on the test installation

2.3 TEST FUELS
Three different wood pellets were used as test fuels for the experimental investigations. All pellets are produced from same raw material (beech wood) and with same type of pellet press (presses with vertical die), but with different production parameters (die diameter, height and temperature). Pelletising production process parameters for each test fuel are given in Table 1.
Table 1 Production process parameters for test fuels 
	Production parameter
	P_1
	P_2
	P_3

	Die dimensions DxW [mm]
	Ø1100 x 350
	Ø1010 x 300
	Ø1010 x 300

	Die hole dimensions DxL [mm]
	Ø6 x 24
	Ø6 x 22
	Ø6 x 28

	Die temperature [°C]
	125-135
	110-130
	134-147


Proximate and ultimate analysis of all test fuels were made according to the regulation EN 14961.
3. TEST RESULTS

Results obtained during the experiments were classified in 4 groups:

· fuel analysis,

· combustion process,

· thermal characteristics,

· environmental characteristics.
3.1 FUEL ANALYSIS 

Analysis of all test fuels were made according to the regulation EN 14961. Proximate analysis was made in Fuel and Combustion Lab (University of Belgrade, Faculty of Mechanical Engineering) and ultimate analysis in the Institute for chemistry, technology and metallurgy – Center for chemistry. The results of proximate and ultimate analysis (only for as received mass) for all test fuels are given in the Table 2.

Table 2: Proximate and ultimate analysis of test fuels (as received)
	
	P_1
	P_2
	P_3

	PROXIMATE ANALYSIS

	Total moisture (% m/m)
	5.17
	6.86
	7.66

	Ash (% m/m)
	1.82
	1.20
	1.45

	Combustibles (% m/m)
	93.0
	92.0
	90.9

	Volatiles (% m/m)
	77.4
	77.1
	77.5

	Fixed carbon (% m/m)
	15.6
	14.9
	13.4

	High heating value (kJ/kg)
	18399
	18359
	17403

	Low heating value (kJ/kg)
	16866
	16801
	15832

	ULTIMATE ANALYSIS

	Carbon (% m/m)
	45.2
	44.6
	44.1

	Hydrogen (% m/m)
	6.24
	6.16
	6.13

	Nitrogen (% m/m)
	0.18
	0.17
	0.17

	Sulphur (% m/m)
	-
	-
	-

	Oxygen, as the difference (% m/m)
	41.5
	41.0
	40.5


3.2 COMBUSTION PROCESS

Results of combustion process obtained during experiments and used for determination thermal and environmental characteristics of investigated stove were:

· fuel consumption,

· oxygen (O2) content in flue gas,

· carbon dioxide (CO2) content in flue gas,

· flue gas temperature.
Results of fuel consumption for each experimental regimes are given in Table 3
Table 3 Fuel consumption in kg/h for all experimental regimes

	
	P_1
	P_2
	P_3

	TL_1
	0.45
	0.60
	0.41

	TL_3
	0.95
	1.00
	0.86

	TL_5
	1.60
	1.70
	1.47


Mean values of oxygen (O2) and carbon dioxide (CO2) content in flue gas and flue gas temperature during experimental tests are presented in Figure 4, Figure 5 and Figure 6 respectively.
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Fig. 4: Oxygen content in flue gas for all experimental regimes
[image: image6.emf]2,11 

2,53 

1,62 

3,62 

3,89 

2,63 

5,92 

6,67 

4,29 

0

1

2

3

4

5

6

7

8

P_1 P_2 P_3

CO2 [% v/v]

 

TL_1 TL_3 TL_5


Fig. 5: Carbon dioxide content in flue gas for all experimental regimes
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Fig. 6: Flue gas temperature for all experimental regimes
3.3 THERMAL CHARACTERISTICS

For all experimental regimes, thermal characteristics that were determined during the tests were:

· obtained heat output;

· total efficiency of the pellet stove.

All calculations of listed thermal characteristics were conducted according procedures defined in EN 14785 and based on obtained experimental results for each firing regime. Results of thermal characteristics from the tests of investigated pellet stove for different test fuels and different thermal loads are given on Figure 7 (obtained heat output) and Figure 8 (total efficiency). 

Regulation EN 14785 doesn’t have strict limits for the nominal heat output of pellet stove. However, total efficiency is defined and according to this regulation shall be at least 75% at nominal heat output and 70% at reduced heat output.
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Fig. 7: Obtained heat outputs for all experimental regimes
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Fig. 8: Total efficiency for all experimental regimes

3.4 Environmental characteristics 

Under environmental characteristics only carbon monoxide (CO) emission level is defined by the regulation EN 14785. According this standard, during testing, maximum permitted mean carbon monoxide concetration based on 13% of oxygen (O2) content in flue gas can be 0.04% v/v (500 mg/m3) at nominal heat output and 0,06% v/v (750 mg/m3) at reduced heat output.

Results of CO emissions (calculated on 13 %v/v O2 content in flue gas) from the tests of investigated pellet stove for different fuel types and different thermal loads are given on Figure 9.
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Fig. 9: CO emission calculated at 13 %v/v O2 content in flue gas for all firing regimes
4. CONCLUSIONS
Heating appliances fired on biomass pellet could be a part of the future, especially having on mind that biomass is renewable energy source with zero CO2 balance. The importance of this type of heating appliances is emphasized by the all advantages using pellets especially for household heating. European regulation EN 14785 has brought clear test procedures and strict limits for heating appliances fired with this type of solid biofuel.

The results of combustion process for investigated small scale pellet stove obtained from the tests made completely according to the demands of EN 14785, are presented in this paper. Based on these results it can be concluded that:

· total efficiency required by EN 14785 for nominal heat output (more than 75%) was not achieved for neither experimental regime;

· total efficiency required by EN 14785 for reduced heat output (more than 70%) was achieved for maximum thermal load (TL_5) with test fuels (P_1) and (P_2) and for medium thermal load (TL_3) with test fuel (P_2);

· total efficency for other thermal loads for this two test fuels was slightly below this limit, except for the test fuel (P_3). For this test fuel for all thermal loads total efficency was between 45,87%  to 55,36%;

· CO emission limit for the nominal heat output (less then 500 mg/m3 at 13% O2) was achieved only for maximum thermal load (TL_5) with test fuel (P_2). With other test fuels and for other thermal loads this demand of EN 14785 was not fulfilled;

· CO emission for test fuel (P_3) was extremly high and for all thermal loads it has varied from 69001 mg/m3 to 200671 mg/m3. 

Extremly high CO emission and low total efficency for test fuel (P_3) proves that pelletising production parameters have significant impact on combustion process. Also according to obtained results for thermal output and total efficency it is possible to make an improvment of investigted stove construction and combustion process. These facts will be the subject of further investigations of the authors. 
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