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Introduction
In the light of the last updated European standard series EN 14961 (Solid biofuel - Fuel specification and classes) seems to be necessary the need and the will to provide more pellet tests under general requirements and standards in order to asses, compare and analyse different tests for different quality of products. 

The real objective of this European Standard is to provide unambiguous and clear classification principles for solid biofuels, to serve as a tool to enable efficient trading of biofuels and to enable good understanding between seller and buyer and between equipment manufacturers.

The classifications given in this European Standard are provided with the objective of using biomass as a biofuel, and therefore do not deal with all other uses.

In this framework, European Commission supported the BioNorm II project, with the main objective carry out a pre-normative research in the field of solid biofuels in close collaboration with the work of CEN TC 335.

The general aim of the combustion boiler tests, in line with the Bionorm II project carried out in the Test Laboratory of RTU-IESE (Riga Technical University – Institute of Energy Systems and Environment), was to analyze the pellet quality parameters and properties that affect emissions and efficiency of a domestic wood pellet boiler. In particular six different combustion tests with 3 different types of pellets has been carried out using a typical wood pellet boiler produced by a Latvian manufacturer with a nominal power output of 15kW. 

In order to provide a better comparison for the present study the results of five previous boiler tests, always executed with the same boiler has been taken into account.

The main objective of this paper is to show how the final combustion efficiency is affected by the pellet quality parameters and how much this is evident in the final products of the combustion test.

The main normative EN 303-5 about testing of heating boilers for solids fuels was taken into account for all measurements.

Methodology tests
In connection with the Bionorm II the initial procedure expected to use two different pellet samples and to provide for each kind of pellet two tests at boiler nominal capacity and one test at reduced capacity for a total sum of six tests. The control system of the experimental boiler works only using an on/off principle; during the boiler operation a constant amount of fuel and oxygen is provided to the furnace, hence there is not possibility to an ordinary operator to regulate the boiler capacity. In consequence of that only test at nominal capacity was executed using three different qualities of pellets guarantying always a total sum of six tests. 

In the Bionorm II project context the three different qualities of pellets presented a nominal diameter equal to 8.0 mm. During the experiments the return water temperature to the boiler was approximately equal to 50 oC and water flow through the system was approximately equal to 0.6 m3/h. The duration of each test was at least 6 hours long.

All types and main properties of pellets used for analysis are summarized in the table 3 including also the five previous tests used for this study report.
Description of experiment
For the experiment a pellet boiler with 15 kW capacity and automatic fuel and air input system was used.

The boiler is equipped with semi-automatic operation system. It means that user has to ignite the fuel in combustion camera manually and to clean the boiler regularly. When continuous combustion is reached, the boiler operates automatically. The boiler automatically supplies pellets to the burner and turns off after reaching maximal water temperature. When the boiler stops operating, it switches off air ventilator and fuel input system. The coals in the burner are blazing and, when the temperature of water decreases, burning process is renewed. If there are no live coals in the burner, an operator has to fulfill it and to manually ignite the pellets. Fuel feeding from pellet storage tank to the boiler is accomplished using a fixed horizontal screw. The boiler is equipped with fuel lack warning system. The boiler is also equipped with three-way valve for regulating output water temperature. There is an independent circuit with separate circulation pump, therefore output water temperature is regulated using the valve, by mixing the water from heating loop with the water from boiler internal loop.

The scheme of the experimental system is shown in the Figure 1.
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Fig.1. My Scheme of boiler testing stand (1 – pellet boiler, 2 – flue gas analyzer, 3 – 360l water accumulation tank, 4 – hot water cooler, 5 – expansion vessel, 6 – temperature sensors, 7 – circulation pumps, 8 – deaerator, 9 – safety-valve, 10 – manometer, 11 - filter, 12 – electromagnetic water flow sensor, 13 – heat exchanger)

The connection of the boiler to the chimney is assured with a flexible flange to ensure that temperature expansion does not affect weight measurements. Also flexible pipes are used for connecting the boilers to the hydraulic loop in order not to influence the scale due to temperature or pressure.

Equipment
In the following paragraphs a brief overview of the installed equipments is given.

The boiler tested has a nominal power of 15kW and it is produced by a Latvian manufacturer and the main technical parameters are summarized in the table 1. 

Table 1.
Technical parameters of the tested pellet boiler
One empty line 11pt
	Parameter
	Value
	Unit

	Nominal heat capacity
	15
	kW

	Maximal working temperature
	95
	°C

	Rated Efficiency
	80 - 90
	%

	Nominal work pressure
	1
	bar

	Maximal work pressure
	2.5
	bar

	Minimal work pressure at water t = 95°C
	0.5
	bar

	Maximal supply water temperature
	95
	°C

	Minimal return water temperature
	50
	°C

	Nominal water consumption at Δt = 20°C
	0.6
	m3/h

	Minimal water consumption
	50
	% of nominal

	Minimal temperature of flue gases
	110
	°C


The laboratory has been equipped with a test facility for testing small scale biomass boiler (under 50 kW). The facility allows the measurements of the following parameters:

1 Flow rate through the boiler
2 Water inlet temperature to boiler
3 Water outlet temperature from boiler
4 Flue gas temperature at outlet of boiler
5 Room ambient temperature at 4 different heights
6 Oxygen concentration in flue gas
7 Carbon dioxide concentration in flue gases
8 Carbon monoxide concentration in flue gases
9 NO concentration in flue gases
10 Dynamic pressure in chimney
Weight of pellet store and boiler for dynamic measurements of pellet consumption.

Measurements

Regarding measurements of the weight of pellet, temperature, water flow rate and flue gases have been used all the instruments listed in the table below.

Table 2.
Measurement equipments
	Parameter
	Instrument
	Technical specification

	Weight
	1. electronic weighter
2. electronic weight indicator 
(Svenska Vag AB MODEL LD5204-06)
	1. weighting platform
2. analogue output, accuracy of ± 0,1kg

	Temperature
	1. thermocouple cable with Probes type K 
2. thermocouple cable with Probes type T
	1. voltage range of ±2,5mV and ±7,5mV
2. voltage range of ±25mV and ±250mV

	Water flow rate
	heat meter
(Kamstrup 9EVL, MP115)
	digital pulse output, measured with a pulse counter channel

	Flue gases
	1. continuous non-dispersive infrared absorption gas analyzer (CO, CO2, NO)
2. magneto mechanical oxygen continuous analyzer (O2)
	1. Modulation in the λ = 2.5–8 μm wave length range 
2. principle based on the paramagnetic behavior. 


Pellets
For the combustion tests in connection with the Bionorm II project three different types of pellets from three different industrial producers were used. In addition to the previous ones other 3 different types of pellets has been taken into account for a total of six pellet types where only one was produced out of Latvia (Finland).
Before the execution of the boiler tests the pellets were analyzed in test laboratory of RTU-IESE according to the standards of prEN 14961 and CEB-TS. Additionally, nitrogen content was determined for pellet type 1_2 and 3_1. In table 3 the main properties of the pellets samples are listed. 

The most relevant differences were found regarding the parameters of moisture and ash content.

Table 3.
Properties of the combusted pellets in accordance to CEN-TS standards
	Test
	Pellet

	Moisture 
content 
[w-%]
	Ash 
content 
[w-%, dry
 matter]
	Net 
calorific
value
[MJ/kg]
	Nitrogen 
Content
[w-%, dry
matter]
	Durability 
[w-%]
	Fines sizes
(<3,15mm)
[w-%]

	1_1
	1_sample
	6,29
	0,43
	17,46
	0,18
	97,63
	0,66

	1_2
	1_sample
	6,29
	0,43
	17,46
	0,18
	97,63
	0,66

	2_1
	2_sample
	6,14
	0,56
	17,39
	0,20
	97,42
	0,37

	2_1
	2_sample
	6,14
	0,56
	17,39
	0,20
	97,42
	0,37

	3_1
	3_1_sample
	8,75
	0,39
	16,95
	0,16
	98,42
	1,23

	3_2
	3_1_sample
	8,75
	0,39
	16,95
	0,16
	98,42
	1,23

	3_3
	3_sample
	8,5
	0,39
	17,01
	-
	99,14
	1,23

	3_4
	3_2_sample
	13,6
	0,39
	15,94
	-
	97,36
	1,23

	4_1
	4_sample
	7,2
	0,71
	17,3
	-
	98,13
	0,54

	5_1
	5_sample
	8,5
	0,5
	17,44
	-
	95,97
	0,62

	6_1
	6_sample
	9,7
	1,63
	16,68
	-
	97,14
	0,83

	Testing Method
	CEN/TS
14774-3
	CEN/TS
14775
	CEN/TS
14918
	CEN/TS
15104
	CEN/TS
15210-1
	CEN/TS
15149-1


Globally eleven combustion tests were executed using six qualities of pellets where for pellet samples type 1, 2 and 3_1 boiler test procedure was repeated.

Results of combustion tests

After every boiler experiment the boiler efficiency was calculated using direct method according to standard included in EN 303-5. The results are summarized in table 4 where are also reported the average values of emission concentration and flue gas temperature average values. The concentrations of CO and NO were recalculated in a 10% of oxygen concentration in flue gases according to Bionorm requirements.

All the final data included in this study involve the results of eleven boiler tests executed with six different pellets where the six tests for Bionorm II were conducted in a regime of reduced air supply respect the five previous tests executed in a regime of higher air flow rate. Because of a modulation of the heating power was not possible only tests with nominal heat output were possible.

The collected data from the tests were analyzed in order to identified possible connections or trends between the final of the burning process and the main pellet qualities.

The results show a global variation in efficiency around 18% how can be seen from the table 4 and the figure 2. 

All the results from the combustion tests are given in the following tables.
Table 4.
Tests comparison (average values)
	TEST
	PELLET TYPE
	O2 
[%].
	CO2
 [%]
	CO
 [% at
 10%  O2]
	NO
[mg/Nm3 
at 10% O2]
	Flue gas 
temperature [oC]
	Efficiency [%]
	

	1_1
	1_sample
	6,127
	13,91
	0,044
	75,77
	94,71
	86,33
	BIONORM II
TESTS

	1_2
	1_sample
	6,797
	13,34
	0,041
	75,75
	92,64
	86,41
	

	2_1
	2_sample
	7,044
	13,74
	0,025
	97,02
	94,63
	84,74
	

	2_1
	2_sample
	7,541
	12,99
	0,021
	96,03
	96,09
	83,94
	

	3_1
	3_1_sample
	11,77
	8,669
	0,054
	67,04
	85,59
	84,12
	

	3_2
	3_1_sample
	10,16
	10,14
	0,026
	67,39
	84,03
	84,66
	

	3_3
	3_sample
	16,93
	4,31
	0,092
	56,25
	81,7
	74,10
	PREVIUOS
TESTS

	3_4
	3_2_sample
	17,42
	4,63
	0,142
	47,24
	77,3
	70,10
	

	4_1
	4_sample
	16,77
	4,57
	0,067
	64,08
	82,4
	78,00
	

	5_1
	5_sample
	16,34
	4,71
	0,056
	50,58
	81,7
	72,20
	

	6_1
	6_sample
	17,21
	4,05
	0,075
	46,76
	79,8
	68,80
	


The followings figures show different aspects of the test’s efficiency in connection with flue gas emissions (O2, CO2, CO), flue gas temperature and the main quality parameters of the pellets. 

The first important result (see figure 2) points out that the best test efficiency is in connection to the pellet type 1 that shows the highest net calorific value, the lowest ash content and the second lowest value of moisture content of the whole pellets analyzed.
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Fig.2. Comparison of efficiency

The figures 3a and 3b shows the correlations between the O2 and CO2 emissions and the efficiency of the boiler tested with the examined pellets. Results well fit a linear correlation. The results also stressed how in an higher air rate flow regime (tests 3_3, 3_4, 4_1, 5_1, 6_1) is evident a decreasing in terms of efficiency, this because with higher amount of air rate flow identified by a bigger amount of O2, also the thermal loss in the flue gases are greater 
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Fig.3a. Correlation of O2 content and efficiency
Fig.3b. Correlation of CO2 content and efficiency.

The figure 4 shows the correlation between the CO emissions and the efficiency of the boiler tested with the examined pellets. The figure shows that there is not a strict dependency of efficiency with CO. In general is the amount of fines in the pellets that is responsible for an increasing of CO in the combustion final products. In relation to the figure below results point out a not so good linear correlation with a root mean square approximately equal to 0.60. 
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Fig.4. Correlation of CO content at 10% of O2 and efficiency.

In general the temperature of flue gases is a direct function of the temperature inside the boiler furnace, and the temperature of furnace is also depending from the net calorific value of the pellets. This can be evident in reference to the higher temperature of flue gases in connection with the pellet type 2 with the highest value of net calorific value. In the figure 5a is shown the graph of the temperature in relation to efficiency during all boiler tests, a rather good linear correlation, with an R2 approximately equal to 0.7, seems evident but 
this result can be misleading for a final justification. If we take into account only the tests provide for Bionorm II with a lower value of air flow rate is evident that there is no a clear correlation between temperature of flue gases and efficiency.  
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Fig.5a. Correlation of flue gases temperature and efficiency.
Fig.5b. Correlation of flue gases temperature and efficiency (Bionorm II).
The next figure 7 shows the graph of the moisture content in relation to the final efficiency. Data points out really significant results: for a variation of the moisture contents between 6.29 and 13.6 w-% the fluctuation of the flue gas temperature is around 20oC in connection with a loss of the efficiency around 18%. How could be predicted also before the tests, from the graph in figure 6 it is possible to understand that the decreasing of the efficiency is in connection with a choice of pellet with a high level of moisture content.
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Fig.6. Correlation of moisture content and efficiency.

The net calorific value directly affect the maximal temperature in the furnace chamber but also can be seen from figure 7 is ratherdifficult to find a proper correlation between this pellet property and the efficiency. Nevertheless is evident how the highest efficiency is in connection to the pellet with the highest net calorific value.
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Fig.7. Correlation of net calorific value and efficiency.

The correlation between ash content and efficiency is reported in the next picture: the data do not fit a good linear trend (R2<0.24), nevertheless the results show a decreasing trend of efficiency for higher values of ash content: in a range of ash content between 0.39 and 1.63 w-%, dry matter efficiency decrease around 18%. Results do not show a direct function between ash content and efficiency, however is evident how for the test executed with the sample with the lowest value of the ash content is in connection with the lowest efficiency. Different studies show that an higher ash content is also responsible for slug formation that really affect the final efficiency of the combustion process (see reference 6). 
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Fig.7. Correlation of ash content and efficiency 
Data analysis concerning mechanical durability and fines gave not relevant conclusions in terms of effects on the boiler efficiency. Durability is more connected with an evaluation of the property of the pellet to be transported. Also fines do not show important correlation directly correlated with the efficiency but it is well know the percentage of fines is in relation with the production of CO. Results are  reported in the next figures 8a and 8b with a R2 always less than 0.1.
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Fig.8a. durability vs efficiency 
Fig.8b. fines vs efficiency
Conclusions

In the line of the project Bionorm II three different pellet types were burned for six boiler tests. Other previous five boiler test with other three different qualities of pellets has been taken into account in order to provide the final results of this study for a total of eleven boiler tests. 

After these tests can be understand how the selection of a good quality pellets in terms of a low moisture contents and a low ash contents could be significant for the improving of the efficiency of the combustion process. 

In the light of the analysis of the boiler combustion tests can be possible to provide the following conclusions. 
1. It is difficult to find a direct function of efficiency with only one pellet parameter, in fact the final combustion efficiency is a result of a combination of different variables connected with the parameters of boiler operation conditions (different oxygen content in furnace, temperature of flues gases) and the different types of pellets both. 
2. The results stressed how in an higher air rate flow regime (tests 3_3, 3_4, 4_1, 5_1, 6_1) there is a decreasing in terms of efficiency. 
3. Data show the way how the moisture content can affect the final efficiency. For a variation of the moisture contents between 6.29 and 13.6 w-% the fluctuation of the flue gas temperature is around 20oC in connection with a loss of the efficiency around 18%.
4. The net calorific value directly affects the maximal temperature in the furnace chamber but is difficult to find a proper correlation between this pellet property and the efficiency. Nevertheless is evident how the highest efficiency is in connection to the pellet with the highest net calorific value 
5. Efficiency varies between 83.9% and 86.4% for the pellets analyzed in context of Bionorm II, and between 68.8% and 86.4% taken into account all the data for this study.
6. Results also show that the best pellet in term of efficiency is the pellet type 1 (highest net calorific value, the lowest ash content and the second lowest value of moisture content). The worse pellets are the type 3_2 and the type 6 that respectively show the highest moisture content (13.6 w-%) and the highest ash content (1.63 w-%, dry matter)
7. Data analysis concerning mechanical durability and fines gave not relevant conclusions in terms of effects on the boiler efficiency.
Further works and researches could be addressed to identify multi correlations between the collected data. In particularly the should include other boiler test analyses with other qualities of pellets.

References

1. prEN 14961-1:2008.5: Solid biofuels — Fuel specifications and classes — Part 1: General requirements
2. EN 303-5: Heating boilers. Heating boilers with forced draught burners. Heating boilers for solid fuels, hand and automatically fired, nominal heat output of up to 300 kW. Terminology, requirements, testing and marking
3. D. Blumberga. Energoefektiviāte. – Riga: Pētergailis, 1996. –  320 pages, ISBN 9984-504-49-2
4. B. Sørensen. Renewable Energy. – U.S.A.: Elsevier Academic Press, 2004. – 928 pages, ISBN 0-12-656153-2
5. Tallin University of Technology. Manual for biofuels users – Tallin: TUT press, 2005. – 178 pages, ISBN 9985-59-596-3  
6. M. OØ hmana, C. Bomana, H. Hedmanb, A. Nordina, D. BostroØma. Slagging tendencies of wood pellet ash during combustion in residential pellet burners – Biomass and Bioenergy 27, 2004, P.585 – 596.
Francesco Romagnoli, Master of Science, resercher
 Riga Technical University, Institute of Energy Systems and Environment
Address: Kronvalda Bulvaris, LV-1010, Riga, Latvia
Phone: +371 28354151, Fax: +371 67089908
e-mail: francesco.romagnoli@rtu.lv 
Claudio Rochas, Doctor of Science, docent
 Riga Technical University, Institute of Energy Systems and Environment
Address: Kronvalda Bulvaris, LV-1010, Riga, Latvia
Phone: +371 67089923, Fax: +371 67089908
e-mail: claudio.rochas@rtu.lv 
Aivars Žandeckis, Master of Science, resercher
 Riga Technical University, Institute of Energy Systems and Environment
Address: Kronvalda Bulvaris, LV-1010, Riga, Latvia
Phone: +371 28354151, Fax: +371 67089908
e-mail: aivars.zandeckis@rtu.lv 
Francesco Romagnoli, Claudio Rochas, Aivars Žandeckis, Research of Combustion Efficiency of Pellets
During the last decade biomass, for energy conversion and energy carriers, became one of the main source of renewable and clean energy with the consequent constant growing appreciation of the European markets and the policy makers.
By its clean energetic properties and overall by its low-carbon-intensive skill, biomass conversion could contribute to displace carbon-intensive fossil fuels from the energy markets with the consequences of reducing greenhouse gases and general emissions, bringing benefits in terms of security of energy supply and giving an important impulse for the national sustainable economy. This became one of the main goal for EU policy.
In the light of these motivation with the last updated European standard series prEN 14961 (Solid biofuel - Fuel specification and classes) seems to be necessary the need and the will to provide more pellet tests under general requirements and standards in order to asses, compare and analyse different tests for different quality of products. 
In this framework, European Commission  supported the BioNorm II project, with the main objective carry out a pre-normative research in the field of solid biofuels in close collaboration with the work of CEN TC 335.
In the line of the project Bionorm II this paper provide an experimental research with a pellet boiler of 15 kW which the main objective was addressed to understand how the final combustion efficiency is affected by the pellet quality parameters and how much this is evident in the final products of the combustion test. The results of eleven pellet boiler tests have been carried out.
The main normative EN 303-5 about testing of heating boilers for solids fuels was taken into account for all measurements and the pellets have been analyzed according the prEN 14961.
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