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Featured Application: A thorough study about the optimization of a real biomass stove by using
different fuels was carried out to determine the quality of exhaust gases.

Abstract: Global energy scenario is becoming vital for the sustainable economic development of a
region or country. Current changes in energy production, mainly due to scarcity and geopolitical
factors, have proven the need for changes in energy mix towards a lower energy dependence. In
that sense, a considerable amount of biomass waste is generated in many regions, because of agro-
industrial activities, whose management could contribute to energy production. The aim of this
work was to study the determination of combustion conditions in a biomass stove by using different
raw materials as fuels, such as pine, poplar, and plum tree pellets. For that purpose, power, excess
air, and biomass content were optimized, among other parameters, and fumes were analyzed with
a Testo 335 analyzer, recording temperatures with temperature probes. As a conclusion, high yields
were found for the optimized parameters of the studied biomass (ranging from 91.1 % for poplar
pellet to 92.34 % for pine pellet), making these three biomass fuels suitable for combustion in the
abovementioned stove. Also, increasing biomass flow by 25 % in the stove contributed to a higher
efficiency of the process, especially in the case of plum tree pellets.

Keywords: combustion; biomass; optimization; biomass; pine; poplar; plum tree; fume analysis

1. Introduction

1.1. Global Energy Scenario

Global energy scenario is one of the most challenging issues when it comes to the global
development of a country. Current oscillations in energy production due to many factors such as
geopolitics or international relations have pointed out, in the case of many countries (especially
smaller or less-powerful ones, which are usually more dependent and vulnerable compared to world
powers such as China or USA [1]), the need for modifications in energy patterns towards less energy
dependency, which would imply a boost for their economies and industrial activities [2], possibly
reducing the influence of international oil companies (IOCs) in energy transition, as in the case of
Europe [3]. In that sense, the possibility for many countries to become “prosumer actors” through a
green transition could reduce any form of geopolitical concern [4]. For instance, in the case of Europe
(according to recent studies), it is vital to replace energy imports with domestic energy production,
reducing energy dependency. If import substitution takes place with domestic renewable energy
sources, additional positives effects could be found in terms of energy dependency and security and
sustainable development [5]

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Additionally, there is an increasing concern (at national and international level) about
environmental issues such as climate change, with greenhouse gas emissions being one of the most
worrying aspects related to industrial activities and energy consumption. This way, international
organizations such as the United Nations have been fostering the Sustainable Development Goals
(SDG), where the implementation of specific steps to promote the sustainable economic and energy
growth (especially in the case of developing countries) have an essential role, promoting concepts
such as green chemistry, circular economy or atom efficiency, among others, in order to maintain the
environmental quality of soil, water and air [6].

Specifically, the use of biomass could play an important role in the implementation of these
SDGs or similar biomass, bioprocessing or biobased product policies, implying in many cases the
valorization of wastes with a difficult environmental management through its energy use at local and
industrial levels, possibly contributing to bioeconomy strategies (which many of them are not still
completely coherent with common bioeconomy objectives), being an interesting resource to improve
the use of marginal lands that can alleviate resource competition and soil deterioration [7].

In that sense, some data included in Figure 1 supports the abovementioned reasoning. Thus, if
worldwide pellet production is considered (Figure 1a), an exponential increase can be observed in
the last two decades, which points out the commercialization of biomass at a global level. Also, in the
case of Europe (Figure 1b), there was a steady increase in solid biomass primary energy production,
from around 50 million tons of oil equivalent in 2000 to about 100 million tons in 2021 (that is,
doubling the production). This fact could imply an increase in the implementation of biomass power
plants. For instance, regarding Germany (Figure 1c) there was a 16 % increase in biomass power
plants in the last decade, pointing out the commitment of this country with renewable energies,
including biomass. Last but not least, the role of biomass in some developing regions or countries
could be important, as shown in Figure 1d for electricity generation from biomass and waste in Africa.
As observed, the electricity generation doubled in two decades, considering this energy source as an
interesting way to contribute, among other renewable energies, to the sustainable development of
Africa. Indeed, interesting works have been carried out about the use of local biomass in boilers, as
in the case of Cameroon [8].
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Figure 1. Different trends regarding biomass in the last two decades: a) Global wood pellet production
(source: [9]); b) Solid biomass primary energy production in Europe (source: [10]); c) Number of
biomass power plants in Germany (source: [11]); d) Electricity generation (in terawatt hours) from
biomass and waste in Africa (source: [12]).
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These data support the contribution of this energy source to the sustainable development in
general, increasing the energy independence of countries and regions and managing some
agricultural wastes, improving their valorization. In general, biomass energy use is devoted for a
local consumption, that is, many countries such as Finland or Sweden consume almost all biomass
energy produced by themselves [13,14]. Nevertheless, there are other countries where biomass
energy production exceeds its consumption, as in the case of Portugal [15], whereas the opposite also
takes place, with a higher consumption compared to biomass energy production (for instance, in
Italy) [16]. In any case, these differences are not noticeable, showing relatively similar biomass energy
production and consumption.

Concerning Spain (whose biomass energy production/consumption is also balanced, according
to recent data [17]), and specifically in Extremadura region, a considerable amount of biomass wastes
is continuously generated due to diverse agro-industrial activities. Nevertheless, these wastes present
a high potential for energy generation (including barks, husks, corncob, etc.), which represents a great
opportunity for the implementation of circular economy or green chemistry policies [18,19].
Conventionally, these wastes are used for direct combustion and the subsequent energy generation
through steam cycles. In that sense, combustion optimization (for instance, taking place in a stove) is
essential to make this process energy and economically feasible at user and industrial levels.

1.2. Combustion: Foundations and Optimization

Combustion is a chemical reaction where an oxidizing air is combined with oxidable elements
included in a combustible substance. This chemical reaction energy is released as heat. The obtained
chemical species are considered reaction products, exhausted gas, or combustion gas. For this
purpose, pure oxygen is not usually used, whereas oxidizing gas is normally employed (for instance,
air). Thus, there are different kinds of combustion, such as complete combustion (where the
combustible is completely oxidized), neutral combustion (a complete combustion where
stoichiometric oxygen is used) and incomplete combustion (where the combustible is not completely
oxidized).

In that sense, heating value of a fuel is the heat released in a complete combustion for a unit of
fuel. This way, heating value can be determined as high heating value (HHV) and low heating value
(LHV), depending on the consideration of steam condensation due to combustion or water content
in fuel. Thus, the only difference between HHV and LHV is the condensation heat of steam (produced
during combustion or included in fuel). Therefore, this parameter is extremely important in this
context, as the use of fuels with a specific heating value will determine the efficiency of combustion
processes in stoves.

Combustion facilities, such as those including stoves, are usually designed to obtain the highest
yield, that is, an optimum yield, in order to make combustion as much efficient as possible. For that
purpose, energy loss should be minimal. Thus, loss due to sensible heat or solid and gaseous non-
burnt products can be reduced if the excess air coefficient (n, included in Equation 1) is adjusted,
which is difficult to find in a specific facility.

n=2 )
airg

Where air: is the real air in the facility and air: is the theoretical air that should be provided. Thus,
loss due to sensible heat is due to the fact that a percentage of the generated heat during combustion
is not useful, as the exhausted gas are evolved at higher temperatures compared to ambient
temperature. Considering the exhausted fumes (Ps) as a mixture of ideal gases, this loss can be
assessed according to Equation 2:

Py = AH = hy —hy = mpCpp(Ty — To) = ViprCon(Th — Ta) 2)
Where:
e  hn—harepresents the enthalpy change in exhausted fumes.
®  mnis the exhausted flow.
e  Cpnis the average specific heat of fumes.
e Th-—Tais the inlet and outlet temperature (respectively) of fumes and air.
e  Vnand on are total volume generated and fume density, respectively.
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Thus, loss could be avoided if Vi=0 or Tn = Ta. The way to reduce these losses is to decrease
outlet temperature and total volume of fumes. In the first case, heat recovery systems are used for
fumes to decrease Th, air heaters to increase Ta. Also, superheaters or reheaters can be used for this
purpose. Regarding total fume volume reduction, it can be achieved by reducing excess air. In fact,
this loss is minimal if minimum air necessary for combustion of a specific combustible is used.

Loss due to non-combusted gas are on account of the presence of combustible gas, mainly CO.
Low heating value (LHV) in a solid fuel can be calculated, according to its elemental analysis, through
Equation 3:

LHV = 8100P, + 34400P),, + 2500Ps + 5400Py, 3)

Where Pc is the percentage in weight of carbon obtained in ultimate analysis, Pw2 is the
percentage in weight of hydrogen obtained in ultimate analysis and Ps is the percentage in weight of
sulfur obtained in ultimate analysis, all of them expressed in kg of each element per kg of fuel. If total
combustion of carbon takes place, the following reaction occurs (see Equation 4):

C+ 0, - CO,+ 8100 kcal/kg 4)

If combustion is incomplete (obtaining CO), Pc value would be Pc:(1-x), and the following
reaction takes place (Equation 5):

C+ 30, > CO+2430 keal/kg  (5)

Where x is the burned gas ratio, (1-x) is the unburned gas ratio (which is evolved), P’z = Pre-
Po2/8 (for wet basis) and P’rz = Przfor dry basis. Thus, according to Equation 6:

x = —2C02 (6)

vcotvco,
The loss due to unburned gas (Pu) would be obtained according to Equation 7:
P,,(CO) = 8100P, — [8100P.x + 2430 P, (1 —x)] = 5670P;(1 —x) (7)

Where Pc is the amount of carbon in biomass. From the previous equation it can be inferred that
the lower the value of X, that is, the more incomplete combustion, the higher the loss will be found.
Therefore, this loss will be avoided carrying out a complete combustion. This can be achieved by
pulverizing the fuel, provoking turbulences to increase the contact between the oxidizing agent and
the fuel, providing a suitable excess air coefficient, increasing the heat at homes, or increasing the
residence time.

Therefore, concerning these losses, an optimum excess air coefficient is needed to contribute to
a maximum yield, as observed in Figure 2. The indirect method to determine the yield of the process
is based on the calculation of all losses that takes place in the oven through Equation 8:

n=1- 0 ®)

N

r]opt
Figure 2. Loss, yield, and excess air coefficient.

The graphical representation of loss through sensitive and latent enthalpy presents a
disadvantage, that is, the impossibility of finding a general mathematical expression that correlates
both losses according to excess air (n). For this reason, the only reliable way to represent these
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equations is through experimental sampling for each combustion facility, testing different excess air
ratios.

1.3. Ostwald Diagram: Theoretical Foundations

In order to optimize combustion processes, a mathematical tool (developed by Wilhelm Ostwald
and used in the literature for some time to determine the performance of biomass facilities [20]) is
going to be used from the fuel parameters obtained for each combustion stage. If fume composition
is known in percentage, it is possible to represent the stage of the process. According to Figure 3, an
example of an Ostwald diagram can be observed.

Vco2
CO, Max

O, Max 0.21 Vo2

Figure 3. Example of an Ostwald diagram.

Thus, the two cathetus or legs represent the values of Vcoz and Vo2 in fumes, and the hypotenuse
represents the complete combustion line. The triangle is divided, in turn, by the so-called air line, in
two parts: one representing the incomplete combustion points due to the lack of air (triangle
corresponding to the ordinate-abscissa-air lines) and another one representing the incomplete
combustion due to excess air (triangle corresponding to the air-abscissa-complete combustion lines).

Regarding the complete combustion line, it is the geometric line corresponding to Vcoz and Voo,
that is, corresponding to complete combustion (see Equation 9).

Vo + Voo (14079272 = 0.21 9
0, T Vco, |1 +0. Pe . %)

This way, this line has a value at the abscissa axis of 0.21, whereas its value at the ordinate axis
is CO2 max. This first point, CO2 max, Voz = 0 (which corresponds to a combustion in the absence of
oxygen, that is, a neutral combustion with n=1), depends on the kind of fuel (its composition),

whereas the value at the abscissa axis is 0.21 regardless the fuel used and, therefore, it is common to
every Ostwald diagram. Concerning air line, it is the line whose excess air coefficient equals one. For
its representation, previous equations are required. If n=1 and CO2 max and Oz max are calculated,

the intersection points with the abscissa and ordinate axis are obtained (Equations 10 and 11):
Pc

—Lx
Veo, = 12 — 10
€0z 100n—21{PC,P;-12 ,Pc(l*‘lz—x) (19)
21 \12 a7 12
Pe, Pz 1) 1PC
Vo= 127 4 212 a1
02 100n—21(PCLP;-12\*PC(1+1_Tx)

21 \12 T4 } 12
Line n=1 divides the triangle in two parts, the one on the left corresponding to incomplete
combustion due to the lack of air and the one on the right corresponding to incomplete combustion
due to excess air. It should be noted another property of line n=1, as Vco = 2Vo, if Vo2 values are
correlated to this line, Vco scale is obtained by multiplying these values by two, which is a scale that
can be projected over an additional axis, perpendicular to the hypotenuse of the triangle. Regarding
the lines obtained when Vco is constant, even though these are theoretical curves, they can be
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considered straight lines, as the difference is negligible. Thus, these lines are obtained by drawing
parallel lines to the hypothenuse. When giving other values to n and replacing in the previous
equations, the lines when n is constant are obtained.

1.4. Novelty and Aim of This Work

As explained, the role of a combustion is vital to increase the efficiency of domestic or industrial
stoves and, subsequently, the sustainability of the process, reducing the amount of pollutants evolved
to the atmosphere depending on factors such as biomass composition [21,22], previous conditions
[23], stove design (including its evolution to improve performance) [24-26] or burning conditions
[27-29]. Thus, some works dealt with this subject, as observed in Table 1. These works are focused
on evolved pollutants applied to the use of domestic, industrial stoves or simulations [30], focused
on variables such as the kind of biomass, biomass load or pre-treatments like wood washing or drying
[31].

Table 1. Recent works related with the subject of this research.

Authors Details and findings Reference
Analysis of the emissions of three different biomass and their
Maxwell et al. torrefied counterparts in a domestic wood stove. After [32]
torrefaction, lower emissions (CO and CHa4) were found.
Study of the influence of a chimney on the combustion
characteristics of a stove, observing changes in CO production.

Prapas et al. [33]

Optimization of the effect of burner pot design by changing supply

Sungur et al. [34]

airflow position in a pellet stove through machine learning.
Influence of wood washing on emissions during wood
Schmidt etal. combustion in a domestic pellet stove, with a decrease in  [35]
pollutants.

Wood combustion experiments were carried out to determine the
effect of different factors like biomass load.

Combustion tests were carried out simulating domestic utilization
Toscano etal. conditions of a pellet stove. Higher emissions (for instance, CO)  [37]
were found in steady state condition.

Vicente et al. [36]

In that sense, the novelty of this work consists in the optimization of a pellet stove considering
both raw materials and parameters depending on the stove like power (which depends on the
working level or position of the stove). Thus, an adapted optimization of a specific stove for each
kind of biomass is offered, assessing the influence of raw material on combustion optimization.

Considering the above, in more detail, the aim of this work was to carry out the optimization of
the combustion process in a commercial stove. For that purpose, different kinds of fuels were used at
different air ratios and levels or positions, assessing efficiency according to fume flow and
composition.

2. Materials and Methods

2.1. Facilities, Raw Materials and Their Characterization

This work was carried out in the Department of Applied Physics, belonging to the Engineering
School at the University of Extremadura, consisting of the optimization study of a biomass
combustion stove, using a commercial biomass stove and working at 10 Pa and 5 kW, operating with
different fuels such as pine, poplar, and plum tree pellets provided by CICYTEX (Centro de
Investigaciones Cientificas y Tecnoldgicas de Extremadura). Thus, through experimental studies, the
performance of this stove was optimized according to the raw material, feeding ratio and power.
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The samples were collected and homogenized to avoid considerable statistical errors due to
heterogeneity, preparing 1-2 g of sample for each characterization. Thus, the following
determinations were carried out, which were summarized in Table 2:

Table 2. Raw material characterization, including details according to the international standards.

Parameter Details

It consists of biomass composition regarding ash, moisture,
volatile content, and fixed carbon.
It is the solid waste after incineration. High-quality fuels
Ash content present low ash content. Determination according to UNE
32004:1984 standard [38]
High moisture reduces energy potential as some energy will be
Moisture content used to evaporate and remove moisture. According to UNE
32001:1981 standard [39]
Weight loss of a fuel during heating in absence of oxygen (apart
Volatile matter from moisture content). According to UNE 32019:1984
standard [40]
It is obtained according to the previous values, as follows:
Fixed carbon =100 — (% ash + % moisture + % volatile matter).
It is the qualitative and quantitative determination of certain
chemical elements such as C, H, N, S and O, mainly.

Proximate analysis

Fixed carbon

Ultimate analysis

2.2. Combustion System and Equipment

The main components of the combustion process were the following (see Figures 4 and 5):
e  Pellet stove, where the different biomass pellets were fed to carry out their combustion at
different feed ratios and power.
e  Gas analyzer for combustion fumes (Testo 335), placed in the chimney once to analyze the main
components included in combustion fumes such as Oz, CO2 or CO.
e  Temperature probe for fumes.
e  Temperature probe for inlet air.
Regarding the pellet stove (Isabella), it presented the following characteristics (included in Table
3):

Table 3. Main characteristics of the combustion stove.

Parameter Result
Weight, kg 110
Height, mm 864
Width, mm 453
Depth, mm 497
Fume pipe diameter, mm 80
Air suction pipe diameter, mm 50
Maximum heating volume, m3 115
Maximum thermal power, kW 5.8
Maximum useful thermal power, kW 5.0
Minimum useful thermal power, kW 25
Maximum hourly fuel consumption, kg/h 1.2
Minimum hourly fuel consumption, kg/h 0.6
Tank capacity, kg 11
Nominal electric power, W 300
Recommended flue gas pressure, Pa 10

Flue gas pressure at maximum thermal power, Pa 12
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Flue gas pressure at minimum thermal power, Pa 10

Thus, Figures 4a and b show the abovementioned stove. Regarding the gas analyzer (Testo 335,
Figure 4c), it is a portable analyzer specifically used for combustion gas analysis, measuring room
temperature and outlet temperature (°C), oxygen (%), NO (ppm) and CO (ppm), and calculating
some parameters from these data such as excess air coefficient (n), thermal yield () and loss through
sensitive enthalpy in fumes (qa). The temperature probe for exhaust fumes (Figure 4d) is connected
to a digital display, indicating temperature values in °C. Finally, temperature probe for inlet gas
(Figure 4e) is equally connected to a digital display, expressing temperature in °C.

Figure 4. Main components of the biomass stove, including: a) stove (front view) ; b) stove (back view)
c) gas analyzer (Testo 335); d) temperature probe for exhaust fumes; e) temperature probe for air

supply.

Finally, Figure 5 shows the arrangement of the abovementioned components in the experimental
facility, which serves as a guide for the experimental procedure explained in the following subsection.
Thus, as recommended in the literature, sampling of these kind of pollutants (CO, CO2, NOx, etc.) is
usually carried out by gaseous analyzers placed in the chimney, after combustion took place [41].

Combustion Q\/ \O

stove

ﬁ 4 Testo 335

Temperature probe

Temperature probe

Combustion ___|
chamber

Figure 5. Scheme of the combustion system.
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2.3. Experimental Procedure

In this subsection, the main steps carried out during combustion are be explained, which are the
main step to obtain the Ostwald diagram (an essential tool to assess the results obtained in this
combustion chamber) according to experimental data.

First, the fuel hopper is filled with the corresponding biomass (pine, poplar, or plum tree pellets).
Afterwards, the stove is switched on, and the primary fan started working. After 2 minutes, the worm
screw started feeding the combustion chamber with pellets, and once the ignition started, combustion
took place. It should be noted that the stove needed a constant pellet feed to avoid an automatic
shutdown. Once the flame is generated in biomass, the stove started to work, and the secondary fan
started working after 2 minutes, starting the heat release from the front part of the combustion stove.
The feeding rate and fan power are increased from Position 1 to Position 5, which are the five working
levels of the stove. Also, for each working level or position, a normal pellet feed (100 %) can be carried
out, increasing this value 25 % considered “Extra feed”. The steady state will be achieved after 90
minutes depending on the position or level selected, and then another test can be carried out by
changing the kind of pellet, for instance. The measurements taken by the Testo analyzer were carried
out placing the probe in the fume pipe (see Figure 5). The different conditions selected for pellet
combustion are included in Table 4, where different raw materials, levels and feed ratios were used
to assess their effect on combustion stove performance. As observed in this table, five different levels
can be used in this stove, with an increasing feeding rate and primary fan power. A selection of these
combustion conditions will be discussed in Results and Discussion section.

Table 4. Main conditions selected for pellet combustion.

) Position or level Pellet feed
Raw material
selected
Pine
Normal (100 %)
Poplar 1,2,3,4and 5 Extra (125 %)
Plum tree

2.4. Ostwald Diagram

In this section, the calculation of the Ostwald diagram is shown in detail (giving as an example
the case of poplar pellet combustion, with the rest of fuels showing an equivalent behavior), as a
complementary tool apart from the equipment used for the combustion system. Thus, the complete
combustion line, as well as air line (n=1), air lines at different n values (1.5, 2, etc.) and the lines at
constant CO values are explained.

Regarding the complete combustion line, Table 5 shows the points obtained in the case of poplar
pellet combustion. As observed, Vco: values are obtained from Equation 9. The slope determination
of complete combustion line (m.) is obtained by using a line passing through two selected points
(X1, Y1) and (X2, Y2). For that purpose, a and b parameters are determined, where a is the slope of the
line and b is the independent term (see Equations 12 and 13).

Table 5. Points of complete combustion line for poplar pellets.

Voz,% (X)  Vcoz, % (Y) Vo2, % (X)  Vcoz, % (Y)

0.00 0.161 0.11 0.077
0.01 0.153 0.12 0.069
0.02 0.145 0.13 0.061
0.03 0.138 0.14 0.054
0.04 0.130 0.15 0.046

0.05 0.122 0.16 0.038
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0.06 0.115 0.17 0.031
0.07 0.107 0.18 0.023
0.08 0.099 0.19 0.015
0.09 0.092 0.20 0.008
0.10 0.084 0.21 0.000

Mo = A = % (12)

_ _(h-T

b=V, (Xl_xz)x1 (13)

In this case, two points from Table 5 are selected: (0.00, 0.16) and (0.21, 0.00), obtaining the
corresponding values for mea (that is, a) (-0.765) and b (0.1607) according to the abovementioned
equations. Figure 6 shows the resulting complete combustion line for poplar pellets.

18

25

Figure 6. Complete combustion line for poplar.

Regarding air line (n=1), the following equations and points are going to be used: burnt gas ratio
(x) is given by Equation 6. The selected points to build air line are the following:
e Vcomax, Vor=0: with n=1 and x=1. Vcozmax is obtained from Equation 10, obtaining a value of 0.161.
o Vcor=0, Vormax: with n=1 and x=1. Vozmax is obtained from Equation 11, obtaining a value of 0.074.

From these points (0.000, 0.161) and (0.074, 0.000), the equation of the air line can be obtained,
that is, a = -2.16 (in this case, the slope when n=1, mn-1) and b = 0.161. The resulting line is shown in

Figure 7.
18
X 12
§ .
> A
6
0 ¢ —
0 2 4 6 8

Vo %

Figure 7. Air line for poplar pellet combustion.
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Concerning different values of n (for instance, n = 1.5) for air line, the following elements are
going to be used: the slope obtained for air line with n = 1.0 (that is, mn-1), the point Vozmax, Vcoz-0 and

the following conditions (n = 1.5 and x=0), resulting the following points: (0.119, 0.000) and (0.000,
0.257). Thus, the resulting line is shown in Figure 8:

30 ]
© 20 -
§ ]
>
10 -
0 | x )
0 5 10 15

Vo %
Figure 8. Air line (n=1.5) for poplar pellets.

Concerning constant CO lines, they are obtained when a fixed value of CO was selected. For
instance, in the case of CO = 0.02, the intersection point between the air line (n=1) and the line where
Oz is constant is obtained, and then the line given by the abovementioned point and the slope of

complete combustion is obtained. Figure 9 shows all the lines obtained at constant values of CO (0.2,
0.4, 0.6, etc.).

0 5 10 15 20 25
Vo %

Figure 9. Lines when CO = constant for poplar pellets.

Finally, the Ostwald diagram resulting from the abovementioned calculations in the case of
poplar pellet combustion is included in Figure 10.

doi:10.20944/preprints202309.1974.v1
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Figure 10. Ostwald diagram for poplar pellets.

This tool will be essential to check the state of the combustion process in the selected stove, in
order to assess the optimization of combustion by using different fuels, working levels and pellet
feed.

3. Results and Discussion

3.1. Pellet Characterization and Experiments Selected for Combustion Tests

The results found for pine, poplar, and plum tree pellets are included in Table 6:

Table 6. Pellet characterization.

Proximate analysis

Sample Ash, % Moisture, % Volatile matter, %  Fixed carbon, %

Pine 0.50 6.42 84.01 15.49

Poplar 1.79 6.61 78.24 13.36

Plum tree 0.83 6.90 78.37 13.90

Ultimate analysis

Sample C, % H, % N, % S, % O, %
Pine 47.70 6.12 0.33 0.004 45.85
Poplar 46.40 6.01 0.52 0.028 47.04
Plum tree 47.50 6.23 0.38 0.093 45.80

These results are consistent with other wood pellets found in the literature, whose results were

in the same order of magnitude [22,42]. Consequently, it can be concluded that the quality of these
pellets, according to proximate and ultimate analysis, is standard compared to the literature.
Specifically, it can be seen that the highest ash content was found for poplar pellets, which is within
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the normal range found in the literature for pellets obtained from similar species. On the contrary,
pine pellets offered the lowest ash content, which is desirable in combustion chambers. HHV for pine,
poplar and plum tree pellets were similar, with the following values: 4771, 4714 and 4679 kcal/kg,
respectively. Considering that the bulk density of pellets was similar, these results point out that the
increase in working level (or positions) included in the stove (from P1 to P5) implies a qualitative
increase in power for these experiences.

For each fuel and level included in the stove (from 1 to 5), a test was carried out. Each test
included 20 analyses, taking 5 minutes long each, by using the Testo 335 gas analyzer and other two
temperature probes. Regarding feeding rate, two different experiments were carried out for each
level, with a normal feed (100 %) and 25 % extra feed (125 %). This way, standard biomass will be
labeled as “biomass I” and when feeding rate was increased 25 %, “biomass II”. As a result, for each
experiment with a specific level and feed, the samples were labeled as follows: P (number of level or
position) (number of feed). For instance, P2I would correspond to an experiment with the second
level at a standard feeding.

For the discussion of results, the tests were compared at the same kind of fuel, as each fuel
showed different results regarding proximate and ultimate analysis, and therefore the Ostwald
diagram will be different for each case (Table 7). The aim of these comparison was to assess the trends
observed for these tests when level and feeding are varied.

Table 7. Levels and feed ratios that are going to be tested for each fuel.

Pine Poplar Plum tree
P1I vs P51 P3I vs P51 P21 vs P41
P11 vs P5II P3I vs P5II P2] vs P4I1

P1II vs P5I0 P3II vs P5I1 P21 vs P4I1
P5I vs P5II P5I vs P5II P41 vs P4I1

Also, there are some parameters that were theoretically calculated. Thus, the theoretical values,
nw (Equation 14), xm (Equation 15) and yw (Equation 16) differed from the ones obtained by the
analyzer in the fact that the former consider data of the studied fuel, whereas those obtained by the
Testo analyzer are regardless of the kind of fuel. The following equation express the excess air
coefficient calculated from data obtained from the tests and data measured by the analyzer for a

specific fuel:
_ —21(—=2Pc—6Py+PcVco+6PyVo2
n = 2 2 (14)
c+3PH)(42+79V co—200V03)
In the same way, the burned gas ratio is expressed as follows:
_ —(=42Pc+121PcVcp+474PHV co+200PcV oo 1
Xth = 7 ~ (15)
c(42+79Vcp—200V3)

These expressions are determined through the simplification of Equations 11 and 12, used to

obtain the air line (n=1). To determine yu, that is, % Vcoz, similar steps included in the obtention of
lines when CO was constant will be followed. The difference is in point three, where:
Y =M %0, + bs (16)

In this case, x will be %O: value obtained by the gas meter for a given fuel. Therefore, Vcoz,
obtained theoretically, will be given by the following expression (Equation 17), which will be used in
the tests carried out in this experience.

Y = Veoz = Voz " Mpec + Mp=q (V%) + bp=q — Mpec (V%) (17)
Thus, the results obtained by using these equations are included in following sections.

3.2. Pine Pellet Combustion

Table 8 and Figures 11 and 12 show the main results obtained for pine pellet combustion in our
commercial stove when different levels were selected. In Table 8 the extreme levels were compared:
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Table 8. Comparison between P1 and P5 for pine pellet combustion.

P1 P5
Parameter Average Average deviation Average Average deviation
O, % 0.18 0.01 0.148 0.006
Air supply temperature, °C ~ 46.7 1.9 68.4 0.4
Fume temperature, °C 74.7 0.5 107 0.3
Ambient temperature, °C 20.9 0.6 20.5 0.2
CO, ppm 700.1 214.1 445.2 126.4
CO, % 0.00070 0.00021 0.00045 0.00013
y, % 0.0227 0.0046 0.0475 0.0044
CO2 % 0.0293 0.0058 0.0612 0.0056
A 7.19 1.38 3.36 0.29
n, % 85.82 3.00 89.74 0.78
qA, % 14.18 3.00 10.26 0.78
NO, ppm 17.9 6.7 43.2 6.0
Calculated n 6.94 1.33 3.26 0.28
X (x=[Vco/(VeoztVeo)]-n)  0.966 0.016 0.991 0.002

From these data, it can be inferred that a decrease in excess air coefficient (n) was found, total
fume volume was reduced, which implies a decrease in losses due to sensitive enthalpy of fumes (qa),
increasing the yield (1)). This behavior is in accordance with theory.

On the other hand, when excess air coefficient decreased, the percentage of carbon monoxide is
reduced, increasing the gas ratio that is burned (x), and increasing the percentage of carbon dioxide,
which implies a decrease in loss due to unburned gas, equally increasing the yield of the process (1)).
It should be pointed out that CO emissions from biomass combustion could be influenced by three
factors: gas temperature, oxygen concentration and fuel-oxygen mixing. More oxygen would result
in either a reduced gas temperature or additional residence time for a well-mixed combustion.
Consequently, the design of the stove plays an important role to provide enough air during
combustion process [43]. Previous studies pointed out the requirement of a suitable air supply, trying
to avoid high airflow rates to reduce CO emissions [42]. This way, if x is increased, it means that
combustion is more complete, decreasing the loss due to unburned gas, but it is contradictory
compared to the graph yield-loss and excess air coefficient, where low values of n would imply an
increase in losses due to unburned gas. Similar trends were observed with air distribution in a wood
stove (with an increase in CO emissions with higher air supply ratios) [44].
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Figure 11. Ostwald diagram for pine pellets and experimental results for each level used in the
combustion stove (standard feed).
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Figure 12. Evolution of main parameters for pine pellet combustion.

Concerning the outlet temperature (fume temperature, Figure 12), it considerably increased
from Position 1 to Position 5, which means an increase in losses due to sensitive enthalpy, as observed
in previous studies for increasing input levels or positions (from 6 to 12 kW) [34]. Consequently, the
yield of the process is reduced. Nevertheless, in this case, the yield increased due to the reduction in
excess air coefficient, decreasing the total volume of fumes and the losses due to sensitive enthalpy.
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This way, the yield was improved. In other words, there are two opposite effects, where the decrease
in fume volume is more important than the increase in fume temperature when it comes to yield
determination.

Regarding room temperature, it was kept practically constant during the different experiments,
whereas there was an increase in NO content with power, as observed in Table 8, even though this
increase could be considered negligeable due to the low concentration of this pollutant.

Finally, inlet air temperature increased with power (Figure 12), which not necessarily implies an
increase in yield, as inlet air temperature is directly related to the useful power. Thus, paying
attention to the yield concept, if there is a similar air flow, an increase in inlet air temperature would
mean an increase in yield, but in this case the excess air coefficient decreased. Therefore, this
parameter is not determinant in yield calculations. An increase in inlet temperature is interesting if
the stove working conditions are optimal.

The average deviation indicates that the measurements obtained in this work have been
correctly taken, proving the homogeneity of the sampling process. Table 9 shows a comparison
between different combustion conditions for pine pellets. Thus, the opposite conditions, that is, P1
with standard biomass feeding and P5 with 25 % extra feeding were compared. The abovementioned
differences are clearer in this example, proving that combustion is more efficient when 25 % extra
was fed. In other words, when experimental data are located on the left of the Ostwald diagram, the
conditions would be more suitable for this combustion stove and using pine pellets as a fuel.

Table 9. Comparison of different levels (or positions) and feeding ratio for pine pellet (example for
P=1, 100% feed and P=5, 125 % feed).

Test parameter Pine pellet Pine pellet Comparison
(P=1,100 % feed) (P =5,125 % feed)

Oz, % 0.18 0.119 \

Air supply temperature, °C 46.7 90.6 m
Fume temperature, °C 74.7 113.1 m
Ambient temperature, °C 20.9 20.8 Constant
CO, ppm 700.1 364.4 A
CO, % 0.00070 0.00036 W

y, % 0.0227 0.0696 ™
CO, % 0.0293 0.0896 m

A 7.19 2.29 Wl

N, % 85.82 92.34 "
qA, % 14.18 7.66 1
NO, ppm 17.9 65.1 Negligible
Calculated n 6.94 224 W

X (x = [Vcoz/(Vcozt+Veo)]-n) 0.966 0.995 T

Regarding different feed rations when the same power was selected (in this case, P’5, as observed
in Figure 13), a higher increase in air inlet and fume temperatures, as well as carbon dioxide
percentage, was found in the case of 125 % feed. After 30 minutes, these parameters were stabilized,
as observed in the literature for similar facilities (where gas composition and energy output achieved
stability after 20 minutes of ignition) [45].
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Figure 13. Comparison between different feeding rates in the case of pine pellets.

3.3. Plum Tree Pellet Combustion

Concerning plum tree pellets, the main results are included in Table 10 (where Position 2 and
Position 4 were selected) and Figures 14 and 15. Similar trends were observed compared with pine
pellets, except for CO emissions (see Figure 15), whose values presented a constant trend in general,
as observed in previous studies during stable combustion of biomass in a commercial boiler [46].

Table 10. Comparison between P2 and P4 for plum tree combustion.

P2 P4
Parameter Average Average deviation Average Average deviation
Oz, % 0.189 0.004 0.180 0.007
Air supply temperature, °C ~ 43.6 0.7 52 0.4
Fume temperature, °C 69.2 0.6 90.2 1.1
Ambient temperature, °C 18.8 0.4 18.7 0.5
CO, ppm 1378.0 240.8 1372.6 533.1
CO, % 0.00138 0.00024 0.00137 0.00053
y, % 0.0150 0.0035 0.0222 0.0057
CO2 % 0.0198 0.0045 0.0291 0.0073
A 10.05 1.92 7.06 1.46
n, % 79.98 442 81.26 4.69
qA, % 20.02 442 18.74 4.69
NO, ppm 40 11.2 61.4 12.9
Calculated n 9.72 1.87 6.82 1.42

X (x = [Veoo/(VcortVeo)]-n)  0.908 0.029 0.932 0.038
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Figure 14. Ostwald diagram for plum tree pellets and experimental results for each level used in the
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Figure 15. Evolution of main parameters for plum tree pellet combustion.

Regarding the comparison of different levels and feeding ratios for plum tree pellet, the main
results are observed in Table 11. This way, when the extreme cases were compared, there were
considerable differences, being in this case more noticeable with regard to the examples selected for

pine pellets. Thus, it can be seen more clearly that the stove works in more optimal conditions when
extra feed is selected for plum tree pellets.
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Table 11. Comparison of different levels and feeding ratio for plum tree pellet (example for P=2, 100%
feed and P=4, 125 % feed).

Plum tree pellet Plum tree pellet Comparison

Test parameter (P =2,100 % feed) (P =4, 125 % feed)

O2, % 0.189 0.141 )
Air supply temperature, °C 43.6 49.1 T
Fume temperature, °C 69.2 91.7 "
Ambient temperature, °C 18.8 18.9 Constant
CO, ppm 1378 329.3 A
CO, % 0.00138 0.00033 W

y, % 0.0150 0.0526 ™
CO2, % 0.0198 0.0671 ™

A 10.05 3.01 W

n, % 79.98 91.53 ™
qA, % 20.02 8.41 A
NO, ppm 40 115.9 Negligible
Calculated n 9.72 2.92 W

X (X = [Vcoz/(Vcor+Vco)]-n) 0.908 0.994 T

In addition, when different feed rates were compared for the same level, differences with pine
pellets can be found, with negligible differences in air inlet and fume temperatures, whereas CO:
percentage was higher with 125 % feed.

=
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Fume temp, °C
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Time, min

Figure 16. Comparison between different feeding rates in the case of plum tree pellets.

3.4. Poplar Pellet Combustion

Regarding Poplar pellets and their combustion performance in the domestic boiler, the main
results for different powers are included in Table 12 and Figures 17 and 18. As observed, when power
was increased, excess air coefficient (n) decreased. However, unlike pine and plum tree pellets,
burned gas ratio (x) was kept practically constant regardless the level or position selected, increasing
fume temperature and, subsequently, keeping the yield of the process constant. These results are
consistent, as 1 did not decrease as much as in the two previous cases, not considerably decreasing
fume total volume. In contrast, fume temperature increased in this case (see Figure 18). This fact could
mean that loss due to sensible heat are practically constant and, considering the constant trend
observed for x, this implied a constant yield throughout the experience.
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Table 12. Comparison between P3 and P5 for poplar pellet combustion.

P3 P5
Parameter Average Average deviation Average Average deviation
O, % 0.171 0.011 0.166 0.006
Air supply temperature, °C ~ 60.7 1.0 58.8 1.1
Fume temperature, °C 78.8 1.2 96.6 1.3
Ambient temperature, °C 14.2 0.5 18.9 0.5
CO, ppm 806.7 182.4 1047.1 158.5
CO, % 0.00081 0.00018 0.00105 0.00016
y, % 0.0290 0.0085 0.0328 0.0045
CO2 % 0.0376 0.0109 0.0426 0.0057
A 5.76 1.33 4.77 0.61
n, % 85.62 3.46 85.47 1.85
qA, % 14.38 3.46 14.57 1.85
NO, ppm 73.7 15.6 114.7 13.6
Calculated n 5.56 1.28 4.62 0.58
X (x = [Vcoz/(Vcor+Vco)]-n) 0.969 0.012 0.968 0.009
50 m P=3
¢+ P=4
A P=5
/ »
t
20
Vo, %

Figure 17. Ostwald diagram for poplar pellets and experimental results for each level used in the

combustion stove.
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Figure 18. Evolution of main parameters for poplar pellet combustion.

When extreme conditions were compared (see Table 13), the same trends were observed as in
the case of pine and plum tree pellets, concluding that a decrease in excess air implied a more optimal
combustion conditions. Higher carbon dioxide emissions are related to higher temperatures in
combustion processes, requiring temperature control according to previous studies where
combustion emissions analysis of sugarcane bagasse were carried out in a burner pilot [47].

Table 13. Comparison of different levels and feeding ratio for poplar pellet (example for P=3, 100%

feed and P=5, 125 % feed).

Test parameter Pine pellet Pine pellet Comparison
(P =3,100 % feed) (P=5,125 % feed)

02, % 0.171 0.125 l

Air supply temperature, °C 60.7 77 T
Fume temperature, °C 78.8 115.6 m
Ambient temperature, °C 14.2 21 T
CO, ppm 806.7 1058.6 Constant
CO, % 0.00081 0.00106 Constant
y, % 0.0290 0.0640 m
CO2, % 0.0376 0.0828 ™

A 5.76 2.45 Wl

N, % 85.62 90.53 1

qA, % 14.38 9.47 s
NO, ppm 73.7 165.4 Negligible
Calculated n 5.56 2.39 1

X (x = [Vcoz/(Vcor+Vco)]-n) 0.969 0.984 T

Finally, according to Figure 19, increasing the feeding rate showed similar results compared to
previous pellets, although a constant CO percentage, along with a lower increase in fume
temperature when pellet feed was 125 %, implied a higher yield for poplar pellet combustion. It
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should be noted that the behavior of different kinds of biomass could differ in certain aspects such as

carbon monoxide or carbon dioxide emissions, depending on their composition and disposition (raw,
briquette or pellet) [22,28,48].
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Figure 19. Comparison between different feeding rates in the case of poplar pellets.

4. Conclusions

The main findings inferred from the results of this research work were the following:

e  Ingeneral, when power increased, combustion was more efficient except for poplar pellets. Also,
when pellet feed flow increased, combustion was more efficient, with a special positive effect in
plum tree pellets. Thus, carbon monoxide emissions were reduced, except for poplar pellets.

e Inlet air and outlet fume temperatures increased with the working level (that is, power), except
for poplar pellets in the case of inlet air temperature.

¢  Combustion is more complete when power and feed increased, decreasing energy loss except
for poplar pellets. Regarding pine and plum tree pellets, yield increased with a rise in pellet feed
and power, except for poplar pellets where this yield improved by modifying excess air.

e  Thus, some solutions to energy loss according to these results were proposed, such as sample
homogenization to make feeding rate more stable, a reduction in excess air coefficient and the
implementation of an economizer (in order to reduce fume temperature, which is a good step
from environmental and economic points of view).

e In particular, the optimum combustion conditions for pine pellets were obtained by selecting
Position 5 and +25 % biomass feed, with a highest yield of 92.34 % for an excess air coefficient of
2.23, a burned gas ratio of 0.994 and fumes and inlet air temperatures of 113.14 °C and 90.57 °C,
respectively.

¢ Regarding plum tree pellets, Position 4 and +25 % biomass feed were selected for the optimum
conditions in the commercial combustion stove, with a highest yield of 91.58 % for an excess air
coefficient of 2.91, a burned gas ratio of 0.993 and fumes and inlet air temperatures of 91.71 °C
and 49.14 °C, respectively.
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e  Concerning poplar pellets, optimum conditions were found when P = 3 and +25 % biomass
supply were selected, with a highest yield of 91.1 % for an excess air coefficient of 3.18, and
fumes and inlet air temperatures of 87.66 °C and 84.66 °C, respectively.

e  To sum up, for this combustion chamber, it can be concluded that the three fuels studied are
suitable for this facility in order to achieve optimum conditions, that is, an efficient combustion
process, not showing considerable differences among them to be selected as an ideal biomass for
this experience.
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