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Abstract This study presents a comparison of combustion
performance, losses, and efficiency at steady-state and tran-
sient conditions for different biomass types in a residential
boiler. The types of biomass used were @6 and J8 mm
wood pellets, @6 mm sugarcane bagasse pellets, J6 mm
sunflower husk pellets, and Brazil nut shells. The compar-
ison in the development of the temperature in the combus-
tion chamber during the start-up revealed that the @6 mm
wood pellets ignite and propagate faster than the rest of the
biomass fuels due to their smaller size compared with
@8 mm wood pellets and lower ash content compared with
the rest of the biomass sorts. Thermal power output and
efficiencies under steady-state and transient conditions were
calculated by the direct method, i.e., by measuring the heat
recovery by the water boiler, and the indirect method, i.e.,
by measuring the heat losses. By using the indirect method,
the availability of the flue gas thermal power during the
start-up was seen more in detail than when the other meth-
od was applied. When comparing both methods as tools for
boiler efficiency evaluation for different fuel types, the dis-
crepancy of the resulting efficiencies between is larger
when there are higher amounts of chemical losses in the
boiler. Therefore, this method shows good agreement also
for bagasse pellets but is, without modification, proposed
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not to be valid for fuels emitting higher amount of carbon
monoxide (CO). Boiler efficiencies reached class 3 boilers
according to EN 303-5 (>74.8 %) for all biomass sorts.
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Abbreviations

Ba Bottom ash collected referred to the mass value of the
test fuel (wb) (% of mass)

B Bagasse

BN Brazil nuts

Ca Calculated

CHP Combined heat and power
db Dry basis

SFH  Sunflower husks

UHC Unburned hydrocarbons

W Wood

wb Wet basis

Nomenclature

C Carbon content of the test fuel (wb) and in residue ash

(% of mass)
CO  Carbon monoxide content of the dry flue gas
(% of volume)
Carbon dioxide content of the dry flue gas
(% of volume)
Cp Specific heat (kJ/kg K)
H Hydrogen content of the test fuel (wb) (% of mass)
LHV Lower heating value (MJ/kg)
M Moisture content of the test fuel (% of mass)
m Mass flow (kg/s)
P
X
t

CO,

Thermal power (kW)
Mass of fuel (kg)
Time (s)
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T Temperature (°C, K)

u Unburned carbon in ash, referred as to mass of ash (%
of mass)
Symbols

¢ Diameter (mm)
¢ Thermal efficiency (%)

Subscript
-i Calculated every 3 s
1 Flue gas inside the combustion chamber
2 Flue gas in the chimney
ch Chemical losses
i Any operation time
ig Ignition
md Dry flue gas in standard conditions
mH,O  Water vapor in standard conditions
ol Output 1: direct method
02 Output 2: indirect method
Residue ash
N Sequence
Thermal loss
th Thermal energy
w Water
wi Water inlet
wo Water outlet

1 Introduction

The use of biomass as a renewable energy source contributes
to minimize dependence on fossil fuels and to mitigate green-
house gas emissions since biomass is considered to be carbon
dioxide (CO,) neutral [1]. In isolated houses or villages, where
the extension of the electrical grid is unfeasible, the use of
locally available biomass could be a viable alternative for
power generation [1]. Agricultural residues coming from the
harvest or from a nearby food industry are among the biomass
sorts locally available. In food industries, the energy demand
of the process is usually covered by the generated biomass
residues such as sugarcane bagasse, sunflower husks, and
Brazil nut shells [2—4]. However, the energy potential of these
residues is often larger than the actual energy need in the
process [2—4], and therefore, these residues could potentially
be used outside the industries in small-scale heat and power
plants [3, 4].

Sugarcane bagasse is the fibrous residue which originates
from the cane milling in the sugar-ethanol industry. It has high
moisture content (50 %) and is used directly for heat and
power generation to the sugar-ethanol process. Along with
improvements inside the sugar-ethanol industry, surplus of
bagasse is expected [2]. This fact represents a potential to
propose other alternatives to efficiently use the surplus ba-
gasse in small-scale modern conversion technologies. For ex-
ample, bagasse has been pelletized and tested in a small-scale
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gasification unit [3] and in a residential pellet boiler [4] dem-
onstrating similar combustion behavior as commercial wood
pellets under steady-state.

Sunflower husk is another residue from food industry,
which has called for attention by some studies, in which its
potential as fuel in the residential heating sector has been
explored. Cardozo et al. [4], Verma et al. [5], and Smith [6]
have used pellets of sunflower husk in residential boilers of
different types and sizes. Smith [6] presented a combustion
efficiency of about 62 % when burning sunflower husk pel-
lets. Cardozo et al. [4] and Verma et al. [5] showed that higher
pollutant emissions are found during the combustion of these
pellets compared to wood pellets in two different types of
pellet combustors under steady-state conditions.

A third type of agro-industrial residue is the Brazil nut
shells. In research, they have been used to determine a kinetic
model [7] and tested in a residential boiler [4] showing that it
could be feasible to use this residue in small-scale combustion
units. However, under steady-state conditions, higher emis-
sion levels and lower temperature in the combustion chamber
were found in comparison to wood pellets.

The use of agricultural residues in small combustion units
mostly designed for wood pellets has an increased interest
among researchers. This is mainly due to the need to find
alternative fuels to provide fuel-flexible combustion pellet
technologies to spread the market overseas. Apple and olive
pomace, reed canary grass, straw, and spent coffee grounds are
examples of residues used in residential pellet boilers or stoves
[4—12]. Verma et al. [5] used a 40-kWy, pellet boiler and found
boiler efficiencies in the range of 88-91 % when burning
pellets of apple pomace, peat, sunflower husk, reed canary
grass, straw, and pectin, respectively. Gonzales et al. [8]
employed a mural boiler of 11.6 kWy, and found boiler effi-
ciencies in the range of 89.7-91.6 % when using olive kernels
and pellets of forest, tomato, and cardoon residues. These
authors estimated the heat losses as basis for the boiler effi-
ciencies reported in their studies. Diaz et al. [9] used four types
of biomass pellets and found boiler efficiencies of up to 77 %
by applying the direct method, i.c., by measuring the heat
absorbed by the boiler water. They also presented heat losses
in the range of 1.4-3.7 % of the thermal power input. Miranda
et al. [10] calculated the efficiency of a 5.8-kWy, pellet stove
by using, for example, the ratio between emitted carbon
dioxide (CO,) and this CO, added to the carbon monoxide
(CO) emission. They found efficiencies over 70 % when
using different blends of olive pomace and Pyrenean oak in
the form of pellets. The same analysis of efficiencies was
performed by Arranz et al. [11] using wood, fruit tree, and
Pyrenean oak pellets. Limousy et al. [12] compared com-
bustion parameters of pellets made of pure spent coffee
grounds (SCG), blends of SCG and pine, and pure pine
in a commercial residential boiler. They evaluated the com-
bustion efficiency based on thermal, chemical, and due to
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combustible constituents in the residue ash losses (indirect
method) and found that the highest efficiency (92 %) corre-
sponds to the blend (50/50 %) pellets and the lowest (86 %)
was found for pure SCG pellets. They also presented boiler
efficiencies of 84 and 64 %, respectively, for the fuels men-
tioned, but these efficiencies were calculated based on the
direct method. Fournel et al. [13] found efficiencies between 63
and 75 % (direct method) using wood and four dedicated
energy crops in a 29-kW boiler. The SS-EN 303-5 stan-
dard [14] proposes the direct method to estimate the boiler
efficiency when using solid fuels. On the other hand, the SS-
EN 14785 standard [15] proposes the indirect method to cal-
culate the efficiency of residential heating appliances fired by
wood pellets. The type of method to be used for efficiency
estimation is relevant in case not only steady-state should be
reflected in the evaluation. Pellet combustion technologies
work under intermittent conditions due to automatic ash re-
moval cycles at certain time intervals, in which the combus-
tion temporarily stops. This will affect the accumulated emis-
sion levels, the overall efficiency, and fuel consumption
among other parameters. Besides that, standard and evaluation
methods are based on wood pellet use; however, when intro-
ducing other types of biomass, these methods could give dif-
ferent results.

Persson et al. [16] validated a mathematical model
for wood pellet boilers and stoves to calculate both
the energy balance and the CO emission under transient
conditions. They suggested that improvements such as
increasing the time of tests are needed in experimental
measurements of pellet consumption and CO concentra-
tion in the flue gas due to the large uncertainties found
in their study. The transient conditions are of large im-
portance in case the combustion unit should be com-
bined with a prime mover and not only providing hot
water to an accumulator tank. The delays in start-up, the
available energy of the flue gas, and the intermittent
operation of the burner are some of the parameters to
consider in this aspect. Thiers et al. [17] presented a
test bench to characterize steady-state and transient con-
ditions of a micro-scale combined heat and power
(CHP) plant fuelled on wood pellets. The start-up, nor-
mal operation, and shutdown were identified to develop
a more accurate numerical model.

As explored above, there are several studies which include
efficiencies, emission levels, and other combustion perfor-
mance parameters of different types of biomass pellets; how-
ever, these mainly report steady-state conditions. A few stud-
ies have reported the transient conditions using wood pellets
[16, 17]. To develop the small-scale combustion technology
for CHP application and with other fuels than wood pellets,
there is a need to study the combustion of these alternative
fuels at transient conditions and over time at steady-state. The
objective of the research study presented herein is thus to

address alternative fuels for small-scale combustion at both
steady-state and transient conditions. The research study
brings up several of these new issues, such as:

—  The thermal availability, temperature development and
CO emission levels in flue gas, energy losses and efficien-
cies under both steady-state and transient conditions
highlighting the differences and similarities between
wood pellets and agricultural residues

—  Evaluation of the direct or indirect method, respectively,
as tools for boiler efficiency calculation depending on
which fuel is being used

The data herein can be used for developing energy system
models using agricultural residues and to perform more accu-
rate estimations of annual emission levels as a consequence of
using other fuels than wood. The data is also important for
integration of a prime mover, for example a Stirling engine,
for CHP configuration.

2 Methodology
2.1 Raw material

Five biomass sorts were used during the experiments: @6 mm
sugarcane bagasse (B) pellets, @6 mm sunflower husk (SFH)
pellets, @6 mm Brazil nut (BN) shells, @6 and @8 mm wood
(W) pellets. Sunflower husks with origin in Bolivia and sug-
arcane bagasse with origin in Colombia were pelletized in the
Energy Technology Centre (ETC) in Pited, Sweden [18].
Parameters of the pelletizing process are explained in [19,
20]. Brazil nut shells with origin in Bolivia were reduced up
to a uniform size. The wood pellets were standard pellets
found in the Swedish market [21].

Table 1 [4] shows the chemical composition, heating
values, and physical characteristics of the different biomass
sorts. Chemical composition and heating values were ana-
lyzed by the accredited laboratory Brénslelaboratoriet Umea
AB, in Sweden [22]. The list of methods and relative uncer-
tainties are given with the results reported by the laboratory
[22]. Mean physical characteristics of each piece (i.e., single
pellet or shell) were determined of 100 random samples. The
average bulk density was obtained by measuring the mass of
three samples with a normal laboratory balance (+0.001 g) and
the volume using a graduated cylinder (=1 mL). The moisture
content was measured according to ONORM G 1074. Table 1
includes expanded uncertainties with a coverage factor of 2
determined according to the National Institute of Standards
and Technology (NIST) [23].

The highest heating value is attributed to the SFH and the
lowest value to bagasse. However, the amount of heat recov-
ered during combustion may vary due to differences in fuel
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Table1 Chemical composition, heating values, and physical characteristics of the biomass sorts used in the experiments with the uncertainty

inserted [4]
Biomass sort
Composition Wood Bagasse BN shells SFH
C (wt% db) 50.4+3.0 482+29 494+29 532432
H (wt% db) 59+0.5 6.1+0.5 6.1+0.5 53+04
N (wt% db) <0.1£0.03 0.3+0.1 1.0+0.3 0.8+0.3
O (Wt% db) Ca 433 44.3 40.1 38.4
Ash (Wt% db) 0.3+0.1 1.1+£0.1 32+0.3 22402
S (wt% db) <0.01+0.002 0.03+0.007 0.11+0.048 0.090+0.039
Cl (Wt% db) <0.01+0.002 0.05+£0.010 0.05+0.012 0.020+0.005
HHV (MJ/kg db) 20.3+0.4 19.3+04 204+0.4 21.0+0.4
LHV (MJ/kg db) 189+04 17.9+0.4 19.0+£0.4 19.9+04
Characteristics Wood pellets Wood pellets Bagasse pellets BN shells (no SFH pellets
(8 mm) (J6 mm) (J6 mm) pellets) (J6 mm)
Diameter (each piece) (mm) 82+0.2 6.3+0.2 6.2+0.2 6.0+0.04
Length (each piece) (mm) 11.2+£2.7 12.8+£4.3 10.2+£2.5 11.5+£33 10.0+3.5
Width (each piece) (mm) 2.05+0.9
Height (each piece) (mm) T4+22
Mass (each piece) (g) 0.6+0.3 04+0.2 0.3+0.1 0.1+0.08 0.3+0.1
Moisture content (%) (8 h, 6.8 79 7.8 7.6 3.0
105 °C)
Parti3cle density (each piece) (kg/ 1043 +454 1020+ 185 998 200 846 +575 1196316
m
Bulk ziensity (kg/m?) 637+0.1 604+0.1 590+0.2 532+0.3 838+0.2

composition and physical characteristics as shown in a previ-
ous study regarding the emission levels, operational variables,
and conversion efficiencies [4].

2.2 Description of setup and procedure

A scheme of the experimental setup is shown in Fig. 1 [4]. A
commercial overfed wood pellet burner of 20 kW,, designed
for 8 mm wood pellets and manufactured by Véarmebaronen,
Kristianstad in Sweden [24], was connected to a boiler CTC
1100 (previously used with an oil burner) which provides hot
water. The different biomass types were fed to the system
through a screw feeder. The burner has an automatic start-up
process and a light indicator to inform when the flame is
established. During the start-up phase, the burner fan first
starts to draw air in at maximum speed during 20 s, followed
by the screw feeder dispensing the pellets or shells for 12 s,
and immediately the igniter starts to heat up the fuel (the light
indicator flashes). The fan runs periodically at low speed until
the light indicator flash is constant. This time of ignition was
recorded for all fuels, i.e., the time for the establishment of the
flame. After the start-up phase, the motor-driven screw feeder
was controlled through an external sequence timer. This timer
was used for setting a start-stop cycle (on—off cycle) of the
motor. The start-stop working cycle is defined as sequence of
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feeding in this work. The sequence of feeding for each bio-
mass type was chosen based on the combustion properties and
reactivity levels of the fuels discussed in [4]. The sequence
time was of 9 s (3 s on and 6 s off) for wood and bagasse
pellets, while for BN shells, it was 11 s (3 s on and 8 s off) and
for SFH pellets it was 8 s (2 s on and 6 s off). The air supply
was kept the same for all the biomass fuels, only the fuel-
feeding rate was changed. A calibrated air meter could not
be used since the air admission was considerably reduced;
therefore, the excess air ratio was estimated based on the flue
gas composition as described in [4].

To estimate the instantaneous fuel consumption, a cold
condition test series was set up in which the mass of pellets
(or shells) that fall onto the grate was determined per each
start-up (xig) and sequence of feeding (x,). A scale with a
resolution of +0.0001 kg was used, and 60 repetitions were
performed per fuel. The details about the calculation of the
consumption are found in the next section. The instantaneous
fuel consumption was compared with measurements of the
initial and final mass of the pellets (or shells) in the hopper
and feeder, before and after each test. In this case, a scale with
resolution of £0.01 kg was used. The difference between the
two methods was +5 %. A suggested method by Persson et al.
[16] is to consider only the mass of the pellets’ store. However,
due to the continuous vibration during the feeding, accurate



Biomass Conv. Bioref. (2016) 6:435-447

439

§7777777777777///4

i‘ Jwo
1
| C0,Co2, Pellet
4 Datalogger |- — ~{ NOx,02
analyzers storage
|
o — — VAR
NG

Fig. 1 Scheme of the experimental setup used for the experiments [4]

measurement when placing a scale under the pellet store is not
possible to achieve. Higher accuracy is suggested by applying
the method proposed in this study.

Temperatures 7 and 75, shown in Fig. 1, correspond to the
flue gases before and after the heat exchanger of the boiler,
respectively. 77 was measured 25 cm above the burner and is
considered to be the temperature in the combustion chamber.
T, was measured in the base of the chimney, and it is consid-
ered as the flue gas exhaust temperature. T,,; and T, were the
temperatures measured of the water entering and exiting the
boiler, respectively. A Coriolis flow meter was located in the
water inlet; the uncertainty of the measurement was of £0.1 %
of the measured value. Temperature data was recorded every
3 s using type K thermocouples with g1 mm size and an
expanded uncertainty of £3.4 °C with a coverage factor of 2.

The flue gas compounds were continuously monitored
using a non-dispersive infrared analyzer for CO and CO,
(Uras 10P) and a magnetic pressure analyzer for O,
(Magnos 6G). Before and after each test, the instruments were
calibrated with zero and span gases with an uncertainty of
+2 % vol. The data of the flue gas compounds was recorded
every 3 s during every test. The tests were performed during
3 h for the wood pellets and 2 h for the other fuels. Each test
was duplicated.

After finalizing each test, the bottom ashes were collected
and weighted. Two samples of collected ashes per fuel were
analyzed to determine the amount of unburned carbon by the
laboratory Brénslelaboratoriet Umea AB, in Sweden [22].
Soot values were measured using a Bacharach True Spot
smoke test kit [25], an internationally recognized instrument
to determine smoke density. For all the tests and fuels, the soot
values were below 3 in the scale of this instrument which
indicates a fair combustion.

The mean concentration and standard deviation of flue gas
compounds and temperatures were calculated for steady-state

normal conditions and according to NIST [23]. In the case of
06 and ¥8 mm wood pellets, the last 1 h of the test was
considered to calculate average data. The last 30 min was
considered as steady-state for the bagasse and SFH pellets.

2.3 Thermal power analysis

The thermal power output of the flue gas is evaluated by
means of the direct and indirect methods proposed by the
authors of this study and based on SS-EN 303-5:2012 [14]
and SS-EN 14785:2006 [15], respectively. The direct method
considers that the total thermal power output (P,;_;) is equal to
the absorbed power of the water (P,,_;). The indirect method
takes into account the thermal losses due to hot flue gases in
the chimney, chemical losses, and unburned carbon in ash in
order to calculate the thermal power output (P,,.;). Both ther-
mal power outputs were calculated for the data collected every
3 s (denoted by -i) to show the transient and steady-state
conditions.

2.3.1 Instantaneous fuel consumption and thermal input
power

The fuel consumption at any operation time () (i.e., every 3 s)
is calculated by following the next steps.

By considering that before the ignition, x;, amount of pel-
lets or shells that fall onto the grate and the time of ignition is
tig, the consumption of pellets at the time of ignition is:

mfuelfig = xig/tig (1)

The consumption of pellets at any operation time (#) is
considered as the addition of the pellets that falls before the
ignition (x;g) and the amount of pellets (x;) that is onto the
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grate per any operation time (Eq. 2). According to Eq. (3), x; is
the total amount of pellets that falls onto the grate for every
sequence time (x,/z;) multiplied by the time of operation after
the ignition.

Mfyel—i = (Xig +xi)/ti (2)
Where:
_ XS'(ti_li )

w = () G)

The thermal power input (Pge;) is calculated using Eq. (4)
which is based on the consumption of pellets/shells calculated
above for transient conditions and steady-state. The LHV for
the biomass is corrected for the moisture content according to
Table 1.

Pryeli = LHV- mnger; (4)

2.3.2 Direct method

The thermal power of the hot flue gas (i.e., thermal power
output) (P,;.;) is considered equal to the thermal power

(Cruel=Cash)
(0.536)-(CO; + CO)

P = ’;”fuel*i'(TZ*i_Troom)' Cpmd'

+ |CPpis,0°1.92:

absorbed by the water (P,,.;) at any operation time (#) as indi-
cated in Eq. (5). The thermal power output (P,;_;) is calculated
according to SS-EN 303-5:2012 [14], European standard,
based on the measured (every 3 s) water temperatures in the
inlet and outlet (T,;;)) and (Z,.;), respectively, the water flow
rate (my, ), and water heat capacity (Cpy.;) at the average
temperature of the two temperatures mentioned previously.

Pol—i = Pw—i = mw'cpw-i'(Two—i_TWi—i) (5)

2.3.3 Indirect method

The thermal power output (P,,.;) is based on SS-EN
14785:2006 [15] where the thermal power of the hot flue
gas is considered as thermal power input of the fuel (Pger.;)
minus the thermal losses (P,;), the chemical losses (P, ;), and
the heat losses due to unburned carbon in ash (P,;) as
expressed in Eq. (6).

Pori = PruelimPii=Peni—Pri (6)

The thermal losses due to hot flue gas in the chimney (P,;)
at any operation time () are evaluated with Eq. (7) [15].

2]

The chemical losses due to the CO emission (Pyg,.;) are
calculated using Eq. (8) [15].

mfuel*i' 127 644'CO'(Cfuelfcash)

Pepi =
ch [0.536-(CO, + CO)-100]

(8)

It can be observed that chemical losses due to unburned
hydrocarbons are not included in the standard [13].

The heat losses due to unburned carbon in ash are found
with the following expression [15]:

Pr.; = inge—i-335-u-(B.a.) /100 9)

2.3.4 Thermal efficiency

Thermal efficiency (¢) is evaluated using Eq. (10) at any op-
eration time, £, for both methods.

€j-i = Poj-i/Prucl-i (10)

where j=1 and 2 (direct respective indirect methods).
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3 Results and discussion

3.1 Influence of fuel type on temperature development
in the combustion chamber and CO emission levels
during start-up

The temperature in the combustion chamber as a function of
the time is shown in Fig. 2 for the different biomass sorts. This

—@6 mm W —@8 mm W —Bagasse —BN shells —SFH
800
700
600
500
400
300 Y, \/V\)AVAV
200
100

0

T1[°C]

T T T T
0 200 400 600 800 1000 1200 1400
Time [s]

Fig. 2 Temperature in the combustion chamber as function of time and
biomass sort
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figure highlights the start-up process which is relevant for the
comparison in the use of the different fuels and a later integra-
tion with a Stirling engine. To describe the differences among
the time of ignition or establishment of the flame, four tests
were performed per fuel. Average time of ignition is 276 s
(£32 s) for @6 mm wood pellets which is the fastest; 308 s
(15 s) for ?8 mm wood pellets; 326 s (48 s) for B pellets;
392 s (£56 s) for SFH pellets; and 426 s (=68 s) for BN shells.
The shells ignite after the longest time in comparison to the
rest of the residues. The time of propagation of the hot flue
gases up to the place of thermocouple 1 after the ignition is
different among the fuels. The propagation time is illustrated
in Fig. 2. For the @6-mm wood pellets, the propagation is
faster than for the other fuels, meanwhile BN shells show
the slowest propagation. The delay of propagation for the
BN shells, SFH, bagasse, and @8 mm wood pellets with
g6 mm wood pellets as zero point is 5.2, 3.8, 2.8, and
1.5 min, respectively. It seems that both a larger size of the
fuel (compare @6 and J8 mm wood pellets) and a higher ash
content result in longer ignition time and propagation delay.
As observed, the total time of propagation and ignition is the
longest for the BN shells. Previous studies [4, 7] showed that
the reactivity of the BN shells was inferior which is suggested
to delay the time of ignition and propagation and to reduce the
temperature. The shell form affects the delay by reducing the
transport of heat and mass during combustion: the biomass
molecules are stronger bound in the shell forming a hard sur-
face compared to pellets, which are formed by fine com-
pressed particles easily reacting.

SFH and @8 mm wood pellets reach the highest tempera-
ture over time in comparison to the other biomass fuels
(Fig. 2). SFH pellets have a lower moisture content which
contributes to increasing the adiabatic flame temperature and
therefore also to increase the combustion chamber tempera-
ture. The higher combustion temperature for SFH is also sug-
gested to be due to the high reactivity with high burnout ratio
[4, 26]. Comparing @6 and @8 mm wood pellets, less mass of
@6 mm pellets falls onto the grate (compare Table 2) and
therefore the ignition and propagation is faster than the other.

Figure 3a, b shows the CO emission levels as a
function of the time for the different fuels used.
Higher levels of CO are measured during the start-up
for all fuels. While 8 mm wood and bagasse pellets
reach steady CO level after some time, the J6-mm
wood pellets continue to give fluctuating CO emissions.
In the case of the BN shells and SFH pellets, the CO
levels clearly fluctuate along time at much higher values
than those of J6 mm wood pellets. Diaz et al. [9] also
measured high concentration of CO during start-up of
the combustion of four sorts of biomass pellets. The
high levels of CO during the start-up are mainly sug-
gested to be due to the larger amount of pellets onto the
grate and a rapid decrease of oxygen in the start-up
stage [9]. The oxidation of CO to CO, is also depen-
dent on higher temperature levels [27], and during the
start-up, the temperatures are still increasing. A previous
study by the authors [4] showed mean values of CO
emission levels under steady-state conditions for these
biomass sorts where the effect of properties and opera-
tional variables are explained in detail. Figure 3a, b
clearly indicates that the combustion loss due to CO is
highly fluctuating for certain fuels, and the combustion
temperature seems to have less relevance to this fluctu-
ating behavior when comparing with Fig. 2.

In another previous study by the authors [4], slightly
higher NO emission levels were found when using ba-
gasse pellets in comparison to wood pellets but higher
levels when using BN shells and SFH pellets. Higher
SO, emission levels were also found for the agro-
residues in comparison to wood pellets. Therefore, the
impact of fuel type on emission levels, conversion effi-
ciency of fuel compounds, and operating variables was
seen in that previous study where it was noticed that the
emission levels of CO fulfill the requirements of the EN
303-5 standard for a manual feeding and the burner was
able to satisfactory works with the different fuels.
Further analysis of particulate matter, volatile organic
compounds (VOC), and HCl compounds is required.

Table 2 Input power and heat
losses according to the biomass
sort under steady-state conditions

Input power

Heat losses

with standard deviation inserted Pryer [kW] P, [kW] P [kW] P, [kW]
107! 107!
(%C in ash/fuel wb)
78 mm wood 19.4+0.2 1.4+0.1 0.1+0.04 1.0£0.01 (0.45+0.14)
@6 mm wood 18.1+£0.2 1.0+0.08 0.1£0.1 0.9+0.01 (0.47+0.14)
Bagasse 13.3+0.2 1.3+0.1 0.1+0.1 0.6+0.01 (0.17+0.05)
BN shells 16.6+0.2 - 2.1+0.8 2.0+0.02 (0.54+0.16)
SFH 23.9+0.4 3.1+£0.6 42+25 0.6+0.01 (0.29+0.09)
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Fig. 3 CO emission levels as a function of time for a J8 mm W pellets,
@6 mm W pellets, and B pellets and b BN shells and SFH pellets

3.2 Influence of fuel type on heat losses under steady-state
and transient conditions

The heat losses evaluated in this study are the thermal losses
due to hot flue gases leaving the chimney (Py), the chemical
losses due to CO emission (Pg,), and heat losses due to un-
burned carbon in ash (P,). Figure 4 shows the relative value of
thermal losses related to the thermal power input (Pg,e;) as
function of time and biomass sort. In this figure, during the
start-up, the thermal losses fluctuate more for all the fuels but
for the SFH pellets. This difference might be driven by the
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Fig.4 Relative thermal losses to the thermal power input (%) as function
of time and biomass sort
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moisture content of the fuel. SFH pellets have significantly
lower moisture content compared to the other fuel sorts, why
the temperature fluctuation due to the vaporization of the wa-
ter in the fuel is less pronounced during the establishment of
the combustion process. Once the steady-state is reached, the
thermal losses drop below 12 % of the power input except for
the SFH pellets. In this case, the thermal losses are superior
due to the higher amount of gases in the chimney at higher
temperature. As seen in Table 1, the SFH pellets have both
higher density and lower moisture content than the rest of the
fuels, why more mass is introduced in the boiler and conse-
quently more combustion gases are produced. Lower moisture
content also promotes higher combustion temperature.
Overall, the recovery of heat by the water from the hot flue
gases has a delay due to the gradual heat transfer to the surface
of the heat exchanger. The next section explains the efficiency
in the heat transfer.

The relative value of the chemical losses to the thermal
power input as function of time and biomass sort is presented
in Fig. 5a for the @8-mm wood, J6-mm wood, and bagasse
pellets and in Fig. 5b for the BN shells and SFH pellets.
During the start-up, higher chemical losses are revealed,
which is related to the higher release of CO shown in
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Fig. 5 Relative chemical losses to the thermal power input (%) as
function of time and biomass sort: a @8 mm W pellets, @6 mm W
pellets, B pellets. b BN shells and SFH pellets
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Fig. 3a, b. The lowest chemical losses are found when using
bagasse pellets. Here, it is suggested that the lower density of
this fuel and high reactivity contribute to keep the CO emis-
sion at low levels during the start-up providing enough resi-
dence time, oxygen, and temperatures of the glow bed. BN
shells and SFH pellets as indicated in Fig. 5b present much
higher chemical losses which fluctuate considerably in time in
comparison to the other fuels. The main reason for the higher
chemical losses in the BN shells and SFH pellets combustion
is suggested to be due to the high ash content of these fuels
which affect the transport of oxygen to the active char sur-
faces. This causes an unevenly distributed temperature profile
[28], which in turn affects the oxidation rate of CO to CO, and
higher amount of CO is able to be released. A better distribu-
tion of the air inside the grate and a longer grate may contrib-
ute to reduce the CO release and therefore to reduce the chem-
ical losses especially in the case of high ash content biomass.

Table 2 presents the average heat losses as a function of
biomass sort under steady-state conditions. The lowest ther-
mal loss (Py) is found for the @6-mm wood pellets, and the
highest was found for the SFH pellets. SFH pellet combustion
gives the highest chemical losses (Pg,) due to the highest
release of CO emission [4]. The higher heat losses due to
unburned carbon in ash (P,) are found for the BN shells, which
are directly related to the amount of unburned carbon in ash.
Thermogravimetric analysis of BN shells has shown that this
fuel gives higher amount of char after the pyrolysis step in
comparison to both wood and bagasse [19]. This suggests that
BN shells are more likely to leave a larger portion of unburned
carbon in the char. As seen in Fig. 2, the combustion temper-
ature is lower for BN shells, thus leading also to lower char
conversion rate and thereby larger amount of unburned carbon
is found in the residual ash. Due to the reduce amount of flue
gas and lower temperatures during the combustion of the BN
shells, the steady-state in 1-h test could not be reached and
therefore thermal losses under steady-state are not presented in
Table 2.

3.3 Thermal power output and efficiency evaluation
under steady-state and transient conditions

The thermal power input, Py, and thermal power outputs,
P, and P,,, as function of time are shown in Fig. 6a—¢ for
each biomass sort. The fuel power input increases rapidly to
thereafter smoothen out as shown in these figures. Also, the
thermal power available in the flue gas determined by the indirect
method, P,, shows a rapid increase, with more stable devel-
opment for @6 mm wood and bagasse pellets than for SFH
and J8 mm wood pellets and BN shells. If the flue gas is used
for a prime mover, for example a Stirling engine, it is expected
that the J6-mm wood and bagasse pellets would give a more
stable operation during start-up than the other fuels. For all the
fuels, the difference between the direct and indirect method to

estimate the thermal power output is manifested in the start-up
phase of the boiler. While thermal power, P, is almost im-
mediately available in the flue gas, there is a time delay until
thermal power is available in the water line, P, This delay is
suggested to be due to the cold surface of the water heat
exchanger in the boiler during the start-up and the time it takes
to heat it. Therefore, the indirect method is more suitable to
determine how much thermal energy the flue gases carry in
the start-up phase.

However, once the water line has reached steady tempera-
ture, the thermal power determined by the direct method is in
the magnitude of the one determined with the indirect method
(Fig. 6a—c, d) but for the BN shells and SFH pellets. The
thermal response of the heat exchanger is lower than the
change of available heat in the flue gas, with a possibility to
momentary store heat in mass of the exchanger, which could
explain the higher thermal power available in the water line. In
the case of the BN shells and SFH pellet combustion, the
thermal power output P, (Fig. 6d, e) is variable in time due
to the disparity in CO concentration. The fluctuation of P, is
mostly dependent on the fuel. The delay in the recovery of the
heat by the water is higher when using BN shells in compar-
ison to the rest of the fuels which is suggested to be due to the
reduced amount of flue gas and lower temperatures during the
combustion as mentioned before. This would highly affect
integration of a prime mover, for example a Stirling engine
in the system. While the thermal availability is high for wood
and bagasse pellets, the electrical efficiency based on fuel
input for such an engine would also be higher in comparison
to both Brazil nut shells and SFH pellets, which both show
lower thermal availability in comparison to the fuel input.
However, the higher combustion temperature of SFH pellets
may compensate this inefficiency, since higher temperature
would lead to higher Stirling engine power within its opera-
tional limits [29].

The thermal efficiency (;) shown in Fig. 7a—e determined
by the direct method follows the same tendency as the thermal
power output P, i.e., during the start-up phase, the water of
the boiler absorbs little amount of heat from flue gases. After
the start-up period, €; becomes higher and more stable. The
thermal efficiency determined by the indirect method (g;),
shown in Fig. 7a—e, fluctuates during the start-up for all bio-
mass sorts and continue to vary in time for the BN shells and
SFH pellets similar to the behavior of the thermal power out-
put Py, shown in Fig. 6d, e. It is however observed that the
@6-mm pellets of both wood and bagasse give better efficien-
cy stability of &, than the @8-mm wood pellets during start-up,
but the F8-mm wood pellets give the fastest thermal response
in the water line, €, This is suggested to be due to the tem-
perature development as observed in Fig. 2, where the J8-mm
wood pellets reach higher temperature region fastest among
the fuels. The direct method provides, but for the BN shells,
slightly higher efficiency under steady-state conditions in all
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the cases which is suggested to be due to the momentary heat
storage capacity of the heat exchanger. The thermal power
available in the flue gas during the start-up period is trans-
ferred to the heat exchanger mass and thus stored. BN shells
and SFH pellets present lower and irregular efficiencies than
the other fuels over time, and BN shells give an unreasonable
long start-up time before the heat in the flue gas is available in
the water line. Figure 7 clearly manifests that the two methods
for predicting the boiler efficiency give very distinct results
when the chemical losses are high and fluctuating with time
(compare Fig. 5). While ¢; and &, approach each other after
the start-up of wood respective bagasse pellets, the discrepan-
cy of the two efficiency values still is large for BN shells and
SHF pellets. Specifically for BN shells, with the low combus-
tion temperature and high CO emission, it is highly probable
that there also are unburned hydrocarbons, UHC, which are
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not accounted for in the standard based on the indirect method
(i.e., SS-EN 14785:2006 standard). This standard for estimat-
ing the residential boiler efficiency is suggested not to be valid
for fuels showing higher emission of CO during combustion,
without introducing a compensating loss accounting for un-
burned hydrocarbons. However, except from wood pellets, the
standard shows good agreement with the direct method also
for bagasse pellets. The indirect method to calculate efficien-
cies ignores some thermal losses due to convection heat from
the boiler surface and therefore is higher especially in the start-
up phase, and it is expected to keep higher values after longer
time of operation when CO emission levels are low.

Table 3 shows average values of thermal power outputs and
efficiencies under steady-state conditions as function of the
biomass sort. Temperatures of the water flow in the inlet and
outlet of the boiler are included in Table 3 as well. The
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temperature of the water in the inlet is raised since it is
recycled in a closed circuit where a plate heat exchanger cold
down the water. Higher values of thermal power outputs and
efficiencies are determined by using the direct method for the
@6-mm wood, bagasse, and SFH pellets, which is also ob-
served in Figs. 6 and 7. Both types of wood pellets show
higher thermal power outputs and efficiencies under steady-
state conditions than the other fuels. Even though there is a

notable reduction in the bagasse power input, shown in
Table 2, high efficiencies are found by applying both methods.
In the case of the SFH shells, by applying the direct method,
high thermal output and efficiency are found during the
steady-state. This is suggested to be due to the high tempera-
ture measured in the flue gas (Fig. 2), resulting in good heat
transfer to the water line. On the other side, the efficiency
determined by the indirect method is lower due to the high

Table 3 Thermal power output
P, and P, and efficiencies ¢,

Thermal power output

Efficiency T Tvo
and &, according to the biomass
sort under steady-state conditions Py [kW] Poy [kW] &1 [%] &2 [%] [°C] [°C]
with standard deviation inserted
@8 mm wood 17.4+0.5 18.0+£0.2 89.3+1.6 92.3+0.5 144+13 44.4+0.6
@6 mm wood 17.2+0.6 17.0+£0.2 94.9+2.1 94.6+0.4 17.9+14 49.0+£0.6
Bagasse 12.1+£0.3 12.0+£0.2 90.8+1.6 89.8+1.0 29.3+0.6 56.6+1.3
SFH 21.9+0.2 20.4+0.7 91.7+1.7 85.2+2.6 20.8+1.7 70.9+1.7
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and fluctuating losses measured, i.e., the thermal and chemical
losses shown in Figs. 4 and 5b. The thermal losses are con-
siderably high since the full potential of the heat in the flue gas
of'the SFH pellets could not be absorbed in the water line. The
chemical losses are directly related to the CO emission
(Fig. 3) which depends strongly on the properties of the
fuel as shown in a previous study [4]. The thermal effi-
ciencies determined by the direct method have provided
information of the capability of heat recovery of the boiler
itself. On the other side, by applying the indirect method,
the thermal efficiency during the start-up phase has been
shown without taking the thermal response time of the
heat exchanger into consideration. This information is
valuable if the burner is, for example, integrated with a
Stirling engine where the heat transfer will differ com-
pared to that of the water line in a common residential
boiler.

The high ash content of the biomass fuels could cause
operational problems in longer runs due to a rapid accumula-
tion of ash onto the grate as it was seen using SFH pellets. But
when using bagasse, no evident problems were observed;
therefore, it is expected that the efficiency of the boiler will
be kept similar to the use of wood pellets. Chlorine content in
the biomass fuels could also represent an issue after a longer
time of operation due to the chlorine dioxide formed during
combustion may attack the metallic surface of the boiler [8],
which therefore could reduce the efficiency in the heat transfer
process; this aspect requires further analysis when using agri-
cultural residues.

Efficiencies according to EN 303-5 standard [30] should be
a minimum of 54.8 % for class 1, 64.8 % for class 2, and
74.8 % for class 3 boilers. The efficiency according to this
standard should be evaluated based on the heat recovery by
the water. Therefore, the boiler used in this study, whatever the
fuel is, reached the class 3 limit indicated by EN 303-5.

Verma et al. [5] presented boiler efficiencies of about 89 %
for SFH pellets with 11.8 % of moisture content and 2.78 % of
ash (wt%) using a horizontally fed pellet burner in a residential
boiler. They determined the thermal efficiency using the
Siegert formula which only takes into account the thermal
losses. In this study, if only the thermal losses are considered
when using SFH pellets, the efficiency reaches 87 %, which is
close to the data presented by Verma et al. [5].

4 Conclusions

A comparison of the thermal power availability has been
performed among @6 and g8 mm wood pellets, J6 mm
sugarcane bagasse pellets, @6 mm sunflower husk pellets,
and Brazil nut shells (LxWx H=11.5%x2.0x7.4 mm). The
temperature development in the combustion chamber dur-
ing start-up was diagrammed. Direct and indirect methods
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to evaluate the thermal power output and efficiencies have
been applied under steady-state and transient conditions.
Heat losses and efficiencies have been compared among
the fuels under steady-state and transient conditions.

The following conclusions were drawn from this study:

* The ignition time or establishment of the flame was dif-
ferent depending on the fuel type; larger particles and
higher ash content resulted in longer ignition time which
was the case of the Brazil nut shells and sunflower husk
pellets. Higher temperatures in the combustion chamber
were observed for the @8-mm wood and sunflower husk
pellets but did not result in highest efficiencies recorded
due to high thermal losses of both fuels and high chemical
losses in the case of the SFH pellets.

» The fuel type influences the level of thermal and chemical
losses. Higher percentage of chemical losses was found
for the Brazil nut shells and sunflower husk pellets mainly
due to the higher CO release, which was also fluctuating
over time. It was found that the combustion chamber tem-
perature is of less relevance for this fluctuation of CO
emission over time.

» Thermal power availability of flue gases and efficiencies
varied according to the biomass sort. The lowest thermal
power output and efficiencies were recorded for the Brazil
nut shells mainly due to low temperatures in the combus-
tion chamber and high amount of unburned carbon in ash.

*  While the indirect method of determining the efficiency
gives instant information about the heat available in the
flue gas, the direct method with thermal response delay in
the heat exchanger generally shows higher efficiency
levels at steady-state.

*  When comparing the direct and indirect method as
tools for boiler efficiency evaluation, the discrepancy
of the resulting efficiencies between the two methods
is larger when there are higher amounts of chemical
losses in the boiler and there is a lower temperature of
the hot flue gases in the heat exchanger. The indirect
method is showing good agreement also for bagasse
pellets in addition to wood pellets but is, without mod-
ification, proposed not to be valid for fuels with high
emission level of CO.

The boiler efficiencies found when using the different
fuels but the BN shells showed slight difference among
them which refers that the boiler was able to absorb
efficiently the heat available from each fuel. High effi-
ciencies of heat recovery and combustion are found for
bagasse pellets showing a great advantage in the use of
this fuel in residential boilers. Modifications in the ash
content by blending Brazil nut shells and sunflower
husk pellets could provide improvements to reduce CO
emission levels and therefore chemical losses.
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