
ENERGETIKA. 2022.  T. 68.  Nr. 1.  P.  1–14
© Lietuvos mokslų akademija, 2022

Carbon burnout from the char of a single 
cylindrical pellet

Mykola M. Zhovmir

Institute of Renewable Energy 
of the National Academy 
of Sciences of Ukraine, 
Hnat Khotkevych St. 20 A, 
02094 Kyiv, Ukraine 
Email: mykola.zhovmir@gmail.com

In countries with limited wood fuel resources, the use of straw 
for energy should be increased to comply with environmental 
commitments. Boiler houses burning whole straw bales have 
limited application because of unfavourable straw logistics and 
obstacles to their construction in most densely built-up settle-
ments. Straw pellets are more convenient for transportation and 
safer for storage. Boilers with pellet burning can be operated in 
fully automatic mode. However, burning straw pellets instead 
of wood pellets is complicated with increased ash content and 
lower ash melting temperature. Approaches for low-tempera-
ture burning of straw pellets at temperatures below the initial 
deformation temperature of their ash are of practical interest. At 
low temperatures, burning is slowing and incomplete burnout 
with energy loss is possible. The rate of burnout also depends 
on the form and dimensions of the particle. It was common to 
accept the rate of carbon burnout as uniform on the reacting 
surface of the particle.

This work aimed to study the low-temperature carbon bur-
nout from the char of the cylindrical pellets of various lengths 
and to estimate the energy loss with unburned carbon.

The aim was achieved by the  mathematical description of 
pellet char burning, in which the  actual cylindrical char was 
regarded as the  infinite cylinder intersecting with the endless 
plate. The  burnout of fixed carbon was accepted as layered, 
the carbon burning fronts as infinitely thin, and different rates 
of carbon burning in radial and axial directions were accepted. 
An experimental study of the low-temperature burning of fixed 
carbon from the char of wood and straw pellets was conducted 
at free air access at 700°C in the furnace, i.e., the temperature 
around a single pellet was certainly lower than the possible ini-
tial deformation temperature of the pellet ash. The duration of 
carbon burnout from the char of single cylindrical pellets de-
pending on their lengths was studied. 

The research findings are as follows. Equations in a dimen-
sionless form, describing changes in the  remaining share of 
unburned fixed carbon in pellet char in time, were deduced 
analytically. At the  experimental burning of single straw pel-
lets, loose particles of ash with no signs of melting formed, 
but they contained unburned carbon. The  share of unburned 
fixed carbon in ash was 0.016–0.020. The coefficient of deter-
mination of calculated and experimental duration of complete 
burnout of fixed carbon from wood pellet char was R2 = 0.96, 
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and R2  =  0.87–0.91 at incomplete burnout from straw pellet 
char. The most significant scientific result is that for long pel-
lets, the fixed carbon burnout is controlled mainly by its slower 
burnout rate in the radial direction, and for the shortest pellets 
by more intensive burnout rate in the axial direction.

The practical value of the  results obtained is that the  use 
of shorter pellets, which are characterised by faster burnout, 
may become purposeful for intensive combustion. Conversely, 
for slow combustion, and especially with the aim of arranging 
low-temperature burning of straw pellets, it may be feasible to 
use longer pellets with extended burnout. In the given conditi-
ons of straw pellet burning, the unburned carbon presents in 
ash, but losses of the pellet energy with unburned carbon were 
estimated at 0.61–0.72%, which is acceptable for boiler burners.

Keywords: straw pellets, wood pellets, single particle, char bur-
ning, fixed carbon burnout, unburned carbon, energy loss

INTRODUCTION

The current task of energy development is to in-
crease renewable energy use, biomass in particu-
larly. By joining the  European Energy Commu-
nity, Ukraine accepted commitments to achieve 
the  11% share of renewable energy in the  final 
energy consumption until 2020. The  Energy 
Strategy of Ukraine for the period until 2035 en-
visages an increased contribution of renewable 
energy up to 25%, and the  contribution of bio-
mass should reach 4  million tonnes of oil equi-
valent (mtoe) in 2020 and 11  mtoe in 2035  [1]. 
According to statistical data, in 2017, the share of 
renewable energy in the country’s energy balance 
was 4.4% or 3.964 mtoe, and the contribution of 
biomass and waste was 3.4% or 3.046  mtoe  [2]. 
At the same time, consumption of solid biofuels 
was 126 941 TJ (3.031 mtoe), and their export was 
17 350 TJ (0.414 mtoe) [3].

In Ukraine, technically achievable solid bio-
mass resources for energy usage are estimated 
at 18  mtoe annually  [4], which is sufficient to 
achieve the goal. Estimations of biomass resourc-
es contain the  actual portion, which is due to 
the current level of economic activity, and the vir-
tual portion, i.e., biomass resources that can be 
obtained only after the  organisation of growing 
and harvesting of energy plants. At the  current 
level of economic activity, about 2 mtoe of wood 

and wood waste and 8.6 mtoe of cereal straw and 
canola stalks can be technically available for ener-
gy needs [4]. The harvesting of corn and sunflow-
er stalks is not underway, so there is a necessity 
for the  widespread usage of cereal straw as fuel 
with limited resources of wood fuel to achieve 
the  goal of biomass contribution to the  energy 
balance.

According to our estimates, 44 boilers with 
periodic burning of whole straw bales with rat-
ed heat output of 150 to 980 kW were operated 
in Ukraine in 2019, and their total heat output 
was 25  MW, and annual consumption of baled 
straw was only near 0.005 mtoe. Such factors as 
unfavourable logistics of straw, high capital costs 
of boiler houses with the burning of whole straw 
bales, inability to build straw warehouses and 
boiler houses in most cities, and even in small 
towns or rural settlements because high density of 
buildings of the Soviet period constrains the use 
of boilers burning whole straw bales.

These obstacles can be overcome by produc-
ing straw pellets and using them as fuel. Pellets 
are more convenient and safer for transportation 
and storage allowing complete mechanisation and 
automation of their usage. Straw pellets can be 
regarded as a promising fuel for boiler houses in 
the steppe part of the country. In Ukraine, several 
straw pellet factories have been built, mainly to ex-
port straw pellets as fodder and litter for animals.
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Compared to wood, cereal straw has an in-
creased ash content and lower melting tempera-
ture characteristics, which can change widely. 
After determining the ash melting behaviour for 
24 samples of wheat and barley straw, the ranges 
for initial deformation temperature (IDT) were 
found to be 720–1120°C, softening temperature 
(SOT) 760–1110°C, hemisphere temperature 
(HT) 1038–1280°C, and fluid temperature (FT) 
1080–1500°C [5]. According to the study of five 
samples, the  softening temperature (SOT) of 
wheat straw ash was 726–840°C [6].

Burning of straw pellets in retort burners and 
burners with movable grate was complicated by 
ash agglomeration, disruption of their work with 
a significant decrease in heat output and reduced 
energy efficiency, increased CO emission, which 
is more expressed for a retort burner [7].

Biagini and Tognotti in  [8] showed that in 
the presence of air, carbon oxidation from wood 
char was complete at 700°C. This fact indicates 
the  potential possibility for low-temperature 
burning of wood biomass and encourages finding 
approaches for low-temperature burning of straw 
pellets at temperatures below the initial deforma-
tion temperature of their ash.

In studies into pellet burning, two approach-
es can be identified: (1) crushing pellets to small 
(thermally thin) particles and thermogravimet-
ric study of their thermal destruction and carbon 
burnout at a relatively slow heating rate [8]; such 
studies were carried out as to the torch [9, 10] or 
fluidised bed burning [11]; (2) study into thermal 
destruction and carbon burnout from larger par-
ticles and whole pellets (thermally thick particles) 
relating to their burning in a fixed fuel bed [12–15].

Researches in the destruction and oxidation of 
large biomass particles and whole pellets are com-
plex because of the impact of the biomass proper-
ties, the content of moisture and ash, and the par-
ticle size and shape. In [12], Yang et al. noted that 
at fixed bed combustion of large biomass particles, 
‘a temperature gradient over 400°C inside the par-
ticles at the  front, and significant overlapping of 
moisture evaporation, devolatilisation and char 
burnout in the bed-height direction’ can develop.

The shape of the burning particles was often 
considered spherical, which allowed simplifying 
the  mathematical model to one-dimensional. 
In [13], Lu et al. noted that the spherical mathe-

matical approximation poorly displayed the com-
bustion behaviour for the particle size above a few 
hundred microns.

In [14], Mehrabian et al. described the math-
ematical model of thermal conversion of ther-
mally thick biomass particles, which accounts 
for the shape and size. The biomass particle was 
divided into four zones: ash, coke, dry fuel, and 
wet fuel. It has been found that ‘the particle with 
a higher sphericity has the lowest mass loss rate, 
because the  higher sphericity means a  smaller 
surface area to mass ratio’.

Momeni et al. [15] experimentally investigat-
ed the effect of the shape of the biomass particle 
on the rate of its burnout. They determined that 
for particles with the  same volume, cylindrical 
particles lost their mass faster than spherical par-
ticles and the burnout time was shortened by in-
creasing the particle surface area.

In [14], temperature changes on the surface and 
the centre of a burning wood particle with the di-
ameter of up to 9.5 mm with a moisture content 
of 6%wt. were studied at high furnace temperature 
(1000°C). In [16], the burning of pellets (diameter 
of 8 mm) was studied at furnace temperatures of 
up to 800°C. These data showed that the tempera-
ture in particle cross-section was almost uniform, 
about 540–550°C, before the time of complete vol-
atile release. It follows that, unlike wet wood parti-
cles, at small dry wood particle and pellet burning, 
carbon burnout began only after the  volatile re-
lease, and there were only two zones, the coke zone 
and the ash zone, at carbon burnout.

For practical calculations of pellet combustion, 
it is interesting to obtain experimental data on the 
burning rate for the stage of carbon burnout from 
char, as this stage is largely determining the overall 
duration of combustion. In [17], Silin et al. stud-
ied wood particle and pellet burning in the  fur-
nace with free air access, the average rate of carbon 
burnout from char determined as a  rate of mass 
decrease for the entire period of carbon burnout 
and attributed it to the particle initial surface area 
in the assumption that it had a spherical shape. Ac-
cording to them, the carbon burning rate was 2.0 
to 2.3 g/(m2·s) at the air speed of 0–0.5 m/s, and ac-
cording to Palchonok et al. [18], at the air speed of 
0.18 m/s, the rate of carbon burning was 4 g/(m2·s).

In well-known works on fuel burning, fuel 
particles were considered isotropic by default, 
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and the  rate of carbon burnout was considered 
the same for the entire particle surface. Such an 
approach is also evident from  [13–15], where 
the  difference in the  burnout time for spheri-
cal and cylindrical particles is explained only by 
the ratio of mass and surface area.

In [19, 20], the un-uniformity of carbon burn-
ing rate at the surface of pellet char was described. 
The  direct measurements of carbon burnout 
rate in the  radial direction using long defectless 
wood and straw pellets having a correct cylindri-
cal shape with insulated ends were described in 
the paper [19]. 

Having analysed the process of pellets forma-
tion in the  press with a  cylindrical matrix and 
pressuring rollers, [20] assumed that in the axial 
(longitudinal) direction the material densification 
is more significant than in the radial direction, so 
pellets may be inherent the anisotropic properties. 
Wendi Guo et al.  [21] drew attention to the pel-
let thermal conductivity anisotropy but studied 
the effective thermal conductivity of pellets bulk.

It was noted in [20] that carbon burnout from 
the pellet char occurs both on the cylindrical side 
surface and on the flat end faces of the pellet char; 
at the same time, the almost flat fronts of the car-
bon burning are shifting from the  ends towards 
the middle of the char faster than the cylindrical 
carbon burning front shifts in the radial direction 
to the particle axis; the ends of the char are glow-
ing brighter than its cylindrical surface against 
the background of the furnace glow, which may in-
dicate their higher temperature, and, under almost 
the same conditions of heat exchange, greater ener-
gy release and an increased carbon burning rate on 
the ends of the pellet char. Based on the above, it 
was suggested that the rate of carbon burning from 
the pellet char depends on the directions: is more 
significant in the axial direction than in the radi-
al. According to the  direct measurements using 
a thin round plate cut from the pellet perpendicu-
lar to its longitudinal axis, the carbon burnout rate 
from the pellet char in the axial direction was 1.7–2 
times higher than that in the  radial direction for 
the char of wood pellets, and 1.4–1.5 times higher 
for the char of straw pellets. 

This work aimed to study low-temperature 
carbon burnout from the char of cylindrical pel-
lets of various lengths and to estimate the energy 
loss with unburned carbon.

RESEARCH METHODOLOGY

The carbon burnout from the char of wood and 
straw pellets was regarded at free access of air in 
a muffle furnace at 700°C, i.e., at the temperature 
around a  single particle which was knowingly 
below the  possible initial deformation tempera-
ture of its ash. It was assumed that such low-tem-
perature burning of straw pellets could prevent 
the agglomeration of ash, but incomplete burnout 
of fixed carbon could be possible.

The study was carried out in analytical and ex-
perimental methods. A mathematical description 
of burnout of fixed carbon from char of the cylin-
drical pellet was developed, taking into account 
different carbon burnout rates in radial and axial 
directions. The adequacy of the mathematical de-
scription was tested by comparing the calculated 
time of carbon burnout with the  correspond-
ing experimentally-found values of burnout of 
the char of straw and wood pellets of different di-
ameters and lengths.

Analytical method
The initial dimensions of the char were accepted 
as equal to those of the pellet. This position cor-
relates with the results described in [22] devoted 
to thermal shrinkage of pellets at pyrolysis in the 
inert atmosphere, indicating its insignificance at 
600–700°C during 30–50 s. The char of a cylindri-
cal pellet (with the diameter d = 2R0 and the length 
l = 2δ0) was regarded as a result of the infinite cyl-
inder, with the initial radius R0, intersection with 
the endless plate, with half-thickness δ0, see Fig. 1.

Fig. 1. Scheme to the  mathematical description of carbon burn-
out from the cylindrical pellet char: 1 – char, 2 – ash, 3 – carbon 
burning front in the radial direction, 4 – carbon burning fronts in 
the axial direction
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At the  formulation of the  mathematical 
description, the  burnout of fixed carbon from 
the pellet char was regarded as occurring in an in-
finitely thin layer shifting the reaction surface be-
neath the remaining ash. As in [19, 20], the rates 
of carbon burning were supposed to be constant 
but different in radial wcr and axial wca directions 
because of the pellet anisotropy.

On the reacting surface, the cylindrical front 
with current radius R, where carbon burning 
occurred with a  shifting of the  named front 
along the radius to the axis of particle, and two 
flat fronts located at a distance δ from the mid-
dle of the  char particle, where carbon burning 
occurred with a  shifting of these fronts along 
the  axis to the  middle of particle, were distin-
guished.

Determining geometrical coordinates of carbon 
burnout fronts in the pellet char 
In  [19], the  differential equation describing 
the  burnout of fixed carbon from the  char of 
the  infinite cylindrical pellet with an initial ra-
dius R0 at a  constant rate of carbon burning in 
the  radial direction wcr was solved analytically. 
The equation for determining the  time τ during 
which the cylindrical front of carbon burning will 
shift from the initial position on the particle sur-
face R0 to the current radius R was derived:

0

ρ
τ ( – ),c

cr

R R
w

�  (1)

where τ is the  time from the  beginning of car-
bon burning from char,  s; wcr  –  the  rate of car-
bon burnout from the  char in the  radial direc-
tion, kg/(m2·s); ρc – conditional carbon density in 
the char, kg/m3.

The conditional carbon density in the char can 
be defined as the ratio of the fixed carbon mass mc 
to the pellet initial volume V [19]:

ρ ρ (1– )(1– ),c
c d d daf
m A V
V

� �  (2)

where ρd is the  density of the  dry pellet, kg/m3; 
Vdaf is the volatile on a dry ash-free basis, a share 
of mass; Ad is the  ash content on a  dry basis, 
a share of mass.

The current radius R of the  cylindrical front 
of carbon burning at the time τ was determined 
from the equation (1):

0

τ
– .
ρ

cr

c

wR R�
 

(3)

Dividing the right and left sides of the equa-
tion (3) by R0, it was converted into a dimension-
less form:

0

τ
1– ,

ρ

cr

c

wr
R

�  (4)

where r = R/R0 is the current dimensionless radius 
of the cylindrical front of carbon burning in the in-
finite cylindrical particle of char at the time τ.

In  [20], the  differential equation describing 
the  burnout of fixed carbon from the  char of 
the  infinite plate with thickness l  =  2δ0 (where 
δ0 is the half-thickness of the plate) at a constant 
rate of carbon burning in the axial direction wca, 
was solved analytically. The equation for deter-
mining the time τ over which flat fronts of car-
bon burning shift from the initial position δ0 on 
the  char end faces and reach the  current posi-
tions at a distance δ from the middle of the char 
plate was derived:

0

ρ
τ (δ δ).c

caw
� �  (5)

The methodical difficulties of direct measure-
ments of the carbon burning rate for the axial di-
rection were noted, and a simplified approach for 
its estimation was proposed [20]:

ρ
,

ρ

d
ca cr

di

w w�  (6)

where ρdi is the initial density of dry biomass used 
for pellets pressing, kg/m3.

The current longitudinal coordinate δ of flat 
burning fronts at the time τ follows from the equ-
ation (5):

0

τ
δ δ .

ρ

ca

c

w
� �  (7)

Dividing the right and left sides of the equa-
tion (7) by δ0, it was converted into a dimension-
less form:

0

τ
1 ,
δ ρ

ca

c

wx � �
 (8)
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where 
0

δ

δ
x � �  are current longitudinal dimen-

sionless coordinates of flat burning fronts in 
the infinite plate of char at a time τ.

According to obtained equations (4) and 
(8), the  complete burnout of fixed carbon from 
the char of a cylindrical pellet occurs at the time 
when one of the  dimensionless coordinates of 
burning fronts reaches zero value {r = 0 ∪ x = 0}.

Determining the share of unburned fixed carbon 
in the char of a cylindrical pellet
After the volatile release, the mass of fixed carbon 
in the cylindrical particle of char per 1 m of its 
length is:

mcr,0 = πR0
2ρc. (9)

At the current moment τ (from the beginning 
of fixed carbon burning), the mass of carbon in 
the infinite cylindrical particle of char per 1 m of 
its length is:

mcr = πR2ρc. (10)

The share of unburned carbon Mr in the bur-
ning infinite cylindrical particle of char to 
the time τ can be found as:

2 2
2

2 2

,0 0 0

π ρ
.

π ρ

cr c
r

cr c

m R RM r
m R R

� � � �  (11)

After the volatile release, the mass of fixed car-
bon in the infinite plate of char per 1 m2 of its area is:

mcδ, 0 = 2δ0ρc. (12)

At the current moment τ (from the beginning 
of the fixed carbon burning), the mass of carbon 
in the infinite plate of char per 1 m2 of its area is:

mcδ = 2δρc. (13)

The share of unburned carbon Mx in the infi-
nite plate of char to the time τ is:

δ

δ,0 0 0

2δρ δ .
2δ ρ δ

c c
x

c c

mM x
m

� � � �  (14)

The share of unburned carbon M, which re-
mains in the char of the actual cylindrical pellet 

to the time τ, was suggested to define as a product 
of unburned carbon shares for the infinite cylin-
der and the infinite plate:

M = MrMx = r2x. (15)

The share of burnt fixed carbon to the time τ is:

Cτ = 1 – M = 1 – r2x. (16)

The share of carbon burned during the period 
from the time τ1 to the time τ2 can be defined as 
the difference of shares unburned carbon at cor-
responding moments.

Determining the pellet energy loss with unburned 
carbon of char
Because of the  mechanical incompleteness of 
solid fuel combustion, its energy is partly lost. 
It is caused by the  presence of unburned fuel 
in ash/slag, fallings through a  grate, and flying 
ash. According to EN 15270:2007 [23] at pellets 
burning, the unburned fuel presence in the ash/
slag is regarded. As to a char of a  single pellet, 
only the  carbon content in the  ash causes en-
ergy loss because of incomplete mechanical 
combustion.

After the  volatile release at the  time τ  =  0, 
the mass of fixed carbon in the char of a single cy-
lindrical pellet can be determined by an equation 
derived from material balances for processes of its 
drying and pyrolysis:

mcrδ, 0 = 2πR0
2δ0ρc. (17)

When pellet burning was terminated at 
the time τ counted from the beginning of carbon 
burning, the mass of unburned fixed carbon in 
the char of the single pellet, taking into account 
the  above-disclosed mathematical descrip- 
tion, is:

mcrδ, τ = 2πR0
2δ0ρcM. (18)

The energy of the unburned carbon of the single 
pellet char until the time τ can be determined as:

Quc = qcmcrδ, τ,  (19)

where qс is the heat value of carbon, J/kg.
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The energy loss caused by incomplete com-
bustion of the carbon of a single pellet can be es-
timated as:

uc
4

,a
W p

Qq
m q

�  (20)

where qp is the low heat value of pellets for ‘as re-
ceived state’ J/kg; mw is the mass of a single pellet 
for ‘as received state’, kg.

Experimental method
An experimental study of the  carbon burnout 
from the pellet char was carried out by a  single 
pellet burning in a heated muffle furnace with free 
access of air. The following features characterised 
the experiments. Pellets for research were picked 
out from industrial pellet batches. For the picked-
out pellets, the moisture and ash content were de-
termined following ISO 18134–2:2017  [24] and 
ISO 18122:2015 [25]. The density of single pellets 
in the ‘as received state’ and in the dry state was 
determined by the stereometric method described 
in ISO 18847:2016 [26]. The volatile content was 
determined as close to ISO 18123:2015 [27], but 
using whole pellets and their thermal decomposi-
tion in a stainless-steel crucible. Low heat values 
for each type of pellets qp were estimated accord-
ing to ISO 16993:2016 [28], but for really found 
contents of moisture War and ash Ad, using typical 
low heat values for softwood and wheat straw giv-
en in IS0 17225–1:2014 [29].

Defectless pellets (correct cylindrical shape, 
no cracks) were selected for experiments; their 
ends were cut and polished to obtain samples 
in the  form of rectangular cylinders. Prepared 
dried samples were weighed with an accura-
cy of ±0.01 g, and their size was measured with 
an accuracy of ±0.1 mm. For prepared samples, 
the rate of carbon burnout from char in the radial 
direction wcr was measured according to the me-
thod described in [19]. The carbon burnout rate 
from char in the axial direction wca was estimated 
according to equation (6). 

The pellet prepared for investigation was placed 
on a  horizontal stainless-steel wire-gauze shelf 
with a 1 mm cell, placed at the support. The shelf 
was at 40 mm height above the support base.

The muffle furnace had a  200-mm-wide, 
120-mm-high, and 300-mm-long internal space. 

At the furnace aperture, a partition made of fire-
proof bricks with a 60 × 70-mm window was in-
stalled, which ensured a  reduction of heat loss-
es and allowed bringing the  mentioned support 
with the pellet to be investigated into the furnace. 
The furnace was equipped with a K-type thermo-
couple, the microprocessor temperature control-
ler type RT-102 (JSC Lvivprylad, Ukraine), and 
a contactless switch in the electric heater circuit. 
Controller settings ensured the  maintenance of 
the  set furnace temperature with error margins 
±10°C. For the purposes of this paper, the exper-
iments were carried out at a muffle temperature 
of 700°C.

The support with the  pellet was placed into 
the  preheated furnace so that the  sample was at 
a  distance of 80  mm from the  muffle back wall. 
Free air access was provided to the furnace space 
for pellet burning through the open furnace door. 
The  duration of carbon burnout was measured 
with a stopwatch as a period from the completion 
of volatile release until the end of carbon glowing 
inside the  ash particle. The  error of determining 
the duration of carbon burnout was: up to 3  s at 
the beginning of char burning and near 1  s after 
the completion of carbon burnout, up to 4 s in total.

After burning, the ash of straw pellets was grey 
as it contained carbon that did not burn out un-
der experimental conditions. After experiments 
with burning pellets of the  same type, ashes of 
all pellets used were collected. According to ISO 
1171:2010  [30], the  collected ash was heated in 
the  muffle furnace at 815°C with moistened air 
purging through furnace space. The observed re-
duction of ash mass was accepted as the mass of 
oxidised carbon. A  possible decrease in the  ash 
mass due to high-temperature reactions and 
evaporation of light-melting components was ne-
glected. 

For each type of pellet used in experiments, 
carbon and ash balances for pyrolysis and fixed 
carbon burnout processes were made, and the ini-
tial mass of fixed carbon mcf in the  pellets used 
and the mass of residual unburnt carbon muc in 
the ash were defined. The share of the unburned 
fixed carbon remaining in the ash of pellets was 
calculated by the expression:

.ca

cf

mM
m

�  (21)
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RESULTS

For experimental studies, wheat straw pellets 
with a nominal diameter of 6 and 8 mm and wood 
pellets with a  nominal diameter of 6 mm were 
used. The properties of these pellets are shown in 
the Table.

Dimensions of the char, formed from wood or 
straw pellet with a diameter of 6 mm were almost 
equal to those of the  original pellet. The  length 
of the char of the straw pellet with a diameter of 
8 mm was close to that of the original pellet, but 
the diameter decreased slightly.

The dimensions of ash particles came up 
to 60–75% of the  dimensions of initial pellets. 
The ash of the wood pellet had a loose structure 
and was easily destroyed when touched, and its 
colour was light brown indicating complete burn-
out of carbon. For straw pellets, the more durable 
ash formed with a grey surface, and its breaking 
showed the  black colour inside, which indicat-
ed incomplete carbon burnout. The  structure 
of the  straw pellet ash was loose with no signs 
of melting. For example, Fig.  2 contains photos 
of used wood and straw pellets 20 mm long and 
views of chars and ashes formed from them.

Ta b l e .  Properties of pellets used in experiments

Parameters Unit
Straw 

pellets 
SPU-6

Straw 
pellets 
SPK-8E

Wood 
pellets 
WPCh-6

1 Nominal diameter, D mm 6 8 6

2 Actual diameters, d mm 5.8–6.0 8.0–8.3 6.0–6.3

3 Moisture content in bulk, War %wt. 7.45 8.80 7.92

4 Ash content in bulk, Ad %wt. 5.45 7.65 0.40

5 Range of actual density of individual dry pellets kg/m3 1102–
1305

987–
1033

1063–
1305

6 Average density of dry pellets used in experiments ρd kg/m3 1143 1010 1254

7 Accepted density of dry biomass used for pellets pressing ρdi kg/m3 410 410 400

8 Volatile matter content, Vdaf %wt. 79.6 80.7 82.0

9 Rate of fixed carbon burnout in the radial direction, wcr g/(m2·s) 1.68 0.95 1.62

Confidence interval of wcr at significance coefficient α = 0.95 g/(m2·s) 0.21 0.06 0.09

10 Estimated rate of fixed carbon burnout in the axial direction, wca g/(m2·s) 5.13 2.34 5.1

11 Low heat value of pellets, qp kJ/kg 15950 15259 17365

Fig. 2. Pellets (left), their chars (centre), and ashes (right), top down: a  6  mm 
wood pellet, a  6  mm straw pellet, an 8  mm straw pellet. The  grid of the  back-
ground paper is 5 mm
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Ash of SPU-6 straw pellets contained 6.3% wt. 
of the  unburned carbon, corresponding to 
the  share of unburned fixed carbon M  =  0.016; 
and that of SPK-8E 4.4%  wt. of the  unburned 
carbon and the  share of unburned fixed carbon 
M  =  0.020. The  energy loss with unburned car-
bon for the SPU-6 straw pellets (diameter 6 mm) 
was estimated as q4a = 0.61%, and for the SPK-8E 
straw pellets (diameter 8 mm) q4a = 0.72%.

The experimental data of the  duration of 
the  burnout of fixed carbon from the  char of 

wood pellet (nominal diameter 6 mm, lengths 
from 2.5 to 42 mm) are shown in Fig. 3. The sol-
id line shows the  duration of complete carbon 
burnout from their char, which was calculated by 
equation (8), and the dashed line by equation (4). 
As the carbon burnout was complete, calculation 
of the  burnout duration by equations (9)–(15) 
gave the same results.

The data in Figs 4 and 5 show the experimen-
tally found duration of fixed carbon burnout 
from the char of the straw pellets SPU-6 (nominal 

Fig. 3. The duration of the fixed carbon complete burnout from the char of a single wood pellet WPCh-6 
(diameter 6 mm) in the muffle furnace at 700°C and free air access depending on the pellet length

Fig. 4. The duration of the fixed carbon burnout from the char of a  single straw pellets SPU-6 (diameter 
6 mm) in the muffle furnace at 700°C and free air access depending on the pellet length
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diameter 6  mm) and SPK-8E (nominal diameter 
8 mm) depending on the pellet length. Here the sol-
id line shows the duration of complete carbon burn-
out from the char of the same pellets calculated by 
equation (8), and the  dashed line  –  according to 
equation (4). The dot-dash line represents the du-
ration of fixed carbon incomplete burnout to reach 
the  experimentally found share of unburned car-
bon M, calculated according to equations (9)–(15).

DISCUSSION

In Table, the difference between wcr and wca is due 
to pellet anisotropy. Studying wood briquettes, 
Sova  et  al.  [31] found that thermal conductivity 
along the briquette axis was (0.35 … 0.45) W/(m∙K) 
and almost three times lower – (0.13 … 0.15) W/
(m·K) – perpendicular to the axis . It is possible to 
assume that a similar anisotropy of thermal con-
ductivity exists for pellets and char formed from 
pellets after volatile release. More intense thermal 
conductivity in the  direction of the  pellets axis 
provides more intensive heat flux from the burn-
ing front towards carbon in the adjacent layer, thus 

accelerating its heating up. Then heated carbon re-
acts at a higher rate, provided sufficient oxygen is 
available.

The rate of fixed carbon burnout in the radial 
direction wcr was measured at a furnace tempera-
ture of 700°C. According to the data in [16, 17], 
a burning particle of pellet char was overheated 
above furnace temperature; at that, the  high-
est temperature at the particle surface was up to 
800°C, and at the centre of char, it achieved 915°C 
by the  moment of char burning completion. 
The  measured rate of fixed carbon burnout in 
a radial direction wcr is conditional. It characteris-
es the burnout rate because of the complex influ-
ence of many factors: rapid heating up of pellet at 
placing into the furnace, diffusion of oxygen and 
reactions products, concentrations in the reaction 
zone, the rate of chemical reactions, heat transfer, 
and temperature change in the burning zone.

There was a complete burnout of fixed carbon 
from the char of the wood pellet at such low-tem-
perature combustion, but carbon did not com-
pletely burn out from the straw pellet char. The re-
sidual carbon content was 4.4–6.6% in the ashes, 

Fig. 5. The duration of the fixed carbon burnout from the char of the single straw pellets SPK-8E (diameter 
8 mm) in the muffle furnace at 700°C and free air access depending on the pellet length
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corresponding to the loss of 0.6–0.7% of the straw 
pellet energy. As recommended in [32], the allow-
able loss of wood fuel energy because of mechan-
ical incompleteness of burning in boilers should 
not exceed 2%. This recommendation can be ap-
plied to similar solid biofuel, straw pellets. There-
fore, the achieved residual content of unburnt fixed 
carbon in ashes can be considered acceptable for 
boiler burners at low-temperature combustion of 
straw pellets.

The data in Fig.  3 show a  satisfactory coin-
cidence of calculated and experimentally found 
durations of complete fixed carbon burnout from 
the char of wood pellets with a difference between 
them of up to 16%. 

The data in Figs 4 and 5 show essential nonco-
incidence of calculated and experimentally found 
time (up to 21–39%) for reaching the  experi-
mentally achieved share of unburnt fixed carbon 
at low-temperature burning of straw pellet char. 
It should be mentioned that deviations have dif-
ferent directions and can be considered random. 
From the analysis of data in Figs 3, 4, and 5 follows 
that the inconsistency of the calculated and exper-
imentally determined data cannot be explained 
by the  maximum possible errors in measuring 
the length of pellets ±0.1 mm and the burnout du-
ration of ±4 s. The  following reasons can mainly 
cause revealed noncoincidence.

Graphs presented in Figs 3, 4, and 5 were cal-
culated at average density for corresponding types 
of pellets. However, every single pellet was charac-
terised by its density in the range shown in Table. 
Equations (1), (5), and (2) indicate more prolonged 
fixed carbon burnout with density increase. For 6 
mm wood pellets WPCh-6, relative deviations of 
the actual density of individual pellets from the av-
erage density of these pellets were in range (–15% 
… +4%), for 6 mm straw pellets SPU-6 in range 
(–4% … +14%), and for 8 mm straw pellets SPK-
8E in range (–3% … +2%). So, the  inconsistency 
of calculated and experimental data because of 
changing individual pellets density can partially 
explain observed noncoincidence.

In addition, individual pellets differ in densi-
ty and the properties of fine particles from which 
they were pressed. According to the author’s obser-
vations, denser morphological components of bio-
mass, in particular wood knots and straw nodes, 
burn out slower. The  accidental presence of fine 

particles from such dense components in the pel-
let can cause its more prolonged burnout. Based 
on this, the  difference in the  duration of carbon 
burnout from pellets of almost identical length 
and mass can be explained. For the same reason, 
the  experimentally determined rate of carbon 
burnout is characterised by the average value and 
confidence interval (Table). Equations (4) and (15) 
indicate the  sensitivity of the  estimated duration 
of fixed carbon burnout to changes in the  value 
of the burnout rate wcr, as it is indirectly included 
with the second power.

Thus, the duration of the burnout of fixed car-
bon from pellets depends also on uncontrolled sto-
chastic factors. Therefore, when using the average 
characteristics of pellets, calculations according 
to the proposed dependencies give results close to 
the most likely value of the duration of burnout of 
a large number of pellets of a given length. The val-
ues for individual pellets will differ from the most 
likely value to the extent that their properties differ 
from the average value. For the pellets of a given 
length, the variability of their properties requires 
a separate study.

Because of the influence of uncontrolled fac-
tors, statistical analysis methods can be applied 
for the comparison of experimental and calculat-
ed data  [33–35]. The  determination coefficients 
R-squared for sets of experimental and calculated 
durations of fixed carbon burnout were 0.96, 0.87, 
and 0.91 for wood pellets WPCh-6, straw pellets 
SPU-6, and SPK-8E, respectively.

The high values of R-squared indicate that 
the analytically obtained solutions reflect the relati-
onship between the sought and the taken into ac-
count defining values in the mathematical descrip-
tion of the fixed carbon burnout from the char of 
pellets. The value of the determination coefficient 
can be interpreted as follows: 0.96, 0.87, and 0.91 
of variances in the duration of burnout for the cor-
responding pellets can be explained by factors ta-
ken into account in the mathematical description 
of the process, but 0.04, 0.13, and 0.09 of variances 
are due to other factors that were not taken into 
account and to measurement errors.

Comparison of dependencies (4) and (8) 
showed that calculated durations of carbon burn-
out from the  pellet char in radial and axial di-
rections should be the same at the pellet length, 
which featured a critical lcr:
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.ca
cr

cr

wl d
w

 
=  

 
 (22)

Critical lengths for studied wood and straw 
pellets were (18.4 … 19.7) mm, so approximately 
it can be considered lcr = 20 mm. For example, in 
Fig.  6, the  calculated dimensionless coordinates 
of carbon burning fronts r, x and the share of un-
burned fixed carbon M are shown for straw pel-
lets, having a diameter of 8 mm, at lengths 10 mm 
and 30 mm. From the presented data, it follows 
that for shorter pellets l < lcr: x → 0 faster than r, 
so the burnout of a shorter pellet is controlled by 
its burnout in the  axial direction (Fig.  6a), and 
for a  longer pellet l  >  lcr: r  →  0 faster than x, so 
the burnout of a longer pellet is controlled by its 
burnout in the radial direction (Fig. 6b).

As it was defined by the  standard EN 
14588:2010  [36], pellets can have an arbitrary 
length in the range from 3.15 to 20 mm, but ac-
cording to the  currently valid standard ISO 
16559:2014 [37] for pellets, with a diameter 6 mm 
and 8 mm, the  length can be in the wider range 
from 3.15 to 40 mm. Thus, according to standards, 
pellets may differ in length.

According to the  results found, the  duration 
of fixed carbon burnout for the long pellets (30–
40 mm) was more than three times longer than 
that for the  shortest pellets. The  practical im-
portance of the presented study is the following: 
the  usage of ‘short’ pellets, which are character-
ised by a faster burnout rate in the axial direction, 
may become purposeful for intensive burning. On 
the contrary, for slowing down burning, especial-
ly to arrange low-temperature burning of straw 
pellets, it may be feasible to use ‘long’ pellets for 
which the carbon burnout duration is determined 
by slower burnout rate in the radial direction.

CONCLUSIONS

Described experimental results allowed conclud-
ing that the  low-temperature burning of single 
straw pellets at a  muffle furnace temperature of 
700°C, with the  formation of loose ash without 
signs of melting was possible.

The proposed mathematical description of 
the fixed carbon burnout from the char of a single 
cylindrical pellet at free air access takes into ac-
count the different rates of carbon burnout in axial 
and radial directions. Analytically obtained equa-
tions determine the  radial and axial coordinates 
of the carbon burning fronts in dimensional and 
dimensionless forms. The  dependencies, which 
describe the share of unburned fixed carbon that 
changes in time, allow estimating the pellet energy 
loss because of incomplete carbon burnout. Cal-
culations of the duration of fixed carbon burnout 
from char of straw and wood pellets are in accept-
able accordance with experimental data.

The proposed mathematical description and 
obtained dependencies can be used to calculate 
carbon burnout from the  char of a  single cylin-
drical pellet or rarely distributed monofractional 
pellets at free air access. Studying carbon burnout 
from actual industrial pellets containing particles 
of different lengths may be the next step in research.

Fig. 6. The calculated dimensionless coordinates of 
carbon burning fronts r and x, and the  share of un-
burned fixed carbon M at burning straw pellets SPK-
8E, diameter 8 mm, at (a) pellet length l = 10 mm; (b) 
pellet length l = 30 mm
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The most noteworthy research finding is that 
for long pellets, the fixed carbon burnout is con-
trolled mainly by its slower burnout rate in the ra-
dial direction, and for short pellets by a more in-
tensive burnout rate in the axial direction.

The practical value of the  results obtained is 
that the  use of shorter pellets, which are charac-
terised by faster burnout, may become purposeful 
for intensive burning. On the contrary, for slowing 
down burning, especially to arrange low-tempe-
rature burning of straw pellets, it may be feasible 
to use longer pellets with extended burnout. In 
studied conditions, despite unburned carbon pre-
sence in the ash of straw pellets, losses of the pellet 
energy with unburned carbon were estimated as 
0.61–0.72%, which is acceptable for boiler burners.
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