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A fundamental investigation was conducted on the combustion characteristics of pulverized torrefied 

biomass particles both in air and in simulated oxy-combustion gases, containing oxygen and carbon 

dioxide. Power generation by oxy-combustion of renewable biomass, coupled with carbon-dioxide cap- 

ture and utilization or sequestration, can contribute to a reduction of the atmospheric concentration of 

carbon dioxide. This is because renewable biomass absorbs carbon dioxide during its growth, but this 

method will potentially release almost none to the atmosphere. The goal of this research is to deter- 

mine the minimum oxygen mole fraction in the furnace input gases, which still induces single particle 

combustion characteristics that are similar to those encountered in air. Torrefied biomass types were 

herbaceous, waste crop, and woody. Entire luminous combustion profiles of single particles, burning in 

a drop-tube furnace, were recorded pyrometrically and cinematographically from ignition to extinction. 

Combustion took place in two phases: volatiles evolved and burned in spherical envelope flames and, 

upon extinction of these flames, the residual chars ignited and burned. Replacing the air background gas 

with 21%O 2 /79%CO 2 prolonged the ignition delay and the burnout time of biomass particles and reduced 

their temperature. To the contrary, further increasing the oxygen mole fraction in CO 2 to 30% caused 

opposite trends. For each biomass type, the oxygen fraction in CO 2 that would produce combustion tem- 

perature and time parameters most similar to those of air combustion was projected to be between those 

two oxygen concentrations (21–30%), and this was verified experimentally. An empirical correlation was 

formulated to make initial estimates of oxy-combustion concentrations needed for each fuel based on 

their physical and chemical properties. Reduction of the amount of oxygen in oxy-combustion is impor- 

tant to curtail the energy penalty inflicted by the operation of the air separation unit. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Energy harvesting from combustion of coal currently accounts

for roughly 30% of the total electricity generation in the United

States [1] . In contrast, energy harvesting from biomass combustion

accounts for only ~1.7% of the US total electricity generation [1 , 2] .

Combustion of coal generates and emits large amounts of the

greenhouse gas carbon dioxide to the atmosphere [3–5] . Com-

bustion of biomass also emits similar amounts of carbon dioxide,

however renewable biomass also absorbs a comparable amount

of atmospheric carbon dioxide to grow. Hence, combustion of

renewable biomass in utility furnaces can curtail the net emission

of carbon dioxide [6 , 7] . 

Torrefied biomass was selected for this study as it has some

distinct advantages over raw biomass; it has higher energy

density, lower hydrophilicity, lower biodegradability, and better
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rindability [8–10] . Torrefaction is a slow thermal treatment of

iomass at moderate temperatures (typically 250–350 °C), during
hich the fibrous nature of biomass breaks down, its contents of

xygen, chlorine and sulfur are reduced, and its energy density

ncreases [8 , 11–18] . This process generates a better fuel for stor-

ge, transportation, pulverization, fluidization and combustion in a

uspension boiler [12 , 19–23] . 

In a conventional setting, coal, biomass and their blends are

red within an air-filled furnace, however it is of technological

nterest to utilize oxy-combustion during this process, if combus-

ion effluents are meant to be utilized or sequestered underground.

xy-combustion refers to the process of burning the fuels in a

ixture of oxygen and dried recycled flue gas (95% CO 2 ) as op-

osed to ambient air [24–28] . Oxy-combustion is enticing as it re-

uires little modification to traditional boilers, making integrating

he method feasible and undemanding [24 , 29] . 

Oxy-combustion studies of interest include that of Riaza et al.

29] , who burned both raw and torrefied biomass single parti-

le samples in air and O /CO environments, used to simulate
2 2 

. 
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xy-combustion in order to contrast their combustion behavior.

nother study, conducted by Shan et al. [30] , analyzed the igni-

ion behavior of single biomass particles, specifically raw pine and

aw rice husk. Riaza et al. [31] burned single particles of biomass

nd measured their burnout times during oxy-combustion at oxy-

en mole fractions of 21, 30, 35, and 50%. 

Studies on the oxy-combustion behaviors of torrefied biomass

amples are scarce in the literature. This was a reason that tor-

efied biomass samples were used within the scope of this re-

earch. The study investigated combustion characteristics and pa-

ameters of torrefied biomass in both air and simulated oxy-

ombustion environments. This was accomplished by first making

irect measurements of single particle temperatures and burnout

imes at varying combustion phases of six different torrefied

iomass types both in air and in environments containing 21% or

0% oxygen mole fractions in carbon dioxide. Then, based on the

ecorded combustion temperatures and burnout times, a recom-

endation for the estimated oxygen concentrations present in oxy

ombustion that yield parameter values most comparable to stan-

ard air combustion for six types of torrefied biomass fuels is given

or each biomass. Finally, additional experiments were conducted

o verify the recommended values. Finding these oxygen concen-

ration thresholds is important for minimizing the cost of the air

eparation process. Failing to meet this threshold would lower the

verall fuel combustion efficiency and would cause higher amounts

f unburned carbon in the fly-ash, whereas surpassing this thresh-

ld would cause excess oxygen to be inputted into the environ-

ent, driving up operating costs. 

It is the underlying hypothesis of this study that these required

xygen mole fractions are directly proportional to chemical and

hysical properties of the specific fuel. It is also a goal of this work

o analyze the yielded concentrations and decipher a correlation

etween them and several properties at hand. A relationship is

ought out to allow the minimum oxygen concentration for oxy-

ombustion to be predicted for a given biomass fuel, based on the

hemical and physical properties that are currently known for each

ample within this study. Failure to formulate such a relationship,

ould signify that the parameters controlling the desirable oxygen

evels are either unknown or interrelate too heavily to depict a
Fig. 1. Optical Microscope photographs of the six torre
orrelation. Finally, it should be mentioned that in suspension-

urning industrial boilers not all of the particles burn at the

ame rate, as their combustion histories are not similar. Trying

o account for this fact, would certainly complicate any analysis.

oreover, the depletion of the oxygen concentration as combus-

ion proceeds can further complicate the interpretation of data

32] . Hence, to minimize such complexities and fundamentally

ompare the effects of conventional and simulated oxy-combustion

tmospheres on the ignition, devolatilization and combustion of

ulverized biomass fuels, observations were made on single par-

icles experiencing a constant oxygen partial pressure in the bulk

as. 

. Materials and methods 

.1. Preparation of samples 

In total, six different torrefied biomass variations were utilized

n this study to obtain a broad sample of combustion behaviors.

f these samples, three were of the herbaceous type. These in-

lude corn straw, miscanthus, and sugarcane bagasse, which were

btained from the Harbin Institute of Technology in China, from

ochum University in Germany, and from a bio-ethanol produc-

ion plant in Brazil, respectively. Two of the samples, Distiller’s

ried Grains with Soluble (DDGS) and rice husk, were of the crop-

erived type. The corn-based DDGS was harvested in the USA and

as provided by a North American ethanol-producing company.

he rice husk was harvested in the Harbin province of China and

t was provided by the Harbin Institute of Technology. The last

iomass sample present in this study was beechwood, which is

ategorized as a woody type biomass. The beechwood sample was

arvested from trees grown in the Netherlands and it was provided

y Bochum University. Torrefaction of all samples was carried out

n a laboratory-scale muffle furnace in nitrogen. The furnace was

re-heated to 275 °C (548 K) and thein it was charged with 10–15

m-size particles of biomass in a wide porcelain boat to ensure

ufficient space between particles. Each sample was heat treated

t constant conditions for 30 min. Before combustion, all torrefied

iomass fuels were air-dried, chopped in a household blender, and
fied biomass fuels utilized within this research. 
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Table 1 

Chemical compositions and energy contents of six types of torrefied biomass. 

Rank / Fuel Source Biomass torrefied in N 2 at 275 ºC (548 K) for 30 min 

Herbaceous Crop-Derived Woody 

Corn Straw Miscanthus Sugarcane 

bagasse 

Corn DDGS Rice Husk Beechwood 

Proximate Analysis (dry basis) 

Volatile matter (%) 67.55 75.00 73.74 71.46 55.62 72.20 

Fixed Carbon (%) 24.56 22.30 23.49 21.09 21.58 27.30 

Ash (%) 7.89 2.70 2.71 7.45 22.80 0.50 

Ultimate Analysis (dry basis) 

Carbon (%) 52.77 52.80 55.82 58.22 44.16 55.40 

Hydrogen (%) 5.32 5.70 5.45 6.32 4.41 5.30 

Oxygen (%) (by difference) 32.46 38.6 34.94 22.98 26.73 38.88 

Nitrogen (%) 1.50 0.18 1.00 4.00 1.22 0.18 

Sulfur (%) 0.07 0.46 0.03 1.01 0.03 0.31 

Calcium (%) 0.56 0.55 0.44 0.15 0.35 0.19 

Sodium (%) 0.02 0.04 0.03 0.80 0.02 0.01 

Potassium (%) 1.19 0.97 0.06 1.50 0.73 0.19 

Magnesium (%) 0.29 0.14 0.06 0.32 0.08 0.07 

Chlorine (%) 0.18 0.03 0.01 0.12 0.04 0.02 

Heating Value (MJ/kg) 19.4 20.1 20.3 23.7 16.1 20.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic illustration of the drop tube furnace, particle and sequential pho- 

tographs of a single particle combustion phase (not to scale). 
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size classified by sieving to obtain size cuts of (212–300 μm).

This size was selected to minimize the grinding costs, based on

the findings of a previous study in this laboratory [33 , 34] . Opti-

cal microscopy photographs of these torrefied fuels can be seen in

Fig. 1 . 

The Proximate and Ultimate analysis of the biomass samples on

a dry basis are given in Table 1 . Those analyses, as well as the de-

termination of the heating values of the torrefied biomass fuels,

were performed at the Harbin Institute of Technology, according

to GB/T 212-2008, GB/T 30733-2014, GB/T 30733-2014 and to GB/T

213-2008 Chinese standards, see Ref. [18] . 

2.2. Experimental combustion apparatus 

The combustion behaviors of single particles of torrefied

biomass samples of this study were monitored in an electrically-

heated, laminar drop tube furnace (DTF) manufactured by ATS .

That furnace is fitted with a water-cooled stainless-steel injec-

tor and with a transparent quartz tube with an inner diameter

of 7 cm. The length of radiation zone is 25 cm, heated by eight

hanging molybdenum heating elements. A schematic of the com-

bustion setup is shown in Fig. 2 . Wall temperature, T wall , was

set at 1400 K due to limitations posed by the use of the trans-

parent quartz tube. At higher temperatures the quartz can turn

opaque. This yielded an axial gas temperature within the furnace

to be roughly T gas = 1350 K [35] . Fuel particles were entrained

in a metered stream of air and gas mixtures (O 2 /CO 2 ) of a cou-

ple of different oxygen partial pressures. O 2 and CO 2 gases were

supplied by wall-mounted cylinders; their blending proportions

were controlled with Matheson rotameters, in conjunction with

appropriate charts supplied by the manufacturer, and were veri-

fied by real-time gas analysis. The flowrate of different gas mix-

tures (O 2 /CO 2 ) was 0.25 L/min through a flow straightener and

0.25 L/min through the furnace injector. Single particles of each

biomass fuel were introduced to the system through the injector at

the top of the furnace by first placing them on the tip of a beveled

needle syringe and then gently tapping the syringe to cause sin-

gle particles to fall off into the radiation zone. Pyrometric observa-

tions of those particles were conducted from the top of the furnace

injector, details of the pyrometer optics, electronics, calibration,

and performance were given by Levendis et al. [36] . LabView soft-

ware was utilized to process the voltage signals generated by the

pyrometer. 
An Edgertronic self-contained digital high-speed broadband

ideo camera was located at one side of the furnace and viewed

hrough slotted side quartz windows to record the particle com-

ustion histories, against a backlight frosted glass positioned at

he diametrically-opposite side of the furnace, at speeds of 20 0 0

rames per second. The camera was fitted with an Olympus-Infinity

odel K2 long-distance microscope lens to provide high-resolution

mages of the combustion events. 

. Results and discussion 

.1. Cinematographic observations on combustion 

Combustion experiments were conducted on single parti-

les of the following six torrefied biomass samples: corn straw,
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Fig. 3. Time-resolved photographic frames from high-speed high-resolution cinematography of single torrefied biomass particles burning in air in a DTF operated at 

T wall = 1400 K. Numbers under each photographic frame correspond to burn-times in milliseconds, starting from visually-determined ignition. Nominal initial particle sizes 

were in the range of 212–300 μm. 
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iscanthus, sugarcane bagasse, DDGS, rice husk and beechwood

n air (21%O 2 -79%N 2 ), as well as in 21%O 2 -79%CO 2 and 30%O 2 -

0%CO 2 environments. High-speed, high-resolution cinemato- 

raphic snapshots of single torrefied biomass particles are shown

n Fig. 3 . Therein photographic sequences are shown for particles

rom different biomass types and different background gases, all

urning at T wall = 1400 K, at different instances of their burnout his-

ories. The combustion behaviors of the various types of torrefied

iomass particles, which experienced high heating rates (10 4 K/s)

nd high temperatures in the DTF appear to be qualitatively rather

imilar. This is in line with the findings of Simões et al. [37] , who

eported that at high heating rates and temperatures the biomass

omposition becomes less important on some combustion parame-

ers (in their study they examined the ignition mode). This conver-

ence in combustion behavior is perhaps even more pronounced in

he case of torrefied biomass, as the torrefaction of biomass gen-

rates standardized “coal-like” fuels. This is despite differences in

heir physical and chemical properties, such as mass, shape, aspect

atios, surface structure and roughness, porosity, volatile content

nd chemical composition. All torrefied biomass particles in the

ize range of 212–300 μm, examined herein, appeared to ignite ho-

ogeneously and to burn in two phases: volatile matter combus-

ion and char combustion. The particles ignited very close to the

njector tip at the top of the DTF, shortly upon entering the ra-

iation zone; measured ignition delays are shown in an ensuing

ection. Upon ignition, the flames surrounding individual particles

rew bigger and increasingly luminous. For all biomass fuels at all
as compositions, the envelope flames exhibited either spherical

r ellipsoidal shapes. In cinematographic observations, the volatile

ames could be identified easily for these torrefied biomass parti-

les since their volatiles contain tars, which pyrolyzed and formed

oot which, in turn, burned with significant luminosity. Upon re-

lacing air with a mixture of 21%O 2 / CO 2 , the particles burned in

ower-luminosity spherical envelope flames. The level of luminosity

as restored back to that in air when the oxygen mass fraction in

arbon dioxide was increased to approach 30%. Upon extinction of

he volatile flames, luminous burning of the chars commenced. The

ppearance of chars is exemplified in Fig. 4 (a), where char particles

f torrefied Beechwood are shown, collected from flash-pyrolysis of

articles in nitrogen inside a similar DTF. It is evident that the oc-

urrence of the phenomena of melting, puffing and spherodization

ccurred during the pyrolysis of these particles, as also reported

arlier [38] . In addition, SEM photographs of ashes from such parti-

les, upon combustion in air inside the DTF are shown in Fig. 4 (b).

.2. Combustion phases of the torrefied biomass particles 

As torrefied biomass particles went through the combustion

rocess, they experienced two distinct phases known as the

olatile phase and the char phase. Throughout their lifetime in the

urnace the size and porosity of the individual particles changed

s a result of drying, devolatilization, char oxidation and, possibly,

har gasification. During the devolatilization phase, short and

ntense burning of evolving volatile matter took place at high tem-
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Fig. 4. Scanning electron microscope images of particles of torrefied beechwood fuel used in this study (a) char particles upon flash-pyrolysis, (b) ash particles upon 

combustion in air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. An example of generated temperature-time profiles for a particle of torrefied 

corn straw burning in air. The particle was in the 212–300 μm size cut. The DTF was 

operated at T wall = 1400 K. 
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perature and, typically, it did not last as long as the ensuing char

combustion phase. This phase can be visually detected in Fig. 3 , as

the volatile matter burns in luminous envelope flames surround-

ing the devolatilizing particles. The char phase of the torrefied

biomass particles is categorized by a much more prolonged, lower

temperature state that lasts for an extended amount of time until

the residual carbonaceous particle eventually burns out. Kinetic

mechanisms of char oxidation and char gasification are based on

char structure and have been developed using experimental infor-

mation. Oxidation reactions are highly exothermic and drastically

increase the char particle temperature. Unlike oxidation reactions,

gasification reactions are endothermic and should reduce the char

particle temperature. Parenthetically, it has been reported that

gasification reactions increase the rate of char oxidation at low

oxygen mole fractions and reduce it at oxygen mole fractions

above 24% [39 , 40 ]. Published kinetic parameters of coal char gasi-

fication mechanisms with H 2 O and CO 2 have been summarized in

Ref. [41] . Therein, it was concluded that gasification reactions with

CO 2 are a thousand times slower than the corresponding oxidation

reactions, at furnace conditions and oxygen concentrations similar

to those of this study. Hence, gasification reactions were not

considered in a simplified char combustion model described in

the Appendix of this manuscript. The pyrometric time resolved

signals and the deduced temperature-time profiles displayed in

Fig. 5 are indicative of the general shape of the profiles for all

samples analyzed within this study, displaying an initial, drastic

volatile stage followed by a less intense plateau during the char

stage. The values present within the legend of said figure relate to

three different two-color ratios of the three-wavelength (998, 810

and 640 nm) pyrometer [36] . Particle temperatures both flame

and char) were obtained from the pyrometric radiation intensity

signals as described in [36 , 42] , using the gray body assumption.

These pyrometric temperatures are subject to uncertainties related

to both the measurement method and the variabilities in physical

and chemical properties in the particle population tested. Either

of these uncertainties can be in the order of 100 K, as shown in

previous work in this laboratory [33 , 40] . 

In this study, several properties relevant to these two stages

were of interest. These include the volatile flame temperature seen

at the peak of the volatile stage, the char temperature seen at

the plateau of the temperature profile during the char oxidation

stage, the volatile matter burnout time, the char burnout time, and

a

he total burnout time shown as the time it takes for the particle

o go through the entire combustion process. There is significant

catter in the collected data on particle burnout times because of

ariations in size, shape, mass and, perhaps, composition among

he biomass particles in a given size cut. Such variations affect

he combustion time durations. To the contrary, there is much less

catter in the temperature data. 

.3. Combustion temperatures 

Pyrometric temperatures of the volatile envelope flames and

hars are presented in Fig. 6 . Volatile matter flame temperatures

ere obtained from pyrometric recordings of the soot radiation

riginating from such flames. Moreover, the presented values for

he volatile flame and char temperatures herein are the peak

emperatures measured in single particle pyrometric temperature-

ime histories, averaged over the 20 single biomass particles that

ere successfully detected by the pyrometer in each case. Subse-

uent parameters mentioned within this research were also ana-

yzed with the same number of successful particle readings. In the

erivation of such volatile temperatures the gray body assumption

as made, based on the findings of Panagiotou et al. [43] . An error

nalysis on the pyrometric temperatures is presented in Ref. [40] . 
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Fig. 6. Average measured flame temperatures and char temperatures for all 

biomass fuels of this study burning with preheated input gases in a DTF, operated 

at T wall = 1400 K. 
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Volatile flame temperatures taken at an oxygen concentration

f 21% by volume in CO 2 were found to be in the range of (2050–

150) K, with some variation occurring depending on the specific

ype of biomass being analyzed. This range was seen to be notice-

bly lower than the 30% oxygen concentration flame temperature

ange, which went from (220 0–230 0) K. This difference can be at-

ributed to the greater oxygen percentage which allows for more

ntense combustion to occur. Air combustion yielded volatile flame

emperatures in the range of (2150–2300) K, i.e., a little lower

han those in the 30%O 2 /70%CO 2 case. Adiabatic flame tempera-

ures were previously calculated for surrogate coal volatile species,

sing the STANJAN software [44] , see Fig. 7 of Ref. [45] . In that

tudy, the combustion of a variety of light hydrocarbons was ad-

ressed at a number of different equivalence ratios ( ϕ = 0.8, 1.0

nd 1.2) to account for the range of fuel/air mixing proportions in

he radial direction of the envelope diffusion flames. As increas-

ng the concentration of oxygen (a reactant) increases the burning

ate of fuel, by an amount depending on the reaction order, the

diabatic temperature of the flame also increases (e.g., by ~200 K

hen O 2 increases from 21% to 30%). Replacing the background N 2 

as with CO 2 , the adiabatic temperature drops, mostly because of

he different physical properties of the gases (e.g., by almost 400 K

hen CO 2 replaces N 2 at 21% O 2 ). The measured flame tempera-

ures herein turned out to be lower by 30 0–50 0 K than the calcu-

ated adiabatic temperatures of stoichiometric mixtures, because of

a) significant heat losses, (b) different com position of pyrolyzates

han the surrogate fuels, and (c) departure of local fuel/air compo-

itions from stoichiometry. 

Char temperatures behaved similarly to the volatile temper-

ture, with data for air combustion falling in between the 21%

nd 30% oxygen concentrations in carbon dioxide. For 21% oxygen

oncentration, the char temperatures ranged from (1650–1750) K,

hile for 30% oxygen concentration they ranged from (1750–1950)

. Air combustion yielded a char temperature range of (1700–1850)

 i.e., lower than those in the 30%O 2 /70%CO 2 case. The range seen

or char temperature from air combustion is supported by similar

ata shown in the past that yielded temperatures within the same

pan [33] . The specific findings for each individual biomass sample

re shown in Fig. 6 . 

A linear interpolation method was utilized to determine an ap-

roximate oxygen percentage that mimics air combustion based on

he two concentrations initially analyzed. The specific concentra-

ion of oxygen in oxy-combustion that was estimated to produce

imilar volatile temperature data to that of standard air combus-

ion varies slightly between each type of biomass present within

his study in the range of 26–30%. If a similar linear interpolation

ethod is employed to find the desired oxygen percentage in re-
ard to char temperature, such as was done for the volatile flame

emperature, it would be found that approximate concentrations in

he range of 24–29% are necessary depending on the biomass type.

.4. Combustion burn-out times 

The total time that it takes for a single particle to fully complete

oth phases of the combustion process, known as the burn-out

ime ( t burnout ), is also a viable parameter to analyze in order to

apture the combustion behavior of a biomass fuel. This parameter

s a summation of both the volatile matter burnout time and char

urnout time. In the 21%O 2 oxy-combustion environment, the

iomass fuel particles experienced burnout times within the range

f (130–250) ms, while particles in the 30%O 2 oxy-combustion

nvironment experienced shortened burnout times, in the range of

75–180) ms. These shorter times can be attributed to the more in-

ense combustion behavior that is observed with the higher oxygen

ercentage. During the biomass particle pyrolysis/devolatilization,

t is likely that the flux of volatiles prevented atmospheric oxygen

rom reaching the forming char, however, oxidation reactions of

he carbon with the plentiful fuel-bound oxygen cannot be pre-

luded. When the volatile mater was consumed and the flame was

xtinguished, char oxidation commenced. Given that the initial

iameter of the chars was in the order of 200 μm combustion is

ikely to have taken place with considerable diffusion limitations,

.e., in Regime III or, possibly, in upper Regime II [46] . In the oxy-

ombustion cases, the presence of CO 2 in the atmosphere can re-

uce the overall reactivity of both coals. These are the main factors

esponsible of such a behavior. The higher CO 2 heat capacity, in re-

pect of that in N 2 , reduces the surrounding gas temperature. The

ower oxygen binary molecular diffusion in CO 2 , in respect of that

n N 2 , reduces the O 2 flux to the particle and inside the particle,

f there is pore penetration, with a resulting decrease of reactivity.

inally, the carbon gasification reactions with CO 2 are endothermic

nd, thus, they lower the char temperature. Combustion conducted

n the standard air environment yielded particle burnout times

n the range of (120–220 ms). Indeed, such burnout times in

1%O 2 /79%N 2 are shorter than those observed in 21%O 2 /79%CO 2 . It

hould also be mentioned that the DDGS particles experienced the

ongest combustion times and, also, the highest uncertainty. This

s attributed to a clamping tendency exhibited by the particles of

his biomass, as observed under microscopy. As a result, some of

he observed events may be due to particles stuck together. 

When analyzing the specific biomass types, it was estimated

hat average oxygen concentrations in the range of 24–29% would

e necessary to have an oxy-combustion environment mimic air

ombustion in relation to total burnout time. The specific findings

or each individual biomass sample are shown in Fig. 7 . 

.4.1. Volatile matter burnout times 

The volatile matter burnout time, t v, refers to the amount of

ime it takes for each particle to complete just the volatile phase

f its combustion process. During trials conducted within a 21%O 2 

xy-combustion environment, volatile burnout time values were

ecorded in the range of (30–120) ms, whereas a 30%O 2 oxy-

ombustion environment yielded times in the range of (20–90)

s. Standard air combustion produced volatile times ranging from

30–100) ms, falling within the two thresholds generated by oxy-

ombustion. A larger degree of variation between biomass sample

ypes was observed for the time data collected within this study,

et analysis of relevant data points within each individual sam-

le type still produced appropriate trends. This is shown in Fig. 8 ,

here the data collected for each biomass type is displayed along

ith the experiments in each environment. By approximating an

xy-combustion concentration based off this data, it can be esti-

ated that oxygen levels ranging from 22 to 29% would be needed



432 A. Panahi, N. Toole and X. Wang et al. / Combustion and Flame 213 (2020) 426–440 

Fig. 7. Average measured total particle burnout times for all biomass fuels of this 

study burning with preheated input gases in a DTF, operated at T wall = 1400 K. 

Fig. 8. Average measured volatile matter burn-out times for all biomass fuels of 

this study burning with preheated input gases in a DTF, operated at T wall = 1400 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Average measured char burn-out times for all biomass fuels of this study 

burning with preheated input gases in a DTF, operated at T wall = 1400 K. 
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to produce similar t v values to those in standard air. This wider

range can be attributed to the variation between each biomass

type. 

3.4.2. Char burnout times 

Similar to volatile matter burnout time, the char burnout time,

t c , refers to the duration of the char phase in the combustion pro-

cess for a particle. Since the char phase is categorized by prolonged

burning with lower temperatures, this data is typically longer than

the time taken for the volatile phase, but is still important in

fully capturing the nature of particle combustion and analyzing

how varying oxygen environments alters this behavior. Values of

t c were measured to be within the ranges of (80–125) ms, (50–

100) ms, and (80–120) ms for 21%O 2 oxy-combustion, 30%O 2 oxy-

combustion, and standard air combustion, respectively. The results

for each individual biomass type that make up these ranges are

displayed in Fig. 9 . Employing the same method utilized for the

prior properties discussed within this study, oxy-combustion oxy-

gen levels ranging from 21 to 29% would be needed to create ad-

equate t c values that mimic those of standard air combustion. The

same variation seen within the t v study was displayed for the t c 
values collected here, creating a similarly wide range. 

To investigate theoretically how varying the oxygen concen-

tration in carbon dioxide diluent gas affects the char particle

temperature and burnout time trends, numerical simulations were

performed using a simplified char combustion model [47] . This

task was undertaken to examine the influences of the involved

physical parameters (oxygen partial pressure, binary molecu-

lar diffusivity, thermal conductivity, surface emissivity, etc.) the

particle temperature and burnout times, as well as the possible

influence of kinetic parameters (activation energy, etc.) on the
article temperature. The model is useful for examining trends

n these parameters. Results are shown in the Appendix . A para-

etric study is also included therein. The simplified model for

iomass char combustion in O 2 /CO 2 environments, which have

ifferent molecular diffusivities, approximated reasonably well

he measured beechwood char temperatures within ±50 K. It

lso approximated well the increasing temperature trend with

ncreasing O 2 partial pressure. The char burnout times and their

ecreasing trends with increasing O 2 partial pressure, were also

pproximated reasonably well by the model, as the predictions fell

ithin the parameter uncertainty bars. 

.5. Ignition delay times 

Single torrefied biomass particles, in the 212–300 μm nominal

ize range, burning in air and oxy-combustion conditions ignited

omogeneously forming envelope flames. This is in agreement

ith prior observations on biomass samples both raw and tor-

efied that were also burned in this experimental apparatus [33] ,

here similar homogeneous ignition behavior was observed, and

lsewhere in experiments involving raw pine sawdust particles

55] . Such behavior is expected, as the average char particle

iameter, X , is larger than the critical particle diameter X c , in

ir and in the O 2 /CO 2 environments of this study, X c , as defined

y Howard and Essenhigh [48] . In this case, the volatile matter

ame lifts away from the particle surface and distinct volatile and

har burning modes occur [37 , 49] . Herein, the ignition delay was

efined based on still frames of back-lit cinematography. It has

een taken as the elapsed time from the moment when a particle

as recorded to exit the water-cooled DTF injector to the moment

hen particle-related luminosity became visually apparent, see for

xample Fig. 2 . Particle ignition delays derived with this method

re displayed in Fig. 10 for all the torrefied biomass fuels of this

tudy. Therein it is shown that the ignition delay of torrefied

iomass particles increases with decreasing oxygen concentration,

hich is in agreement with the results of Simões et al. [37] and

ustin et al. [50] for ignition delays of biomass particles burning

n O 2 /N 2 mixtures. Moreover, the ignition delay of these particles

ncreased when the background N 2 gas was replaced with CO 2 ,

s also observed by Lei et al. in combustion of raw pine sawdust

articles [55] . There have been some additional reports [37 , 51 , 52]

n the ignition behavior of raw biomass, however, studies on the

gnition of torrefied biomass fuels are scarce. 

The observed timing of homogeneous (gas-phase) ignition of

evolatilizing fuel particles depends on the transport properties of

he surrounding gas and on the reactivity of the local fuel-oxidizer

ixture [51 , 53] . Specifically, auto-ignition of the local mixture de-

ends on the local oxygen concentration, the local gas temperature

nd the local concentration and type of volatile species. Ignition
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Fig. 10. Torrefied biomass particle ignition delay times, in preheated input gasses 

in a DTF, for various particle size cuts in the DTF operated at T wall = 1400 K 

( T gas = ~1350 K). 
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Table 2 

Average estimated oxygen concentrations in carbon 

dioxide which would mimic the combustion behavior 

of standard air combustion for all biomass fuels of this 

study. 

Biomass type Oxygen concentration 

Corn Straw 29% 

Miscanthus 27% 

Bagasse 24% 

DDGS 23% 

Rice Husk 25% 

Beechwood 25% 
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elay time decreases as the mixture reactivity and heat release in-

rease. To the contrary, ignition delay time increases as the product

f the molar heat capacity and density of the gas ( ρC p ) increases

53] . As a result, volatiles released in higher oxygen concentration

ases ignite faster [37] and, also, volatiles released in O 2 /N 2 

ixtures ignite faster than those released in O 2 /CO 2 mixtures

f the same O 2 concentration. These trends are in line with the

xperimental results plotted in Fig. 10 . For more information on

he ignition delay and relevant equations, the interested reader is

eferred to Refs. [37 , 39 , 54] , which pertain to coal particle ignition. 

.6. Oxygen concentration approximation 

If a specific oxygen level were to be reached that would ulti-

ately produce the same behavior in oxy-combustion to that of

ir combustion, all the properties previously presented must be

aken in to account. However, within the ranges shown for each

roperty, there is a large degree of variation between any spe-

ific biomass type. For this reason, desired oxygen levels that are

ased on a specific biomass sample alone were sought, as combin-

ng various types will produce general, irrelevant conclusions that

o not adequately capture the nature of several samples. Oxygen

oncentrations for all six biomass samples were estimated in place

f a sole threshold to mimic air combustion behavior. In order to

imply take the average oxygen levels generated by all the proper-

ies for each biomass, it must first be concluded that any variation

etween these levels is simply due to experimental imperfection,

.e., the true average oxygen level for any given biomass type is

he same for all properties analyzed and any differences observed

ithin the experimental data are simply due to variance, caused

y particle to particle variability. Performing an analysis of vari-

nce (ANOVA) test concluded that, with 95% confidence, the de-

ired oxygen concentration for any individual biomass type is the

ame for each property present in this study. This allows for an

verage oxygen level to be taken for each sample. This level would

erve as a benchmark to be retested at and have the resulting com-

ustion behavior data comparable to that of air combustion. The

enerated oxygen levels for each biomass type analyzed are shown

n Table 2 . 

To confirm these generated oxygen levels, experimental oxy-

ombustion trials were again conducted for each biomass at their

pecific estimated oxygen concentration. The data collected from

hese experiments was then compared to the air combustion data

reviously captured. This comparison can be seen in Fig. 11 for

ach of the five properties discussed within the scope of this pa-

er. There was good agreement between the new oxy-combustion

ata (labeled “Oxy ” in Fig. 11 ) and the respective air combustion
ata (labeled “Air ” in Fig. 11 ), affirming that the estimated oxygen

oncentrations are satisfactory. 

The original hypothesis presented within this study initially

redicted that the necessary oxygen concentrations would be pro-

ortional to known chemical and physical properties of the fuel.

he parameters taken into account to decipher this correlation

ithin the scope of this work were the fuel’s oxygen content

O wt%), hydrogen content (H wt%), carbon content (C wt%),

olatile matter (VM wt%), heating value (HV in MJ/kg), and initial

spect ratio (AR). Using these properties, the following empirical

elationship was constructed in order to be able to predict the nec-

ssary oxygen concentrations ([ O 2 
′ ] required for oxy-combustion to

roduce similar combustion behavior to air combustion: 

O 2 
′ ] = 8 . 177 ∗

(
H% 

O % 

)(
H% 

C% 

)(
V M% 

HV × AR 

)
+ 0 . 1466 (1)

Where the concentrations and volatile matter parameters are

nputted as mass percentages and the heating value as MJ/kg. 

Out of the six biomass samples analyzed, DDGS was left out

f this relationship due to its tendency to burn in aggregates of

ultiple particles rather than as single particles. This skewed the

orrelation and consequently the sample was omitted. To test the

pplicability of this relationship to other materials, coal data from

revious works in this laboratory [49] , as well as bituminous coal

nd pine sawdust samples from another study [55] were included

o see if predicted concentrations agreed with the collected experi-

ental data in those studies. In addition, published data on several

ther bituminous and sub-bituminous coal samples from various

tudies were also included to further assess the derived correlation

56–61] . 

The correspondence between the predicted and experimental

xygen concentrations can be seen in Fig. 12 . Evident from the

lot, there is a satisfactory correlation between the values pre-

icted from the derived formula and the experimental findings.

iaza et al. [31] did not give recommendations for appropriate

xygen concentrations in their study of oxy-combustion of coal

nd biomass; they only mentioned that “the 30%O 2 atmosphere

as enough to have less burnout time than in air atmosphere

or all the samples”. Nevertheless, based on the data presented

n their publication and using Eq. (1) the oxygen mole fraction

equirement for their coal is calculated to be 27%, whereas that

or their white wood is calculated to be 23%. Then, given their

xperimental burnout time differences between combustion in air,

n 21%O 2 /CO 2 and in 30%O 2 /CO 2 as they appear in their Fig. 4 ,

hese predicted values are deemed to be satisfactory. 

The parameters in this equation are based on their perceived

nfluences on combustion. Various arrangements of these param-

ters were attempted, and the one that gave the best result was

elected. The placement of the oxygen content in the denominator

an be readily explained by the fact that the higher the oxygen

ontent in the fuel the lower the need for atmospheric oxygen to

omplete the combustion. The placement of the other parameters

s perhaps less clear and needs some explanation for their roles.
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Fig. 11. Average measured [(a) Volatile Matter Temperatures (K) and Char Temperatures (K) (b) Volatile Matter Burnout Times (ms) and Char Burnout Times (ms) (c) Ignition 

Delay Times (ms)] for all biomass fuels of this study, burning in the DTF operated at T w all = 1400 K in air and in selected oxygen level. “Oxy ” in these plots signifies 

oxy-combustion of the biomass particles at the average interpolated oxygen mole fractions displayed in Table 2 . 
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Fig. 12. Oxygen requirement for oxy-combustion to mimic combustion of single particles of biomass and coal fuels in air. Experimentally determined values are compared to 

predicted values using Eq. (1) . Points indicated by solid brown circles refer to the torrefied biomass fuels of this study. Points indicated by hollow squares refer to bituminous 

coal. Points indicated by hollow diamonds refer to a sub-bituminous coal. 
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he placement of the heating value of the fuel in the denominator

ignifies that energy released from higher heating value fuels may

ompensate for small deficiencies in environmental oxygen. The

lacement of the particle aspect ratio in the denominator may

e justified by the fact that higher initial aspect ratios lead to

igher surface areas and more surface edges, which can be “hot

pots” for ignition sites [62] . Such surface morphologies can allow

articles to readily encounter oxygen and, hence, ignite promptly

nd burn more effectively even at lower oxygen concentrations.

he volatile matter content was placed in the numerator based

n the following reasoning. The released volatiles diffuse in air

nd burn homogeneously. As a result, the oxygen in the vicinity

f the particle gets temporarily depleted. The higher the amount

f volatile matter the greater the degree of oxygen depletion. The

nsuing heterogeneous combustion of char is then temporarily

ompromised by the lack of oxygen. To compensate for this defi-

iency, an enhancement of the oxygen concentration in the gas can

nable the char combustion to proceed faster. Moreover, as hydro-

en readily evolves through hydrogen abstraction, according to the

ACA mechanism [63] , a fuel with higher hydrogen to carbon ratio

s likely to demand more amospheric oxygen in the formation of

adical intermediates and water. In addition, experiments in inter-

al combustion engines under fuel-rich conditions have indicated

 higher tendency of oxygen to bond with hydrogen in the hydro-

arbon fuel and form water rather than to bond with carbon and

orm carbon oxides. Under such conditions, where oxygen is scarce,

ydrogen preferentially reacts with oxygen and little unreacted hy-

rogen remains in the form of H 2 ; to the contrary, more partially

eacted carbon remains in the form of CO [64] . Consequentially,

he oxygen demand would be proportional to the H/C ratio and,

lso, to the H/O ratio of the fuel. It should be of note that the main

ource of uncertainty within this correlation rests with the initial

spect ratios of the fuels in question. Volatile matter and heating

alue data was obtained from an outside lab and their accuracy

an be considered reasonably reliable. The initial aspect ratios, on

he other hand, have wide ranges and vary on a particle to particle
asis. Altering the initial aspect ratio causes the predicted oxygen

oncentrations to differ significantly. Thus, aspect ratios were care-

ully chosen from microscopic observation of biomass particles to

btain accurate representations. In the case of fuels (coals) adopted

rom the literature, for inclusion in Fig. 12 , if aspect ratios were

ot reported then aspect ratios were chosen within the reasonable

anges for similar coals typically reported in the literature. 

Investigations on burning single particles are valuable in dis-

erning fundamental physical and chemical parameters governing

he processes of ignition and combustion. At the absence of such

tudies, assessment of the impact of key parameters on these pro-

esses would not have been possible. Hence, this study follows

he combustion histories of single particles. From a practical view

oint the acquired knowledge may be directly applicable to dilute

uspensions of particles that exist away from a burner ( l / a > 25,

here a is the particle radius and l is the inter-particle spacing

65] ). Such measurements can probe a limiting case that is well-

nough defined to be useful for testing models for particle de-

olatilization and combustion processes [66] . However, in dense

uspensions of particles, which prevail in the core of sprays, par-

icles do not burn isolated and interactions among neighboring

articles may impact on their drag coefficients, modify their igni-

ion behaviors, affect their ignition delays, induce competition for

eat and oxygen, and alter the bulk gas composition around the

articles [65] . Hence, we recommend that the simple method of

his investigation, based on the ignition and combustion of isolated

articles, be used only for preliminary predictions. Confirmation

hould be provided by additional large-scale tests at the presence

f streams of particles, where more definite assessments can be

ade, such as by measurement of the amount of unburned carbon

n the ash. 

Finally, it should be kept in mind that oxy-combustion of

iomass, combined with carbon dioxide capture and utilization or

equestration can be beneficial to the atmospheric environment;

owever, it can also be costly. For instance, the energy consump-

ion costs associated with the cryogenic generation of oxygen at
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the air separation unit are significant. They have been estimated to

reaching 685 kJ/kg of O 2 produced [67] . For example, in the case

of beechwood, this energy cost yields an energy penalty of roughly

5.2% assuming stochiometric conditions for the m fuel /m oxygen ratio

and taking into account the heating value present within the fuel.

This calculation also assumes that the full energy capable of be-

ing extracted from the fuel is harnessed and the plant efficiency

in question is 100%, which is of course unrealistic. A lower plant

efficiency, say 33%, will cause this penalty to increase by a factor

of three. There are also many other costs, such as those associated

with the purification and compression of the exhaust stream and

with procurement and torrefaction of the biomass. 

4. Conclusions 

This research addressed the oxy-combustion behavior of single

torrefied biomass particles. Finding the oxygen concentration

threshold within oxy-combustion that allows for the behavior

of biomass fuels to mimic that in air combustion is pivotal in

optimizing the oxy-combustion process and allowing for the most

ideal integration of the process over standard air burning. This

threshold is desirable in practice, as surpassing the estimated

oxygen concentration yields higher energy costs with unnecessary

oxygen being inputted into the furnace, whereas going under

the estimated oxygen concentration yields lower fuel utilization

efficiency and unburned carbon in the flue gases. This study tested

six types of pulverized torrefied biomass fuels (212–300 μm) in

O 2 /CO 2 atmospheres as well as in standard air, within a DTF, and

key combustion temperatures and times were monitored as the

basis for analysis. Interpolation methods were utilized once data

for 21% oxygen concentrations and 30% oxygen concentrations in

CO 2 was collected to estimate the oxygen concentration needed to

yield similar property magnitudes to those found from air com-

bustion. It was found, through the methodology of this work, that

the oxygen levels needed for oxy-combustion to produce similar

combustion parameter values to those encountered in standard

air combustion vary between each type of biomass analyzed,

ranging from 23 to 29%. Hence, the selection of the biomass fuel

in practice will be the driving factor for the minimum oxygen

requirements. The oxygen concentrations discussed previously

allow for the correct proportions of O 2 /CO 2 to adequately mimic

the volume ratio of standard air for the biomass fuels within the

scope of this study, evident by the analysis of combustion volatile

temperature, char temperature, volatile matter burnout time, char

burnout time, and total combustion burnout time. A correlation

between various chemical and physical properties of each fuel

was derived in order to conduct preliminary predictions of these

concentrations. 
Table A2 

Biomass particle properties and furnace operating parameters input to the base m

p g Partial pressure of oxygen, atm 0.20–

A Pre-exponential factor, g/cm 
2 s atm 18 [7

E Activation energy, cal/mole 19,00

R Gas constant, cal/mole K 1.986

T g Gas temperature, K 1350

T s Char surface temperature, K From

T m Mean Temperature, ( T g + T s )/2, K Varie

�H Heat release at surface per unit mass of carbon burnt, cal/g 2340

D Diffusion coefficient of oxygen in the gas, cm 
2 /s Varie

k s Surface reaction rate coefficient, g/cm 
2 s atm Eq. (

k diff Diffusion reaction rate coefficient, g/cm 
2 s atm Varie

x Char particle diameter, cm 0.024

σ Stefan-Boltzmann constant, cal/cm 
2 s K 4 1 . 36 

ε Emissivity 0.9 [

λ0 Thermal conductivity at gas temperature, cal/cm s K 0.000

Q Heat release at surface per unit mass of carbon burned, cal/g 2340
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ppendix: Calculated Char Temperature and Char Burnout Time

ased on Simplified Modeling 

This section explores the char particle T-t trends and magni-

udes and compares the experimental data of this study (including

he data obtained in Section 3 ) with results from Field’s particle

ombustion model [47] . To obtain meaningful results, several prop-

rties of the chars from these particles needed to be measured,

ence, separate experiments were conducted in order to collect

ufficient quantities for characterization of chars. Beechwood was

hosen as the biomass fuel for these additional experiments, since

everal of its key physical and chemical parameters were already

vailable in the literature. This specific biomass fuel also yielded

epeatable pyrometer readings during experimentation. Samples of

aw beechwood were grinded, sieved, and torrefied in preparation

or combustion in a different DTF under the same high heating rate

nd temperature conditions. The generated chars were collected

t the bottom outlet of the furnace. Scanning electron microscope

hotographs were taken of both the chars and the resulting ashes,

hown in Fig. 4 . When beechwood biomass is devolatilized under

he high heating rates (10 4 K/s) of the DTF and of utility suspen-

ion boilers, undergoes fusion and spherodization, see also [38] . 

Beechwood char collected in these experiments was sent to an

xternal laboratory ( Micromeritics Instrument Corporation ) to mea-

ure its skeletal and bulk densities, using helium gas pycnome-

ery and mercury porosimetry, respectively. These densities are re-

orted within Table A1 . It can be concluded that Beechwood char

s highly porous, as also attested by the SEM photographs shown

n Fig. 4 of the main text. 

Table A1 

Reported densities for the beechwood 

char samples. 

Skeletal density (g/cm 
3 ) 1.7543 

Bulk density (g/cm 
3 ) 0.1597 
odel. 

0.30 

4] 

0 [74] 

 

 [23] 

 Fig. 6 

s 

 [72] 

s with T s [75] 

8) 

s 

5 ± 0.0035 cm 

× 10 −12 

38] 

2 for air, 0.000212 for 20% O 2 /80% CO 2 , 0.000213 for 30% O 2 /70% CO 2 
 [72] 

http://dx.doi.org/10.13039/501100008982
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Fig. A1. Predicted beechwood char temperatures and the relevant experimental 

data versus oxygen concentration level. 

Fig. A2. Predicted beechwood char burnout times (for Regime III) and 

experimentally-obtained burnout times versus oxygen concentration level. 
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Fig. A3. The resulting char temperature model as the parameters of (a) emissivity, 

ε, (b) particle diameter, x , (c) activation energy, E , (d) pre-exponential factor A , are 

altered between a lower threshold, a selected baseline, and a higher threshold. 
The char combustion model utilized within this study is based

ff the model presented by Field [47] in which the particle in ques-

ion is considered to be in thermal equilibrium, with both the rate

f heat generation and rate of heat loss being equal [68 , 69] . This

ives: 

 g = H c + H r (2) 

Where H g refers to the rate of heat generation for the particle,

 c is conduction heat loss, and H r is radiation heat loss. Each of

hese terms is a function of particle temperature, so by expressing

hem as such, it is possible to estimate the char temperature that

ould be necessary for thermal equilibrium. The conduction heat

oss can be expressed as: 

 c = 2 λ0 

(
T s + T g 

2 T g 

)0 . 75 

× ( T s − T g ) 

x 
(3) 

In Eq. (2) , λ0 refers to the thermal conductivity of the gas at

he given gas temperature, T g is the gas temperature set at 1350 K

or this study [23] , and x is the char particle diameter. 

Similarly, the radiation heat loss is given by: 

 r = εσ
(
T 4 s − T 4 w 

)
, (4) 

Where T w is the effective wall temperature of the surrounding

urfaces, ε is the emissivity of the char particle, as a first approx-

mation assumed to be 0.9 [38 , 70] , and σ is the Stefan-Boltzmann

onstant, in cal 
c m 

2 . s . K 
. 

The rate of heat generation can be expressed as: 

 g = qQ (5) 

Where Q is the heat release at the char surface per unit mass of

arbon burnt. This rate assumes that carbon is oxidized by oxygen

nd that predominant primary product of oxidation is CO at the

levated char particle temperatures of this study, see Ref. [71] and
eferences therein. Thence, the value of Q was taken as 2340 cal g 

72] , The parameter q is the overall particle burning rate per unit

xternal surface area. The q term is a function of the partial pres-

ure of oxygen, p g , along with the reaction rate coefficients k diffand

 s . This means that the burning rate q will vary as the oxygen con-

entration is altered to form the model with variable oxygen levels

s desired. Assuming that the apparent reaction of carbon order

ith oxygen is unity [73] , the burning rate, q , for diffusion con-

rolled (Regime III) reaction is given as: 

 = 

p g (
1 

k di f f 

) (6) 

If the reaction is controlled by both diffusion and chemical re-

ction (Regime II) then the burning rate, q , is given as: 

 = 

p g (
1 

k di f f 
+ 

1 
k s 

) (7) 

The k s term refers to the surface chemical reaction rate and is

iven by an Arrhenius-type expression that depends on the rate

onstant of a chemical reaction on the absolute temperature, which

n turn depends on the activation energy and a pre-exponential

requency factor [74] : 

 s = A exp 

(
− E 

R T s 

)
(8) 

Where A is the pre-exponential factor and E is activation en-

rgy. The values of two parameters were taken from the literature

74] as 18 g 

c m 
2 s . atm 

and 19,0 0 0 cal 
mole 

. 

The diffusional reaction rate coefficient, k diff , is given by: 

 di f f = 

48 D 

xR T 
(9) 
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Fig. A3. Continued 

Fig. A4. The resulting char burnout time model as the particle diameter parameter, 

x , is altered between a lower threshold, its baseline ( X = 0.0245 cm ) , and a higher 

threshold. 
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Where R is the universal gas constant, in the units of cal 
mole . K 

,

and D is diffusion coefficient of oxygen in the CO 2 gas, in 
c m 

2 

s , 

[75] and can be determined using the equation: 

D = D 0 

(
T m 

T 0 

)1 . 75 

(10)

Where D 0 and T 0 are a reference diffusivity coefficient and ref-

erence temperature, with values of 0.16 and 293 K respectively. 

In this analysis the effects of gasification reactions between car-

bon and carbon dioxide were neglected, as explained in the main

text. 

A summary of the values used in the model are given in

Table A2 . 

The predicted beechwood char temperatures derived from the

above model equations, as a function of varying oxygen concentra-

tions, and the experimental data collected from beechwood during

this study are displayed together in Fig. A1 . The comparison of the

experimental results with the results of this simplified model sug-
ests that the diffusion and reaction rate is more descriptive of the

ombustion of these chars, i.e., upper end of Regime II. 

Given that the biomass char particles appear to be highly ceno-

pheric with “pop-corn” like structure with voids that are mainly

pherical bubbles, rather than cylinders, and with large blowholes

hat punctuate their surfaces; such structures would favor some

enetration to their interiors, particularly after the walls between

he bubbles get penetrated during the early stages of combustion

76] . In this case, combustion could have occurred at the high end

f the high Regime II, with chemical reactions playing only a lim-

ted role. 

The burnout time can be obtained from the following equation,

hich in Field’s model is calculated for diffusion limited combus-

ion (Regime III) [47] : 

 b = 

R T m 

56 D ln 

(
1 + 

3 / 4 Y O 2 

) (10)

Where R term is the universal gas constant and T m is the mean

lm temperature, given by the Fields model previously discussed,

hile Y O 2 is the concentration of oxygen in the environment. Using

q. (10) , the predicted beechwood char burnout times were calcu-

ated as a function of varying oxygen concentrations and super-

mposed with the experimental data gathered within this study,

hown in Fig. A2 . As expected, based on the discussion above,

q. (10) somewhat under-predicts the experimental burnout-times,

s it is derived for diffusion limited combustion (Regime III). 

Due to the uncertainty present for the values of several parame-

ers, a sensitivity analysis was conducted to assess how the models

eact as these values are altered within reasonable ranges. In this

nalysis, the diffusion and reaction model (Regime III) was used.

he parameters within question are the particle diameter, X , emis-

ivity, ε, the pre-exponential factor, A , and the activation energy,
 a . Both minimum and maximum thresholds were considered for

ach value while the remaining three parameters were left con-

tant. The resulting trends for the temperature prediction were an-

lyzed. 

The resulting model trends on the predicted char particle tem-

erature as the emissivity parameter is changed can be seen in

ig. A3 (a). A lower emissivity caused the char temperature to in-

rease slightly, whereas a higher emissivity causes the temperature

o decrease slightly. However, it is not conclusive which emissiv-

ty value works best. Next, the impact of altering the char particle

iameter, x , in the range of 0.0245 ± 0.035 cm on both the tem-

erature and burnout time can be seen in Figs. A3 (b) and A4 , re-

pectfully. This trend shows that, as the particle diameter decreases

n the examined range, the resulting char temperature increases

lightly. The burnout time displays a much larger dependence on

article diameter. The lower and higher diameter thresholds create

 large gap between each respective time model iteration, with a

ower diameter yielding a shorter char burnout time and a higher

iameter yielding a longer char burnout time. 

The results of perturbing the activation energy can be seen in

ig. A3 (c). The char temperature increased when the activation en-

rgy was lowered, and the char temperature decreased when the

ctivation energy was amplified. The trends observed from altering

he pre-exponential factor are displayed in Fig. A3 (d). When this

actor was decreased the resulting char temperature also was low-

red and vice versa for when the factor was increased. 

This simple theoretical study affirms the trends observed dur-

ng the experimentation phases for both char temperature and

har burnout time of Beechwood char particles. Both predictions

nd experiments showed a gradual increase in char temperature as

he oxygen concentration in carbon dioxide diluent gas increased,

ith this growth being less prominent at lower oxygen levels. This

rend is less apparent based on solely the experimental data, as
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[  
he range within the experimental scope was limited to 21–30%,

ut the model data depicts the pattern more clearly. In terms of

har burnout times, the model predicts a decline in this parameter

s the oxygen levels increased, but there are diminishing returns

o this process, as continuing to further increase oxygen concen-

rations eventually will bring estimates to a plateau where a mini-

um burnout time is reached. Again, this trend is hard to see from

he experimental data alone due to the narrower range analyzed. 
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