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An increase in global energy demand results in coal dependance which contributes to greenhouse gas 

emissions. Poultry litter is a potential substitute, but its poor physicochemical and combustion properties re-

duce its combustion efficiency; hence, demineralization and pyrolysis to biochar value-adds. The study ana-

lyzed the characterization of biochar derived from demineralized PL and selected the best-suited combustion 

technology. The PL was mechanically fractioned (4 mm) and leached in deionized water and pyrolyzed (300 ℃; 

15 mins). The biochar physicochemical properties improved the higher heating value (22.31 MJ Kg-1) and re-

duced the Ash Content (18.63 %) compared with undemineralized biochar. Increase in TGA/DTG heating rate 

shifted the reaction region to high temperature (58.57–548.93 ℃) reducing the ease of ignition and combus-

tion. The biochar has high fouling and slag tendency, and the fluidized bed combustion chamber was the pre-

ferred chamber technology. Mass of air at 7.83 kg kg-1 fuel is required to combust the biochar and produce 

3.26 kg kg-1 fuel of flue gas. Flue gas produced with 25 % excess air produced a higher enthalpy than stoichi-

ometric conditions, attaining a thermal efficiency of 86.20 %. Demineralized PL biochar exhibits excellent 

physicochemical and combustion properties making it an ideal fuel candidacy. 

Key words: Biochar, Combustion properties, Demineralized poultry litter, Fluidized bed combustion, Physicochemical 

characterization, Thermal behavior. 
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1. Introduction 

Over the past 75 yrs (1950 – 2025), the global popula-

tion has increased from 2.54 billion to 8.18 billion with an 

annual compound growth rate (CAGR) of 1.57 % forecast-

ing a population size of 9.74 billion by 2050 [1]. This in-

crease in population size resulted in demand for energy, in 

which the primary energy consumption increased by 

8.63 % yr-1, reaching 186 383 TWh from 1990-2023 [2]. 

Fossil fuels are dominate in the supply of energy, occupying 

a fraction of 81.50 %, in which coal accounts for 32 % of 

that fraction. Coal dominates a large fraction of the global 

energy supply, which results in emission of carbon dioxide 

gas (CO2) constituting a 41 % fraction of the global green-

house gas emissions 57.40 GtCO2e [3]. This CO2 gas is 

trapped in the atmosphere, which results in an increase in 

global temperature on average of 1.55 ℃ above the pre-in-

dustrial level (1850 yr), resulting in global warming [4]. 

Such an increase in global warming results in extreme 

weather conditions, such as little to no rainfall or floods, 

shifting the weather pattern. The continuous use of coal will 

further increase global warming, resulting in a projected 

temperature increase of up to 2.90 ℃ by the year 2100 as 

noted under the Paris Agreement [5]. Hence, an alternative 

renewable biomass that is carbon neutral and abundance is 

relevant to contribute to global warming mitigation, there-

fore Poultry Litter (PL) has the potential to be utilized and 

explored for potential use as a combustion solid fuel.  

The Global Poultry industry per year produces 

70.00 billion birds which resulting in Poultry Litter (PL) 

as waste, with an estimate 130.00 million Mt [6]. Spain, 

the United States of America and Bangladesh are some 

of the leading countries in poultry production, which, per 

annum, produce 7.70 million, 14 million and 

4.25 million Mt respectively of PL waste [7]. In defini-

tion terms, Poultry Litter waste is an extract mixture of 

manure, chicken feathers, bedding material and spilled 

feed collected from the chicken breeding-slaughter 

houses and disposed of in landfills or open space as waste 

[8]. This waste is composed of high concentrations of in-

organic elements (P, N, Ca, K, etc, 19 %, 14 %, 5.80 %, 

2.50 % respectively), which, when improperly disposed 

of they result in environmental pollution problems [9]. 

For instance, application of the PL waste in agricultural 

farming as a fertilizer source leads to nutrient runoff into 

the waterways, resulting in excessive deposits of K and 

N causing eutrophication [10]. In addition, landfill dis-

posal method emits ammonia and greenhouse gases (ni-

trous oxide and methane), which lead to global warming 

and poor air quality. On average, the global PL waste 

management emits 790 million Mt of CO2e yr-1, yet when 

managed, its carbon life cycle has the potential to be car-

bon neutral [11,12]. Bacteria like Salmonella sp. and vi-

ruses like Newcastle manifest and breed in the PL waste, 

which are transmitted and cause health issues to the ani-

mals and humans. The mentioned challenges that PL 

waste inflict on the environment and health result in an 

urgent need for a sustainable strategy in utilizing the re-

source as a beneficiation product.  

One sustainable utilization method is using PL 

waste as a fuel source in combustion, which has a posi-

tive impact in reducing the demand for fossil fuels in en-

ergy generation, which helps in reducing the net carbon 

emissions and pollution. For example, the United King-

dom produces about 750 000 MWh of electricity from 

PL waste, which contributes to achieving a 

120 CO2kWh-1 of carbon intensity, that is significantly 
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lower than that of natural gas-fired power plants noted at 

400 CO2kW h-1 [13,14]. However, PL consists of high 

ash content (40 %), inorganic elements (Na, K, Cl, K, 

etc.), high moisture content (36 %) and low higher heat-

ing value (LHV) (8 – 12 MJ kg-1), which, when directly 

combusted they slag, agglomerate, corrode and foul the 

combustion systems [15]. In addition, when combusted, 

they produce a low flame temperature and incomplete 

combustion, which emits high CO gases and particulates 

[16]. These poor physicochemical and thermal properties 

make the PL produce low thermal combustion efficiency, 

hence making it an undesirable feedstock for direct com-

bustion application.  

To mitigate these issues, PL is pretreated using de-

mineralization methods such as mechanical particle size 

reduction and a distilled water leaching process. This re-

duces the ash content and inorganic elements in the PL, 

hence lowering the slagging, agglomeration and corro-

sion of the combustion systems. However, the deminer-

alization process does not significantly improve the en-

ergy characteristics of the PL, such as higher heating 

value (HHV), low O/C and H/C ratio and energy density. 

Therefore, PL thermal and combustion properties are im-

proved by thermally decomposing the waste in the ab-

sence of oxygen into biochar through the pyrolysis pro-

cess [17]. Prior studies have retained 50.35 % biochar 

from pyrolysis reaction conditioned at 300 ℃ and 

15 mins with 4 mm particle size, attaining a higher heat-

ing value of 22.31 MJ kg-1, more than the HHV of raw PL 

(14.89 MJ kg-1) [16]. The biochar produced from demin-

eralized PL is more carbon dense (72 %), lower volatile 

matter (15 %), higher ignition temperature (300 ℃) and 

with improved combustion stability compared to the raw 

and demineralized PL [18]. Previous research [19,20] on 

biochar derived from PL has focused on soil amendments 

and fertilizer utilization, occupying a total global fraction 

of 70 %; yet, for energy application, 15 % of the global 

market focuses on that. Previous research has focused on 

characterizing biochar derived from PL, not from demin-

eralized PL [21]. Also, the literature does not detail the 

biochar characterization on its candidacy as an alterna-

tive solid fuel, especially the one derived from the demin-

eralization of PL [22]. Therefore, conducting the physio-

chemical, thermal, combustion, enthalpy and stoichio-

metric characteristics on the biochar derived from demin-

eralized PL will add knowledge of the combustion per-

formance of the fuel. In this study, the biochar derived 

from demineralized PL was evaluated against biochar 

from untreated PL for its physicochemical characteriza-

tion. However, for thermal performance and combustion 

characteristics, the biochar from demineralized PL was 

studied at different heating rates to study its combustion 

stability and select a compatible combustion technology. 

 

2. Experimental part 

2.1. Poultry litter to Biochar production chapter 

PL samples composed of manure, wood shavings and 

sunflower husk were used in the production of biochar. 

The samples were collected from Tshipane farm and trans-

ported to the Botswana International University of Science 

and Technology biology laboratory, Botswana, where they 

were dried in an oven (Systronix Scientific, 278, South Af-

rica) at 105 °C for 24 hrs and later grinded in a ball mill 

(Pulveisette 6, Fritsch, Germany) for 15 mins to reduce the 

particle size [23]. The PL demineralization process was 

composed of a hybrid process of mechanical size fraction 

of 4 mm and deionized water (DI) leaching method (bio-

mass-to-solvent ratio of 1:10 w/v, 2 hrs, 25 °C) [23]. The 

mentioned demineralization methods produced PL that 

had improved physicochemical, thermal and reduced inor-

ganic elements in comparison to untreated PL prior to py-

rolysis, as shown in Table 1.  

 

Table 1 Physicochemical properties of untreated and 

demineralized PL [23] 

Parameter Untreated PL Demineralized PL 

Proximate analysis (%, db) 

Moisture content 

(MCar) 
9.74 5.34 

Volatile matter 60.32 66.76 

Fixed Carbon 17.61 19.74 

Ash content 22.07 13.50 

Ultimate analysis (%, db) 

Carbon 39.11 42.34 

Hydrogen 5.2 4.28 

Nitrogen 2.63 1.73 

Sulphur 1.37 1.19 

Oxygen 29.62 36.96 

H/C ratio 1.59 1.21 

O/C ratio 0.75 0.74 

Lower Heating 

Value (MJ kg-1) 
13.23 14.45 

Higher Heating 

Value (MJ kg-1) 
14.89 15.65 

 

The demineralized PL was converted into biochar 

through the pyrolysis process shown in Figure 1. The py-

rolysis reactor is made up of the following components: 

a vertical steel tube reactor, condensers, and incondensa-

ble gaseous holders. The demineralized poultry litter is 

inserted into the vertical steel tube reactor (ID: 0.06 m 

and H: 0.6 m), which is inserted into a muffled electrical 

furnace and sealed with a bolt and nut steel lid. Prior to 

pyrolysis, the pyrolysis reactor is flushed with nitrogen 

gas for 15 mins at 103 kPa to create an inert environment. 

The biochar production in this study adopted the 

low-temperature pyrolysis parameters occurring at the 

torrefaction–pyrolysis transition region mentioned by 

Nyoni and Kelebopile [16] of 300 °C for 15 mins to pro-

duce biochar with 72 % energy yield [16]. The gases pro-

duced passed through the condensers (coolant set at 

20 °C), and the condensable gases were converted into 

bio-oils while the incondensable gases settled into an in-

condensable gaseous holder.  
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Fig. 1 Production of Biochar derived from demineralized PL through the low-temperature pyrolysis process  

The solid residue left in the vertical steel tube after 

the reaction is the biochar. The biochar was collected, 

weighed and proceeded further for characterization to de-

termine its properties. 

 

2.2. Biochar characterization 

2.2.1 Proximate analysis 

Biochar’s moisture, ash, volatiles and fixed carbon 

were analyzed by a thermogravimetric analyzer (TGA 

701, Leco, USA) using the ASTM D1762 – 84 method 

[24]. Blank crucibles were inserted into the furnace car-

ousel for baseline correction before inserting 1 – 2 g of 

biochar [25]. Moisture content was evaluated by heating 

the samples to 105 °C at a heating rate of 15 °C min-1 un-

der a nitrogen flow rate of 15 L min-1 [26]. The tempera-

ture then increased to 700 °C at a heating rate of 

50 °C min-1 under the same inert environment for the de-

termination of the volatile matter content. The ash con-

tent was determined by heating the samples to 750 °C at 

50 °C min-1 under an oxygen atmosphere. All measure-

ments were determined on a dry basis (db) except for 

moisture content, which was determined as–received ba-

sis.  Fixed carbon was obtained as shown in Equation 1: 

FC(%)=100-VM-AC   (1) 

where FC is Fixed Carbon, VM is Volatile matter, 

and AC is Ash content. 

 

2.2.2 Ultimate analysis  

Biochar’s elemental composition (C, H, N and S) 

was analyzed by an elemental analyzer (Thermo Scien-

tific Flash 2000 CHNS/O, USA) equipped with a thermal 

conductivity detector (TCD). ASTM  D5373 – 16 (2021) 

method determined the C, H, and N, while the 

ASTM D4239 determined the S and the AC was deter-

mined using the ASTM D1762 – 84 [24]. Samples 

(1.75 – 1.85 mg) were weighed using a mass balance 

(Fisher brand CSC501, USA) and transferred manually 

into a sample run auto-injector, and the reaction was set 

at 950 °C under an oxygen atmosphere [27]. The Oxygen 

content was calculated by difference, shown in Equation 

2, following the ASTM  D3176 – 15(2020) method [28]. 

All parameters were measured on a dry basis (db).  

O(%)=100-(C+H+N+S+AC)    (2) 

 

2.2.3 Higher and Lower Heating Values  

Biochar derived from demineralized PL Higher 

Heating Value (HHVdb) on a dry basis was determined by 

using the ASTM D5865-12 method [29]. Two grams of 

sample were weighed using a mass balance (Adam 

PGW438, USA), transferred into a ceramic crucible with 

the samples connected to the ignition wire using a cotton 

thread, and placed in a thermally insulated vessel con-

taining a temperature transducer that records temperature 

change during the combustion process. The vessel was 

closed, filled with 3000 kPa pressure of oxygen, and 

combusted [30]. The heat generated is the higher heating 

value of the samples under study. In addition, the Lower 

Heating Value (LHVar) as received basis of the biochar 

was determined using Equation 3 [30].  

ar dbLHV =HHV (1-MC)-2.442(9H+MC)  (3) 

 

2.2.4 Thermogravimetric and differential thermo-

gravimetric analysis (TGA and DTG) 

Combustion properties of the biochar derived from 

demineralized PL were analyzed by a thermogravimetric 

differential analyzer (Mettler Toledo DSC/TGA 3+, 
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USA). Approximately 20 mg of the sample was weighed 

using a mass balance attached to the thermogravimetric 

differential analyzer and inserted into the furnace cham-

ber. The combustion process was carried out in an air at-

mospheric condition with a flow rate of 100 ml min-1 and 

an operating temperature range of 25 – 1000 °C [31,32]. 

The experiments were conducted under four different 

heating rates (5, 10, 15 and 20 °C min-1) for each sample 

[33]. Prior to inserting the weighed samples, a blank cru-

cible was inserted into the furnace chamber to zero the 

weight of the crucible and act as a baseline correction. 

The TGA/DTG determined the combustion parameters, 

which are the ignition temperature (Ti), peak temperature 

(Tp), burnout temperature (Tb), maximum weight loss 

rate (DTGmax) and the average weight loss rate (DTGmean) 

[34]. Ignition temperature is the temperature obtained 

when the sample losses 10 % of the initial mass, while 

burnout temperature is the temperature obtained at 95 % 

of the mass loss [35]. Peak temperature is the temperature 

that corresponds to the maximum weight loss of the sam-

ple. Thermal characterization of the demineralized bio-

char was conducted to determine critical properties re-

quired in the stoichiometric, enthalpy calculations, de-

sign and simulation of the combustion chamber. 

 

2.2.5 Combustion performance indexes 

The TGA/DTG combustion parameters stated in 

Section 2.2.4 were used to determine the combustion per-

formance indexes of the biochar derived from demineral-

ized PL. The performance indexes chosen are the ignition 

index (Di), burnout index (Db) and comprehensive per-

formance index (Dc) derived from the TG/DTG tempera-

ture and reaction rates function as shown in Equations 4–

6, respectively. The Di shows how easy or hard the fuel 

is to ignite [32]. Db reflects the rate at which the biochar 

burns, and a high Db with a lower burnout temperature 

indicates a good burnout performance [25]. A high value 

of Dc shows that the fuel has a good combustion perfor-

mance [36].  

max

i

i p

DTG
D =

T T
   (4) 

max

b

b

DTG
D =

T
   (5) 

max mean

c 2

i b

DTG DTG
D =

T T
  (6) 

2.2.6 Kinetic analysis and thermodynamic analysis 

The Kissinger model-free method uses the peak 

temperatures at maximum mass-loss rates derived from 

the TGA/DTG results at varying heating rates (5, 10, 15 

and 20 ℃ min-1) to determine the kinetic parameters un-

der non-isothermal conditions. In contrast, mechanistic 

models like the Diffusion model or Random Pore model 

focus on the diffusional and physical aspects of combus-

tion, like the oxygen reacting inside the fuel pores or on 

the surface at high temperatures. These mechanistic 

models are accurate when dominant mechanisms are 

known, but are less reliable when reactions involve mul-

tiple and overlapping pathways, like biochar. Kissinger's 

model-free method offers a broader application by not 

being constrained to a specific reaction mechanism [37]. 

This flexibility is best applied to apply on the biochar as 

the combustion reaction is in multiple-stage reaction. 

Hence Kissinger model-free method was selected to ana-

lyze the kinetics of the biochar derived from demineral-

ized PL. The non-isothermal Kissinger model-free of 

first-order reaction (n=1) was used as it offers an effec-

tive kinetics description in determining the activation en-

ergy and Arrhenius constant of the biochar understudy. 

Equation 7 shows the Kissinger model-free model.  

2

Pp

β AR E
ln =ln -

E RTT

   
       

  (7) 

where the X-Y plots are represented as follows: 

2

p

β
ln

T

 
 
 
 

 is the y-axis, 
2

p

1

T
 is the x-axis, 

E

R
 is the gradient 

and 
AR

ln
E

 
 
 

 is the y-intercept. The β is the heating rate 

(°Cmin-1), Tp is the peak temperature (°C), A is the Ar-

rhenius constant or pre-exponential factor (min-1), E is 

the activation energy (kJ mol-1), R is the gas constant 

(kJ molK-1) [37]. Thermodynamic parameters, which are 

the Enthalpy change (ΔH), Gibbs free energy (ΔG) and 

Entropy change (ΔS), were determined using the follow-

ing Equations 8-10, respectively.  

H=E-RT     (8) 

B Pk T
G=E+RT

hA

 
 
 

  (9) 

P

H-G
S=

T
    (10) 

where T is the absolute temperature (K), kB is the 

Boltzmann constant (1.381 × 10-23 J K-1), and h is the 

Planck Constant (6.626 × 10-34 Js). 

 

2.2.7 Inorganic element for fuel index determination 

using X-ray Fluorescence (XRF) 

Inorganic element composition in biochar contrib-

utes significantly to the corrosion, clinkering and slag-

ging of the combustion systems through the lowering of 

the ash melting point, increase in ash deposits and re-

duced dew point temperatures [38]. A need to character-

ize the inorganic elements in the biochar derived from 

demineralized PL will determine the fuel indexes that 

will establish the suitability of the fuel for combustion 

and the selection of the best-suited combustion technol-

ogy. A portable X-Ray fluorescence machine (Olympus 

Delta-50 Premium, USA; 4 W output) set at geochemist 

mode 50 kV and 10 kV configuration, each with 

30 sec per configuration, was placed on top of a 2 cm 
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thickness sample to characterize the inorganic elements 

in the biochar understudy. The inorganic elemental com-

position was measured directly by XRF as elemental 

weight percentage (wt % of biochar) in the biochar. The 

measured inorganic elements were converted to oxide 

form using Equation 11 and normalized on a biochar in-

organic ash basis (Equation 12), ensuring the cumulative 

normalized inorganic oxides sum to 100 % (Equation 13) 

[39].  

oxide oxideW =XRF×CF   (11) 

oxide

oxide,norm

oxide,total

W
W = ×100%

W
  (12) 

oxide,normW =100%    (13) 

where Woxide is the oxide weight proportion (wt %), 

XRF is the inorganic elemental weight (wt %), CFoxide is 

the oxide conversion factor adopted from James Cook 

University [39] conversion table, Woxide, total is the total 

oxide weight proportion, Woxide, norm is the normalized in-

organic element oxides under the biochar inorganic ash 

basis (%). 

    

2.2.8 Fuel indexes 

The inorganic element compound oxides in the bio-

char ash determined using Equation 12, Sub-section 

2.2.7, were used to determine the fuel indexes that con-

tribute to the slagging, sintering and corrosion of the 

combustion chambers with the aim of determining the 

best-suited combustion technology [38,40]. The fuel in-

dexes understudy were as follows: Base-to-acid ratio 

(Rb/a), Slagging/Babcock index (Rs), Silica to Aluminum 

ratio (Si/Al), Fouling index (Fu), Viscosity index (Sr), 

Alkali index/Mile index (Al, kg GJ-1) and Bed agglomer-

ation (BAI) expressed as Equations 14-20 respectively 

[40,41] were applied to the biochar produced from de-

mineralized PL. 

2 3 2 2

b/a

2 2 2 3

Fe O +CaO+MgO+K O+Na O
R =

SiO +TiO +Al O
 (14) 

s b/aR =R ×S   (15) 

Si
Si/Al=

Al
  (16) 

b/a 2 2Fu=R ×(Na O+K O)   (17) 

2 2 3

Si
Sr=

SiO +Fe O +CaO+MgO
 (18) 

-1 2 2K O+Na O
Al, kg GJ =

HHV
 (19) 

2 3

2 2

Fe O
BAI=

K O+Na O
 (20) 

2.3. Combustion chamber selection criteria 

The selection of an appropriate combustion technol-

ogy for biochar derived from demineralized PL is im-

portant to ensure efficient combustion and that optimal 

energy output is extracted from the fuel. The study inves-

tigated the suitability of the biochar understudy to com-

bust in the following combustors: Grate chain (GFCC), 

Pulverized (PCC) or Fluidized bed (FBCC) combustion 

chamber, as each chamber has a specific fuel quality that 

it tolerates for effective combustion. The Pugh Decision 

matrix [42,43] was used to select the best combustion 

chamber that suits the biochar under study. The biochar 

quality was categorized under the following categories: 

Combustion efficiency, fuel handling, operational prob-

lems, frequency of maintenance, fuel reactivity and emis-

sions potential and fouling and slagging [44]. The scoring 

was conducted on a scale of 1 to 5, where 1 represents 

poor suitability and 5 represents excellent suitability. Ta-

ble 2 shows the decision matrix weight proportion selec-

tion of the biochar properties allocated to the above-men-

tioned categories. 

The biochar’s HHV properties were allocated a 

score of 5, as it has a significant effect on combustion 

efficiency [45]. The MC and AC were allocated a score 

of 4 as they assessed the fuel handling ability [44]. The 

Rs is given a score of 4 as it determines the ability of the 

biochar to cause operational problems [44]. The VM and 

FC have an indirect effect on combustion performance, 

and they affect the heating value; hence, they are allo-

cated a score of 3 [45]. The H/C ratio and O/C ratio affect 

the fuel reactivity, and they are a contributor to the emis-

sions; hence, they are allocated a score of 2 [46]. The Rb/a 

indicates the fouling and slagging tendencies of biochar 

in the combustion chamber; hence, they were allocated a 

score of 2 [47]. The S and N were allocated a score of 

1.67 as they affect pollution.  The Al index was allocated 

a score of 1 as it provides additional data on the fouling 

and slagging. The score criterion is summed, and the total 

score is used to determine the proportion using Equa-

tion 21 [43]. The biochar fuel quality was evaluated in 

relation to the combustion chamber types’ fuel quality 

tolerance range, and a weight score factor was estab-

lished to show which combustion chamber was compati-

ble with the biochar in the study. Equation 22 was used 

to determine the weight score used in the combustion 

chamber fuel compatibility ranking [48]. The rating allo-

cated to each combustion chamber was based on how the 

specific properties of the biochar matched the specific 

tolerance of the chamber. The biochar parameters that 

were within the combustion chamber tolerance range 

were given a rating ranging from 4-5. Parameters near the 

chamber tolerance boundaries were rated between 2-3, 

whereas parameters exceeding the tolerance range were 

allocated a rating between 0-1.  

 

Score of a criterion
Proportion=

Total score
  (21)

Weight Score = Proportion×Rating   (22) 
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Table 2 Combustion chamber decision matrix weight 

proportion selection [44,49,50] 

Criterion Justification Score Proportion 

HHV Combustion 

efficiency 

5 0.15 

MC Combustion 

efficiency and 

drying costs. 

4 0.12 

AC  Increases han-

dling costs. 

4 0.12 

Rs Critical for 

combustion 

operation. 

4 0.12 

VM Affects com-

bustion charac-

teristics 

3 0.09 

FC Contributes to 

the fuel's HHV 

3 0.09 

H/C ratio Indicate fuel 

reactivity  

2 0.06 

O/C ratio Indicate fuel 

reactivity  

2 0.06 

Rb/a Indicate slag-

ging and foul-

ing tendencies. 

2 0.06 

S Contributes to 

emissions 

1.67 0.05 

N Contributes to 

emissions 

1.67 0.05 

Al, kg GJ-1 Provides addi-

tional insight 

into slagging 

and fouling.  

1 0.03 

Total   1.00 

 

2.4. Stoichiometric calculations of air and flue gas 

for demineralized biochar  

The amount of air required to combust a kilogram 

(kg) of biochar fuel and the amount of flue gases pro-

duced were determined by calculating the stoichiometric. 

The stoichiometric calculations formulas used were 

adopted from Strecha [51], Vojtek [52] and Kitto & 

Stultz [53] previous studies that focused on combustion 

chamber designs with the formulas presented in the Sup-

plementary data, Section S1. The biochar proximate anal-

ysis, ultimate analysis, and heating values data derived 

from Sub-section 2.2 were applied to the calculations. All 

the volumes are referred to as minimum and expressed as 

normal cubic meters per kg of fuel (Nm3kg-1 fuel) under 

standard state conditions (0 ℃ and 101.33 kPa). The dry 

air composition data were presented in the Supplemen-

tary data Table S1. At 25 ℃, the saturated vapor pressure 

and absolute pressure of humid air are 3.17 kPa and 99.59 

kPa, respectively. 

2.5. Enthalpy of air and flue gas 

Components that constitute the flue gas (O2, CO2, 

N2, H2O, SO2, Ar and ash) influence the enthalpy of flue 

gas when exposed to different temperatures. In addition, 

humidity in the air also affects the enthalpy of flue gas 

and air during combustion. Supplementary data, Table 

S2, shows the enthalpy of individual components that 

constitute flue gas, with their specific heat capacity at 

varying temperatures. These enthalpies were used to de-

termine the minimum enthalpy of flue gases per unit vol-

ume ( T

FG,minh ), the specific heat capacity of humid air (

T

P,haC ), the enthalpy of humid air ( T

hah ), the enthalpy of 

fly ash ( T

FAh ) and the enthalpy of flue gas ( T

FGh )  from the 

combustion of 1kg of fuel. The minimum enthalpy of flue 

gases ( T

FG,minh ) produced by the combustion of 1kg of fuel 

at α =1.00 at every specific temperature point (T). All the 

formulas for the enthalpy are expressed in Supplemen-

tary data, Section S2.  

 

2.6. Efficiency of the combustion chamber 

Evaluation of the combustion chamber's thermal ef-

ficiency is critical in determining the performance of the 

system. The thermal efficiency was determined by eval-

uating the heat losses that the combustion chamber expe-

riences during combustion, determined using Equations 

in the Supplementary data, Section S3. These heat losses 

are as follows:  

• Heat loss in dry flue gases (L1). 

• Heat loss due to hydrogen in the fuel (L2). 

• Heat loss due to moisture in the fuel (L3). 

• Heat loss due to moisture in the air (L4). 

• Heat loss due to unburnt carbon (L5). 

The Overall combustion efficiency (ηcc) was deter-

mined by subtracting all the heat losses (L1-L5) from 

100 %.  

 

3. Results and discussion 

3.1. Biochar Physicochemical Characterization 

Table 3 shows the findings on the physicochemical 

characteristics of the produced biochar from demineral-

ized PL in comparison to biochar derived from untreated 

PL. The biochar understudy had undetectable MC com-

pared to the one reported by Varanda et al. [54], which 

attained a 4.30 %. This shows that the drying process of 

the demineralized PL prior to pyrolysis was effective in 

moisture reduction compared to the other PL samples in 

the literature. A low MC in the biochar is desired as the 

combustion system will require less energy to evaporate 

the water, leading to an improved ignition, an increase in 

combustion temperature, and reduced fuel intake and air, 

leading to an overall improved combustion efficiency 

[55–57]. The VM of the biochar from demineralized PL 

(29.37 %) was in range with the one reported by Varanda 

et al., [54], slightly higher than the biochar from UT:PL 

and extremely lower than the ones reported by Kantarli 

et al., [58] which was 52 %. 
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Table 3: Physicochemical properties of biochar  

Parameter 
This 

Study 

Biochar 

UT:PL 

Kantarli 

et al., [70] 

Varanda 

et al. [71] 

MCar 0.00* 0.00* - 4.3 

VM 29.37 25.52 52.10 23.13 

FC  52.00 43.76 - 43.19 

AC   18.63 30.72 23.40 33.66 

C  58.67 44.33 46.3 - 

H 3.97 4.93 4.50 - 

N 0.81 1.27 6.7 - 

S 0.10 0.34 0.15 - 

O 17.82 18.41 19.0 - 

H/C ratio 0.81 1.33 1.16 - 

O/C ratio 0.23 0.31 0.31 - 

LHV 

(MJ Kg-1) 
21.45 17.68 - - 

HHV 

(MJ Kg-1) 
22.31 18.77 18.80 19.91 

* undetectable, UT:PL is untreated poultry litter. 

 

Lee et al. [59] noted that a good solid fuel for com-

bustion should have VM in the range 20 – 40% so that it 

to ignite easily, hence having a steady reactivity. There-

fore, our study biochar is within the recommended com-

bustion VM range. However, the ones reported in the 

mentioned literature above 50 % show an incomplete de-

volatilization at low temperature during pyrolysis, result-

ing in the produced biochar to be highly reactive, hence 

making it thermal unstable for storage, as it ignites un-

steadily [58]. Hence, the demineralized biochar has high 

thermal stability, making it compatible with combustion 

as the fuel will produce fewer emissions and maximize 

energy retention [60].  

This study biochar had a high FC (52 %) compared 

to UT:PL biochar, which was similar to the one reported 

by Varanda et al. [54] FC (43.19 %). Demineralization 

improved the FC structure of the PL sample prior to py-

rolysis, as evident from the demineralized PL (Table 1), 

which increased its FC from 17.61 – 19.74 % [55]. Addi-

tional, pyrolyzing the feedstock at high temperature 

(>300 ℃) resulted in high carbon retainment in the bio-

char structure, hence justifying the high FC in our study. 

The FC directly relates to HHV; hence, FC in demineral-

ized biochar indicates high energy content in the fuel, 

which, when combusted, will produce high temperatures 

with long residence time [55].  

Demineralized biochar in the study had a low AC of 

18.63 % compared to the UT:PL biochar (30.72 %) and 

the one reported by Varanda et al. [54] (33.66 %). The 

biochar in-study, its PL was demineralized using DI and 

mechanical fractioning, resulting in the retention of ash 

in biomass particles with less than 1 mm and also dissolv-

ing the soluble salts, hence reducing the AC from 

12.33 – 8.16 % (Table 1) prior to pyrolysis. The PL sam-

ples from UT:PL and Varanda et al. [54] were not demin-

eralized, resulting in high AC retainment in their biochar 

[61]. However, Kantarli et al. [58] noted a low AC of 

23.40 % the biochar despite the PL being undemineral-

ized. This low in AC (23.40 %) might be caused by low 

temperature (250 ℃) being used during pyrolysis, which 

resulted in less organic matter being volatilized, hence a 

large fraction being retained in the biochar, resulting in 

AC being diluted in the biochar. The high AC in our 

study biochar, UT:PL biochar and the one reported by 

Varanda et al. [54] were produced under high tempera-

ture (>300 ℃) during pyrolysis, resulting in more or-

ganic structure being volatilized, hence AC being re-

tained at high concentration in biochar. High AC is un-

desirable in the fuel intended to be used in combustion as 

this will contribute to the clinkering, corrosion and slag-

ging of the combustion chamber while sinking the heat 

during combustion, thereby reducing the thermal effi-

ciency [55].  

A high C content in the demineralized biochar 

shows that the fuel is more stable thermally, possessing a 

high aromatic structure likely to have been influenced by 

the effective removal of inorganic elements in PL prior 

to pyrolysis and good, favorable pyrolysis conditions 

[62]. The S content was lower in the demineralized bio-

char (0.10 %) compared to the UT:PL biochar and 

Kantarli et al. [58]. During combustion, S elements emit 

toxic gases (H2S and SOx), which pollute the environ-

ment. The demineralized biochar has low S, meaning it 

has a reduced effect to become an S emission agent [63]. 

The N and H content in the demineralized biochar is 

lower than that of UT:PL biochar and the one reported by 

Kantarli et al. [58]. The reduction of N content promotes 

the demineralized biochar to be used as a fuel; when com-

busted, it will produce low NOx emissions, thereby con-

tributing to the reduction in greenhouse gases [64]. The 

decrease in H content in demineralized biochar (3.97 %) 

signifies that the fuel increased its C aromaticity as they 

correlated, promoting thermal stability and decreasing 

the devolatilization temperatures when combusted [65].  

The O content is lower in the demineralized biochar 

(17.82 %) compared to UT:PL biochar (18.41 %). A 

lower O content is desired in fuel as it will have a high 

char reactivity and energy content due to the presence of 

low oxygenated functional groups in the structure [45]. 

Also, a lower O content corresponds to a lower O/C ratio, 

and the demineralized biochar O/C ratio is lower than the 

UT:PL biochar. A low O/C ratio shows that the fuel has 

a high degree of carbonization and is thermally stable, 

thereby promising to combust efficiently [58,66]. In 

comparison to the Kantarli et al. [58], the O/C ratio is 

within range. The demineralized biochar H/C ratio (0.81) 

is lower than the UT:PL biochar (1.33) and Kantarli et al. 

[58] (1.16). A lower H/C ratio increases the amount of 

aromaticity of demineralized biochar and shifts its carbo-

naceous material from raw PL to coal-like properties 

[67,68]. In addition, a low H/C ratio reduces the volati-

lization rate and tar formation during combustion, hence 

making the biochar release energy efficient and reducing 

char burnout time compared to UT:PL biochar. The ele-

mental composition of demineralized biochar shows that 
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prior treatment of PL by reducing its inorganic elements 

improved the fuel’s quality by increasing the C content 

and reducing the S and N content. This makes the fuel 

suitable for combustion as it offers a higher HHV with a 

low emissions effect. 

The heating value of the demineralized biochar 

(LHVar and HHVdb, 21.45 and 22.31 MJ kg-1, respec-

tively) was high compared to the UT:PL biochar (LHV 

and HHV at 17.68 and 18.77 MJ kg-1, respectively) and 

literature, which was of undemineralized biochar (HHV: 

18.80 MJ kg-1 [58] and  19.91 MJ kg-1 [54]). This reflects 

the relevance of demineralization of PL prior to pyrolysis 

in energy retention in the biochar, as the biochar in the 

study improved its energy content. The elemental C con-

tent of demineralized biochar (58.67 %) was 14.35 % 

points and 12.37 % points higher than that of UT:PL bi-

ochar and the one reported by Kantarli et al. [58]. This 

high value of C content in demineralized biochar is cor-

roborated by its corresponding HHVdb [68,69]. 

 

3.2. Thermogravimetric analysis of demineralized 

biochar 

The results for the thermogravimetric and differen-

tial thermogravimetric (TGA/DTG) of biochar derived 

from demineralized PL are presented in Figure 2 and 

Table 4 under varying heating rates (5, 10, 15 and 

20 ℃ min-1). The TGA/DTG results investigate the ther-

mal stability, degradation behavior and combustion per-

formance of the demineralized biochar. TGA curves in 

Figure 2a, summarized temperature points in Table 4, 

show the combustion process of demineralized biochar 

going through a multi-step decomposition process at all 

varying heating rates (5, 10, 15 and 20 ℃ min-1). The loss 

of moisture is observed in a temperature range between 

58.70 – 92.44 °C at the four varying heating rates. A 

negligible peak was observed for the evaporation of mo-

isture, as it constitutes the MC constitutes a mass fraction 

of 3.64 % (Table 3, Sub-Section 3.1). An increase in 

heating rate (ꞵ) increased the shift of the evaporation 

temperature. Peak temperatures 1 and 2 signified the de-

volatilization and char combustion stages, respectively, 

of the biochar, noting the presence of lignocellulosic in 

the biochar [70]. An increase in heating rates results in 

two distinct trends to be observed. A significant weight 

loss is observed at higher temperatures; for instance, bi-

ochar at a lower heating rate (5 °C min-1) releases volati-

les and main decomposition in a stepwise approach at lo-

wer temperatures compared to a higher heating rate 

(20 °C min-1), which release volatiles and main decom-

position at high temperatures due to less available time to 

conduct a sufficient heat transfer and molecular rearran-

gement per each temperature increment. Other resear-

chers [70,71] also noted the same thermal behavior of bi-

ochar, which is that higher heating rates reduce the reac-

tion time of molecule structures, which react at lower 

temperatures, shifting them to higher temperatures where 

they decompose at a larger mass fraction. The DTG cur-

ves shown in Figure 2b show the combustion stages of 

the demineralized biochar through the identification of 

temperature-dependent reactions. In addition, Table 4 

summarizes the key values from the TGA/DTG graphs 

(Figure 2).  

The maximum DTG peaks show a temperature point 

where the mass loss rate is at its maximum. This peak 

point influences the combustion reactivity, which is de-

termined by the heating rate and biochar intrinsic proper-

ties [49]. 

 

Table 4 TGA/DTG of the biochar 

Heating rate 

(°C min-1) 

Reaction re-

gion (°C) 

Temperature (°C) 
DTGmax 

1 2 

5 58.57-476.00 388.58 440.93 -0.011 

10 92.44-487.03 416.45 444.88 -0.017 

15 91.24-527.10 394.65 455.93 -0.029 

20 85.00-548.93  415.47 -0.027 

 

 

Fig. 2 Biochar derived from demineralized poultry litter at different heating rates (5, 10, 15, and 20 °C min-1) (a) TG 

curves (b) DTG curves
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At lower heating rates (5 and 10 ℃ min-1), a 

stepwise degradation pattern is observed, but at higher 

temperatures (388.58 – 416.45℃) and which signifies 

the presence of heavy hydrocarbons as noted with the 

high FC. In addition, the maximum DTG happens at peak 

1 temperatures, showing that the biochar is less reactive 

at these heating rates (5 and 10 ℃ min-1). The lower he-

ating rate is applicable in combustion systems that re-

quire lower peak temperatures or controlled burn rates 

[70]. As the heating rate increases (15 and 20 ℃ min-1), 

the reaction shifts towards the higher temperatures (Table 

4), with peak DTG happening at a temperature range of 

395 – 415 ℃. This shows that higher heating rates result 

in a bulk of biochar composition, including the volatiles 

being released at higher temperatures, leading to locali-

zed overheating in the combustion systems and altering 

the pollutant formation dynamics [72]. Also, higher hea-

ting rates make the biochar hard to ignite and volatilize 

with reduced heat distribution during combustion [25]. 

Higher heating rates produce a shaper and more intense 

combustion at higher temperatures, making it favorable 

for energy production. This affects the combustion cham-

ber design, ignition strategy, and residence times of bio-

char combustion [73]. 

Peak temperatures for 5 and 10 °C min-1 were obser-

ved in the thermal degradation stage at higher 

temperatures compared to the 15 and 20 °C min-1, which 

happened in the combustion devolatilization stage. This 

shows that the thermal decomposition kinetics and com-

bustion reactivity of biochar derived from demineralized 

PL are significantly influenced by the heating rates. The 

biochar in the study had high FC compared to VM, which 

is why much of the mass loss and peak temperature oc-

curred in the char combustion stage. An increase in hea-

ting rate will result in fewer peaks formed, as shown on 

the heating rate of  20 °C min-1 sample, which signified a 

concurrent combustion of VM and char at high tempera-

tures [74].  

 

3.3. Combustion characteristics and reactivity in-

dexes 

Figure 3 shows the combustion characteristic for the 

biochar derived from demineralized PL at varying heat-

ing rates (5, 10, 15 and 20 ℃ min-1). The ignition tem-

perature (Ti), burnout temperature (Tb), ignition index 

(Di), burnout index (Db) and comprehensive performance 

(Dc) are the characteristics presented in Figure 3a-d, re-

spectively. An increase in heating rate from 5 to 

20 ℃ min-1 results in an increase in temperatures for both 

the ignition (Ti) and burnout (Tb) (Figure 3a).   

 

 

Fig. 3 Biochar derived from poultry litter at four heating rates (5, 10, 15 and 20 °C min-1) (a) ignition and burnout tem-

peratures, (b) ignition index, (c) burnout index, (d) comprehensive performance 
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Lower heating rates promote prolonged heating of 

the biochar at sub-pyrolytic temperatures, resulting in a 

gradual release of volatiles and partial oxidation, hence 

making ignition happen at low temperatures compared to 

high heating rate conditions [75]. Our findings agree with 

other authors [70,71], who noted a shift in critical reac-

tion steps to higher temperature regions when biochar 

was reacted at a higher heating rate. Higher heating rates 

result in a reduced reaction time at each intermediate 

temperature, making the biochar hard to ignite and less 

volatile [76]. Burnout temperature performed the same 

trend as the ignition temperature with the change in heat-

ing rate. At low heating rates (5 and 10 ℃ min-1), the bi-

ochar char organic structure combusts steadily and 

achieves complete combustion at lower temperatures. In 

contrast, high heating rates delay the onset of combustion 

of the char organic structure in the biochar, shifting the 

critical combustion reactions to higher temperature inter-

vals, hence raising the burnout temperature [21]. The ig-

nition and burnout temperatures under varying heating 

rates are important in combustion chamber operational 

optimization and mitigating the fouling and slagging ef-

fects [34].  

Combustion reactivity and performance can be ana-

lyzed quantitively using indexes like the ignition index 

(Di), burnout index (Db) and the comprehensive index 

(Dc). Figures 3b and c show the Di and Db of biochar de-

rived from demineralized PL under varying heating rates 

(5, 10, 15 and 20 ℃ min-1). The Di assesses the prompt-

ness and ease of ignition, while the Db measures the effi-

ciency and completeness of char combustion. As shown 

in Figures 3b and c, the heating rate results are inversely 

proportional to the Di and Db. At a low heating rate 

(5 ℃ min-1), the Di is higher compared to a high heating 

rate (20 ℃ min-1). This shows that a low heating rate pro-

motes steady volatilization and oxygen infiltration, mak-

ing biochar ignite easily [73]. 

Also, at lower heating rates (5 and 10 ℃ min-1), the 

burnout index (Db) has high values compared to higher 

heating rates (15 and 20 ℃ min-1). At a lower heating 

rate, the biochar is exposed to a prolonged time under 

moderate temperatures, which gives enough time for the 

char to be oxidized thoroughly, achieving a complete 

burnout at comparatively lower temperatures [72]. An in-

crease in the heating rate results in a decrease in both the 

Di and Db indexes, showing a shift towards difficult igni-

tion conditions and less efficient burnout conditions. A 

high heating rate results in the biochar heating through 

crucial temperature ranges quickly, resulting in insuffi-

cient time for the molecules to break chemical bonds, ab-

sorb energy and form new intermediate or radical species 

[77]. This causes the decomposition to shift to higher 

temperatures where there is enough thermal energy for 

the reactions to occur rapidly, resulting in ignition delay 

and a shift of critical combustion stages towards high 

temperatures [78]. In addition, a higher heating rate dur-

ing combustion makes the volatiles not have enough time 

for the production of reactive radicals, oxygen mixing 

and exothermic reactions, making it challenging to 

achieve a stable flame in the short time available, making 

it hard to sustain the reaction to completion [70].  

In contrast, the comprehensive performance index (Dc) 

(Figure 3d) has a positive correlation with the heating 

rate. A high Dc at higher heating rates is due to the rapid 

and intensified combustion dynamics once the ignition is 

attained [36]. Although ignition and burnout conditions 

become more demanding, the overall integrated perfor-

mance may improve due to faster volatile release and 

subsequent char oxidation within a narrower and more 

energetically dense temperature regime [71]. Such be-

havior suggests that under certain controlled conditions, 

higher heating rates can lead to a more concentrated and 

potentially higher energy-yielding combustion profile 

despite less favorable ignition and burnout indexes indi-

vidually [75]. For industrial applications, if the biochar is 

to be used under a low heating rate, it is best applicable 

to systems that target controlling the burning rate or 

achieving stable flame fronts or fixed-bed combustion 

chambers. In contrast, for high heating rates, flash com-

bustion chambers or entrained flow chambers will be best 

applicable as they will benefit from the higher Dc index 

at the expense of higher Ti and Tb. The influence of heat-

ing rate on the combustion characteristics and reactivity 

indexes gives a detailed understanding of the biochar 

thermal and combustion responses that will guide the de-

sign of a combustion chamber. 

 

3.4.  Kinetic and thermodynamic analysis 

Kissinger plot shown in Figure 4 extracted the ki-

netics parameters from non-isothermal thermogravimet-

ric (TGA) data in the combustion process.  

 

 

Fig 4 Kissinger plots for the main mass loss of the bio-

char derived from demineralized PL 

These kinetic parameters are the activation energy 

(Ea) and Arrhenius constant (A) as shown in Table 5. The 

Ea is 32.75 kJ mol-1 for the biochar derived from demin-

eralized PL. Literature notes that Ea for biochar derived 

from pyrolyzed biomasses ranges between 30-

200 kJ mol-1 [79,80].  
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Table 5 Thermodynamic parameters for biochar derived 

from demineralized PL 

Parameter Value  

Ea (kJ mol-1) 32.75 

A (min-1) 6.91×1011 

ΔH (kJ mol-1) 35.02 

ΔG (kJ mol-1) 80.49 

ΔS (kJ mol-1) -0.065 

 

Our findings show that the biochar in the study is at 

the lower end of the Ea spectrum in comparison with the 

literature, signifying the low energy required for the bio-

char to initiate ignition, thus exhibiting a more rapid, fac-

ile thermal decomposition [81]. The low Ea in the biochar 

derived from demineralized PL can be attributed to the 

presence of a low content of inorganic elements that 

would alter the combustion pathways. In undemineral-

ized PL biochar, the presence of these inorganic elements 

in large quantities catalyzes specific thermal degrada-

tions, thereby increasing the overall Ea [82]. Upon demin-

eralization, these inorganic elements are largely re-

moved, moving the dominant decomposition mechanism 

to lower energy routes [83]. 

Arrhenius constant shows the rate at which biochar 

particles collide with each other, surpassing their energy 

barrier, and a value range of 1011 – 1013 min-1 signifies a 

high Arrhenius constant of biochar derived from pyroly-

sis [71]. Our study has a high Arrhenius constant of 

6.91×1011 min-1, which indicates a relatively facile reac-

tion once the Ea threshold is met, which is consistent with 

the presence of highly reactive organic fractions within 

the biochar matrix [25]. Under the combustion environ-

ment, a lower Ea (32.75 kJ mol-1) shows that the biochar 

is ignited at mild temperatures with a rapid mass loss 

once ignition is initiated. This makes the biochar in the 

study ideal for application as a fuel, as it ignites faster and 

burns completely, provided that sufficient oxygen is sup-

plied [84]. However, a high Arrhenius constant 

(6.91×1011 min-1) of the biochar signifies the ability of 

the fuel to create hotspots or partial oxidation that esca-

lates the reaction rate in the combustion chamber [85].  

Table 5 shows the thermodynamic parameters, 

which are the enthalpy change (ΔH), Gibbs free energy 

(ΔG) and the entropy change (ΔS) for the biochar derived 

from demineralized PL. The difference between Ea and H 

(32.75 – 35.02 kJ mol-1) is -2.27 kJ mol-1, which is negli-

gible. Such a negligible difference between Ea and H sig-

nifies that the cleavage of weak bonds dominates the 

main pyrolysis and oxidative reaction processes, mostly 

the C–C linkages and predominantly C–O bonds. A high 

positive Gibbs free energy (80.49 kJ mol-1) was noted on 

the biochar in the study, signifying a need for external 

thermal energy for the biochar to initiate any thermal re-

action [82]. The demineralized biochar entropy change 

was -0.065 kJ mol-1, which indicated stable gaseous 

products production than the reactants, hence producing 

a more exothermic reaction during combustion [71].  

 

3.5. Inorganic element composition 

Biochar comprises inorganic elements made up of 

metal (K, Ca, Al, Mn, Fe, Cr, Cu, Zn, Rb, Sr, Y, Zr, Nb, 

Mo, Ba) and non-metal (P, S, Si, Cl) elements present in 

different compositions as shown in Figure 5. These inor-

ganic elements comprise most of the fuel ash fraction. 

When combusted, the fuel’s inorganic elements are sep-

arated, evaporated, precipitated, nucleated and coagu-

lated to form ash particles that are either acidic or basic 

compounds [86]. These ash particles contribute to the 

slagging, corrosion and agglomeration of combustion 

chambers [60]. The inorganic elements in the fuel were 

further categorized based on their volatility.  K, S and Cl 

are the most volatile elements, with K constituting the 

highest fraction of 7 %, while others were less than 1 %. 

Mn and P elements are semi-volatile, with P constituting 

the highest non-metal element fraction of 1.18 %. Al, Ca, 

Fe and Si aref non-volatile elements, with Ca and Si con-

stituting the highest fraction in their metal and non-metal 

categories, respectively. Cr, Cu, Zn, Rb, Sr, Y, Zr, Nb, 

Mo, and Ba are minor heavy metals (<1 %), and when 

combusted, they react with Cl, causing a reduction in ash 

melting point and heavy metal emissions. 

 

 

Fig. 5 Biochar inorganic elemental composition measured by XRF (wt % of biochar) (a) acidic elements, (b) basic ele-

ments
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This contributes to the corrosion and agglomeration 

of combustion chambers. The biochar’s inorganic ele-

ments, when combusted, undergo a primary ash transfor-

mation reaction where the inorganic elements have a high 

oxygen affinity in relation to the oxygen affinity of the 

fuel’s C–H matrix. The inorganic elements' ash transfor-

mation reactions will form acidic and basic compounds 

(Figure 6a) that vary with their reactivity (Figure 6b). 

The reactivity order of the ash transformation reac-

tions is based on the element's thermodynamics and ef-

fect on temperature [87]. Non-metal elements, when 

combusted, form acidic compounds that have a negative 

effect on the combustion chamber system. The P element 

is highly reactive compared to the other non-metal ele-

ments and when combusted, it reacts to form a P2O5 com-

pound, which has the highest non-metal oxide (9.11 %) 

in the study. The P2O5 can react with other ash compo-

nents, forming low-melting point compounds that can 

lead to slagging and fouling in the combustion chambers, 

hence reducing combustion efficiency and increasing 

maintenance costs [38]. The S element is highly volatile 

compared to Si and Cl elements, as shown in Figure 5. 

During combustion, the S element tends to have a lower 

affinity to O2 compared to the C–H biochar fuel matrix; 

hence, it will react with the fuel matrix to form H2S(s) 

and S2(g) that will further react with O2 to form SOx(g) 

emissions (SO2 and SO3). The SO3 emissions corrode the 

combustion chambers; therefore, the concentration of the 

SO3 should be low, as shown in the biochar understudy, 

resulting in the lowest composition at 4.08 %. The Si el-

ement is in amorphous form (SiO2.H2O); when com-

busted, it produces small silica particles (SiO2) that ag-

glomerate in the combustion chamber, being one of the 

high non-metal oxides at 8.27 %. Cl element exists as 

weak acids in the biochar fuel, and when combusted, it 

produces Cl2(g), which further reacts with the fuel’s 

moisture to form a toxic compound containing HCl(g) ac-

ids. The HCl formed compound will lower the ash melt-

ing point, which forms furans and dioxins while increas-

ing the corrosion effect on the combustion chambers. In 

addition, this compound has a low volatility, hence mak-

ing a significant fraction of the ash. The biochar under-

study has an insignificant fraction of the Cl element 

(<1 %), making it less likely to have a significant nega-

tive effect on the combustion chamber.  

The metal elements form basic compounds when 

combusted. The K2O oxide is high (28.50 %), increasing 

the susceptible chance of aerosol formation during com-

bustion. In addition, the volatile KOH is formed, reduc-

ing the ash melting temperatures and corroding the com-

bustion unit systems. The CaO element constituted a high 

fraction (33.39 %), resulting in an increased chance of 

aerosol formation during combustion. These aerosol par-

ticles will be deposited in the combustion chamber. Al2O3 

had a significant oxide composition (10.87 %); due to its 

high melting point, it acts as a heat absorber, thereby re-

ducing the combustion temperature [88]. In addition, 

Al2O3 can react with other ash components, potentially 

affecting their melting point, sintering behavior, and po-

tential for slagging or fouling in the combustion chamber. 

Also, it acts as a catalyst for faster combustion while re-

ducing emissions by capturing NOX and SOx.  Fe2O3 and 

MnO constitute a low fraction (3.86 % and 0.61 %, re-

spectively) and when combusted, they do not affect the 

combustion unit systems due to their non-reactivity with 

ash-forming elements and are retained in ash. Heavy 

metal oxides (Cr2O3, ZnO, Rb2O, SrO, Y2O3, ZrO2, 

MoO3 and BaO) were insignificant (<1.10 %); hence, 

they did not participate in the combustion process but ra-

ther acted as heat-absorbing compounds [40]. This means 

that the fuel can be applied in small combustion systems 

without electrostatic precipitators [60]. 

 

 

 

Fig. 6 Normalized oxide composition of the biochar inorganic ash composition derived from XRF (a) Composition (b) 

Reactivity
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3.6. Fuel index analysis 

The slagging and fouling behavior of the fuel under 

study has been analyzed, as shown in Table 6. The base-

to-acid ratio (Rb/a) is very high at 3.43>1.75, indicating a 

high slagging tendency with a low ash melting point of the 

fuel when combusted in the combustion chamber [89]. In 

addition, the Slagging/Babcock index (Rs, 1.67) does sup-

port that the fuel has a high slagging behavior, with sulfur 

contributing significantly to the alkali sulfate deposits that 

are unstable during combustion [90]. The silica-to-alumi-

num ratio (S/A) reflects the relative proportions of two key 

ash components that significantly influence melting be-

havior and slagging risk [61]. A high silica content in-

creases the melting point and slagging risk, while Alumina 

contributes less significantly. A low ratio of S/A (0.67) sig-

nifies a low risk of ash melting. The Fouling index (Fu) is 

97.89, which indicates a high potential risk of slagging, 

fouling, and corrosion if combusted in the traditional com-

bustion chambers [74]. The slagging ratio (Sr) is low at 

0.03, which causes unease flow of molten ash, resulting in 

a high risk of slagging, fouling and corrosion of the com-

bustion chamber [91]. The Alkali index (Al, kg GJ-1) of the 

fuel signifies a moderate slagging of the ash on the com-

bustion chamber walls or convection surfaces exposed to 

the radiant heat [38]. The fuel under study has a Bed 

agglomeration (BAI) of 0.14, making the agglomerates 

impede the contact of fuel with air, resulting in incomplete 

combustion. In addition, high agglomerate has a high risk 

of depositing on the combustion chamber walls, resulting 

in slagging and fouling. 

 

3.7. Combustion chamber selection 

A critical analysis of the biochar properties in relation 

to the combustion chamber fuel tolerance specification 

helps in selecting the combustion chamber that best suits 

the fuel in the study. Table 7 shows a comparative analysis 

of biochar properties against combustion chamber fuel tol-

erance specification, mainly for the Grate-fired combus-

tion chamber (GFCC), Pulverized combustion chamber 

(PCC) and Fluidized combustion chamber (FBCC). The 

demineralized PL biochar’s HHV of 22.31 MJ kg-1 is 

above the minimum threshold for PCC and within range 

for the GFCC and the FBCC. The biochar’s HHV value 

shows that the fuel can efficiently be converted to heat 

without straining all three chambers. The biochar’s VM 

(29.37 %) is compatible with GFCC, PCC and FBCC, 

while the FC (52 %) is slightly above the GFCC tolerance 

but in range with the rest of the combustors. A high FC 

will ensure that high-energy-density fuel is supplied to the 

chamber while providing stable combustion [30]

 

Table 6 Biochar derived from demineralized PL fuel index in comparison with the slagging scale 

Indexes This Study 
Slagging range [86,89,92] 

Low  Medium High Very high 

Rb/a 3.43 <0.50 0.5 – 1.00 1.0 – 1.75 >1.75 

Rs  1.67 <0.70 0.7 – 1.00 1.0 – 1.30 >1.30 

Si/A 0.67 <1.87 1.87 – 2.65 >2.65 - 

Fu 97.89 <50.00 50 – 100.00 >100.00  

Sr 0.03 >72.00 65 – 72.00 <65.00 - 

Al, kgGJ-1 1.26 <0.17 0.17 – 0.34 >0.34 - 

BAI 0.14  - <0.15 - 

 

Table 7 Combustion chamber technology specification sheet in comparison with the biochar  

Parameter Biochar Combustion chamber [54,108] 

GFCC PCC  FBCC  

MC (%)  0.00* <50.00 <15.00 <60.00 

VM (%) 29.37 10 – 70.00 15 – 45.00 10 – 80.00 

FC (%)  52.00 10 – 50.00 30 – 55.00 10 – 50.00 

AC (%)  18.63 <30.00 <5.00 Up to ~50.00 

N (%) 0.81 <2.00 <3.00 <3.00 

S (%) 0.10 <2.00 <4.00 <6.00 

H/C ratio 0.81 <1.20 <1.00 <1.30 

O/C ratio 0.23 0.20 – 0.70 0.10 – 0.30 0.20 – 0.70 

HHV (MJ Kg-1) 22.31 8.00 – 25.00 >15.00 5 – 30.00 

Rb/a 3.43 <0.70 <0.50 >1.00 

Rs 1.67 <1.00 <2.00 0.5-2.50 

Si/Al 0.67 0.5 – 1.50 0.5 – 1.50 0.3 – 20.00 

Al (kg GJ-1) 1.26 <0.50 <0.17 0.6-1.50 



PALIVA 17 (2025), 4, pp. 89–110  Characterization of biochar derived from demineralized poultry litter in terms of its 

candidacy towards alternative solid fuel 

DOI: 10.35933/paliva.2025.04.03 102 

The fuel’s MC was undetectable and in the toler-

ance range of all the combustors in the study. The demin-

eralized biochar AC (18.63 %) was high for the PCC and 

in range for the GFCC and FBCC. It is important to man-

age the AC in the GFCC and PCC carefully to avoid foul-

ing and slagging. The FBCC's ability to effectively mix 

the reactants and distribute heat efficiently tolerates high 

AC [93]. The H/C and O/C ratios of the biochar are 

within the tolerance range for the GFCC, PCC and 

FBCC. The PCC tolerates a low O/C ratio to ensure effi-

cient combustion with low CO emissions. However, our 

biochar has an O/C ratio near the high tolerance range of 

the PCC, hence an optimized operation will be recom-

mended to ensure an efficient combustion with low CO 

emissions [45]. Performance indexes like Rb/a, Rs and 

S/A favor the FBCC chamber due to its fluidization abil-

ity to accommodate fuel with a high surface ratio and 

bulk density that promotes enhanced reaction kinetics. 

The Al (kg GJ-1) index exceeded the GFCC and PCC, 

making the FBCC the preferred combustion chamber in 

terms of tolerance to fouling and slagging. The S and N 

content were in the emission tolerance range on all the 

combustion chambers, although a need to control NOX 

emissions in the PCC operations is relevant [94].  

The Pugh Decision matrix shown in Table 8 was 

used to select the most preferred combustion chamber 

quantitatively. The weight scores were allocated to each 

chamber type based on the literature. The FBCC was the 

first preferred combustion chamber of choice to combust 

the biochar, as it had the highest score of 5. The GFCC 

and PCC were a dual second preference, both with an 

equivalent score of 3.89.  

 

3.8. Stoichiometric calculations for demineralized 

biochar 

3.8.1 Theoretical amount of air required for the com-

bustion of demineralized biochar  

Table 9 shows the stoichiometric calculation results 

of the amount of air required to combust a kilogram of 

biochar fuel.  Studies [95,96] recommend an equivalence 

ratio (ɸ) of 0.80 for the FBCC, which corresponds to an 

excess air of 25 % to combust the biochar to completion.

 

Table 8 Pugh Decision matrix on the type of combustion chamber technology 

Parameter Proportion 

GFCC PCC FBCC 

Rating 
Weight 

Score 
Rating 

Weight 

Score 
Rating 

Weight 

Score 

HHV 0.15 5 0.75 5 0.75 5 0.75 

MC 0.12 5 0.60 5 0.60 5 0.60 

AC 0.12 5 0.60 0 0.00 5 0.60 

Rs 0.12 0 0.00 4 0.48 5 0.60 

VM 0.09 5 0.45 5 0.45 5 0.45 

FC 0.09 4 0.36 5 0.45 5 0.45 

H/C ratio 0.06 5 0.30 5 0.30 5 0.30 

O/C ratio 0.06 5 0.30 5 0.30 5 0.30 

Rb/a 0.06 0 0.00 0 0.00 5 0.30 

N 0.05 5 0.25 5 0.25 5 0.25 

S 0.05 5 0.25 5 0.25 5 0.25 

Al (kg GJ-1) 0.03 1 0.03 2 0.06 5 0.15 

Total 1.00  3.89  3.89  5 

Rank    2  2  1 

Continue    No  No  Yes 

 

Table 9 Stoichiometric calculation of air required to combust a kilogram of biochar 

Parameter Symbol Amount  

Excess air @ ɸ of 0.80 α 25 % 

Minimum volume of oxygen to burn 1kg of fuel VO2,min 1.072 Nm3 kg-1 fuel 

Minimum volume of dry air VDA,min 5.104 Nm3 kg-1 fuel 

Water vapor at 1m3 of dry air VH2O 0.023 Nm3 kg-1 fuel 

Air correction factor fcorr 1.023 

Minimum volume of humid air VRH,min 5.220 Nm3 kg-1 fuel 

Actual volume of air used to combust a unit of biochar fuel VA,act 6.525 Nm3 kg-1 fuel 

Actual mass of air used to combust a unit of biochar fuel mA,Act 7.830 kg kg-1 fuel 
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Hence, this work used 25 % excess air in its com-

bustion process to ensure stable fluidization is main-

tained while effectively mixing the reactants and reduc-

ing the unburnt carbon [44,97]. Our findings are con-

sistent with prior research [44,98,99], which noted that 

the use of moderate excess air supply ranging between 

20 – 30 % in the FBCC improves the combustion effi-

ciency while ensuring that low NOx emissions are main-

tained in the combustion process.  

The calculations of the stoichiometric show that the 

minimum volume of oxygen (VO2min) required to com-

bust 1kg of biochar fuel completely was 1.072 Nm3 kg-1 

fuel. Balazi [100] noted that the VO2min a kg of fuel 

ranged from 0.851 – 1.258 Nm3 kg-1 fuel for wood to 

coal fuels. Hence, our biochar transitioned from bio-

mass properties to coal structure, and its VO2min is within 

the range for a biochar, coal-like fuel. The minimum 

volume of dry air (VDA,min) required to supply the re-

quired oxygen for complete combustion was 5.104 

Nm3 kg-1 fuel. Our findings were in agreement with the 

literature [44,101] for VDA,min range of 4.500-5.500 

Nm3 kg-1 fuel for biomass and biochar fuels to achieve a 

complete stoichiometric combustion. Dry air consists 

primarily of N2 and O2 at 79 % v/v and 21 % v/v, re-

spectively [100].During combustion, the N2 acts as a 

heat sink, assisting by controlling the flame tempera-

ture, thereby reducing the risk of thermal NOx for-

mation, a common pollutant in high-temperature com-

bustion processes [51]. The water vapor content in air 

(VH2O) used for combustion was 0.023 Nm3 kg-1 fuel, 

which is almost in comparison to the absolute humidity 

(0.015 Nm3 H2O vapor m-3 air at 25 ℃) [99]. The VH2O 

in the study has no effect on the flame temperature and 

stability during combustion [102]. The VRH, min was 

5.220 Nm3 kg-1 fuel, showing that air added 

0.116 Nm3 kg-1 fuel of moisture (VRH,min – VDA,min) into 

the combustion. The actual volume of air (VA,act) re-

quired for combustion was 6.525 Nm3 kg-1 fuel and the 

actual mass of air (mA,Act) was 7.830 kg kg-1 fuel, corre-

sponding to reports from Balazi [100]. 

 

3.8.2 Theoretical amount of flue gas produced by the 

combustion of demineralized biochar  

 The amount of flue gas produced during the com-

bustion of 1kg of demineralized biochar is shown in Ta-

ble 10. During the combustion of a kilogram of deminer-

alized biochar, the following volumes of flue gases were 

produced: VCO2, VSO2, VN2, VAr and VDFG,min 1.209, 0.003, 

4.007, 0.047 and 5.226 Nm3 kg-1 fuel, respectively. The 

demineralize biochar constitutes 56.95 % of elemental C 

in its biochar structure, hence the CO2 flue gas constitutes 

the main output gas. The VSO2 produced by biochar is rel-

atively small, meaning that the fuel is insignificant in 

making SOx emissions that contribute to acid rain and 

respiratory issues. Literature notes that the VSO2 ranges 

between 0.002 – 0.005 for biochar fuels, with the value 

varying with the sulfur content in the fuel [94]. Nitrogen 

volume produced, VN2 constituted a significant fraction 

from inert N2 (79 % v/v) in the air and when combusted, 

the N2 gas is retained as part of the flue gases due to the 

non-reactive of inert N2 molecules at combustion temper-

atures (<1500 ℃). Also, the demineralized biochar con-

stituted a small fraction of N2 at 2.95 % (Sub-section 

4.3.1) and this N2 constitutes bond structures in the bio-

char and during combustion, they disintegrate to form 

NOX emissions, which contribute to the GHGs [103]. Ar-

gon volume, VAr, composition is equivalent to the Ar 

content in the air. At combustion temperatures, Ar is non-

reactive [104]. The VDFG,min was 5.266 Nm3 kg-1 fuel. The 

CO2max in the flue gas is 20.95 % and Jakub Vrana [105] 

reported a similar percentile range when the author deter-

mined it for wood chips. The minimum amount of water 

vapor (VH2O,min) in the flue gas is 0.605 Nm3 kg-1 fuel. 

This value arises from the moisture content in the biochar 

and the combustion air. 

Our findings have low moisture vapor in the flue 

gas, indicating that the moisture in the biochar has an in-

significant effect on the combustion efficiency and tem-

perature profile. In addition, literature [45,94] indicates a 

VH2O,min ranging between 0.500 – 0.800Nm3kg-1 fuel, can 

be produced in the stoichiometric combustion when bio-

mass is combusted. 

 

Table 10 Stoichiometric flue gas production from a kilogram of demineralized biochar 

Parameter Symbol Amount  

The volume of carbon dioxide VCO2 1.209 Nm3 kg-1 fuel 

Volume of Sulphur dioxide VSO2 0.003 Nm3 kg-1 fuel 

Volume of Nitrogen VN2 4.007 Nm3 kg-1 fuel 

Volume of Argon VAr 0.047 Nm3 kg-1 fuel 

Minimum volume of dry flue gases VDFG,min 5.266 Nm3 kg-1 fuel 

The maximum amount of Carbon dioxide in flue gas CO2max 20.95 % 

Minimum amount of water vapor VH2O,min 0.605 Nm3 kg-1 fuel 

Minimum amount of wet flue gases VWFG,min 5.871 Nm3 kg-1 fuel 

Actual amount of flue gas VFG,act 7.176 Nm3 kg-1 fuel 

Flue gas exit temperature (Section 3.3.3) TFG 503.75 ℃ 

Density of the flue gas  ρFG 0.454 kg m-3 

Actual mass of flue gas produced  mFG,act 3.257 kg kg-1 fuel 
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The minimum amount of wet flue gases (VWFG,min) 

is 5.871 Nm3 kg-1 fuel. This includes the contributions 

from both dry gases and water vapor. The actual amount 

of flue gas (VFG,act) produced is 7.176 Nm3 kg-1 fuel. The 

density of flue gas (ρFG) is 0.454 kg m-3, which corre-

sponds to the average burnout temperature (503.75 ℃, 

Section 3.3) of the demineralized biochar—calculated 

the actual mass of flue gas (mFG,act) to be 

3.26 kg kg-1 fuel.  

 

3.9. Enthalpy of air and flue gases 

The enthalpy of air and flue gases are critical in de-

termining the thermal efficiency and performance in a 

combustion system. Figure 7 shows the results of the en-

thalpy of air and the enthalpy of flue gases at stoichio-

metric conditions and at 25 % excess air. The humidity 

ratio (ω) was calculated to be 14.17, which was then used 

to determine the specific heat capacity of humid air 

(CP,ha
T ). The demineralized biochar ash content (AC) is 

18.63 % (Section 3.1) and at a 30 % worst-case scenario 

of fly ash (FA) composition retained in the biochar AC, 

the biochar produced 5.59 % of the FA.  

The FA was applied to determine the AC inequality, 

ar6×LHV
AC>

41.8×FA
 which was not satisfied 

(18.63 %>55.09 %), hence the enthalpy of fly ash was 

not considered in determining the enthalpy of flue gas at 

stoichiometric enthalpy (hFG
T ) and enthalpy at 25 % ex-

cess air (hFG,α=1.25
T )  under a varying temperature range 

of 100 – 800 ℃ with the results shown in Figure 7.  

 

 

Fig 7 Enthalpy of air and flue gas at stoichiometric and 

25 % excess air per unit volume 

As shown in Figure 7, an increase in temperature re-

sulted in a direct linear increase in all the enthalpies with 

hFG,α=1.25
T > hFG

T >hha
T , with the enthalpy of air (hha

T ) being 

observed to be lower across the temperature profile. The 

low enthalpy values  of hha
T  show that low thermal energy 

is introduced through air for igniting the biochar, which 

is less than the energy generated during combustion and 

carried by the flue gas. At stoichiometric conditions, the 

enthalpy of flue gas (hFG) is observed to be lower than 

that with 25 % excess air (hFG,α=1.25
T ). More thermal en-

ergy is carried by the excess air that also constitutes part 

of the flue gases. Also, the hFG,α=1.25 has a steeper slope 

compared to hFG, indicating a higher rate of enthalpy in-

crease with temperature and a significant heat loss via the 

flue gases, hence reducing the combustion efficiency. 

Excess air affects the thermal efficiency of the combus-

tion process. Vrana [105] reported that excess air that 

goes beyond 30 % in biomass combustion results in the 

decline of the thermal efficiency, as the flow rate of heat 

leaving the chamber will be high. 

 

3.10. Efficiency of the combustion chamber 

Table 11 shows the results for the thermal losses and 

overall combustion efficiency of biochar derived from 

demineralized PL for firing in an FBCC. The combustion 

efficiency is 86.20 %, with the balance of heat losses 

caused by the loss due to flue gases (L1), loss due to hy-

drogen loss in fuel (L2), loss due to moisture in fuel (L3), 

loss due to moisture in air (L4) and loss due to unburnt 

carbon (L5).  

 

Table 11 Thermal efficiency loss of biochar in a com-

bustion chamber 

Loss Symbol 
Thermal loss 

(%) 

Flue gases L1 7.30 

Hydrogen  L2 4.45 

Moisture in fuel L3 0.00 

Moisture in the air L4 0.57 

Unburnt carbon L5 1.48 

Overall thermal efficiency  η 86.20 

 

Heat loss due to flue (L1) is the highest at 7.30 % 

among the other heat losses. This is caused by sensible 

heat exiting the combustion chamber with the combus-

tion products (H2O and CO2). Other literature notes that 

heat loss due to flue gases on biochar fuels ranges be-

tween 7 – 12 % when fired in the FBCC [44,64]. This 

shows that biochar in the study, when fired in an FBCC, 

will produce L1 that is deemed to be in the tolerance 

range with the literature range on similar fuel. However, 

improving the bed material heat recovery and optimizing 

the air-to-fuel ratio will greatly reduce the L1 loss.  

The loss due to hydrogen in fuel (L2) is the second 

highest at 4.45 %. The hydrogen causes this loss in the 

biochar, which, during combustion, oxidizes with oxygen 

to form water vapor, which loses energy through the la-

tent heat of vaporization [106]. Other studies [107,108] 

that utilized biochar as a fuel reported a loss due to hy-

drogen ranging between 1 – 5 %. Our study aligns with 

the literature on the loss due to hydrogen in fuel.  

Heat loss due to moisture in the fuel (L3) is 0 %, 

which is undetectable. In relation to the biochar in the 

study, the moisture content is undetectable (0 %), hence 
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not contributing to the heat sink [66]. Loss due to mois-

ture in the air (L4) is 0.57 %, showing that the moisture 

in the air is low. Such a minimal loss is expected and 

aligns with the ideal scenarios where the air used for 

combustion is adequately dehumidified [109].  

The unburnt carbon (Cunburnt) that constitutes 5.20 % 

with reference to the fixed carbon (FC) composition was 

used in determining the loss due to unburnt carbon (L5). 

The L5 was noted at 1.48 %, which is significantly low 

and is within the loss due to the unburnt carbon range of 

0.50 – 2.00 % for the fluidized bed combustion chambers 

[110]. The overall efficiency of 86.20 % is quite high, 

demonstrating effective combustion and heat utilization 

within the combustion chamber. This efficiency is com-

petitive when compared to other biomass combustion 

systems [60].  

 

4. Conclusions 

The biochar derived from demineralized PL im-

proved its physicochemical properties compared to bio-

char derived from undemineralized PL. An increase in 

the TGA/DTG  heating rate ( 5 – 20 ℃ min-1) shifted the 

reaction region to high temperature (58.57-548.93 ℃), 

increasing peak temperatures and their DTGmax points, 

signifying a reduction in ease to ignite and combust. Low 

activation energy (Ea) was observed with a small differ-

ence between Ea and enthalpy (H) -2.27 kJ mol-1, show-

ing the dominance of C–C and C–O linkages during com-

bustion. The biochar has a high fouling and slagging ten-

dency, but its ash melting point is high. The fluidised bed 

combustion chamber is better suited for the developed bi-

ochar. For stoichiometric conditions, 7.830 kg kg-1 fuel 

of mass of air is required to combust a kilogram of bio-

char to produce 3.257 kg kg-1 fuel of flue gas. The en-

thalpy of flue gas at 25 % excess shows a balance on 

maintaining energy while attaining 86.20 % thermal effi-

ciency. The biochar from demineralized PL has better 

properties than biochar from undemineralized PL and 

combusts better at low heating rates.  

List of Symbols 

A Arrhenius constant or pre-expo-

nential factor  

Al Alkali index/Mile index 

CO2,max The maximum amount of Carbon 

dioxide in flue gas 

Ea  Activation energy 

fcorr  Air correction factor.   

Fu Fouling index 

ΔG Gibbs free energy change 

ΔH Enthalpy change 

mA,act  Actual mass of air per kilogram 

of biochar fuel 

mFG,actual  Actual mass of flue gases pro-

duced per kilogram of biochar 

fuel  

2H Om
 

Mass flow rate of water 

Pha Absolute pressure of humid air 

PSV Saturated vapor pressure 

R  Universal gas constant 

Rb/a  Base-to-acid ratio 

Rs Slagging/Babcock index  

Sr Slagging ratio 

Si/Al  Silica–to–Aluminum ratio 

T Absolute temperature 

Ta Air inlet temperature 

Tb Burnout temperature  

Ti Ignition temperature  

Tp  Peak temperature  

h Planck Constant  
T

hah
  

Enthalpy of humid air 
T

FAh
  

Enthalpy of fly ash  
T

FGh
  

Enthalpy of flue gas  
T

FG,minh
 

Minimum enthalpy of flue gases 

per unit volume 

kB Boltzmann constant 

ΔS Entropy change  

VA,act  Actual volume of air used to 

combust a unit of biochar fuel 

VAr  Argon flue gas volume  

VCO2  Carbon dioxide flue gas volume  

VDA,min  Minimum volume of dry air  

VDFG,min  Minimum volume of dry flue 

gases 

VFG,act  Actual volume of flue gas 

VH2O,min  Minimum volume of water vapor 

VH2O  Water vapor at 1.00m3 of dry air  

VN2  Nitrogen flue gas volume 

VO2,min  Minimum volume of oxygen to 

burn 1kg of fuel  

VRH,min  Minimum volume of relative hu-

mid air 

VSO2  Sulphur dioxide flue gas volume 

VWFG,min  Minimum amount of wet flue 

gases 

ɸ Equivalence ratio 

α Excess air ratio 

β Heating rate 

ηcc Combustion chamber efficiency 

λ Latent heat of vaporization 

ρA, ρFG Density of air, flue gas density  

ω Humidity ratio 

List of Abbreviations 

AC Ash content 

BAI Bed agglomeration index 

CAGR Compound annual growth rate  

CFoxide  Inorganic element oxide conver-

sion factor 
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DTGmax,  Maximum weight loss rate 

DTGmean Average weight loss rate 

Db Burnout index 

Dc Comprehensive performance in-

dex 

Di Ignition index  

FA Fly ash content 

FBCC Fluidized bed combustion cham-

ber 

FC Fixed Carbon 

GFCC Grate–Fired combustion chamber 

GHGs Greenhouse Gases 

H/C ratio Hydrogen–to–Carbon ratio 

HHVdb Higher heating value on a dry basis 

ID Internal diameter 

L1 Heat loss in dry flue gases 

L2 Heat loss in hydrogen in the fuel 

L3 Heat loss due to moisture in the 

fuel 

L4 Heat loss due to moisture in the air 

L5 Heat loss due to unburnt carbon 

LHVar Lower heating Value as-received 

basis 

MC Moisture Content 

O/C ratio Oxygen–to–Carbon ratio 

PCC Pulverized combustion chamber 

PL Poultry Litter 

RH Relative humidity of air 

TFG Flue gas exit temperature  

TCD Thermal conductivity detector 

TGA/DTG  Thermogravimetric and differen-

tial thermogravimetric analysis  

VM Volatile matter 

Sec, mins, 

hrs, yr  

Seconds, minutes, hours, year  

w/v Weight–to–volume ratio 

Woxide Inorganic element oxide 
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