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Abstract: This study presents the combustion and 

emission results obtained from a laboratory furnace 

equipped with a 35 kW industrial burner that utilizes co-

combustion of pulverized biomass and diesel fuel. The 

experiment compared the co-combustion of pulverized 

biomass and diesel fuel with diesel fuel alone. Three different 

loading ratios of pulverized biomass from residual beet 

samples were used. Temperatures were measured at various 

positions inside the furnace to analyze combustion 

performance. It was observed that increasing the biomass 

loading ratios led to higher flame temperatures and 

improved combustion compared to diesel fuel alone. The 

concentrations of pollutants such as Co, HC, and soot 

emissions were measured for the co-combustion of different 

ratios of biomass with diesel fuel. The results showed a 

decrease in emissions compared to diesel fuel alone. By 

increasing the biomass loading ratios, emissions of nitrogen 

oxides, carbon monoxide, unburned hydrocarbons, and soot 

were reduced by approximately 25%, 50%, 23%, and 30% 

respectively, compared to diesel fuel alone. Overall, this 

study demonstrates the potential of co-firing biomass derived 

from agricultural residues with conventional fuel in 

industrial burners. These findings contribute to the 

understanding of biomass co-firing technology and support 

the development of sustainable and cleaner energy 

generation practices.   

Keywords: Pulverized biomass, diesel, co-combustion, 

emission, temperature. 

I. INTRODUCTION 

The need to transition from conventional fossil fuels to 

renewable energy sources is increasing due to the 

depletion of fossil fuels and their negative environmental 

impacts, such as contributing to global warming and 

harmful emissions [1-5]. To meet global energy needs, 

reduce environmental impacts, and minimize fuel 

consumption, it is urgent to find alternative renewable 

fuels. Biomass is considered a promising choice in 

addressing energy and pollution challenges [6-20]. 

 

Biomass refers to a mass of biological material created 

through living processes like photosynthesis. It is 

primarily composed of carbon, with oxygen, hydrogen, 

nitrogen, sulfur, and chlorine also present in varying 

amounts [21]. Biomass is highly oxygenated due to its 

carbohydrate nature. Compared to traditional fossil fuels, 

biomass has lower sulfur content, reducing pollutants like 

sulfur and nitrogen oxides [22]. It also emits fewer 

greenhouse gases, contributing to global warming. 

Additionally, biomass is an abundant and cost-effective 

renewable fuel [23-25]. 

 

In developing nations, biomass is already a significant 

energy source. Biomass direct combustion in fired 

furnaces is a common method for producing heat from 

renewable biomass fuel [26-32]. However, it has 

drawbacks such as low combustion efficiency and large 

emissions of unburned volatile vapors and solid fuel 

particles [33]. To address these challenges, co-combustion 

has emerged as a developed technology [34]. Co-

combustion involves blending biomass with other fuels 

like coal or natural gas to improve combustion efficiency, 

reduce emissions, and utilize existing infrastructure [35, 

36]. A 5% biomass substitution of coal energy in all coal-

fired power plants could result in a significant reduction in 

CO2 emissions[37-41]. 

 

Agricultural and agro-industrial waste can be used as 

biomass fuel for power generation, offering a solution to 

waste disposal problems [42]. Crop residues and agro-

industrial residues are the main categories of agricultural 

residues. Co-combustion of biomass fuels with coal has 

been extensively studied, as coal is a primary fuel source 

in many power generation systems [43]. Research has 

shown positive results in terms of reducing emissions and 

improving combustion efficiency [44]. 

 

Various studies have investigated the co-combustion 

characteristics, emission properties, and combustion 

efficiency of biomass-coal blends [45-48]. The results 
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have shown reduced emissions of nitrogen oxide (NOx) 

and sulfur dioxide (SO2), improved carbon burnout, and 

increased combustion efficiency [49]. Particle size and 

volatile matter content of biomass fuels can influence 

emission properties and particle burnout performance [50-

52]. Co-combustion of torrefied biomass under oxy-fuel 

conditions has also been studied, revealing differences in 

radiative heat flow and gas concentration measurements. 

In summary, biomass is a promising renewable fuel 

option to address energy and pollution challenges [53-56]. 

Co-combustion of biomass with other fuels can improve 

combustion efficiency, reduce emissions, and leverage 

existing infrastructure [57, 58]. Agricultural and agro-

industrial waste can be utilized as biomass fuel, offering a 

solution to waste disposal problems. Extensive research 

has been conducted on biomass-coal co-combustion, 

showing positive results in terms of emissions reduction 

and combustion efficiency [59]. 

II. MATERIAL AND METHOD  

A. Fuel Characterization and Biomass Preparation. 

Biomass and diesel fuel have different characteristics, 

with distinct compositions and properties. Biomass, such 

as agricultural residues, typically has a higher volatile 

matter content, which refers to the portion of the fuel that 

can vaporize and combust during the combustion process. 

This high volatile matter content contributes to the 

combustibility of biomass [60-65]. Biomass also has a 

higher oxygen content compared to fossil fuels like diesel. 

The presence of oxygen in biomass fuels promotes 

combustion and can contribute to lower emissions of 

certain pollutants during combustion. Additionally, 

biomass usually has a lower nitrogen content and little to 

no sulfur content, resulting in lower emissions of 

pollutants [66-70]. 

 

Cellulose and lignin are recognized as the main 

components of agricultural residues and many other types 

of biomasses. Cellulose is a complex carbohydrate found 

in the cell walls of plants, while lignin is a structural 

polymer that provides rigidity and strength. Both cellulose 

and lignin contribute to the energy content of biomass and 

undergo thermal decomposition during combustion [71-

75]. The moisture content of green biomass can negatively 

impact the combustion process. If the moisture content is 

too high, more fuel is needed to support combustion, 

which may hinder the goal of producing energy through 

biomass combustion for captive use or the market [76-79]. 

 

To effectively burn biomass fuel, it must be treated after 

collection and processing. This treatment involves drying 

the biomass and reducing its water content. The biomass is 

then mechanically processed by crushing and chopping it 

into small pieces. The smaller the fuel particles, the faster 

and more complete the combustion process. The solid fuel 

is then fed into the combustion furnace through the force 

of its weight and the mechanical movement of the air. 

 
Table 1. The properties of the sugar beet biomass sample used in the 

experiment. 

Properties    Biomass 

Protein        % 10% 

Fat               % 8.9% 

Carbohydrate      % 15% 

Ash        % 9.4% 

Moisture        % 10%     

Sugar percentage       % 3% 

Cellulose        % 30% 

Hemicellulose      % 26.8% 

Pectin       % 24.2% 

Lignin       % 4.1% 

Table 2. The properties of commercial diesel used in experiments. 

Experiment Method Diesel 

Density @ 15.56                         oC  ASTMD-4052 0.8370 

Kinematic viscosity, cSt @ 40    oC ASTM D-445 4.38 

Total sulfur, wt % ASTMD-4294 0.231 

Total acid number, mg KOH/g  ASTM D-664 0.056 

Pour point, oC ASTM D-97 0 

Ash content, wt.% ASTM D-482 Nil 

Cetane index ASTM 4737 50 

Copper corrosion ASTM D-130 1a 

Calorific value   KJ / Kg ASTM D-240 44547 

 

 

Figure 1. The samples of agriculture pulverized biomass.  
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B. Experimental setup 

A laboratory-scale furnace was designed and 

constructed to study the reaction flow, flame, and exhaust 

in a co-combustion system involving biomass and diesel 

fuel. The furnace utilized an industrial swirl-type burner 

(CUENOD, France Manufacturing) with a maximum heat 

capacity of 350 kW. Four R-type thermocouples were 

positioned radially inside the flame body and mounted on 

a multidimensional linear traversing mechanism to 

measure temperature [80-86]. Additionally, an R-type 

thermocouple was installed in the exhaust pipe to measure 

the temperature of the exhaust gas and determine flame 

temperature profiles [87-92]. 

 

To measure the concentration of emission gases (CO, 

CO2, HC, O2, and NOx), a Garboard-5020 emission gas 

analyzer was used [93-101]. The Gasboard-6010 Opacity 

Meter was employed to detect and measure the opacity of 

smoke emitted from the burner, covering the entire opacity 

spectrum from 0 to 100% as shown in figure 2 and 3. 

 

Figure 4 illustrates the biomass fuel cycle, which 

includes a biomass tank and a glass tube for measuring the 

volume of biomass. The residual agricultural beet samples 

were dried, shredded, and ground into a powder. These 

samples were placed in the biomass tank and mixed with 

diesel fuel in the required proportions by suspending them 

in the air at a constant rate. The pulverized biomass was 

delivered to the industrial burner facility through a pipe-

feeding system for the pilot-scale experiment [102-106]. 

Due to the volatile nature of the biomass, the combustion 

response of the pulverized biomass was expected to be 

homogeneous [107-115]. 

 

The fuel was fed into the burner by gravity from the 

tank above, and a fuel pump driven by the burner's motor 

was used to control the fuel flow rate. The airflow rate was 

regulated by valves and an on/off electronic control panel 

to maintain a constant rate of 100 mL/m3 and prevent 

blockages during the transportation of biomass particles, 

ensuring uniform delivery to the burner. Throughout all 

combustion tests, the diesel fuel flow rate was fixed at 

0.14 Liters per minute. Three different solid loading ratios 

(L1, L2, and L3) were used in the experiment by 

increasing the amount of solid fuel while keeping the air 

flow rate constant. 

 

 

 

Figure 2. A schematic diagram of the test rig.  
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Figure 3. Photo of experimental test rig set-up.

 

Figure 4. Biomass Cycle Pathway 

C.  uncertainty analysis. 

The instruments and sensors used in experiments caused 

some errors in the experimental results, so an uncertainty 

analysis was performed to ensure the accuracy of the 

results. Uncertainty calculations focused on burner 

operating parameters such as the flow rate of tested fuel 

and air flow rate, as well as emissions (CO, UH, smoke 

opacity, NOx, and temperature). Tables 3 present data on 

the experimental value range and precision of 

instrumentations and sensors. The root-sum-squared (RSS) 

method as shown in equation (1) was used in this study to 

determine the uncertainty of the independent variables and 

the errors associated with the measured parameters  [55]. 

wR =  ((
∂R

∂x1
w1)

2
 +  (

∂R

∂x2
w2)

2
 + ⋯ +

 (
∂R

∂xn
wn)

2
)

1
2

                              (1) 

Where R is the function uncertainty, WR is the 

dependent variable total of uncertainty. W1, W2, and Wn 

are the uncertainties of the independent variables of 

experimental operating parameters measured  X1, X2,... ., 

Xn. 

 
Table 3. Specification of measurement equipment. 

Instrument Parameter Range 
Percentage 

Uncertainty 

fuel meter type 
aquametro 
VZO 8 

flow rate of 
liquid fuel 

4:200      
l/h 

Error value  ±  1% 
Repeatability     ±0.2% 

Gas flow meter Flow meter of 
gas 

0.025:4    
m3/h 

±1% 

Rotameter Flow meter of 
air 

18:180    
m3/hr 

±6% 

R-type 
thermocouple 

Temperature 
of flame 

0 ᵒC to 
+1600 ᵒC 

Error value       ±1.50 
ᵒC Repeatability     
±0.25% 

Inclined 
manometer 

Air Mass flow 
rate of air 

0 ᵒC to 
+1600 ᵒC 

                ±0.2% 

 CO 0-10% Error value          ±3% 
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Instrument Parameter Range 
Percentage 

Uncertainty 

 
Gasboard-5020 
exhaust 
analyzer 

Repeatability      
±0.06% 

HC 0-9999 
ppm 

Error value          ±5% 
Repeatability      ±12 
ppm 

NOx 0-5000 
ppm 

Error value   ±5% 
Repeatability   ±25 
ppm 

Opacity Meter 
Gasboard-
6010. 

 
Soot emission 

 
0-100% 

 
Error value      ±3% 

Digital scale      Loading 
solid ratio 

0.002-
100 Kg 

                     ±1 

 

D.  Solid Fuel Samples 

The solids loading ratio, L, is defined as the ratio of the 

material's mass flow rate to the air's mass flow rate during 

conveyance. This dimensionless ratio, which has a 

constant value along a pipeline's length regardless of air 

pressure, temperature, and conveying air velocity, is a very 

helpful characteristic. Here, it is described as equation (2).  

 
L=

𝑚̇𝑝

𝑚̇𝑎
 (2) 

Where L is the solids loading ratio, dimensionless, ṁp 

mass flow rate of solid fuel,  and mass flow rate of air. 

According to the equation, the loading ratio increases as 

the amount of solid fuel to constant air ratio increases,  

The waste residual agricultural beet samples were dried, 

shredded, and ground into a powder-like consistency. The 

samples are placed in a prepared tank and pushed by air 

into the path of entering the industrial burner in the 

required proportions for the experiment, which are mixed 

with diesel fuel. Table 4 shows the mass flow rates of 

solid fuel and air used in the experiment to calculate the 

solid loading ratio. 

 
Table 4 : Loading conditions "mass flw rate of solide fuel additives"  

Loading 
conditions 

The mass flow rate 
of solid  ml/min 

The mass flow 
rate of air 

m3/hr 

Solid loading 
ratio L 

L1 2.5 1.67 1.2 

L2 4 1.67 1.8 

L3 6 1.67 2.7 

 

III. RESULTS AND DISCUSSIONS 

A burner was preheated with diesel fuel for 15 minutes 

before switching to biomass-diesel co-firing without 

interrupting its operation. Various parameters such as 

temperature, fuel flow rate, air flow rate, emissions, and 

soot opacity were measured. 

 

A. The effect of different solid loading ratios on the 

oxygen concentration in the exhaust: 

Figure 5 shows the percentage of oxygen concentration 

in the exhaust gases emitted by the co-combustion of 

biomass and conventional diesel at different solid loading 

ratios. Biomass has a higher oxygen content compared to 

conventional fuel due to its carbohydrate structure.  

 

As the solid loading ratio increases, the percentage of 

oxygen in the exhaust also increases. This is because less 

oxygen is consumed during fuel combustion when co-

firing biomass with diesel. The increased levels of volatile 

matter in biomass consume oxygen quickly, reducing 

oxygen availability to diesel and preventing oxygen from 

reaching diesel particles close to the burner. The oxygen 

concentration rises to 1.5%, 14%, and 38% for solid 

loading ratios L1, L2, and L3, respectively, compared to 

conventional diesel fuel. 

 
B.  The effect of different solid loading ratios on carbon 

monoxide (CO) emissions: 

Carbon fuels emit carbon monoxide when there is 

insufficient oxygen available for combustion. Figure 6 

shows the variations in CO levels for different solid 

loading ratios. Diesel fuel emits a significant amount of 

carbon monoxide compared to other fuel types. As the 

solid loading ratio increases, carbon monoxide levels also 

increase. This is because adding more biomass to the 

mixture results in delayed oxidation and slower reaction 

times for solid fuel. CO emissions decrease to 66%, 50%, 

and 33% for solid loading ratios L1, L2, and L3, 

respectively, compared to diesel fuel. 

 
C.  The effect of different solid loading ratios on 

nitrogen oxide (NOx) emissions: 

Figure 7 illustrates the NOx emissions from co-firing 

biomass and diesel at different solid loading ratios. The 

higher the biomass content in the fuel mixture, the lower 

the NOx emissions. Co-firing biomass and diesel 

effectively reduce NOx emissions compared to pure 

diesel. NOx emissions decrease by 16%, 25%, and 33% 

for solid loading ratios L1, L2, and L3, respectively, 

compared to diesel fuel. This is due to the high volatile 

content and low nitrogen content of biomass, which aids in 

the conversion of NO into N2. 

 
D.  The effect of different solid loading ratios on 

unburned hydrocarbon (HC) emissions: 

Figure 9 shows the HC emissions of co-combustion 

biomass and diesel at different solid loading ratios. HC 

emissions decrease as the solid loading ratio increases. 

This is a result of good mixing and the availability of 
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oxygen, which promote the fuel oxidation process and 

reduce the quantity of unburned hydrocarbons in 

combustion gases. 

 
E.  The effect of different solid loading ratios on smoke 

opacity: 

Figure 10 demonstrates the differences in soot emissions 

for various solid loading ratios. Co-firing biomass and 

diesel produce less soot than diesel alone. Soot emissions 

decrease by 20%, 30%, and 38% for solid loading ratios 

L1, L2, and L3, respectively. This is because biomass has 

a lower sulfur content than diesel, and the swirler burner 

provides sufficient mixing for good combustion. 

 
F. The effect of different solid loading ratios on 

exhaust gas temperature: 

Figure 11 shows the exhaust gas temperature for co-

combustion of different solid loading ratios of biomass 

and diesel. The exhaust gas temperature slightly increases 

as the solid loading ratio increases compared to pure diesel 

combustion. This is due to the addition of pellet biomass 

fuel, which generates more heat. 
 
G. The effect of different solid loading ratios on the 

maximum flame temperature of the combustion 

chamber: 

The maximum flame temperature of the combustion 

chamber was studied for different solid loading ratios of 

biomass and diesel. Figure 12 shows that increasing the 

solid loading ratio results in a higher maximum flame 

temperature. Pulverized biomass, compared to diesel fuel 

D100% and different ratios of solid loading, has a higher 

oxygen concentration, which leads to faster combustion 

and a higher peak temperature. Increasing the solid 

loading ratio increases the fuel-to-air ratio, resulting in 

more fuel being burned in the furnace and raising the 

maximum flame temperature.  

 

The maximum flame gas temperature increases by 835 

oC, 847 oC, and 856 oC for loading ratios of L1, L2, and 

L3, respectively. Figure 13 shows the relationship between 

oxygen content, loading ratio, and maximum temperature. 

It is evident that a high concentration of oxygen promotes 

oxidation reactions, improving combustion and raising the 

flame temperature. Increasing the loading solid ratio also 

increases the maximum flame temperature due to the high 

proportion of oxygen in biomass. 

 

H.  The effect of different solid loading ratios on the 

flame temperature in the centerline of the furnace. 

Figure 14 illustrates the distribution of flame gas 

temperatures along the central line of the burner outlet 

regions for different fuel mixtures. The distance between 

the burner nozzle and the measuring point is shown by the 

curve in the figure. The gas flame temperature in the 

burner outlet zone decreases consistently as the distance 

between the burner and the end of the furnace increases. 

This decrease is attributed to radiative heat transfer 

between the wall and the combustion products. The 

maximum flame temperature occurs within the 

measurement range of 30-40 cm. Increasing the solid 

loading ratio affects the average temperature inside the 

furnace and the maximum flame temperature. This is 

related to the increase in oxygen content during the co-

combustion of biomass with diesel, as more CO reacts 

with oxygen, producing CO2 and high heat capacity. The 

maximum flame gas temperature increases by 835 oC, 847 

oC, and 856 oC for loading ratios of L1, L2, and L3, 

respectively. 

 

I.  The effect of different solid loading ratios on the 

flame pictures and flame structure. 

 

To visualize the flame structure, flame pictures were 

captured using a digital camera. The flame pictures were 

compared to understand the behavior of the flame in the 

case of co-combustion between biomass and diesel. The 

flame occurred at different solid loading ratios of biomass. 

From the flame photos and maps, it is evident that the 

general flame structure remains unchanged for loading 

ratios L1, L2, and L3. Pulverized waste agriculture 

biomass enters the furnace chamber with the main swirler 

air stream, and the resulting centrifugal force causes it to 

be inclined outwards at the same angle as the swirler plate. 

Figure 15 shows the combustion of distributed biomass in 

a turbulent air combustion environment. When solid fuel is 

burned, ultrafine particles are released during the 

devolatilization phase and the burning phase of refractory 

components.  

 

The diesel-air combustion exhaust gas quickly heats and 

burns the biomass, and the particles move with the 

direction of the flame, resulting in bright yellow spirals. 

Due to the swirl effect, the volatiles disperse throughout 

the combustion chamber. Combustion improves when 

diesel is co-fired with biomass due to the rapid release of 

volatile matter from the biomass, leading to complete 

combustion and intense flame. Figure 16 shows the effect 

of the loading solid ratio on the flame shape, with the 

intensity of the flame increasing with the proportion of 

loading solid biomass. The swirling movement of the fuel 

from inside the burner to the combustion zone ensures 

good mixing of biomass and diesel. The small size of the 

biomass particles also contributes to better burning and a 

higher brightness intensity of the flame. 
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Figure 5. The percentage of oxygen released from co-firing biomass and 

diesel. 

 

Figure 6. The variations of CO emission with different solid loading 

ratio biomass. 

 

Figure 7. The variations of NOx emission with different solid loading 

ratio biomass. 

 

Figure 8. 3-D plotted the relationship between oxygen concentration 

and NOx emission at different solid loading ratios. 

 

 

Figure 9. The variation of HC emission against solid loading biomass 

ratio. 
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Figure 10. The variations of smoke opacity emission with different solid 

loading ratio biomass. 

 

Figure 11. The Exhaust flame temperature of co-combustion between 

pellet biomass and diesel. 

 

Figure 12. The maximum flame temperature of co-combustion 

between pellet biomass and diesel. 

 

Figure 13. 3-D plotted the relationship between oxygen concentration 

and maximum flame temperature at different solid loading ratios. 

 

 

Figure 14. The flame temperature at the centreline of a furnace at a 

different solid loading ratio. 
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Figure 15. The ultrafine particles of biomass produced by co-firing diesel with biomass. 
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Figure 16. The images of flames of different loading solid ratio. 
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IV. CONCLUSION 

The co-combustion of biomass and liquid fuels is an 

important method for utilizing solid waste from agriculture 

to generate energy. This study demonstrates the potential 

of co-firing pulverized biomass derived from agricultural 

residues with conventional fuel in industrial burners. The 

co-firing process improves combustion efficiency and 

shows that biomass can be used in existing industrial 

burners with minimal modifications. These findings 

contribute to the understanding of biomass co-firing 

technology and support the development of sustainable 

and cleaner energy generation practices. The study also 

found that increasing the biomass loading ratios enhances 

combustion and reduces emissions. For example, when 

three samples of solid fuels (L1, L2, and L3) were tested 

in co-combustion with diesel, the emissions of pollutants 

such as CO, UH, NOx, and soot decreased compared to 

diesel. The decrease in emissions ranged from around 66% 

to 33% for CO, 5% to 7% for UH, 16% to 33% for NOx, 

and 20% to 38% for soot, depending on the solid loading 

ratio. Additionally, as the loading solid ratios increase, the 

temperature of the exhaust gas and the maximum flame 

temperature of the biomass co-combustion with diesel also 

increase. 
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