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Biomass is considered one of the best options for mitigating
greenhouse gas (GHG) emissions and substitutes for fossil fuels.
This study investigated the effect of optimization ratios on the
combustion emissions of co-fired pellets produced from coconut
shell (CS) and palm kernel shell (PKS) using waste paper as a
binding agent. Ten pellets were produced mechanically using a
manual screw press machine. Two optimization models were
adopted: Model I includes ratios of 90%C:10%P, 80%C:20%P,
70%C:30%P, 60%C:40%P, and 50%C:50%P, while Model 11
includes ratios of 90%P:10%C, 80%P:20%C, 70%P:30%C,
60%P:40%C and 50%P:50%C . The optimized pellets were
characterized through proximate and ultimate analyses in
accordance with ASTM standards. Data obtained was used to
analyse the combustion emissions. Results obtained revealed that,
on both wet and dry bases, the 50%:50% optimization ratio in
Models I and Il had better potential for mitigating combustion
CO:; and SO; emissions than other optimization ratios, which
exhibited relatively higher values. Similarly, models demonstrated
more favourable emissions on a wet basis than on dry basis.
Comparatively, Model I showed greater potential in CO;
mitigation, while Model Il was more effective in SO, mitigation.
All optimized pellets in both models exhibited low CO; and SO:
emissions on wet and dry composition analyses, as recommended
by the Bureau of Energy Efficiency. The findings from this study
underscore the potential of varying CS and PKS ratios in
optimizing combustion emissions in a Biomass Power Plant,
highlighting the effectiveness of CS in SO; reduction and PKS in
CO; reduction.

This article is open access under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Over the past few decades, there has been rapid and sustained growth in interest on biomass fuel for energy production
and utilization worldwide. From an environmental viewpoint, Casaca [1] highlighted several advantages of biomass
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fuels compared to conventional fossil fuels. Biomass fuels, despite their renewable nature, are lower in sulphur content
and are usually CO; neutral. In fact, countries around the world and the European Union (EU) have intensified the use
of biomass energy in the last few decades [2]. According to Hamelinck et al. [3], about 13% of the world's energy supply
comes from biomass, even though fossil fuels have dominated with approximately 80% of the total for decades [4-5].
Similarly, Demirbas et al. [6] reported that about 12% of the total energy supply in industrialized countries is from
biomass, while in developing countries, biomass accounts for 35% of the total energy demand. Many researchers regard
biomass as one of the best options for mitigating greenhouse gas (GHG) emissions and substituting fossil fuels because
it is the broadest field in renewable energy [8-9]. Tissari et al. [10] and Yin et al. [11] opined that there is no net increase
in CO; emissions during the combustion of biomass; rather, it is a major conversion method for bio-energy. However,
Zhang et al. [12] noted that biomass combustion is associated with emissions influenced not only by fuel properties but
also by combustion operating parameters such as excess air ratio, mixing quality, residence time, and combustion
temperature [13].

The study on the co-firing of palm kernel shell and coconut shell holds significant importance within the context of
sustainable energy production and environmental impact reduction. Palm kernel shell and coconut shell are abundant
biomass resources, particularly in regions with thriving palm oil and coconut industries, such as West Africa, Malaysia,
and Indonesia [14]. Utilizing these agricultural residues for energy generation can help reduce dependence on non-
renewable resources, aligning with global efforts to transition towards cleaner and more sustainable energy sources.
Understanding the optimization ratio in the co-firing process is crucial for maximizing energy production efficiency
while minimizing environmental pollutants. Sulphur dioxide (SO»), a widely recognized air pollutant, significantly
impacts ecosystems, human health, and climate [15]. Investigating the optimal ratio of palm kernel shell to coconut
shell allows for a targeted approach to balance combustion characteristics, potentially mitigating the environmental
impact associated with conventional combustion practices. Furthermore, this research addresses the need for alternative
energy sources that contribute to energy security and meet stringent environmental standards. By examining the effect
of optimization ratios on CO> and SO, emissions, this study aims to provide insights into designing biomass co-firing
systems that are both economically viable and environmentally friendly. This is particularly relevant given the
increasing global concern about climate change and the imperative to transition to cleaner energy solutions. The findings
from this study will have practical implications for industries involved in energy production. The optimization ratio
determined through this research could serve as a valuable guideline for companies seeking to adopt or improve their
biomass co-firing practices. This aligns with the broader goal of fostering sustainability in the industrial sector by
encouraging the adoption of environmentally responsible energy production methods.

Essentially, this study focuses on the synergistic combustion of palm kernel shell (PKS) and coconut shell pellets,
aiming to unravel the intricate effects of optimizing their ratio in the context of CO, and SO, emissions during
combustion. As the global community grapples with the urgent need to reduce carbon footprints and mitigate
environmental impacts, understanding the nuanced dynamics of biomass co-firing becomes crucial for shaping cleaner
and more efficient energy practices. This investigation delves into the complexities of balancing PKS and coconut shell
pellets to achieve an optimal ratio, shedding light on the consequential implications for combustion emissions, with
particular emphasis on carbon dioxide (CO,) and sulphur dioxide (SO,). However, it is worthy of note to state that
several studies have already investigated biomass co-firing, pellet optimization, and emissions analysis. Nevertheless,
none has conducted investigations on the optimization of blended CS and PKS biomass, with blended waste paper as
binder, to establish the consequential implications for combustion emissions, particularly carbon dioxide (CO,) and
sulphur dioxide (SO,). Consequently, through a comprehensive exploration of this interplay, this study aspires to
investigate the consequential effects of blended CS and PKS biomass, with blended waste paper as binder on the
combustion emission CO; and SO, and provide valuable insights to the burgeoning field of sustainable energy
production, paving the way for informed decisions that align with environmental stewardship and energy security.
Furthermore, the study will also provide insights on the optimal fuel mixture for CS and PKS biomass thereby achieving
the desired reduction in combustion CO; and SO; emissions in established Biomass-Power Plants.

2. Methodology

2.1 Biomass Collection

Biomass samples, including coconut shell (CS) and palm kernel shell (PKS), were collected from selected dumpsites
located at the Nigeria Institute for Oil Palm Research (NIFOR) in Edo State, Nigeria. The samples were sun-dried for a
week to reduce moisture content and facilitate grinding.

2.2Pulverization, Optimization and Production of Pellets

A grinding machine was used to pulverize the samples. The optimization ratios adopted for pellet production in this
study were based on the reports of Wang et al. [15], Onochie et al. [16], Khalidah et al. [17], Rohan [18], Baster [19],
and Vamvuka et al. [20]. Two models for optimization are presented in Table 1.
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Table 1: Optimization Models

Models Optimization Ratio

I 90C%:10%P 80%C:20%P 70C:30%P 60%C:40%P 50%C:50%P

II 90%P:10%C 80%P:20%C 70%P:3C 60%P:40%C 50%P:50%C
P: PKS, C: CS.

Pellets were produced manually using the optimization models with the aid of a mechanical screw press. Organic waste
material, such as waste paper, was used as a binder. The pellets were then sun-dried for a week to naturally reduce
moisture content and increase hardness before undergoing characterization analysis.

2.3 Characterization of Pellet Samples
2.3.1 Determination of the proximate analysis of the optimized co-fired pellets

The ASTM standard D5373-02 (2003) was used for the proximate analysis, which includes determining the physical
properties of the fuel pellets. These properties consist of moisture content, ash content, volatile matter, and fixed carbon.

2.3.1.1 Moisture Content (% MC)

Each 10g sample was measured and placed separately in a porcelain container. The containers and their contents were
then oven-dried at 110°C for 3 hours to achieve a constant weight. The moisture content was evaluated using Equation
1.

% MC = % x 100 (1)
Where g represents the weight of the sample, x is the weight of the dry matter, and (g-x) represents the weight loss.

2.3.1.2 Ash Content (% AC)
The ash content of the fuel pellets was determined using a muffle furnace. The results were evaluated using Equation
2.

% Ash = (XE) x 100 )
Where, g denotes the weight of the sample, and x is the weight of ash
2.3.1.3 Volatile Matter (% VM)

The volatile matter of the fuel pellets was evaluated using Equation 3.

% V.M ="Yx 100 3)
g

Where, g denotes the weight of the sample, x the weight of dry matter, and y the weight of the residues.

2.3.1.4 Fixed Carbon (% FC)
The fixed carbon is evaluated using Equation (4), which is the difference between 100% and the summation of other
properties.
%FC =100 — (VM + MC + Ash) 4
Where VM denotes volatile matter, MC denotes moisture content, and Ash denotes ash content.
2.3.2 Determination of the Ultimate Analysis of the Optimized Co-fired Pellets
The ultimate analysis indicates the chemical composition of the optimized pellets and includes percentage content of
constituents such as carbon, hydrogen, sulphur, nitrogen and oxygen.
2.3.2.1 Carbon content (%6CC)
The carbon content was analyzed using equation 5.

(B=T) XM x 0.003 x 100 x 1.33

% Carbon = " (%)
Where, B = Blank Titre, T = Sample Titre and g = Weight of sample

2.3.2.2 Nitrogen content (%NC)

The nitrogen content was analyzed using equation 6.

% Nitrogen = {XMXCOHXDD) o 10 (6)

g
Where, M = molarity of the acid used, g = Weight of sample, T = Titre value and DF = Dilution factor

87



Onochie UP, et al. / NIPES Journal of Science and Technology Research
7(2) 2025 pp. 85-104

2.3.2.3  Sulphur content (% SC)
The sulphur content was analyzed using equation 7.

% Sulphur = 22872 100 (7)
where, g = weight of sample and x = weight of BaSO4

2.3.2.4 Hydrogen content (%HC)

The hydrogen content was analyzed using equation 8.
wt of H;0 X 0.1119 X 100

% Hydrogen = (®)
wt of pellet
where 0.1119 is a constant derived from empirical equation in Leibig-Pregle method
2.3.2.5 Oxygen content (%0C)
The oxygen content was analyzed using equation 9.
%0xygen = 100 — (C + H + N + S + %Ash) 9)

2.4 Analysis of the Calorific Value of the Optimized Co-fired Pellets
Using the data from the laboratory analysis, Equation 10 was used to calculate the calorific value (CV) (kJ/kg). The
volatile matter, moisture, and ash were considered as the key variables (inputs) for determining the calorific value
[21]. The calorific value based on ultimate (elemental) analysis considers the contents of C, H, N, S, and O elements
[22].

cV = EAT:% (10)
where E is energy equivalent of the calorimeter (13,039.308 kJ/°C), ATis change in temperature (°C), ® is 2.3 time
length of burnt wire (kJ), g is mass of sample (kg), and V is volume of alkali in calorimeter (kJ).

2.5 Combustion Emissions and Performance Analysis

To determine the combustion performance and emissions (CO: and SO2) of the fuel pellets, it is necessary to evaluate
the chemical formula of each co-fired optimized pellet. Therefore, data from the ultimate analysis, which includes
carbon, hydrogen, oxygen, nitrogen, and sulfur, will be used. The equivalent chemical formula is expressed as
CaHpOcNgS.. The combustion performance analysis is determined using Equation 11.

CoH,0.N,S, + x0, + x(79/21)N2 - pC0, + qH,0 + S0, + sN, (11)

Equation 12 is used to determine the percentage composition of combustion product gases.
Amount of substance of component

% Composition of component = (12)

Total amount of substance of all components
3. Results And Discussion
3.1 Effect of the Optimization Ratio on the Calorific Value of Co-fired Pellets

From Equation 10, data obtained were used to calculate the calorific values of the optimized pellets for Model I and
Model II and presented in Figures 1a and 1b.

B CALORIFIC VALUE (kg/KJ) B CALORIFIC VALUE (kg/KJ)
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Figure 1a: Optimized pellets (Model I) Figure 1b: Optimized pellets (Model II)
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As presented in Figure 1a (Model I), it was observed that as the percentage ratio of the coconut shell (C) decreases, the
calorific value of all optimized pellets declined (i.e. value shifted from left to right) from 90%C:10%P to 50%C:50%P.
On the other hand, as the percentage ratio of the palm kernel shell (P) increases, calorific value increases (i.e. value
shifted from right to left). In Figure 1b (Model II) however, similar scenario played out but in opposite manner. That is,
as the percentage ratio of the coconut shell (C) increases, the calorific value of the all optimized pellets continue to
increase from 90%C:10%P to 60%P:40%C optimized pellets (i.e. shifted from right to left). Meanwhile, as the
percentage ratio of the palm kernel shell (P) decreases, the calorific value increases (i.e. shifted from left to right).
Essentially, findings here revealed that increase in the percentage constituent of coconut shell (C) increases the calorific
values of all the optimized pellets, while a decrease in the percentage constituent of palm kernel shell decreases the CV
of optimized pellets. This validates the fact that coconut shell has a higher CV than palm kernel shell. In Model I, the
CV ranged from 30, 630 klJ/kg to 30, 730 kJ/kg, while the optimal ratio with the highest CV is 90%C:10%P and the
lowest is 60%C:40%P. Meanwhile, in Model II, the CV ranged from 30, 558 kJ/kg to 30, 598 kJ/kg while the optimal
ratio with the highest CV is 60%P:40%C. The calorific value for 50%C:50%P and 50%P:50%C remained the same in
Models I and II because of the equality between the individual constituents of the cofired pellets.

It is worthy of note that for industrial consideration and application of cofired pellets (i.e. coconut and palm kernel
shells), the optimal mixing ratio for the production of pellets is 90%C:10%P which also validates the value of the
percentage carbon in the ultimate analysis (Table 3a). Similarly, the optimal mixing ratio 90%C:10%P as well as all the
cofired pellets, validates the percentage volatile matter (VM) in the proximate analysis (Tables 2a & 2b). The high VM
shows that the ignition of the cofired fuels will certainly produce combustion performance that is most likely going to
be efficient and effective.

3.1 Effect of the Optimization Ratio on the Proximate Analysis of the Co-fired Pellets

Tables 2a and 2b present the results of the proximate analysis of the optimized co-fired pellets for Model I and Model
II, respectively.

Table 2a: Proximate analysis of optimized co-fired pellets (Model I)

Parameter Optimization Ratio
100%P 100%C 90%C: 80%C: 70%C: 60%C: 50%C:
10%P 20%P 30%P 40%P 50%P
% MC 9.00 10.23 8.98 8.96 8.70 8.58 9.60
% VM 88.61 86.11 87.95 88.11 88.53 88.79 87.30
% AC 1.40 2.24 1.68 1.59 1.48 1.41 1.83
% FC 0.99 1.42 1.39 1.34 1.29 1.22 1.27

Table 2b: Proximate analysis of optimized co-fired pellets (Model 1)

Parameter Optimization Ratio
90%P:10%C 80%P:20%C 70%P:30%C 60%P:40%C
% MC 9.37 9.33 9.27 9.22
% VM 87.91 87.83 88.06 88.36
% AC 1.59 1.53 1.49 1.43
% FC 1.13 1.08 1.02 1.00

As revealed from Tables 2a and 2b, the percentage moisture content (%MC) of all optimized co-fired pellets was found
to be within the range of 10-15%, which implies that these pellets are suitable for efficient combustion [23]. In Model
I, as shown in Table 2a, the ratio of PKS increases as CS decreases in the co-fired pellets. Consequently, the %MC
decreases because 100% PKS (i.e., 100% P) has a lower %MC than 100% CS (i.e., 100% C). Similarly, in Model II
(Table 2b), as the ratio of PKS decreases and CS increases in the mixture, there is a corresponding shift in the %MC of
the co-fired pellets. The co-fired pellets with the best optimal ratio, with respect to %MC, is the 60%C:40%P co-fired
pellets (Model I) with 8.58% MC.
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Maciejewska et al. [24] reported that low %MC in biomass aids in storage and prevents decomposition and rotting.
According to Kakooza [25], fuel pellets with higher volatile matter (% VM) ignite easily and have enhanced combustion
performance due to increased chemical activity. Oyelaran et al. [26] also reported that biomass fuels with high %VM
ignite and burn easily, though they produce long smoky flames. Again, regarding % VM, the optimal ratio is the
60%C:40%P co-fired pellets (Model I) with 88.79% VM.

In terms of percentage ash content (%AC), the 60%C:40%P co-fired pellets (Optimization Model 1) are preferred, with
1.41% AC. Higher %AC indicates more mineral matter in the fuel, which is undesirable as it reduces handling and
burning capacity and affects combustion efficiency [27]. Similarly, studies by Loo and Koppejan [28], Japhet et al. [29],
and Onochie et al. [30] also reported that higher %AC affects the calorific value (CV) of a fuel. The %AC results
revealed that all co-fired pellets exhibited low ash content, ranging from 1.41% to 1.83%, which is significantly lower
than the Bureau of Energy Efficiency's recommended ash level of 5 to 40% for boilers. Overall, the results of the
proximate analysis validate the findings of several researchers [23 - 30].

3.2 Effect of the Optimization Ratio on the Ultimate Analysis of the Co-fired Pellets
Tables 3a and 3b present the result of the ultimate analysis of the co-fired pellets for Model I and Model II respectively.

Table 3a: Ultimate analysis of optimized co-fired pellets (Model I)

Parameter Optimization Ratio

100%C 100%P 90%C: 80%C: 70%C: 60%C: 50%C:
10%P 20%P 30%P 40%P 50%P

% CC 62.4 46.28 60.0 57.6 55.2 53.8 514

% NC 0.10 0.90 0.14 0.16 0.20 0.23 0.25

% SC 0.42 0.10 0.39 0.35 0.33 0.30 0.26

% HC 5.67 5.59 5.54 5.49 5.43 5.38 5.34

% OC 30.01 46.44 32.34 34.81 37.36 38.88 40.92

Table 3b: Ultimate analysis of optimized co-fired pellets (Model II)

Parameter Optimization Ratio
40%C:60%P 30%C:70%P 20%C:80%P 10%C:90% P
% CC 48.1 452 43.6 40.9
% NC 0.27 0.29 0.32 0.34
% SC 0.22 0.20 0.18 0.14
% HC 5.30 5.24 5.18 5.13
% OC 44.65 47.58 49.23 51.90

In Table 3a, the percentage carbon content (%CC) of the optimized pellets range from 40.9% to 60.0%. This validates
the report of Mitchual et al. [31] and Gil et al. [32] which suggests that %CC should be within the range of 44% to
52%.The percentage sulphur content (%SC) of the optimized pellets range between 0.14% and 0.39% which validates
the work of Onochie et al [33] which states that high %SC causes corrosion due to the rate of sulphuric acid formed
during and after combustion of fuel. The %SC also validates the work of Olatunde et al [34] which reported % SC <
0.08%. The percentage nitrogen content (%NC) of the optimized pellets ranges between 0.14% and 0.34%. This is
similar with the values obtained as standard limits in [34].

3.3 Effect of Optimization Ratio on the Chemical Formula of Pellets

The equivalent chemical composition (molecular formula) by mass of each of the pellets is C,H,OcNgS. as stated in
Equation 11. Thus, data containing the various constituents in Table 3 (ultimate analysis results) was used to evaluate
the unknown variable (a, b, c, d, and e) so as to determine the chemical formula of optimized co-fired pellets.

3.3.1.1 Chemical formula of 90%C: 10%P

The molecular masses of carbon, hydrogen, oxygen, nitrogen, and sulphur are 12, 1, 16, 14, and 32, respectively.
Therefore, the chemical composition is as follows:

Carbon constituent: 12a = 60.0, a =5

Hydrogen constituent:1b = 5.54, b = 5.54

Oxygen constituent: 16¢ = 32.34, ¢ = 2.0213

Nitrogen constituent: 14d = 0.14, d = 0.01

Sulphur constituent:32e = 0.39, e = 0.01393
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Therefore, the chemical formula for the 90%C:10%P co-fired optimized pellet is CsHs5402.0213No.01S0.01393. A similar
method of evaluation was used for 80%C:20%P, 70%C:30%P, 60%C:40%P, 50%C:50%P, 90%P:10%C, 80%P:20%C,
70%P:30%C, and 60%P:40%C co-fired optimized pellets. The equivalent chemical compositions of all pellets are
presented in Table 4.

Table 4: Chemical formula for optimized pellets

S/N Co-fired optimized pellets Equivalent chemical formula
1. 90%C:10%P Cs Hs.s4 O2.0213 No.ot So.01393
2. 80%C:20%P C4.8H5.4902.18 No.0114S0.0100
3. 70%C:30%P Ca.6 Hs.43 O234 No.o149 So.0103
4. 60%C:40%P Ca.48 Hs38 O2.43No.0164 So.0194
5. 50%C:50%P Ca.28 Hs34 O2.56No.0179 So.0081
6. 90%P:10%C Cs.41 Hs.13 03.24N0.0243 So.0044
7. 80%P:20%C Cs.63 Hs.18 O3.08 No.0229 So.0056
8. 70%P:30%C C3.77 Hs.24 02.97N0.0207 So.0063
9. 60%P:40%C Ca.01 Hs30 O2.79N0.0193 So.0069

3.4 Effect of the Optimization Ratio on the Combustion Emissions of Co-fired Pellets

According to Lizica et al. [35], the combustion of a fuel can be defined as a chemical process in which the fuel reacts
with oxygen to burn and produce heat. Lizica et al. further opined that the analysis or composition of a fuel being
considered for combustion deals with the concentrations of carbon, hydrogen, nitrogen, and sulfur. Similarly, Ramesh
et al. [36] defined combustion analysis as a major determinant in the operation and control of combustion processes.
However, Anufriev et al. [37] stated that for combustion to be safe and effective, the right quantity and mixture of fuel
and oxygen must be fed into the burner. Consequently, sub-sections 3.4.1 to 3.4.9 presents and discusses the effect of
the optimization ratio on the combustion emission CO, and SO, of co-fired pellets

3.4.1 Effect of 90%C: 10%P optimized co-fired pellet on combustion CO, and SO,
The stoichiometric equation for the combustion of 90%C: 10%P optimized pellets [CsHs.5402.0213No0.01S0.01393] is given
by Equation 13.
CsHs 5402.0213N0.0150.01303 + ¥1[02 + (79/21)N2] - p1C0, + qH,0 + 1150, + [t; + }’1(79/21)1\/2]

(13)
Hence, balancing the constituents on both sides of the combustion equation yields the final stoichiometric combustion
for the 90%C:10%P optimized co-fired pellets.

Cs5Hs5402.0213N0.01S0.01303 + 5[02 + (79/21)1v2] - 5C0, + 2.77H,0 + 0.0139350, + 18.81N,(14)

3.4.1.1 Wet and dry bases analyses of 90%C:10%P optimized co-fired pellet

Therefore, from Equation 14, the total amount of wet products is 26.594 kmol, while the total amount of dry products
is 23.82393 kmol. Using Equation 12, the percentage composition of wet products is as follows: 18.80% CO2, 10.4159%
H>0, 0.0524% SO, and 70.73% N,. On dry analysis: 20.99% CO», 0.058% SO,, and 78.95% N,. Figures la and 1b
present the 90%C:10%P co-fired pellets based on the wet and dry percentage composition of combustion emission
gases.

% Wet composition of optimized % Dry composition of optimized
pellets pellets
W 90%C:10%P W 90%C: 10%P
70.73
78.95
18.8
10.4159 20.99
0.0524 0.058
H = =
CO2 H20 SO2 N2 COo2 S02 N2
Figure 2a: Wet composition analysis Figure 2b: Dry composition analysis
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From Figures 2a and 2b, comparative analysis showed that the percentage composition of CO, and SO, emissions on a
wet basis is lower than on a dry basis. However, both the wet and dry analyses validate Olatunde et al. [34] and the
Bureau of Energy Efficiency, which suggested that SO, should not be above 0.5% in fuel due to the high corrosion rate
it causes in steam boilers.

3.4.2 Effect of 80%C: 20%P optimized co-fired pellet on combustion CO; and SO:
The stoichiometric equation for the combustion of 80%C:20%P optimized pellets [Cs.sHs4902.18No.0114S0.0109] is given
by Equation 16.

C48Hs5490;218N0.011450.0100 + V2 [02 + (79/21)N2] - p,C0, + q;H,0 + 1,50, + [tz + J’Z(79/21)N2] (15)
The final stoichiometric combustion for 80%C:20%P optimized co-fired pellets.

ChgHs5.490518Ng011450.0100 T 5.0934[02 + (79/21)N2] — 5.0934C0, + 2.745H,0 + 0.010950, + 19.16N, (16)
3.4.2.1 Wet and dry bases analyses of 80%C:20%P optimized co-fired pellet

From Equation 13, the total amount of wet products is 27.0102 kmol, while the total amount of dry products is 24.2643
kmol. Using Equation 13, the percentage composition of wet products is as follows: 18.86% CO», 10.16% H-0, 0.04%
SO,, and 70.94% N,. On dry analysis: 20.99% CO,, 0.045% SO,, and 78.96% N,. Figures 3a and 3b present the
80%C:20%P co-fired pellets based on the wet and dry percentage composition of combustion emission gases.

% Wet composition of optimized % Dry Composiltlion of optimized
pellets pellets

H 80%C:20%P
m 80%C:20%P

70.94 78.96
18.86 20.99
10.16
- 0.04 J 0.045
Cco2 H20 S02 N2 CcOo2 SO2 N2
Figure 3a: Wet Composition Analysis Figure 3b: Dry Composition Analysis

Figures 3a and 3b show that the 80%C:20%P optimized pellets have potential CO, emissions of 18.86% and SO,
emissions of 0.04% on a wet basis, including nitrogen and water vapour, which account for 70.94% and 10.16%,
respectively. On a dry basis, CO, and SO, emissions are 20.99% and 0.045%, respectively. The dry composition
exhibited slightly higher emissions than the wet composition. This result reveals a significant reduction in combustion
emissions of CO; and SO», indicating that an increase in the optimization ratio of PKS against CS has the potential to
mitigate combustion emissions of CO, and SO,. Similarly, both the wet and dry composition analyses validate Olatunde
et al. [34] and the Bureau of Energy Efficiency, which suggested that SO, shouldn’t be above 0.5% in fuel due to the
high corrosion rate it causes in steam boilers.

3.4.3 Effect of 70%C: 30%P optimized co-fired pellet on combustion CO, and SO,
The stoichiometric equation for the combustion of 70%C:30%P pellets [C4.6Hs.430234No0.0149S0.0103] is given by Equation
17.

C4.6Hs5.430234N0.014950.0103 + V3 [02 + (79/21)N2] - p3C0;, + q3H,0 + 1350, + [t3 + J’3(79/21)N2]-
(17)

The final stoichiometric combustion for 70%C:30%P optimized co-fired pellets.
Ca6Hs 4305 34No.014950.0103 + 4.798[0, + (79/51)No] = 4.6C0, + 2.715H,0 + 0010350, + 18.05N,(18)
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3.4.3.1 Wet and dry bases analyses of 70%C:30%P optimized co-fired pellet

From Equation 18, the total amount of wet products is 25.3753 kmol, while the total amount of dry products is 22.6603
kmol. Using Equation 13, the percentage composition of wet products is as follows: 18.13% CO,, 10.70% H>0, 0.041%
SO,, and 71.13% N;. On dry analysis: 20.30% CO», 0.0455% SO, and 79.65% N,. Figures 4a and 4b present the
70%C:30%P optimized pellets based on the wet and dry percentage composition of combustion emission gases.

% Wet composition of optimized % Dry composition of optimized

pellets pellets

B 70%C:30%P B 70%C:30%P
71.13 79.65
18.13 20.3
10.7

N om o B o

CO2 H20 SO2 N2 COo2 S02 N2
Figure 4a: Wet Composition Analysis Figure 4b: Dry Composition Analysis

Figures 4a and 4b show that the 70%C:30%P optimized pellets have potential CO, emissions of 18.13% and SO,
emissions of 0.041% on a wet basis, including nitrogen and water vapor, which account for 71.13% and 10.16%,
respectively. On a dry basis, CO, and SO, emissions are 20.30% and 0.0455%, respectively. The dry composition
exhibited slightly higher emissions than the wet composition. Comparatively, this result reveals a significant reduction
in combustion CO, emissions compared to the 90%C:10%P and 80%C:20%P ratios, implying that an increase in the
optimization ratio of PKS against CS has the potential to mitigate CO, emissions. However, there was no significant
difference in SO, emissions between the 70%C:30%P and 80%C:20%P ratios. Again, the wet and dry analyses validate
Olatunde et al. [34] and the Bureau of Energy Efficiency.

3.4.4 Effect of 60%C: 40%P optimized co-fired pellet on combustion CO; and SO,
The stoichiometric equation for the combustion of 60%C:40%P optimized pellets [Cs.4sHs3302.43N0.0164S0.0194] is given
by Equation 19.
C4.48H5380243N0.016450.0194 + J’4[02 + (79/21)N2] - psC0; + q,H, 0 + 1,50, + [t4 + Y4(79/21)N2]
19)
The final stoichiometric combustion for 600%C:40%P optimized co-fired pellets.
Cy.48H5.3802.43N0.016450.0104 + 4.95[0, + (79/21)1v2] - 4.48C0, + 2.69H,0 + 0.019450, + 18.62N,(20)

3.4.4.1 Wet and dry bases analyses of 60%C:4 0%P optimized co-fired pellet

From Equation 20, the total amount of wet products is 25.8094 kmol, while the total amount of dry products is 23.1194
kmol. Using Equation 13, the percentage composition of wet products is as follows: 17.36% CO», 10.42% H,0, 0.075%
SO,, and 72.14% N». On a dry basis: 19.38% CO,, 0.084% SO, and 80.54% N,. Figures 5a and 5b present the
60%C:40%P optimized pellets based on the wet and dry percentage composition of combustion emission gases.

93



Onochie UP, et al. / NIPES Journal of Science and Technology Research
7(2) 2025 pp. 85-104

% Wet composition of optimized % Dry composition of optimized

pellets pellets

m 60%C:40%P m 60%C:40%P
72.14 80.54
17.36 19.38
10.42

i N H .

co2 H20 S0O2 N2 co2 SO2 N2
Figure S5a: Wet composition analysis Figure Sb: Dry composition analysis

From Figures 5a and 5b, it was observed that the 60%C:40%P optimized pellets have potential CO, emissions of 17.36%
and SO, emissions of 0.075% on a wet basis, including nitrogen and water vapour, which account for 72.14% and
10.42%, respectively. On a dry basis, CO, and SO, emissions are 19.38% and 0.084%, respectively. The dry
composition exhibited slightly higher emissions than the wet composition. This result shows a significant reduction in
combustion CO, emissions compared to the 90%C:10%P, 80%C:20%P, and 70%C:30%P ratios. This means that a
continuous increase in the optimization ratio of PKS against CS has the potential to mitigate CO, emissions. However,
it was observed that SO, emissions continue to rise as the optimization ratio of PKS increases against CS. This trend
was revealed in the results for the 70%C:30%P, 80%C:20%P, and 90%C:10%P ratios. Nevertheless, the percentage wet
and dry composition analyses validate Olatunde et al. [34] and the Bureau of Energy Efficiency.

3.4.5 Effect of 50%C: 50%P optimized co-fired pellet on combustion CO; and SO,
The stoichiometric equation for the combustion of 50%C:50%P optimized pellets [Ca.28Hs3402.56N0.0179S0.0081] 1S given
by Equation 21.

C4.28H5340256N0.017950.0081 + }’5[02 + (79/21)N2] - psC0; + qsH,0 + 1550, + [ts + Vs (79/21)1\’2]
2n

The final stoichiometric combustion for 50%C:50%P optimized co-fired pellets.
Ca26Hs.3402.56N0.017950.0081 + 4.936[0, + (79/51)N2] = 4.28C0, + 2.67H,0 + 0.0081S0, + 18.57N, (22)

3.4.5.1 Wet and dry bases analyses of 50%C:50%P optimized co-fired pellet

From Equation 21, the total amount of substance of wet products is 25.5281 kmol, while the total amount of substance
of dry products is 22.8581 kmol. From Equation 13, the percentage composition of wet products is as follows: 16.77%
CO3, 10.46% H>0, 0.032% SO,, and 72.74% N,. For the dry analysis, the composition is 18.72% CO,, 0.035% SO,
and 81.24% No». Figures 6a and 6b present the 50% C:50% P optimized pellets based on the wet and dry percentage
composition of combustion emission gases.
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Figure 6a: Wet Composition Analysis Figure 6b: Dry Composition Analysis

In Figure 6a, the 50% C:50% P optimized pellets exhibited 16.77% CO, emission and 0.032% SO; emissions on a wet
basis, including 72.74% nitrogen and 10.46% water vapor. However, in Figure 6b, on a dry basis, it exhibited 18.72%
CO; emission and 0.035% SO, emissions. As expected, the dry composition exhibited slightly higher emissions than
the wet composition. More importantly, the 50% C:50% P mixture revealed a significantly higher reduction in
combustion emissions of CO; and SO; on both wet and dry bases compared to the 90% C:10% P, 80% C:20% P, 70%
C:30% P, and 60% C:40% P optimized pellets. Furthermore, this result validates the work of Olatunde et al. [34] and
the Bureau of Energy Efficiency.

3.4.6 Effect of 90%P: 10%C optimized co-fired pellet on combustion CO; and SO,
The stoichiometric equation for the combustion of 90%P:10%C optimized pellets [C3.41Hs.130324N0.0243S0.0044] is given
by Equation 23.

C3.41H5.130324N0.024350.0044 + Y602 + (79/21)1\’2] - peCO, + qgH,0 + 1550, + [ts + %(79/21)1\/2]
(23)
The final stoichiometric combustion for 90%P:10%C optimized co-fired pellets.

C3.41Hs 1303 24No.0024350.00a4 + 3.079[0; + (79/51)N2]| = 3.41C0, + 2.565H,0 + 0.004450, + 11.58N,
(24)
3.4.6.1 Wet and dry bases analyses of 90%P:10%C optimized co-fired pellet

From Equation 24, the total amount of substance of wet products is 17.5594 kmol, while the total amount of substance
of dry products is 14.9944 kmol. From Equation 13, the percentage composition of wet products is as follows: 19.42%
CO,, 14.61% H-0, 0.025% SO,, and 65.95% N,. For the dry analysis, the composition is 22.74% CO,, 0.029% SO,,
and 77.23% No». Figures 7a and7b present the 90% P:10% C optimized pellets based on the wet and dry percentage
composition of combustion emission gases.
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Figure 7a: Wet composition analysis Figure 7b: Dry composition analysis

In Figure 7a, the 90% P:10% C optimized pellets exhibited 19.42% CO, emissions and 0.025% SO, emissions on a wet
basis, including 65.95% nitrogen and 14.61% water vapour. However, on a dry basis, Figure 7b exhibited 22.74% CO-
emissions and 0.029% SO, emissions. Again, as expected, the dry composition is slightly higher than the wet
composition. More importantly, the 90% P:10% C mixture revealed a significant reduction in combustion emissions of
SO, on both wet and dry bases compared to the 90% C:10% P, 80% C:20% P, 70% C:30% P, 60% C:40% P, and 50%
C:50% P optimized pellets. Furthermore, it was also observed that as the optimization ratio of PKS against the CS
increases, the percentage composition of CO- reduces while that of SO» increases slightly. In other words, CS has more
potential in SO, mitigation. Nevertheless, all percentage compositions of CO, and SO, validate the work of Olatunde
et al. [34] and the Bureau of Energy Efficiency.

3.4.7 Effect of 80%P: 20%C optimized co-fired pellet on combustion CO; and SO,
The stoichiometric equation for the combustion of 80%P:20%C optimized pellets [C3.63Hs.18 O3.08N0.0220S0.0056] 1S given
by Equation 26.

C3.63Hs5.1803.08N0.022950 0056 + V702 + (79/21)N2] - p,C0; + q;H,0 + 1,50, + [t; + J’7(79/21)N2]
(25)
The final stoichiometric combustion for 80%P:20%C optimized co-fired pellets.
C3.63Hs.1503.083N0.022050.0056 + 3:376[0, + (79/51)N2] = 3.63C0, + 2.56H,0 + 0.005650, + 12.70N,(26)

3.4.7.1 Wet and dry bases analyses of 80%P:20%C optimized pellet

From Equation 26, the total amount of substance of wet products is 18.8956 kmol, while the total amount of substance
of dry products is 16.3356 kmol. From Equation 13, the percentage composition of wet products is as follows: 19.21%
CO,, 13.55% H,0, 0.03% SO, and 67.21% N». On a dry basis, the analysis yields 22.22% CO,, 0.034% SO, and
77.74% N,. Figures 8a and 8b present 80%P:20%C optimized pellets based on the wet and dry percentage composition
of combustion emission gases.
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Figure 8a: Wet Composition Analysis Figure 8b: Dry Composition Analysis

In Figure 8a, the 80%P:20%C optimized pellets exhibited 19.21% CO, emissions and 0.03% SO, emissions on a wet
basis, including 67.21% nitrogen and 13.55% water vapor. However, on a dry basis, Figure 8b exhibited 22.22% CO;
emissions and 0.034% SO, emissions. As expected, the dry composition is slightly higher than the wet composition.
The 80%P:20%C revealed a reduction in combustion CO; emissions on both wet and dry basis analyses compared to
the 90%C:10%P, 80%C:20%P, 70%C:30%P, 60%C:40%P, 50%C:50%P, and 90%P:10%C optimized pellets.
Additionally, it was observed that as the optimization ratio of PKS against the CS increases, the percentage composition
of CO; emissions continues to decrease while the SO, emissions increase slightly.

3.4.8 Effect of 70%P: 30%C optimized co-fired pellet on combustion CO; and SO
The stoichiometric equation for the combustion of 70%P:30%C optimized pellets [C3.77H5.2402.97N0.0207S0.0063] 1S given
by Equation 27.

C3.77H52402.97N0.020750.0063 + Ya[02 + (79/21)N2] - pgCO, + qgH,0 + 1350, + [tg + YS(79/21)N2]

27)
The final stoichiometric combustion for 70%P:30%C optimized co-fired pellets.
C3.77Hs 2405.07N0 0207S0.0063 + 3.6013[0, + (79/51)N2] = 3.60138C0, + 2.62H,0 + 0.006350, + 13.55N,
(28)
3.4.8.1 Wet and dry bases analyses of 70%P:30%C optimized pellet
From Equation 28, the total amount of substance of wet products is 19.778 kmol, while the total amount of substance
of dry products is 17.158 kmol. From Equation 13, the percentage composition of wet products is as follows: 18.21%
CO,, 13.25% H0, 0.032% SO, and 68.51% N». On a dry basis, the analysis yields 20.99% CO,, 0.037% SO,, and
78.97% Na. Figures 9a and 9b present 70%P:30%C optimized pellets based on the wet and dry percentage composition
of combustion emission gases.
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Figure 9a: Wet composition analysis Figure 9b: Dry composition analysis

In Figure 9a, the 70%P:30%C optimized pellets exhibited 18.21% CO; emissions and 0.032% SO, emissions on a wet
basis, including 68.51% nitrogen and 13.25% water vapor. However, on a dry basis, Figure 9b exhibited 20.99% CO,
emissions and 0.037% SO, emissions. As expected, the dry composition is slightly higher than the wet composition.
The 70%P:30%C revealed a reduction in combustion CO; emissions on both wet and dry basis analyses compared to
the 90%C:10%P, 80%C:20%P, 70%C:30%P, 60%C:40%P, 50%C:50%P, 90%P:10%C, and 80%P:20%C optimized
pellets. Additionally, it was observed that as the optimization ratio of PKS against CS increases, the percentage
composition of CO; emissions continues to decrease while the SO, emissions increase slightly.

3.4.9 Effect of 60%P: 40%C optimized co-fired pellet on combustion CO> and SO,
The stoichiometric equation for the combustion of 60%P:40%C optimized pellets [Ca4.01Hs.3002.79N0.019350.0069] 1S given
by Equation 29.

C4.01H5.3002.79N0.019350.0069 T }’9[02 + (79/21)1\’2] = pgCO; + qoH,0 + 1550, + [t9 + }’9(79/21)1\’2] 29
The final stoichiometric combustion for 60%P:40%C optimized co-fired pellets.
C4.01H5.3002.79N0.019350.0060 + 3.9469[0, + (79/21)N2] - 4.01C0, + 2.65H,0 + 0.006950, + 14.85N,  (30)

3.4.9.1 Wet and dry bases analyses of 60%P:40%C optimized pellet

From Equation 30, the total amount of substance of wet products is 21.517 kmol, while the total amount of substance
of dry products is 18.867 kmol. From Equation 13, the percentage composition of wet products is as follows: 18.64%
CO,, 12.32% H-0, 0.032% SO, and 69.02% N,. On a dry basis, the analysis yields 21.25% CO,, 0.037% SO», and
78.71% N,. Figures 10a and 10b present 60%P:40%C optimized pellets based on the wet and dry percentage
composition of combustion emission gases.
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In Figure 10a, the 60%P:40%C optimized pellets exhibited 18.64% CO, emissions and 0.032% SO, emissions on a wet
basis, including 69.02% nitrogen and 12.32% water vapour. However, on a dry basis, Figure 10b exhibited 21.25% CO-
emissions and 0.037% SO, emissions. As expected, the dry composition is slightly higher than the wet composition.
Similarly, the 60%P:40%C revealed a reduction in CO, emissions on both wet and dry basis analyses compared to the
other optimized pellets. Furthermore, it was observed that as the optimization ratio of PKS to CS increases, the
percentage composition of CO, emissions continues to decrease while the SO, emissions slightly increase.

3.5 Comparative Analysis of CO2 and SOz Emissions of the Models of Optimized Pellets
3.5.1 Wet and Dry CO; Emissions of Model I Compared to Model 11
Figures 11a and 11b present a comparative analysis of CO2 emissions of Model I and Model II on a wet basis.
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Figure 11a: Wet Basis of Model I Figure 11b: Wet Basis of Model 11

Figures 12a and 12b present the comparative analysis emission CO, of Model I and II on dry basis.
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Figures 11a, 11b, 12a, and 12b present the wet and dry CO, emissions of Model I and Model II of the optimized pellets.
Figures 11a and 11b (Model I and II) revealed that the 50%:50% optimization ratio has the lowest and same percentage
of CO; emission at 16.77% on a wet basis. Similar results were obtained and replicated in Figures 12a and 12b, with an
18.72% composition of CO, emission on a dry basis. Essentially, Models I and II showed that on both wet and dry
bases, the 50%:50% optimization ratio of the biomass residues (i.e., PKS and CS) has a greater potential for mitigating
combustion CO; emissions than other optimization ratios with relatively higher values. The results also showed that
emissions were more favourable on a wet basis. Comparatively, Model I exhibited more favourable CO, emissions than
Model II on both wet and dry bases.

3.5.2 Wet and Dry Combustion Emission SO of Model I against Model 11
Figures 13a and 13b present comparative analysis of emission SO, of Model I and II on wet basis.
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Figures 14a and 14b present the comparative analysis emission SO, of Model I and II on dry basis.
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Again, in Figures 13a, 13b, 14a, and 14b, results were presented for the wet and dry SO» emissions of Models I and II
of the optimized pellets. Figures 13a and 13b (Model I and II) revealed that the 50%:50% optimization ratio has the
lowest and same percentage of SO, emissions at 0.032%. Similarly, this was replicated in Figures 14a and 14b, with
0.035% SO, emissions. Both Models I and II showed that on both wet and dry bases, the 50%:50% optimization ratio
of the biomass residues (i.e., PKS and CS) has greater potential in mitigating combustion SO, emissions. Comparatively,
on both wet and dry bases, Model II exhibited more favourable SO, emissions compared to Model I.

3.6 Findings in this study

In terms of combustion sustainability and efficiency, the best optimal mixing ratio for the production of cofiring pellets
is 90%C:10%P based on the higher calorific value obtained, the percentage carbon in the ultimate analysis (Table 3a)
and the percentage volatile matter (VM) in the proximate analysis (Tables 2a & 2b). However, the focus of this study
is to establish the optimal mixing ratio for mitigating combustion emission CO; and SO, which the 50%C:50%P cofired
pellet in Model I and 50%P:50%C in Model II demonstrated. The study therefore identified significant findings as
follows:

e In Model I, CO; emission remained relatively higher between 90%C:10%P and 80%C:20%P optimization
ration but began to decrease as the ratio of CS to PKS began to shift towards 50%C:50%P. In other words, the
lower the percentage ratio of CS to PKS, the lower the CO, emission. Similarly, in Model II, CO» emissions
continued to reduce with decrease in percentage ratio of CS to PKS (i.e. 90%P:10%C to 60%P:40%C). That
is to say that the PKS constituent in the cofired pellet influences the low CO, emission while the CS constituent
influences higher emission of CO,.

e However, in Model I, SO, emissions was relatively lower between 90%C:10%P and 80%C:20%P optimization
ratio but slightly began to increase as the percentage ratio of CS to PKS increased from 70%C:30%P to
60%C:40%P. In other words, the higher the percentage ratio of CS to PKS, the higher the SO, emission.
Similarly, in Model II, SO, emissions increased initially and thereafter, stabilized from 70%P:30%C to
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60%P:40%C. Again, this implies that the PKS constituent in the cofired pellet influences higher SO emission
while the CS constituent influences lower SO, emission.

e Essentially, in Models I & II respectively, it was observed that there was drastic reductions in both CO, and
SO, emissions at the 50%C:50%P optimization ratio on both wet and dry analyses aligning with Bureau of
Energy Efficiency guidelines. This could be due to a balance between the both constituents in the cofired pellet.

These findings underscore the potential of varying CS and PKS ratios in optimizing combustion emissions in a Biomass
Power Plant, highlighting the effectiveness of CS's in SO, reduction and PKS in CO; reduction while supporting
previous research and energy efficiency standards.

3.7 Applications of Optimized Pellets for Industrial and Domestic Purposes

As earlier stated and discussed in section 3.1, optimized cofired pellets can be implemented in industrial or domestic
application. For instance, in the industries where high temperature and pressure steam is required for their processing
and/or power generation, the optimal mixing ratio of 90%C:10%P must be applied for the production of cofired pellets.
This will enable effective combustion performance, efficiency and sustainability. It is also important to note that
adequate quality pellets (i.e. high CV and VM) improves sustainability of fuel combustion. In other words, less fuel is
required for combustion process unlike when the CV is low. However, if for any reason (s), there is abundance supply
of palm kernel shell over coconut shell; therefore, the 60%P:40%C optimized mixing ratio with CV of 30, 598 kJ/kg
could serve as an alternative for improved combustion performance and sustainability.

4. Conclusion

This study explored the impact of optimization ratios on the combustion performance of tropical co-fired biomass
pellets, employing two distinct models. Experimental findings and combustion performance analyses demonstrated that
the 50%:50% optimization ratio in both Model I and II consistently yielded the lowest CO, and SO, emissions
percentages on wet and dry bases. This underscores its efficacy in mitigating combustion emissions compared to other
ratios tested, which exhibited higher emissions values. Furthermore, results indicated that emissions were generally
more favourable on wet bases than on dry bases. Model I exhibited superior potential in CO, mitigation, while Model
II showed greater effectiveness in SO» reduction. Thus, depending on whether the focus is on CO; or SO, mitigation,
Model I or Model II should be selected for optimization efforts, respectively. These findings provide valuable insights
into optimizing biomass residues such as PKS and CS for enhanced environmental performance in combustion
applications.
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