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ABSTRACT: As part of the global energy transition towards more sustainable solutions, it is crucial to reduce dependence on 

fossil fuels by exploring renewable alternatives. This study focuses on the optimization of agricultural residues to develop 
biofuels for thermal power plants in Côte d’Ivoire. The raw materials studied come from rice, coffee and cocoa crops, which 
are abundant in rural areas of the country. The aim is to assess the feasibility of creating energy-efficient biofuels that are 
compatible with power plant boilers, while meeting environmental sustainability criteria. To achieve this, a linear programming 
model was used to determine the optimum proportions of the various agricultural residues to produce usable blends. The 
model considers higher heating value, the reduction of pollutant emissions and the preservation of combustion equipment. 
The energy performance of the fuels is then analyzed using a biomass power plant model. The results led to the development 
of two types of sustainable biofuel: the first, made up of 68% rice husk and 32% coffee husk, has a higher heating value of 
13.79 MJ/kg; the second, made up of 60% rice husk and 40% cocoa pod husk, has a higher heating value of 13.49 MJ/kg. These 
biofuels stand out for their ability to reduce pollutant emissions and preserve combustion equipment. Rice straw is added to 
these two fuels to form the matrix of sustainable biofuels to produce electricity from a biomass power plant in Côte d’Ivoire. 
This study shows that it is possible to make effective use of agricultural residues to create sustainable biofuels, thereby 
contributing to a transition towards a more sustainable energy mix. 
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1 INTRODUCTION 

The growing demand for energy, coupled with global environmental concerns, is driving many countries to explore 
sustainable alternative energy sources. This initiative aims to increase the share of renewable energy in the energy mix. To 
achieve this, the planet can also rely on its biomass potential. Currently, at the heart of several sustainable development 
projects, biomass is considered an alternative energy source to fossil fuels. Its use contributes to meeting energy needs, 
combating climate change, and preserving the natural resources of planet. Additionally, biomass combustion for electricity 
generation is a well-developed and competitive technology (Lakovou et al., 2012). However, biomass combustion in boilers 
faces several issues, including reduced thermal efficiency and the emission of acidic pollutants and harmful particles. Indeed, 
elements such as N, S, Cl, and inorganic compounds present in biofuels contribute to the formation of acidic pollutants and 
micro-particles, and are also responsible for ash fusion, leading to fouling and corrosion of boiler walls (Obernberger et al., 
2006). 

Moreover, the transport of biomass to power plants increases greenhouse gas emissions (Zinla et al., 2021 and 2022). 

To address the technical and environmental constraints associated with biomass combustion technologies, this study 
examines the possibility of developing more sustainable biofuels from agricultural residue blends. According to Edmunds et al. 
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(2018), blending different types of biomass to produce homogeneous raw materials offers a solution to problems related to 
the variability of physicochemical properties, seasonal and geographical availability of biomass, and allows for better control 
over raw material specifications. In this context, determining the optimal proportions of each biomass in the blend would 
ensure the effectiveness of this approach. 

To identify the best ratios of raw materials in the production of high-quality briquettes from cashew nut industry waste, 
Sawadogo et al. (2018) conducted a series of experimental tests on 15 briquette samples with varying proportions of water, 
binder, and biochar. These tests analyzed the physical, chemical, and energy characteristics of the produced briquettes. By 
evaluating properties such as calorific value, mechanical strength, and density, the researchers identified optimal formulations 
that produced a fuel with performance like charcoal. Gomez et al. (2021) assessed the energy potential of various agricultural 
residue blends using a commercial gasifier, testing 32 different configurations. Their study revealed that increasing the 
proportion of a specific element in the blend reduced the quality of the synthesis gas and the efficiency of the gasification 
process. Specifically, a high concentration of this element led to less favorable conditions for gas production. Nevertheless, the 
study also identified optimal configurations where the efficiency of gasifier was maximized. Castro et al. (2023) analyzed blends 
of brewery spent grains and eucalyptus wood chips to optimize steam production in a cogeneration system. By experimenting 
with 6 combinations with varying proportions, the study identified the optimal blend, which improved the energy performance 
of the system compared to the exclusive use of wood chips. 

These various studies have employed iterative methods to characterize fuels from different agricultural residue blends. 
However, these approaches are often limited by empirical testing, which may not always precisely define the sought-after 
optimal proportions. This study proposes an innovative analytical method to accurately determine the optimal ratios of the 
main components of a biofuel intended for biomass thermal power plants. This method is particularly suited to complex 
agricultural residue blends, offering a more effective and precise approach to optimizing biofuel formulations. 

2 METHODOLOGY 

2.1 MATERIALS 

2.1.1 CHARACTERISTICS OF AGRICULTURAL RESIDUES 

The agricultural residues studied in this research include rice husks, rice straw, coffee husks, and cocoa pod husk. These 
materials were selected due to their abundance in rural areas and their potential as sustainable resources for electricity 
generation in Côte d’Ivoire. The average energy potential of these crop residues is approximately 54.03 PJ per year, distributed 
as follows: cocoa pod husk (30.18 PJ/year), rice straw (18.82 PJ/year), rice husk (4.54 PJ/year), and coffee husk (0.49 PJ/year) 
(Koua et al., 2022). The thermochemical characteristics of these residues are detailed in the literature, providing essential 
information for their energy utilization and management. Table 1 summarizes data on their elemental and proximate 
compositions, as well as the Higher Heating Value (HHV). Table 2 presents a detailed analysis of the residual ash, including the 
distribution of chemical elements (Zinla et al., 2021). 

Table 1. Elemental and proximate composition (% wt.), and HCV (MJ/kg) of rice husk, rice straw, coffee husk and cocoa pod husk (Zinla 
et al., 2021)  

 Elemental composition  Immediate composition 

Residues C H N S O Cl HHV Moisture Volatile matter Ash Fixed carbon 

Rice husk 37.02 5.56 0.95 0.21 56.26 0.02 13.35 7.82 64,02 14,96 13,2 
Rice straw 33.51 4.73 0.50 0.26 61.00 0.30 10.49 9.52 64,86 23,7 1,92 
Coffee husk 39.68 5.41 3.01 0.32 51.58 0.27 14.71 11.3 72,94 8 7,76 
Cocoa pod husk 37.36 5.60 1.59 0.22 55.23 0.07 13.70 12.33 66,32 10,77 10,61 

Table 2. Composition (wt.%) of the ashes of the rice husk, rice straw, coffee husk and cocoa pod husk (Zinla et al., 2021)  

Residues 𝑲𝟐𝑶 𝑪𝒂𝑶 𝑴𝒈𝑶 𝑷𝟐𝑶𝟓 𝑺𝑶𝟑 𝑺𝒊𝑶𝟐 𝑪𝒖𝑶 𝑪𝒍 𝑷𝒃𝑶 𝑪𝒐𝑶 𝑭𝒆𝟐𝑶𝟑 𝑴𝒏𝑶 𝑵𝒂𝟐𝑶 𝑾𝑶𝟑 𝒁𝒏𝑶 𝑵𝒊𝑶 𝑨𝒍𝟐𝑶𝟑 

Rice husk 6.98 0.67 2.25 4.95 0.15 74.78 0.35 0.15 -- 0.22 0.3 0.2 0.1 8.68 0.1 0.12 -- 
Rice straw 13 4.33 1.95 1.48 0.95 64.45 0.72 1.27 -- 0.16 0.9 0.6 0.67 8.74 0.32 -- 0.46 
Coffee husk 72.05 9.76 3.02 2.55 3.54 1.65 0.59 3.35 1.67 0.17 0.73 0.14 0.26 -- 0.12 0.4 -- 
Cocoa pod husk 77.53 6.82 5.5 2.81 2.56 1.35 1.18 0.65 0.6 0.35 0.3 0.23 0.12 -- -- -- -- 
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A thorough understanding of the crop production seasons could not only facilitate storage operations but also significantly 
reduce transport costs associated with the residues (Koua et al., 2022). Indeed, this would optimize logistical planning by 
synchronizing harvest periods with available storage capacities. Additionally, precise management of agricultural seasons 
would help minimize delays and transport costs, while ensuring better preservation of agricultural residues throughout the 
supply chain. 

In Côte d’Ivoire, there are two annual harvest periods for cocoa beans and paddy rice, as well as one period for green coffee 
beans. The main cocoa harvest runs from October to March, followed by an intermediate harvest from April to August. For 
rice, the production season typically extends from February/March to August. Green coffee beans are harvested exclusively 
from September to December. Figure 1 illustrates the harvest periods for rice, coffee, and cocoa in Côte d’Ivoire (Koua et al., 
2022). Additionally, Figure 2 shows the production trends for cocoa beans, green coffee beans, and paddy rice in Côte d’Ivoire 
from 2013 to 2022 (FAO, 2024). This period highlights distinct dynamics for each product. Since 2017, cocoa bean production 
in Côte d’Ivoire has shown a generally positive trend. It increased from approximately 2,030,000 tons in 2017 to 2,200,000 tons 
in 2020, before stabilizing around 2,230,000 tons from 2021. This stable growth can be attributed to several factors, such as 
improved agricultural practices, the introduction of disease-resistant cocoa varieties, and political and economic support from 
donors (Bockel et al., 2021). 

 

Fig. 1. Harvest periods for rice, coffee and cocoa crops (Koua et al., 2022) 

 

Fig. 2. Trends in production of cocoa beans, green coffee beans and paddy rice in Côte d'Ivoire from 2013 to 2022 
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In contrast, paddy rice production has experienced a fluctuating trend over the same period, with an average annual 
production of about 1,860,000 tons. This variability is due to various factors, including climatic conditions, limited access to 
advanced agricultural technologies and storage infrastructure, and insufficient support for producers (Ouedraogo et al., 2021). 
Lastly, green coffee bean production has shown a declining trend since 2019, dropping from 95,200 tons in 2019 to 
approximately 70,000 tons in 2022. This decrease can be explained by several factors, such as reduced cultivated areas due to 
the expansion of more profitable cocoa crops, ageing coffee plantations, and less government support compared to other 
agricultural sectors. 

Crop residues are omnipresent in production areas throughout the harvest periods (Koua et al., 2022). Figure 3 presents a 
detailed map of the main production regions for cocoa beans, green coffee beans, and paddy rice in Côte d’Ivoire. This map 
reveals that residues from all three crops are particularly abundant in five regions: Tonkpi, Guémon, Haut-Sassandra, Cavally, 
and Lôh-Djibouah. Additionally, waste from cocoa and rice crops is also found in large quantities in six other key regions: 
Marahoué, Gôh, Nawa, San-Pedro, Gbôklé, and Agnéby-Tiassa. Cocoa residues are also present in three southeastern regions: 
Indénié-Djuablin, Moronou, and La Mé. Finally, rice cultivation also results in a high concentration of residues in the northern 
regions of the country (Esso, 2009; FAO et al., 2019; Koua et al., 2022). 

 

Fig. 3. Main regions producing cocoa beans, green coffee beans and paddy rice in Côte d'Ivoire 
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2.1.2 MODELLING A BIOMASS THERMAL POWER PLANT 

To evaluate the energy efficiency of biofuels, a model of a 5 MW biomass thermal power plant was developed based on 
the Hirn steam cycle, a technology known for its high efficiency. This model is built on the precise data from the study by Sahoo 
et al. (2016), allowing for a thorough analysis of the energy performance of the biofuels. The layout of the plant is illustrated 
in Figure 4. The installation comprises 5 main components: a biomass boiler, a two-stage steam turbine, a condenser, two 
pumps (low and high pressure), and a Feed Water Heater equipped with a deaerator. 

 

Fig. 4. Schematic diagram of the steam power plant 

The boiler generates steam at a pressure of 60 bars and a temperature of 500°C, which drives the turbine at a flow rate of 
5 kg/s. After passing through the turbine, the steam is condensed in the condenser; the condensed water is then pumped to a 
pressure of 5 bars and mixed with the purge steam before being returned to the boiler. Table 3 provides the efficiency ratings 
of the turbine, pumps, and boiler. 

Table 3. Turbine, pump and boiler efficiencies (Sahoo et al., 2016)  

Equipments efficiencies (%) 

Turbine 96 
Pumps 88 
Boiler 80 

2.2 METHODS 

2.2.1 CHARACTERIZATION OF BIOFUELS 

The authors (Cozzani et al., 1995; Skodras et al., 2009; Danias et al., 2018) have revealed that the interactions between 
components of lignocellulosic biomass blends are negligible. The studies by Heikkinen et al. (2004) and Farrow et al. (2013) 
also demonstrated that the thermochemical characteristics of these blends can be determined by taking a weighted sum of 
the properties of the individual constituents. 

This research opens the way to a new method for optimizing biofuels. Therefore, to design sustainable biofuels from 
agricultural residue blends, this study proposes a linear programming model to determine the ideal proportions of these 
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residues. The objective is to maximize the energy content while adhering to regulatory limits for elements N, S, Cl, K, Ca, and 
Zn. This approach ensures not only optimal energy performance but also contributes to the sustainability of the biofuels by 
minimizing environmental and technological impacts. The objective function of the linear programming is defined by relation 
(1). 

Maximize: 𝑯𝑯𝑽𝑩𝒍𝒆𝒏𝒅 = ∑ 𝑿𝒊(〖𝑯𝑯𝑽)〗𝒊
𝒏
𝒊=𝟏          (1) 

Where: 𝑯𝑯𝑽𝑩𝒍𝒆𝒏𝒅 is the Higher Heating Value (MJ/kg) of the blend, 𝑿𝒊  is the proportion (%) of the i-th residue in the blend 
and (〖𝑯𝑯𝑽)〗𝒊 is the Higher Heating Value of the i-th residue. 

According to Nussbaumer et al. (1997), Obernberger (2003), and Nussbaumer (2003), the emissions of acidic pollutants 
such as NOx, SOx, HCl, and PCDD/F during combustion in a boiler are directly related to the concentrations of the elements N, 
S, and Cl in the biofuel. Specifically, high concentrations of chlorine (exceeding 0.1%) lead to emissions of HCl and PCDD/F. 
Similarly, concentrations of sulphur above 0.2% generate SOx emissions, while NOx is produced when the nitrogen 
concentration exceeds 0.6%. Furthermore, corrosion issues can occur in the boiler when chlorine and sulphur concentrations 
exceed 0.1% respectively (Obernberger et al., 2006). The requirements for S, Cl, and N concentrations in the biofuel to ensure 
clean and trouble-free combustion are specified by relations (2), (3), and (4). 

∑ 𝑿𝒊(𝑺)𝒊
𝒏
𝒊=𝟏  ≤ 𝟎. 𝟎𝟎𝟏           (2) 

∑ 𝑿𝒊(𝑪𝒍)𝒊
𝒏
𝒊=𝟏  ≤ 𝟎. 𝟎𝟎𝟏          (3) 

∑ 𝑿𝒊(𝑵)𝒊
𝒏
𝒊=𝟏  ≤ 𝟎. 𝟎𝟎𝟔          (4) 

Where: (𝑺)𝒊, (𝑪𝒍)𝒊 and (𝑵)𝒊 are the concentrations (%) of S, Cl and N in the i-th residue in the blend. 

Ashes produced undergo various thermal and chemical transformations. The main inorganic components of ash play a 
crucial role in influencing the melting temperature, agglomeration in the boiler, and corrosion of metal surfaces (Van et al., 
2002; Spiegel, 2004). Potassium (K) is particularly significant as a primary catalyst in these processes. Due to its low melting 
temperature, potassium reacts with silicates or refractory materials in the combustion bed, forming eutectic mixtures that 
melt at temperatures lower than those of their individual constituents. These compact mineral aggregates can suffocate 
combustion and obstruct ash removal, thereby exacerbating the corrosion of metal surfaces (Mikkanen et al., 1999; Nielson et 
al., 2000; Armesto et al., 2002). 

The presence of alumina (Al2O3), magnesium oxide (MgO), calcium oxide (CaO), iron oxide (Fe2O3), or silicon dioxide (SiO2) 
in the ash increases its melting point, while the presence of phosphorus pentoxide (P2O5), sodium oxide (Na2O), or potassium 
oxide (K2O) decreases it (Obernberger et al., 2006; Armesto et al., 2002; Du et al., 2014). Generally, a potassium concentration 
in the ash above 7% significantly lowers its melting temperature. However, this temperature can be elevated when the calcium 
concentration exceeds 15%. Ashes can also lead to the emission of fine particles or be recycled or reused, if potassium and zinc 
concentrations remain below certain indicative limits (Obernberger et al., 2006). The constraints related to the concentrations 
of K2O, ZnO, and CaO in the biofuel ash for clean and trouble-free combustion are defined by equations (5), (6), and (7). 

∑ 𝑿𝒊𝑨𝒔𝒉𝒊〖(𝑲〗𝟐𝑶)𝒊
𝒏
𝒊=𝟏

∑ 𝑿𝒊𝑨𝒔𝒉𝒊
𝒏
𝒊=𝟏

 ≤ 𝟎. 𝟎𝟕          (5) 

∑ 𝑿𝒊𝑨𝒔𝒉𝒊(𝒁𝒏𝑶)𝒊
𝒏
𝒊=𝟏

∑ 𝑿𝒊𝑨𝒔𝒉𝒊
𝒏
𝒊=𝟏

 ≤ 𝟎. 𝟎𝟎𝟎𝟖          (6) 

∑ 𝑿𝒊𝑨𝒔𝒉𝒊(𝑪𝒂𝑶)𝒊
𝒏
𝒊=𝟏

∑ 𝑿𝒊𝑨𝒔𝒉𝒊
𝒏
𝒊=𝟏

 ≤ 𝟎. 𝟏𝟓          (7) 

Where: 𝑨𝒔𝒉𝒊 is the concentrations (%) of Ash in the i-th residue in the blend, 〖(𝑲〗𝟐𝑶)𝒊, (𝑪𝒂𝑶)𝒊, 〖(𝒁〗𝒏𝑶)𝒊 are the 
concentrations (%) of 𝑲𝟐𝑶, 𝑪𝒂𝑶 and 𝒁𝒏𝑶 in the ash of the i-th residue in the blend. 

The constraints related to the optimal ratios are defined by equations (8) and (9). 

∑ 𝑿𝒊
𝒏
𝒊=𝟏 = 𝟏            (8) 

𝑿𝟏, 𝑿𝟐, … , 𝑿𝒏 ≥ 𝟎           (9) 
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The residues from rice, coffee, and cocoa crops exhibit nitrogen (0.95%–3.01%), sulphur (0.21%–0.32%), and potassium 
(13%–77.53%) concentrations that exceed permissible thresholds. Consequently, these constraints cannot be incorporated 
into the linear programming model used to determine the optimal ratios in the formulation of sustainable biofuels from these 
mixtures. However, technical solutions available in the literature can be implemented to reduce NOx and SOx emissions. 

2.2.2 ANALYSIS OF THE ENERGY PERFORMANCE OF BIOFUELS 

In the analysis of performance and optimization of energy systems, several authors rely on the laws of thermodynamics. 
Researchers such as Singh et al. (2000), Beerbaum and Weinrebe (2000), Kaushik et al. (2001), Kosugi and Pak (2003), Montes 
et al. (2009), Kalogirou (2009), and Morin et al. (2012) have applied the first law of thermodynamics for the energy analysis of 
hybrid power plants. This law, also known as the principle of conservation of energy, states that the total energy of an isolated 
system remains constant. By applying this law, researchers have been able to quantify the incoming energy, compare it to the 
energy produced, and assess the losses. This has allowed for the measurement of system efficiency, identification of areas 
needing improvement, and development of strategies to optimize energy production while minimizing losses. 

Exergy analysis, on the other hand, relies on the second law of thermodynamics to evaluate the efficiency of processes by 
identifying exergy losses and deviations from an ideal state. This approach helps to pinpoint the least efficient stages, 
understand the impact of thermodynamic phenomena, and propose the best solutions for system optimization (Szargut et al., 
1988). To assess the energy performance of biofuels, the energy and exergy efficiencies of the biomass thermal power plant 
model are the two key parameters considered. These efficiencies are determined following the energy and exergy analyses of 
the steam thermal plant. Table 4 provides the thermodynamic properties of the steam in the installation required for the 
calculation. 

Table 4. Thermodynamic properties of steam in the biomass power plant 

Point Pressure (bar) Temperature (C) Enthalpy (kJ/kg) Entropy (kJ/kg K) Mass flow rate (kg/s) 

1 0.1 45.82 191.8 0.6493 4.269 
2 5 45.85 192.4 0.6495 4.269 
3 5 98.84 414.5 1.293 5 
4 60 99.44 421.1 1.296 5 
5 60 500 3422 6.881 5 
6 5 204.60 2865 7.079 0.731 
7 0.1 45.82 2330 7.352 4.269 

2.2.2.1 ENERGY ANALYSIS 

The energy efficiency of the thermal power plant is defined by relation (10). 

𝜼𝒆𝒏 =
𝑾𝒏𝒆𝒕

𝑸𝒃𝒊𝒐𝒎
            (10) 

Where: 𝜼𝒆𝒏 is the energy efficiency of the biomass thermal power plant, 𝑾𝒏𝒆𝒕 is the Net power of the biomass thermal 
power plant (kW) and 𝑸𝒃𝒊𝒐𝒎 is the total heat produced from biomass (kW). 

Relations (11), (12), (13), and (14) respectively allow for the determination of the net power of the installation (𝑾𝒏𝒆𝒕), the 
thermal power produced by the combustion of biomass (𝑸𝒃𝒊𝒐𝒎), the thermal power of the boiler (𝑸𝒃𝒐𝒊𝒍𝒆𝒓), and the lower 
heating value (𝑳𝑯𝑽) (Sahoo et al., 2016). 

𝑾𝒏𝒆𝒕 = 𝒎[𝜶(𝒉𝟓 − 𝒉𝟔) + (𝟏 − 𝜶)(𝒉𝟓 − 𝒉𝟕)]        (11) 

𝑸𝒃𝒊𝒐𝒎 =  𝒎𝒃𝒊𝒐𝒎 ∗ 𝑳𝑯𝑽          (12) 

𝑸𝒃𝒐𝒊𝒍𝒆𝒓 =  𝒎(𝒉𝟓 − 𝒉𝟒) = 𝜼𝒃𝒐𝒊𝒍𝒆𝒓 ∗ 𝑸𝒃𝒊𝒐𝒎        (13) 

𝑳𝑯𝑽 = 𝑯𝑯𝑽 − (𝟐𝟐𝟔. 𝟎𝟒 ∗ 𝑯) − 𝟐𝟓. 𝟖𝟐 ∗ 𝒘        (14) 
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Where: m is the mass flow rate of steam (kg/s), α is the fraction of steam extracted from the turbine, 𝒎𝒃𝒊𝒐𝒎 is the mass 
flow rate of the biomass feeding the boiler (kg/s), 𝜼𝒃𝒐𝒊𝒍𝒆𝒓 is the energy efficiency of the boiler, 𝐻 is the hydrogen content of 
the biomass (%), 𝑤 is the moisture content of the biomass (%), LHV is the lower heating value of the biomass (kJ/kg) and HHV 
is the higher heating value of the biomass (kJ/kg). 

2.2.2.2 EXERGY ANALYSIS 

The exergy efficiency of the biomass thermal power plant is defined by relation (15). 

𝜼𝒆𝒙 =
𝑾𝒏𝒆𝒕

𝑬𝑿,𝒃𝒊𝒐𝒎
            (15) 

Where: 𝜼𝒆𝒙 is the exergy efficiency of the biomass thermal power plant, and 𝑬𝑿,𝒃𝒊𝒐𝒎 is the Exergy associated with the 

biomass flow (kW). 

The exergy associated with the biomass flow is equal to the sum of its physical exergy and its chemical exergy. The physical 
exergy of the biomass is neglected as its initial state is the same as the reference environment state. Therefore, its exergy is 
equal to its chemical exergy, which is determined by relation (16) (Sahoo et al., 2016). 

𝑬𝑿,𝒃𝒊𝒐𝒎 = 𝒎𝒃𝒊𝒐𝒎 ∗ 𝝓 ∗ 𝑳𝑯𝑽          (16) 

Where: 𝝓 is a multiplying factor determined by relation (17) (Szargut, 2005). 

𝝓 = 𝟏. 𝟎𝟒𝟎𝟏 + 𝟎. 𝟏𝟕𝟐𝟖 ∗
𝑯

𝑪
+ 𝟎. 𝟎𝟒𝟑𝟐 ∗

𝑵

𝑪
 + 𝟎. 𝟐𝟏𝟔𝟗 ∗

𝑶

𝑪
∗ (𝟏 − 𝟎. 𝟐𝟎𝟔𝟐 ∗

𝑯

𝑪
)    (17) 

Where: C, H, O and N are the dry biomass weight (%) of carbon, hydrogen, oxygen and nitrogen. 

The exergy efficiency of the thermal power plant can also be defined based on the energy efficiency and the factor 𝜙 
according to relation (18). 

𝜼𝒆𝒙 =
𝟏

𝝓
∗ 𝜼𝒆𝒏           (18) 

3 RESULTS AND DISCUSSION 

3.1 CHARACTERIZATION OF BIOMASS FUELS 

The characterization study of biomass fuels reveals that only two types of sustainable biofuels can be produced from blends 
of rice, coffee, and cocoa residues. The first biofuel (B1) consists of 68% rice husk and 32% coffee husk, while the second biofuel 
(B2) contains 60% rice husk and 40% cocoa pod husk. Table 5 presents the nitrogen (N), sulfur (S), chlorine (Cl) concentrations, 
ash content, and the higher heating value (HHV) of these biofuels. The analysis indicates a significant improvement in the 
concentrations of certain chemical elements and the heating values of the blends compared to the base residues. However, 
the concentrations of nitrogen and sulfur remain above the permissible limits, raising concerns about the corrosion of heat 
exchangers caused by acidic pollutants (NOx and SOx), especially when flue gases reach their acid dew point in the exhaust 
ducts (Ghysel et al., 2010). 

Table 5. Elemental composition (% wt.) of N, S, Cl, Ash and HHV (MJ/kg) of biofuels 

 Composition 

Biofuels N S Cl HHV Ash 

B1 1.61 0.25 0.10 13.79 12.73 
B 2 1.21 0.21 0.04 13.49 13.28 
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3.2 ASH COMPOSITION 

An improvement is also noted in the ash composition of the biofuels. The ashes produced contain a greater proportion of 
refractory materials (SiO2, CaO, MgO, Fe2O3) compared to alkaline materials (K2O). Figure 5 shows the distribution of the main 
inorganic components in the ashes. Nonetheless, problems related to ash agglomeration and ash-related corrosion may occur, 
especially at high combustion temperatures. During combustion, alkaline oxides or salts can react with refractory compounds 
to form eutectic mixtures (e.g., K2O·CaO·6SiO2, K2O·4SiO2, K2Fe2O4), whose melting points exceed 740°C (Mikkanen et al., 1999; 
Nielson et al., 2000; Armesto et al., 2002). These phenomena may intensify during the combustion of coffee and cocoa residues, 
as these residues generate ashes with higher potassium oxide concentrations, with a melting temperature around 350°C 
(Bardeau, 2009). 

 

Fig. 5. Distribution of the main inorganic components in the ashes of biofuels 

3.3 ENERGY AND EXERGY ANALYSIS 

The energy analysis shows that the combustion of these fuels provides an energy efficiency of approximately 27% for the 
steam thermal plant. This indicates that nearly 73% of the thermal energy produced by biomass combustion is lost. In contrast, 
the exergy efficiency ranges between 18.64% and 20.13%, depending on the type of biofuel used in the boiler. Therefore, 
between 18.64% and 20.13% of the energy from the combustion of biofuels is converted into mechanical work to drive the 
electric generator. Figure 6 illustrates the exergy efficiencies of the biofuels in the thermal plant. The lowest exergy efficiency 
is observed with rice straw, while the highest is achieved with coffee husks. 
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Fig. 6. Exergy efficiency of thermal power plant as a function of biofuel 

3.4 ENVIRONMENTAL CONSIDERATIONS 

The studied crop residues are found to be sustainable biofuels for environmental protection when used in a biomass 
thermal power plant (Zinla et al., 2021). The carbon dioxide emitted during their combustion is considered neutral since the 
amount released equals that absorbed by the plants during their growth (Saidur et al., 2011). Moreover, nitrogen oxides, sulfur 
oxides, and particulates can be captured or reduced using electrostatic filters or by implementing staged combustion with air 
or fuel. Chlorine content can also be reduced through leaching (Obernberger et al., 2006; Khan et al., 2009). 

In the context of optimizing availability and improving the quality of biomass, rice straw, as well as biofuels B1 and B2, offer 
a promising basis for sustainable biofuels aimed at efficient energy utilization of residues in a biomass thermal power plant for 
electricity production in Côte d’Ivoire. 

4 CONCLUSION 

The study investigates the possibility of developing sustainable biofuels from mixtures of residues from rice, coffee, and 
cocoa crops with the aim of producing electricity in Côte d’Ivoire, thereby enabling the sustainable utilization of these 
resources. Based on the results and observations from various experimental studies, this research develops an analytical 
approach using a linear programming model subject to constraints related to the problematic concentrations of biofuel 
components, to determine the optimal ratios of the mixture constituents. 

The analysis reveals that it is feasible to produce only two types of sustainable biofuels from the residue mixtures of rice, 
coffee, and cocoa crops. Specifically, rice straw as well as biofuels B1 and B2 form the basis for sustainable biofuels derived 
from the residues of rice, coffee, and cocoa crops for electricity generation from a biomass power plant in Côte d’Ivoire. 
However, the study recommends pre-washing the various biofuels before combustion in the boiler to reduce their chlorine 
content. Additionally, it suggests installing electrostatic filters on the boilers and/or employing staged combustion techniques 
with the fuel or air to reduce emissions of NOx, SOx, and harmful microparticles. 
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