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Abstract: In the context of the fight against climate change and the development of renewable and new 

energies, the management of cashew nutshells is an issue. The physico-chemical and energetic properties 

of cashew nutshells show that they are good raw materials that can be used in thermochemical processes. 

Cashew nutshells were heated to temperatures of 300 ℃, 350 ℃ and 400 ℃ for 40 to 120 minutes to 

extract the liquid from the cashew nutshells. Biochar yields by mass were 46.5–52.8 wt%, 46.2–35.9 wt% 

and 37.8–30.3 wt% at temperatures of 300 ℃, 350 ℃ and 400 ℃, respectively. Biochar with high 

higher heating value and low residual oil content was obtained at a heating temperature of 300 ℃ for 

a time of 120 min. The biochar obtained under these optimum conditions has a residual oil content of 

less than 1 wt% and a higher heating value of 32.1 MJ·kg-1. The other two products, bio-oil and smoke, 

have higher heating values of 36 MJ·kg-1 and 10.2 MJ·Nm-3, respectively. Temperature and heating 

time improve the energy density and quality of biochar with low residual oil content. Heat treatment 

is therefore a promising technique for the production of an environmentally friendly and sustainable 

high energy solid biofuel from cashew nutshells. 
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1. Introduction 

In recent years, Côte d'Ivoire has become one of the world's leading producers of cashew nuts, 
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with production expected to reach 837,850 tonnes by 2021 [1]. Local processing of cashew nuts is 

increasingly being promoted by the authorities due to its high potential for value addition and job 

creation. However, this activity generates residues representing between 50 wt% and 72 wt% of the 

raw cashew nut mass [2,3]. The management of these residues, known as cashew nutshells, remains a 

challenge for processing units. About 30–35% by weight of them are a dark reddish-brown viscous 

liquid known as Cashew Nut Shell Liquid (CNSL) [4]. These residues are bulky and pose risks of fire 

and soil, water and air pollution if dumped directly into the environment. To compensate for energy 

shortages in processing units, some of the shells are often burned in boilers to provide the heat needed 

to soften the nuts and steam and dry the kernels [5]. In Côte d'Ivoire, units use about 15 wt% of the 

cashew nutshells generated in the transformation process in pyrolysis furnaces [3], which is not without 

ecological implications. CNSL contains a number of phenolic compounds. These molecules are harmful 

and produce toxic and carcinogenic fumes when the shells are burned directly [6]. In addition to these 

negative environmental and human health impacts, cashew nutshells and their liquid content (CNSL) 

can be used for a variety of purposes. 

Besides their use for energy, cashew nutshells and CNSL can be used for agriculture and food 

security [7,8], water and environmental management and protection and sanitation [9–11], 

biotechnology and environmental engineering. 

Cashew nutshells are potential feedstocks for the production of briquettes, biodiesel, heat and syngas. 

Raw and de-oiled cashew nutshells have higher heating values (HHV) between 16 and 22 MJ·kg-1 [3,12]. 

Studies have also been carried out on the production of briquettes by pyrolysis [13], torrefaction and 

carbonization [14,15] of cashew nutshells. These previous studies on pyrolysis, carbonization and roasting 

of cashew nutshells did not consider the residual oil content in the biochar. Heat treatment of these raw 

cashew nutshells resulted in a biochar with a higher heating value of between 24 and 31 MJ·kg-1 [16,17]. 

With a higher heating value of around 32 MJ·kg-1, CNSL is not suitable for use in pure form due to its 

viscosity and chemical composition, but can be used in blends with diesel [4,16]. The use of CNSL as 

a fuel of up to 60 vol% in a stationary diesel engine is possible [18]. Proper management of cashew 

nutshells could not only lead to significant income generation, but also provide environmental 

sustainability. 

The recovery of industrial agricultural wastes in general, and cashew nutshells in particular, 

depends on their physical and biochemical properties. Figure 1 shows a model for the recovery of 

cashew nutshells in several ways. The shells can be used directly for energy purposes. However, this 

option is not recommended because of the harmful effects caused by the emission of black and toxic 

fumes. The cashew nutshell recovery model proposed in this study requires prior extraction of the 

CNSL. Three methods can be used: Mechanical, thermal and chemical. Extraction of the residual oil 

or CNSL results in a solid residue, the de-oiled cashew nutshells or biochar, depending on the method 

used. Solvent extraction and mechanical extraction methods produce de-oiled cashew nutshells. The 

thermal method produces biochar. Once the CNSL has been extracted, the de-oiled cashew nutshells 

or biochar can be converted directly into heat or synthesis gas using the combustion or gasification 

processes. The de-oiled cashew nutshell or biochar can also be converted into solid biofuels before 

being used in the combustion and gasification processes. The de-oiled cashew hull is brittle and 

largely free of anacardic acid and total phenolics, which can be limiting to anaerobic bacteria. It 

can therefore be used to produce biomethane through anaerobic digestion. However, co-digestion 

is recommended for better performance [15]. Deoiled cashew nutshells can also be subjected to 

heat treatment (carbonization, torrefaction or pyrolysis) or used directly to produce solid biofuels. 
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The conversion of de-oiled cashew nutshells or biochar into solid biofuels improves their energy 

properties. The solid biofuel produced is environmentally friendly, can withstand shocks during 

handling and transport and produces the heat needed for domestic cooking and industrial applications. 

 

Figure 1. Scheme for recovering energy from cashew nutshells. 

In addition to releasing CNSL, heat treatment facilitates the grinding and densification of 

cashew nutshells for the production of solid biofuels. The conversion of the shells into biochar 

improves the energy properties of the solid fuel. Our main objective is to determine the optimum 

conditions (temperature and residence time) at which the residual oil content in the biochar is 

minimized while maximising the mass yield and higher calorific value of the biochar. Raw cashew 

nutshells are heated to temperatures of 300 ℃, 350 ℃ and 400 ℃ for varying lengths of time to 

produce a biochar. The biochar with the highest higher heating value could be used to produce solid 

biofuels. The biofuel could be used as an energy source for cooking in households or to produce heat 

and electricity in coal- or biomass-fired power plants. 

The research paper has the following structure. The first section presents the methodology used 

to characterize raw cashew nutshells and processed products. This is followed by the experimental 

procedure for biochar production. The characteristics of the raw cashew nutshells and heat-treated 

products are then presented and discussed. 

2. Methodology 

2.1. Sampling of cashew nutshells for the study 

For this study, raw cashew nutshell samples were collected at the Cashew Nut Innovation and 

Technology Centre (CITA) in Yamoussoukro. The sample taken was preserved in a plastic bag to preserve 
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its properties and then characterized at the chemical laboratory of the University of Man, Côte d'Ivoire, to 

determine its organic, inorganic and elemental composition and calorific value. 

Knowing the main chemical and physical properties and the calorific value of the biomass makes 

it possible to choose the right type of management and recovery. In the context of energy recovery, the 

physico-chemical and energetic properties of cashew nutshells help to understand the behavior of the 

biofuel during its thermochemical conversion. 

2.2. Proximate analysis 

Moisture is defined as the ratio of the mass of water contained in the fuel to the mass of dry fuel. 

The moisture content is determined by the difference between the total mass of the initial sample and 

its anhydrous mass, in accordance with standard NF EN ISO 18134-1/2. Volatile matter (VM) is the 

relative dry matter lost during heat treatment of fuel dried at 850 ℃ for 10 minutes in a muffle furnace. 

The NF EN ISO 18123 standard is used to determine the amount of volatile matter. The fixed carbon (FC) 

is the difference in mass between the solid residue after the pyrolysis stage (fixed carbon + ash) and 

the ash obtained after combustion. It is determined in accordance with standard NF EN ISO 16948. 

Ash content is defined as the mass fraction remaining after complete combustion of the sample. The 

sample is placed in a muffle furnace at 550 ℃ under air until ashes without carbon residues are 

obtained and weighed. The ash content is determined according to standard NF EN ISO 18122. 

2.2.1. Ultimate analysis 

Ultimate analysis was used to determine the mass percentages, mostly of carbon (C) and oxygen (O), 

but also of compounds such as nitrogen (N), sulfur (S) and chlorine (Cl) in the raw cashew nutshells 

and biochars. C, H and N contents were determined according to standard NF EN ISO 16948. The S 

and Cl contents were determined according to NF EN ISO 16994. The O content was estimated 

according to standard NF EN ISO 16993. 

2.2.2. Calorific value 

The calorific value is the amount of energy (per unit of mass, MJ·kg-1 or volume or MJ·Nm-3) released 

by a fuel when completely burnt. The quality of a biofuel is assessed and its calorific value defined by the 

elemental chemical composition of the main elements (C, H, O and N). The higher heating value (HHV) 

of raw cashew nutshells was determined according to standard NF EN ISO 18125. The HHV of the 

bio-oil produced was measured using the standard calorimetric bomb C 7010 (IKA C7000, Germany). 

The HHV of the smoke was determined using the method described by [19]. 

2.2.3. Determination of the residual oil content and fibre composition 

For the extraction of residual oil from biochar, the Soxhlet solvent method is used in this study. 

The sample of cashew nutshells or biochar is oven dried at 105 ℃ for 24 hours to release the liquid, 

CNSL, contained within. A 50 g sample is dispersed in 150 mL of hexane-ethanol solution (1:1). The 

mixture is stirred for 2 hours. The residue obtained by vacuum Büchner filtration was dried at 105 ℃ 
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for 2 hours and then weighed to determine the residual oil content as a percentage by weight. Residual 

oil content corresponds to weight loss of sample. 

Fiber composition was determined by Van Soest's method [20]. This method makes it easy to 

determine the content of hemicellulose, cellulose and lignin as a percentage by weight of the dry matter. 

2.3. Biomass heat treatment 

Heat treatment was carried out at low temperatures (300 ℃, 350 ℃ and 400 ℃) in an inert 

atmosphere for heating times between 40 and 120 min in a furnace at a rate of 1 ℃/s (Figure 2). The 

oven loading device is designed to harvest the bio-oil efficiently without wastage. The device consists 

of a metal loading basket placed on top of a rectangular tank that serves as a receptacle for collecting 

the bio-oil (B, Picture a). At the end of the heating period, the biochar is collected in the basket (A, 

Picture a). The temperature conditions were defined on the basis of previous work and experimental 

trials. Indeed, in the studies carried out by [17,21–23], cashew nutshells were heated to temperatures 

above 400 ℃. This favored the production of bio-oil to the detriment of biochar, as the higher the 

temperature, the more the biomass components degrade. The oven used allows the temperature and 

heating time to be adjusted. Once loaded, the oven is hermetically sealed before start-up to prevent 

any uncontrolled air supply that could burn the biochar, destroy the equipment or even cause a fire. 

Mass yields indicate the total mass ratio of products such as biochar, bio-oil and smoke to the raw 

feedstock. 

The law of conservation of mass is used to estimate the mass of gas (𝑚𝑔𝑎𝑠), knowing the mass 

of raw cashew nutshells(𝑚𝑟𝑎𝑤 𝑐𝑎𝑠ℎ𝑒𝑤 𝑛𝑢𝑡𝑠ℎ𝑒𝑙𝑙𝑠), the mass of biochar (𝑚𝑏𝑖𝑜𝑐ℎ𝑎𝑟) and the mass of 

bio-oil (𝑚𝑏𝑖𝑜−𝑜𝑖𝑙) (Eq 1). From the mass of each product, the mass yield (𝜂𝑀) can be deduced (Eq 2). 

 𝑚𝑟𝑎𝑤 𝑐𝑎𝑠ℎ𝑒𝑤 𝑛𝑢𝑡𝑠ℎ𝑒𝑙𝑙𝑠 = 𝑚𝑔𝑎𝑠 + 𝑚𝑏𝑖𝑜𝑐ℎ𝑎𝑟 + 𝑚𝑏𝑖𝑜−𝑜𝑖𝑙 (1) 

 
𝜂𝑀 =

𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑟𝑎𝑤 𝑐𝑎𝑠ℎ𝑒𝑤 𝑛𝑢𝑡 𝑠ℎ𝑒𝑙𝑙𝑠
∗ 100 (2) 

 

Figure 2. Heat treatment furnace (a) and loading device for cashew nutshells (b). 

Tedlar sampling bags were used to collect the gases produced at ambient temperature and then 
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analyzed off-line using a Micro GC varian CP 4900 coupled to a combustion analyser to measure the 

volumetric contents of CO2, CO, CH4, C2H4, C2H6, H2 and H2O. 

3. Results and discussion 

3.1. Raw cashew nutshell 

3.1.1. Proximate and ultimate analysis 

Table 1 shows the results of the proximate and ultimate analysis of cashew nutshells. The values 

for volatile matter, ash and fixed carbon are obtained on a dry matter basis. 

Table 1. Results of proximate analysis and ultimate analysis of raw cashew nutshells. 

 Proximate analysis (wt%) Ultimate analysis (wt%) Reference 

 MC VM A FC C H O N S Cl  

Cashew nutshells 3.9 81.4 2.1 16.5 61.85 5.96 28.52 0.94 0.11 0.52 this research 

Sugarcane bagasse 13.12 59.68 1.8 26.0 43.04 5.59 45.89 0.49 0.25 - [24] 

Rice husk 14.18 51.96 15.15 18.39 39.32 5.78 31.59 0.43 0.02 - [25] 

Coconut shells 10.03 63.41 5.6 20.95 42.1 4.95 48.12 0.35 0.08 - [24] 

*M: Moisture content, VM: Volatile matter, A: Ash, FC: Fixed carbon 

The values obtained from proximate analysis of cashew nutshells are close to those obtained 

by[3,17,21,26–28]. These studies showed that the volatile matter, fixed carbon, ash and moisture 

contents were 72–85 wt%, 8.7–18.2 wt%, 1.7–5 wt% and 5.3–9.50 wt% respectively. The differences 

between the values obtained in the present study and those reported in the literature could be explained 

by the variety of cashew nut, the region of cultivation and by the length of time and the technique used 

to preserve the cashew nutshells. The moisture and ash contents are below the normative limit FN EN 

ISO 17225-6 (≤12 wt% for moisture and ≤6 wt% for ash) for energy recovery. The moisture and fixed 

carbon contents of sugarcane bagasse, rice husks and coconut shells are higher than those of cashew 

nutshells. However, the volatile matter content of sugarcane bagasse, rice husks and coconut shells 

lower than that of cashew nutshells. 

Ultimate analysis gave values close to those obtained by [3,17,21,26–28]. The carbon, 

hydrogen, oxygen and nitrogen contents of cashew nutshells obtained in these previous studies 

were 48–57 wt%, 5.7–14 wt%, 21–44 wt% and 0.2–0.7 wt%, respectively. Sulphur and chlorine 

contents were less than 1%. These levels are close to those found in wood in its natural state. The 

elemental chemical composition of wood varies very little from one species to another. On average, 

wood consists of approximately 30–50 wt% carbon, 42 wt% oxygen and 6 wt% hydrogen [29]. 

Elements such as nitrogen, sulfur and chlorine are often absent in natural wood. Where they are present, 

their content is generally less than 1 wt% [29]. The chlorine content of raw hulls is above the normative 

limit of NF EN ISO 17225-6 (≤0.1 wt%). A high chlorine content leads to the formation of hydrochloric 

acid in the boiler and gasifier. It can also lead to the formation of dioxins and furans, which are persistent 

pollutants in the environment. The low nitrogen content also makes shells a good raw material for the 

production of synthesis gas with a low ammonia content. However, this content is higher than that of 
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sugarcane bagasse, rice husks and coconut shells. The oxygen content of sugarcane bagasse, rice husk and 

coconut shells are higher than that of cashew nutshells. On the other hand, the hydrogen and nitrogen 

contents of sugarcane bagasse, rice husk and coconut shells are lower than those of cashew nutshells. 

3.1.2. Composition of fibers and residual oil 

The fibre and residual oil composition of raw cashew nutshells is shown in Table 2. Cashew 

nutshells are very rich in residual oil. 

Table 2. Composition of fibers and residual oil. 

Composition of fibers (wt%) Residual oil (wt%) 

Hemicellulose Cellulose Lignin 31.00 

31.40 46.00 22.60 

These high fibre contents justify the fact that raw cashew nutshells are difficult to grind. The values 

obtained are close to those obtained in previous studies. Lignocellulosic biomass contains 25–35 wt% 

cellulose, 23–32 wt% hemicellulose and 15–36 wt% lignin [21,26,27]. The cellulose content of cashew 

nutshells is much higher than reported by these authors. The fibre composition of cashew nut shells 

shows that they are good fuels for the production of syngas and heat. The decomposition of 

hemicellulose yields CO2, while that of cellulose is abrupt and produces CO and a large amount of 

energy. As for H2 and CH4, they result from the degradation of lignin [30]. 

3.1.3. Calorific value of raw cashew nutshells 

The higher heating value of raw cashew nutshells is 24.12 MJ·kg-1. This calorific value is 

much higher than that of tropical wood, estimated to be around 17.50 MJ·kg-1 [29], and close to 

that of coal (25–35 MJ·kg-1) [31,32]. The HHV obtained in this study is higher than those observed 

by [3,7,12,17,21,22], which ranged from 20 to 23.65 MJ·kg-1 in raw cashew nutshells. Cashew 

nutshells have a high calorific value. They are a good raw material and have enormous energy 

potential. The higher heating value of raw cashew nutshells is higher than that of several agro-

industrial and agricultural residues, such as olive pomace (18–22 MJ·kg-1) [24,33–35], sugarcane 

bagasse with 16–19 MJ·kg-1 [24,27,35] and cocoa shells with 15–18 MJ·kg-1 [36–39]. 

Cashew nutshells have enormous energy potential due to their high calorific value and 

physicochemical properties. However, the energy recovery of cashew shells in combustion and 

gasification processes for electricity and heat production requires treatment due to the high residual oil 

content of 31 wt%. This content should not exceed 6.5 wt% to enable the formation of quality pellets [40]. 

Consequently, de-oiled and heat-treated hulls would be more suitable for gasification and combustion as 

they have a higher calorific value than raw cashew nutshells [3,12], in addition to the low CNSL content. 

3.2. Heat treatment product yield 

The thermochemical treatment of cashew nut shells carried out at temperatures of 300 ℃, 350 ℃ 

and 400 ℃ at times ranging from 40 to 120 minutes made it possible to obtain three products: Biochar, 

bio-oil and smoke (Figure 3). 
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Figure 3. Products of the heat treatment process (biochar, bio-oil and smoke). 

3.2.1. Biochar production 

Biochar yields ranged from 46.5 to 52.8 wt%, 46.2 to 35.9 wt% and 37.8 to 30.3 wt% at temperatures 

of 300 ℃, 350 ℃ and 400 ℃ for heating times between 40 and 120 min, respectively (Figure 4).  

 

Figure 4. Evolution of the production of biochar and the residual oil content. 

The mass yield of biochar decreases with increasing temperature and heating time. The decrease 

in mass yield is due to moisture loss and decomposition of organic matter with the formation of volatile 

products such as CO, CO2, CH4 and many other compounds as a result of the decomposition of 

hemicellulose and cellulose and certain short chain lignin compounds [41]. The residual oil content of 

biochar decreases with increasing temperature and heating time. At 300 ℃, it is less than 1 wt% after 120 

minutes of heating. At temperatures of 350 ℃ and 400 ℃, the minimum times to achieve a residual oil 

content in biochar of less than 1 wt% are 80 min and 100 min (shorter times), respectively. However, 

the mass yields of biochar at these times and temperatures are lower than the mass yield when the 
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biomass is heated to 300 ℃ for 120 minutes. This is because heating the biomass to lower temperatures 

maximises the biochar yield [17,22] . 

3.2.1.1. Evolution of calorific value 

Increasing the temperature and time improves the calorific value of the biochar, except that the 

calorific value of the biochar decreases from 100 minutes at temperatures of 350 ℃ and 400 ℃. The 

maximum calorific value is obtained at a temperature of 300 ℃ for a time of 120 minutes. Higher 

heating values range from 25.2 to 32.1 MJ·kg-1 (Figure 5). These values are close to those obtained for 

agricultural waste biochar, which ranged from 27 to 32 MJ·kg-1 [41]. 

Figure 5. Evolution of the higher heating value of biochar. 

3.2.1.2. Evolution of moisture 

Moisture content decreases with increasing temperature and heating time. It decreases from 3.2 wt% 

to 1.6 wt% (Figure 6). This decrease in moisture content is due to the destruction of hydrogen bonds, 

which improves the hydrophobic properties of the biochar [42]. 
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Figure 6. Evolution of biochar moisture content. 

3.2.1.3. Evolution of volatile matter content 

Compared to raw cashew nutshells, the volatile matter content decreases with increasing 

temperature and heating time (Figure 7). It decreases from 81.46 wt% in the raw biomass to 65.51 wt% 

in the biochar obtained at 300 ℃ for 40 minutes. It then decreases to 35.4 wt% at a temperature of 400 ℃ 

and a heating time of 120 minutes. In addition, a greater mass of volatile matter is lost with increasing 

temperature and heating time. This is due to degassing and thermal cracking reactions associated with 

the increase in heating temperature [17,43]. 
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Figure 7. Evolution of biochar volatile matter. 

3.2.1.4. Evolution of ash content 

With increasing temperature and heating time, the percentage of ash increases (Figure 8). The ash 

content of biochar varies between 2.23 wt% and 4.9 wt%. At a temperature of 400 ℃ for 120 minutes, 

the highest ash content (4.9%) is obtained. The loss of volatile matter under the influence of temperature 

is probably responsible for this increase in ash content. However, in terms of ash content (≤6 wt%), the 

maximum ash value obtained complies with the requirements of standard NF EN ISO 17225-6. In fact, 

a high ash content is a disadvantage. It leads to the emission of dust and pollutants during combustion. 



398 

AIMS Energy  Volume 12, Issue 2, 387–407. 

Figure 8. Evolution of biochar ash. 

3.2.1.5. Evolution of fixed carbon content 

The fixed carbon content rose from 32.26 wt% to 60.53 wt% as the temperature and heating time 

increased (Figure 9). This increase in fixed carbon is linked to the decrease in volatile matter. 
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Figure 9. Evolution of fixed carbon in biochar. 

3.3. Bio-oil production 

In contrast to biochar, the proportions of bio-oil increase with temperature and heating time. The 

mass yields of bio-oil increase from 21.7 to 27.6 wt%, from 24.4 to 29.1 wt% and from 24.3 to 30.2 wt% 

at temperatures of 300 ℃, 350 ℃ and 400 ℃ respectively. The highest bio-oil content (30.2 wt%) was 

obtained at 400 ℃ for a heating time of 60 minutes (Figure 10).  

 

Figure 10. Evolution of bio-oil production. 
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However, the bio-oil yield by mass remains lower than those obtained at 400 ℃ by [21,22] during 

the pyrolysis of cashew nutshells. Some studies have shown high bio-oil production at high 

temperatures (400–900 ℃) [17,21,22]. In fact, bio-oil yield increases with increasing temperature due 

to increased degradation of biomass components. 

With a higher heating value of 35.8 MJ·kg-1 and a moisture content of 1.1%, the bio-oil yield 

is 27.6 wt%. The HHV of crude oil, natural gas (NG) and liquefied petroleum gas (LPG)       

are 38.78 MJ·L-1, 38.95 MJ·m-3 and 50.08 MJ·kg-1, respectively [19]. The HHV of the bio-oil 

obtained from the cashew nutshells is lower than that of the pyrolysis oil obtained from jatropha 

seeds at 500 ℃ (38 MJ·kg-1) [44]. When the bio-oil is cooled, an organic phase is formed by decantation. 

This observation has been reported in [16,17,22]. The organic phase also has a low water content (2.2 wt%) 

and a composition and calorific value that are similar to those of CNSL [22]. 

Solvents and mechanical pressing can also be used to obtain CNSL. In this case, it is referred 

to as natural CNSL. The composition, quantity and quality of CNSL vary depending on the 

extraction method. Natural CNSL contains anacardic acid (60–70 vol%), cardanol (3–15 vol%), 

cardol (10–24 vol%), 2-methylcardols (2–5 vol%) and other minor components [4,45,46]. Technical 

CNSL is a blend of 60–70 vol% cardanol, 10–20 vol% cardol and 2–5 vol% 2-methylcardol and 5–10 vol% 

polymeric materials [45,46]. The low moisture content makes CNSL suitable for direct combustion. The 

CNSL obtained can be used as biofuel [47,48]. However, with a calorific value of around 36 MJ·kg-1 and 

due to its high viscosity, it is not suitable for use as a pure biofuel, but can be used in a blend with 

diesel. Coulibaly et al., 2022 [18] have shown that it is possible to use up to 60 vol% CNSL as a biofuel 

in a stationary diesel engine. Experimental work has also shown that an engine fuelled with blends of 

pure methyl ester derived from CNSL and alcohol performs well, with a significant reduction in 

emissions of pollutant gases such as nitrogen oxides compared to diesel [48]. In addition to energy use, 

CNSL can be used to produce pharmaceuticals, cosmetics, food, resins, coatings, laminates, adhesives, 

biopesticides and biofertilisers [8,45,49–52]. 

3.4. Smoke production 

As in the case of bio-oil, the mass yields of the exhaust gases increased with temperature and 

heating time. These proportions were 25.5 to 28.1 vol%, 29.4 to 35 vol% and 37.9 to 39.5 vol% at 

temperatures of 300 ℃, 350 ℃ and 400 ℃ respectively (Figure 11). The highest smoke content (39.5%) 

was obtained at 400 ℃ for a heating time of 120 min. With increasing temperature, volatiles, oxygen 

and water in the raw biomass are eliminated in the form of gaseous components (CO2, H2O and CO) 

and liquid compounds (e.g., acids, phenols, furans and ketones) during hemicellulose, cellulose and 

lignin degradation reactions [53,54]. The degradation of cellulose, hemicellulose and lignin takes place 

at temperatures of 275–355 ℃, 180–300 ℃ and 250–500 ℃ respectively [30]. Gas mass yields are 

higher in the 300–500 ℃ temperature range (17.5–23.1 vol%) than those obtained by [21]. According 

to [41], the amount of emissions produced during thermal decomposition depends on the composition 

of the feedstock, the heating rate, the temperature and the residence time. 
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Figure 11. Evolution of gas production. 

On average, 25.9 vol% gaseous products are obtained when treated according to optimum 

conditions. The emitted flue gas is composed of CO (38.2 vol%), CO2 (51.8 vol%), H2 (1.5 vol%), 

CH4 (5.9 vol%), C2H4 (0.37 vol%), C2H6 (0.83 vol%) and H2O (1.4 vol%). The mass yield of gaseous 

products is close to the range observed by [21]. The predominance of CO2 and CO at temperatures 

below 400 ℃ was also observed by [16]. The HHV of the gas is 10.2 MJ/Nm3, close to the values 

determined by [3,35] (8–18 MJ/Nm3). Due to its high energy value, the gas produced during the heat 

treatment of cashew nutshells can be used in the process by incorporating a recovery and upgrading 

system to significantly reduce economic and environmental problems. 

A processing temperature of 300 ℃ and a residence time of 120 minutes appear to be the most 

appropriate for the production of biochar from cashew nutshells, given the mass yield, high calorific 

value of the biochar and low residual oil content in the biochar. A high mass yield of biochar generally 

correlates with high residual oil, moisture and volatile content in the biochar. The heat treatment of 

cashew nutshells produced a biochar with a higher heating value of 32.10 MJ·kg-1. 

3.5 Properties of the biochar produced under the optimal conditions of the heat treatment 

Cashew nutshells are processed according to the optimal temperature and time conditions 

determined for biochar production. The results of the products obtained are presented and discussed in 

the following sections. 

The average mass yield of biochar was 46.5 wt%, which is higher than the values reported in 

the literature. In fact, the maximum mass yield of cashew nutshells biochar was 41.0 wt%       

at 350 ℃ [13], 17.00 wt% at 450 ℃ [3], 25.02 wt% at 400 ℃ [55] and 30 wt% at 400 ℃ [22]. 
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The main elements of biochar such as carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulfur (S) 

and chlorine (Cl) are given in Table 3. These values are improved compared to the raw cashew 

nutshells in terms of carbon, sulphur, nitrogen and chlorine. The chlorine content (<0.02 wt%) has 

been reduced, thus respecting the normative limit NF EN ISO 17225-6 (≤0.1 wt%), unlike that obtained 

in the raw cashew nutshells. Hydrogen and oxygen contents also decreased due to decarboxylation, 

decarbonization and dehydration reactions [41]. 

Table 3. Ultimate analysis of biochar. 

 Ultmiate analysis (wt%) References 

 C H O N S Cl  

Biochar 75.2 4.66 16.5 0.95 0.05 <0.02 This research 

Biochar 69.50 5.19 24.35 0.962   [27] 

Deoiled cashew nutshells 45.8 6.3 46.8 0.7 0.4  [21] 

The heat treatment also effectively reduced the moisture and volatile content and increased the 

fixed carbon content and calorific value compared to raw cashew nutshells and cake. Table 4 shows 

the results of the proximate analysis and higher heating value of the biochar. 

Table 4. Proximate analysis and higher heating value of biochar. 

 Proximate analysis (wt%) HHV(MJ·kg-1) References 

 Moisture Volatile matter Ash Fixed carbon   

Biochar 1.80 35.90 3.57 60.53 32.1 This research 

Biochar 3.55 48.85 7.24 43.92 27.69 [27] 

Deoiled cashew nutshells 5.77 83.69 1.17 8.4 16.13 [21] 

Biomass components, such as water and ash, reduce the energy content [56]. Reducing or 

eliminating these components increases the energy content of the biomass. The reduction in oxygen 

and increase in fixed carbon are also the main reasons for the increase in HHV of biochar [57]. The 

higher heating value increased from 24.12 MJ·kg-1 in the raw cashew nutshells to 32.10 MJ·kg-1 in the 

biochar. This value is higher than those observed by [3,7,12,17] in cashew nutshell biochar, which 

ranged from 24 to 31 MJ·kg-1. The calorific value of biochar is also higher than that of raw deoiled 

cashew nutshell cake (16.13–20.11 MJ·kg-1) [21,51]. 

Therefore, except for the low residual oil content and small particle size, the physicochemical 

properties of deoiled cashew nutshells are virtually identical to those of raw cashew nutshells. The 

increased energy density and improved quality of biochar with low residual oil content is the main 

benefit of the heat treatment. 

4. Challenge and future perspective 

For biofuel applications, the criteria evaluated were chosen to consider only the physico-chemical 

and energy properties of biochar. Given the challenges and future prospects in the field of converting 

waste into high value-added products, biochar, like bio-oil and smoke, needs to be explored and used 

in other areas. 
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The first limitation concerns the use of biochar as a solid biofuel for the production of heat and 

electricity. A more detailed study of the conversion of biochar into solid biofuels in the form of 

briquettes is needed to better utilize it as an alternative energy source to charcoal and fossil coals in 

homes and coal-fired power stations, and this will be the subject of forthcoming publications. Other 

uses for biochar are also conceivable, such as the production of activated carbon, biomaterials, soil 

amendments etc. 

The second limitation relates to the assessment of bio-oils and smoke. Further experiments are 

recommended to characterize the bio-oil and smoke from the thermal treatment in more detail, to 

enable physico-chemical and energetic characterization and to point to other routes of recovery, 

including chemicals with higher total values. Large scale biochar production will produce large 

quantities of bio-oil and smoke, and improved properties of these products could be achieved through 

optimization and further adaptation and blending. The bio-oil and smoke produced could be used 

directly for decentralized power and heat generation in industrial processes for the production of solid 

biofuels from biochar. 

5. Conclusion 

The physico-chemical properties of cashew nutshells show that they are good raw materials to be 

used in thermo-chemical processes for the recovery of energy. However, due to the high CNSL content, 

their direct use in these thermal processes has a negative impact on the environment and human health. 

Moeover, the chlorine content of raw cashew nutshells exceeds the limit set by the Standard NF EN 

ISO 17225-6 (≤0.1 wt%). The heat treatment of the cashew nutshells has allowed the identification of the 

optimal temperature and heating time conditions, which are 300 ℃ and 120 minutes respectively, with a 

biochar yield of 46.5% by mass. The biochar obtained has a higher heating value of 32.10 MJ·kg-1 with a 

residual oil content in the biochar of less than 1%. The higher calorific value of the biochar is 1.3 times 

higher than that of the raw cashew nutshell. The chlorine content of the biochar (<0.02 wt%) is within 

the normative limit of Standard NF EN ISO 17225-6 (≤0.1 wt%), unlike that of the raw cashew 

nutshells. The heat treatment significantly reduced the mass yield, but improved the energy yield as 

well as the physico-chemical properties of the cashew nutshell. Heat treatment also effectively reduced 

the moisture and volatile matter content and increased the fixed carbon content and calorific value 

compared to raw cashew nutshells and cake. The bio-oil and smoke produced have higher heating 

values of 36.00 MJ·kg-1 and 10.20 MJ·Nm-3, respectively. Due to their high energy values, the bio-oil 

and smoke produced during the heat treatment of cashew nutshells can be used in the process by 

integrating an energy recovery and utilization system or as other high added value energy products, 

thereby significantly reducing economic and environmental problems. 
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