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ABSTRACT  

 A variety of abundant carbonaceous fuels such as municipal solid waste 

(MSW) and biochar from biomass carbonization can be utilized to generate 

electricity in a direct carbon fuel cell (DCFC) system. The direct carbon fuel 

cell uses waste materials as its fuel source which is a renewable energy source 

in a DCFC, making it economically-viable for waste management and reduction 

of greenhouse effect. With a remarkable high efficiency yield. To investigate 

electrochemical performance in a DCFC, the municipal solid waste was (MSW) 

collected from a dump site. The solid waste was sorted into three samples of 

the saw dust, orange peel and sugarcane bagasse and its combination 

respectively. The samples were sun dried for 7 days to ensure homogeneity. 

Size reduction was carried out by hand mill and sieved with 500µm (0.5mm). 

The three solid waste samples each was subjected to thermochemical 

conversion by slow pyrolysis reaction at a temperature of 500oC at 10oC/min 

for 30 minutes. Each biochar samples and its combination as MSW were then 

characterized to determine the proximate and ultimate analysis. The proximate 

analysis was used to obtain the fixed carbon content of 20.77, 22.60, 27.30 and 

29.97 (wt%) for the four biochar samples respectively, while the ultimate 

analysis was used to determine the calorific values of 7.0, 5.8, 9.78 and 7.9 

(Mj/kg) for the corresponding biochar samples. The overall results obtained for 

peak electrochemical performance test recorded from the MHDCFC operations 

based on cell voltage, current density and power density for saw dust  was 0.44 

V, 17.6 mA/cm2 and 7.74 at mW/cm2  at 2000C respectively, orange peel b was 

0.41 V, 16.4 mA/cm2 and 2.296 mW/cm2  at 2500C respectively, sugarcane 



bagasse  was 0.39 V, 15.6 mA/cm2 and 6.084 mW/cm2 respectively, MSW 

biochar 0.65 V, 26.0 mA/cm2, 16.90 mW/cm2 at 2500C respectively. The peak 

percentage values obtained for  saw dust, orange peel, sugarcane bagasse and 

MSW biochar was 65 %, 16.4 %, 27 %  and 44% respectively at a resistance of 

1.0 Ω based on fuel utilization coefficient and higher heating value (HHV). 

From the results obtained, all things being equal and probably at reduced or no 

decrease in the reaction site available to the reactant gasses due to polarisation 

losses, it can be deduced that more than 100% efficiency is attainable in 

MHDCFC operations at a very minimal cost.  
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           CHAPTER ONE    

1.0            INTRODUCTION  

1.1 Background to the Study  

There has been a rise in population growth, rural to urban migration, and industrial 

expansion. These factors have contributed to a substantial increase in waste generation, 

which has become a matter of global concern due to its socio-economic and environmental 

implications. (Omisore, 2018).  There are two main categories for Municipal Solid Waste. 

Both are organic or inorganic. The waste materials are categorized based on their potential 

for resource recovery and their hazardous nature. The types of MSW include organic 

matter, such as food waste and yard waste, and batteries (Axon 2017). Due to their unique 

characteristics, each of these materials requires specific handling and disposal methods. 

(Hamad et al., 2014).   

The discrepancy is caused by differences in consumption patterns, waste management 

infrastructure, and economic development levels. (Aleluia and Ferrão 2016). energy 

security have sparked interest in the utilization of biomass energy. The advantage of 

absorbing carbon dioxide during plant growth is that it makes a lesser contribution to 

global warming. There is a crucial challenge in finding ways to generate energy without 

compromising food production. DCFCs can use a wide range of carbon-rich materials as 

potential fuels. DCFCs have the flexibility to use readily available and abundant raw 

materials. (Elleuch et al., 2015).  
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The high energy content and easy availability of MSW make it a good choice as a fuel for 

DCFCs. The energy content of coals is greater than that of pyrolyzed MSW. The waste 

materials make up half of the total weight. Waste materials are very promising for DCFCs.  

It is important to study the feasibility of utilizing waste materials in DCFCs (Bishoge et 

al.,2019).  

The Direct Carbon Fuel Cells (DCFCs) have attracted growing attention nowadays as an 

efficient generator of electrical power. It has the advantages of a near 100 % 

thermodynamic efficiency and a practical efficiency of about 80 % far higher than 

hydrogen fuel cell technologies and coal fired generator. The overall process of generating 

electricity by a DCFC system is relatively simple compared to other fuel cell technologies 

and does not require expensive preparation of any gaseous fuel, as well as accepts a variety 

of carbon-rich materials (coal, graphite, carbon black, coke, active carbon, etc.) as potential 

fuels. (Elleuch et al., 2015).  

1.2 Statement of the Research Problem  

Every nation depends on electricity for its socio-economic and technological progress. In 

Nigeria, the demand for electricity far exceeds the supply. The country's development is 

hampered by the electricity problem. There is a correlation between access to electricity 

and socio- economic development. Over the past four decades, Nigeria has employed 

various methods for electricity generation, including gas-fired, oil-fired, hydroelectric, and 

more recently, gas-fired systems. These methods have not been able to meet the demand 

(Sambo et al,2006). As a result, the adoption of fuel cells, which offer high efficiency and 

environmentally friendly power generation, has gained attention as a potential solution to 

bridge the electricity demand gap (Munnings et al,2014). One of the best solution is fuel 
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cell technology. Because it uses the same electrochemical principles as traditional feul cells 

but relies on a solid carbonaceous materials as fuel, direct carbon fuel cell (DCFC) 

technology has drawn a lot of interest. (Moya et al,2017)  

1.3 Aim and Objectives  

The aim of this research is to investigate performance of sorted Municipal Solid Waste 

(MSW) as fuel in a binary direct carbon fuel cell. This aim will be achieved with the 

following objectives.  

1.To obtain Biochar from sorted Municipal Solid Waste and it’s combination through 

pyrolysis.  

2.To characterise the Biochar by conducting proximate analysis, ultimate analysis, 

calorific values, X-ray diffraction  (XRD) and scanning electron microscope 

(SEM/EDX).  

  3.To prepare electrolyte and biomass carbon fuel with molten hydroxide mixtures.  

4.To investigate the electrochemical performance of biomass (sawdust, orange peel, 

sugarcane bagasse) carbon fuel with molten hydroxide mixture in a binary direct 

carbon fuel cell.  

1.4 Scope of Study  

This research using pyrolysis, characterization of the biochar, Electrolyte preparation by 

heating the hydroxide salts at a high temperature then investigating the electrochemical 

performance of the sorted municipal solid waste in a molten hydroxide direct carbon fuel  

cell.  
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1.5 Justification of the Study  

The abundant availability of solid waste in many parts of Nigeria is what motivates this 

research. Solid waste can be used to address the problem of electricity instability. Fuel cell 

technology provides high efficiency and low emissions in electricity production. A constant 

supply of fuel and oxygen for stable operation is ensured by fuel cells.   

  

   

   

   

   

   

   

   

   

   

    

   

   

   

CHAPTER TWO  

2.0            LITERATURE REVIEW  

2.1 Municipal Solid Waste MSW  

2.1.1 Composition of MSW  

Plastic, and some items are some of the materials collected from households. The 

composition of household pollutes the type of community, consumer incomes and 

lifestyles, degree of industrialization, institutional presence, and level of commercial 
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activity. Communities with higher incomes tend to generate more waste. The quantity and 

composition of waste can be influenced by a number of factors. During the summer, there 

is more food waste and less paper waste. A higher amount of waste is produced by larger 

communities., (Pichtel 2014, Czajczy’nska et al,2017)  

2.1.2 Types of municipal solid waste.   

Municipal solid waste (MSW) can be categorized into three main types:  

1. Residential waste: This type of waste includes the waste produced by households 

in residential neighbourhoods, such as single-family homes or apartment 

complexes.  

2. Commercial waste: It encompasses the waste generated as a result of business 

activities and operations.  

3. Municipal services waste: This category includes waste generated from waste 

collected from, parks, and other public areas. It refers to the waste generated by the 

maintenance and cleaning activities carried out by the municipal authorities in the 

community.  

2.2 Sources of Municipal Solid Waste   

Municipal solid waste (MSW) is a diverse mixture of waste materials generated from 

various sources, including households, public places, commercial institutions, hospitals, 

industries, wastewater plants, electronic industries, and more. The composition of MSW 

can vary depending on the specific sources and the region. However, the majority of 

substances found in MSW typically include:  
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1. Paper: This includes newspapers, magazines, cardboard, packaging materials, office 

paper, and other paper-based products.  

2. Vegetable matter: Organic waste such as food scraps, yard trimmings, leaves, branches, 

and other plant-based materials.  

3. Plastics: Various types of plastic materials, including bottles, containers, packaging, 

bags, and other plastic products.  

4. Metals: Ferrous and non-ferrous metals, such as steel, aluminum, tin, copper, and other 

metal objects.  

5. Textiles: Clothing, fabrics, carpets, and other textile products that are discarded.  

6. Rubber: Rubber materials from tires, footwear, and other rubber-based products.  

7. Glass: Bottles, jars, and other glass containers.  

These substances represent some of the common components found in MSW, but the exact 

composition can vary depending on local waste management practices and the specific 

waste generation patterns in a particular area. (Omari 2015).  

  

 2.2.1 Wood and garden waste  

There is an inorganic fraction. Non-biodegradable materials found in garden waste include 

soil and stones. The inorganic fraction is not suitable for direct energy conversion, but it 

can be separated and recycled for other purposes. There is an opportunity for sustainable 

waste management practices to be promoted with the inclusion of garden waste. 

Communities can reduce the environmental impact of waste disposal by effectively 

managing and utilizing garden waste. (Boldrin, et al, 2010, Czajczy’nska et al,2017).   
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The organic fraction of household rubbish has the potential to be processed and recovered 

in a beneficial manner. This can involve various waste management techniques. 

Composting, anaerobic digestion, or thermal conversion can be used to process organic 

waste materials such as food scraps, garden waste, and wood. The organic matter can be 

broken down and converted into useful forms, such as compost or biochar. Valuable 

resources can be obtained, reduced waste and promoted a more sustainable approach to 

waste management by recovering the organic content of household rubbish. The practices 

contribute to the concept of the circular economy, where organic materials are recycled 

and reused. (Paradela,et al, 2009, Czajczy’nska et al,2017)   

2.2.2 Food waste  

Food waste is a good source of fuels. The components of food waste include fats, sugars, 

vitamins, and other carbon-based substances. Food waste can be categorized based on its 

origin. Fruit and vegetable peels, husks, and stems, are included in these groups. In the 

absence of oxygen, selected food waste materials can be degraded through the process of 

pyrolysis. Pyrolysis of food waste can yield biochar, which is a carbon-rich material, and 

syngas, which is a mixture of gases. The derived products can be used as renewable energy 

sources. The reduction of fossil fuel dependency can be achieved by the use of the biofuels 

produced. The biochar can be used as a soil amendment. Valuable resources can be 

recovered from selected food waste streams, which can be used to contribution to the 

circular economy. (Grycová,et al, 2016, Czajczyn´ska et al.2017).  

2.2.3  Paper  
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Paper consumption is common in various sectors. Newspapers use print paper to publish 

daily news and information. Glossy paper provides a high-quality finish to printed 

materials. There are three main types of paper. Industrial use, cultural use, and food 

packaging are used. Industrial use involves using paper for various purposes. Printing and 

writing on paper, newspaper production, and even the printing of currency are all examples 

of cultural use. The different categories reflect the different applications and purposes of 

the paper. Paper is used in many aspects of our daily lives. it is important to consider 

sustainable practices and promote recycling. (Rahman et al,2014).   

The paper consumption leads to it being a significant component of the solid waste. 

Roughly one third of the total municipal solid waste is accounted for by it. Paper is an 

appropriate material for burning due to its low nitrogen and sulfur content. This 

characteristic makes it a good choice for waste-to-energy conversion processes. It is 

possible to extract energy from paper waste through various technologies, such as 

gasification, thereby contributing to waste management and energy production at the same 

time. (Khongkrapan et al,2013).   

  

2.2.4 Rubber  

The presence of rubber compounds is from discarded tires, which accounts for a significant 

portion of both natural and synthetic rubber waste. According to the European Tire and 

Rubber Manufacturers, European Union countries generated 3, other sources of rubber 

waste include tires, shoe soles, gloves, and rubber products (Rubber Manufacturers,2016)  

2.2.5  Textiles  
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Every new garment will eventually end up in the waste stream. Synthetic fibers such as 

nylon and nylon 2 are some of the materials in clothing and textile waste. The diverse range 

of fabrics and materials used in the textile and fashion industry contributes to the 

composition of textile waste. (Balcik-Canbolat et al,2017).   

 

Plate I : Solid waste dump site  

  

2.3 Types of Pyrolysis Reactors Used to Utilize Different Domestic Waste  

The choice of reactor type is crucial due to the significant heat transfer required through 

the reactor wall to facilitate effective degradation of the materials. (Aishwarya et al,2016). 

The mechanisms involved in this process have been extensively investigated by 

researchers over the years. (Czajczyn´ska et al,2017).   

2.4 Pyrolysis Products and their Possible Applications  
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Pyrolysis can be used to transform waste into an energy source. (Jouhara et al, 2017). The 

profitability of the process can be enhanced by using the pyrolysis products on a larger 

scale. The composition and characteristics of char make them appealing as potential raw 

materials for specific industrial sectors and various applications. Increased profitability and 

wider market appeal can be achieved by utilizing pyrolysis products in different industries.  

(Czajczyn´ska et al,2017).   

2.5 Bioenergy Conversion Techniques  

There is a focus on the production of liquids. Fast pyrolysis has several advantages, 

including high oil yields of up to 75% by weight and cost-effective technology. A dark 

brown liquid is what py-oil appears to be (Jahirul et al., 2012). The py-oil obtained from 

fast pyrolysis has a low calorific value and consists of various chemical components. 

Significant attention has been given to improving the properties of py-oil to make it a viable 

substitute for crude oil. Physical, chemical, and catalytic approaches have been explored 

for py-oil upgrading. Carbonization involves the thermal decomposition of wood in a 

furnace. making it a more viable option for various energy and chemical applications  

(Elleuch, 2013).  

The carbonization furnace used in this process is a closed system that uses the off-gas 

produced during carbonization as fuel. The raw material is loaded into two metallic 

carbonization chambers at the top of the furnace. There are two insulated gas channels that 

connect the chambers to the combustor. The recycled carbonization gases are used in the 

combustor. The carbonization chambers are heated by the heat exchanger when the gases 

generated in the combustor pass through. The temperature is controlled inside the 

chambers.  The operating cycle begins with a preheating step to raise the temperature. The 
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carbonization of the biomass occurs under nearly isothermal conditions when the 

temperature is increased until it reaches 600 degrees Celsius. The carbonization experiment 

runs for 4 hours. The reactor is cooled to room temperature.  

  

  

Plate II : Furnace used for biomas carbonization.( Elleuch,2013).  

2.6 Thermal Treatment Processes  

A waste treatment process that involves high temperatures is called thermal treatment. It 

transformed with this high-temperature treatment. The purpose of thermal treatment is to 

facilitate the removal of waste components through the application of heat. Reducing the 

volume of waste, destroying harmful substances, and recovering energy from the waste 

stream are some of the things it can do. There are some common thermal treatment 

technologies. These methods use high temperatures to treat waste. (Aleluia and Ferrão, 2016).   

The advanced thermal treatment technologies offer efficient ways to manage waste. 

Ensuring that proper environmental safeguards and emissions control measures are in place 

to minimize the impact on air quality and the environment is important. (Dudek et al., 

2018).   
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The advanced thermal treatment technologies offer efficient ways to manage waste. 

Ensuring that proper environmental safeguards and emissions control measures are in place 

to minimize the impact on air quality and the environment is important. Producing fuels 

like charcoal, coke, and producer gas has been done using gasification and pyrolysis. Coal 

and wood are used to make coke and charcoal. The producer gas is produced through coke 

gasification. These processes can transform carbonaceous materials into usable forms such 

as gases or solid fuels with specific properties and applications. (Bartocci et al., 2018).   

2.6.1 Incineration  

The waste is subjected to very high temperatures during the process of drying. The high 

temperature causes the waste to be burned. Bottom ash, gases, particles, and heat are 

included. The residual materials that remain after the fire are the bottom ash. The gases 

and particles can be treated to reduce emissions and the impact on the environment. The 

heat produced during the process can be used to generate electricity. (Wang et al., 2017).   

The waste is subjected to very high temperatures during the process of drying. The high 

temperature causes the waste to be burned. Bottom ash, gases, particles, and heat are included. 

The residual materials that remain after the fire are the bottom ash. The gases and particles can 

be treated to reduce emissions and the impact on the environment. The heat produced during 

the process can be used to generate electricity. Incineration is an advanced and sophisticated 

method of waste treatment hierarchy as it can effectively reduce the volume of waste and 

generate energy simultaneously. (Vaida and Lelea, 2017).  Icing is one of the most effective 

methods. It offers advantages in terms of preserving valuable landfill space and avoiding the 

negative environmental impacts associated with traditional landfilling. Incinerating waste 

reduces the amount of waste that needs to be thrown away. It helps to conserve land resources 
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and prolong the lifespan of existing landfill sites. The release of greenhouse gases and other 

harmful pollutants can be greatly reduced by the use of incineration. It is possible to mitigate 

the adverse environmental impacts associated with landfilling by converting waste into energy 

through controlled combustion. (Wang et al., 2017).   

Studies have shown that the amount of waste can be reduced by up to 70%. The reduction 

in weight and volume is good for waste management. It helps to maximize the use of 

available space. The generation of harmful byproducts can be reduced by the incineration 

process. The conversion of waste into less bulky ash and gases is achieved by burning 

organic materials at high temperatures. They can be treated to minimize their 

environmental impact. Incense offers an efficient and effective means of waste reduction, 

improving waste management practices and minimizing the associated negative 

consequences. (Ma et al., 2016).  

  

  

2.6.2 `Pyrolysis  

Optimal conditions for maximizing liquid fuel production include higher temperatures 

ranging from 800 to 1000 C and very short residence times. These conditions are relevant 

when preparing a suitable feedstock for direct carbon fuel cells. The specific temperature 

and residence time requirements can be tailored to maximize the output.  

Charcoal production has been a successful method for a long time. It evolved from simple 

batches used for making charcoal for cooking fires to more advanced industrial processes. 

The earliest forms of charcoal production were carried out in pits or mounds. Industrial 

charcoal production can be accomplished through both batches of ovens and continuous 

multiple hearth furnaces. The systems enable efficient and controlled carbonization. The 
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process of processing a specific amount of biomass can be done in batches or continuous 

multiple hearth furnaces. The methods have been improved for large-scale charcoal 

production. The long-standing success of charcoal production shows its effectiveness as a 

technique for converting wood into fuel, as well as contributing to the utilization of 

resources and providing valuable end products.  

  
    Figure 2.1: Different types of pyrolysis process (Moya et al., 2017)  

The organic material undergoes thermal degradation when it is heated to the desired 

temperature. The absence of oxygen allows the material to break down into various 

substances, such as gases and liquids. The composition and properties of the resulting 

products can be influenced by the temperature range chosen. Pyrolysis can be used to 

convert wood, crop residues-rich components and the production of renewable fuels and 

chemicals. It ensures that the biomass undergoes thermal decomposition, which leads to 

the desired pyrolysis products. (Moya et al., 2017).   

The concentration of energy can be improved through the transformation of the material 

through the process of pyrolysis. Valuable chemicals can be recovered during the process. 
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Gases, liquids, and bio-oils are some of the byproducts generated by the decomposition of 

organic materials. The production of chemicals with high market value is one of the 

applications where these compounds can be further processed and utilized. The history of 

the production of charcoal can be found in the history of pyrolysis, due to its ability to 

convert biomass into fuels of higher energy density and recover valuable chemicals. The 

technology is being explored for a wider range of applications, including waste 

management, renewable energy production, and the development of sustainable chemicals 

and fuels. (Yang et al., 2018).  

The yields of products are influenced by two different reactions. The primary reactions 

involve the degradation of the solid material. In the absence of oxygen, the waste material 

is subjected to high temperatures. The breaking down of complex organic compounds is 

caused by the thermal degradation of the solid. The release of volatile gases, vapours, and 

tar-like substances are caused by the decomposition of the solid matrix. Secondary 

reactions occur when the primary volatiles are produced. These reactions occur at elevated 

temperatures and involve various chemical processes. Fuel production and the formation 

of volatile compounds can be contributed to by the secondary reactions. The balance 

between gas, liquid, and solid products can be influenced by temperature, residence time, 

and other factors. The knowledge of primary and secondary reactions helps in tailoring the 

process for specific feedstocks and desired product outcomes. (Zhan et al., 2018).   

The operating conditions and experimental equipment used affect the extent of secondary 

reactions. Solid char, light gases, and heavy compounds are transformed into intermediate 

reactive products by Pyrolysis, which plays a crucial role in thermal processes. Pyrolysis 

has the potential to reduce dioxin pollution issues. Dioxins can be formed when certain 
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materials are burned. The absence or limited presence of oxygen reduces the formation of 

dioxins and other harmful pollutants by controlling the temperature, residence time, and 

gas composition, it is possible to maximize the production of desired products. This aspect 

makes pyrolysis an attractive option for waste treatment and energy recovery, as it offers 

the potential for environmentally friendly conversion. (Wu et al., 2017).   

When exposed to heat or over time, the oily liquids derived from pyrolysis of municipal 

solid waste pose challenges for energy recovery due to their high oxygen content, 

corrosiveness, and instability. Direct use as a fuel source is restricted by these 

characteristics. Researchers are looking at different approaches to address these 

limitations. One approach involves refining and upgrading the pyrolysis liquids. The 

methods aim to remove impurities, reduce the oxygen content, and improve the stability 

and energy density of the liquids, making them more suitable for energy conversion 

technologies. The pyrolysis liquids can be used to make valuable chemicals or fuels. The 

potential for energy recovery can be maximized by converting these liquids into higher 

value products. The liquids can be processed into bio-oil, which can undergo further 

refining to produce transportation fuels or serve as a precursor in various chemical 

processes. Although the oily liquids obtained from MSW present challenges for direct 

energy recovery, ongoing research and development efforts are focused on improving their 

properties and finding alternative pathways for their efficient utilization in the energy 

sector (Zhe et al., 2018).   

The cost and complexity of the process are increased by the internal waste generated from 

municipal solid waste. Further research and development is needed to make pyrolysis 

technologies more economically viable for large-scale implementation. It is important to 
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continue exploring innovative solutions and refining processes to overcome these 

challenges and make pyrolysis a more efficient, cost-effective, and sustainable waste 

treatment option for the future. (Rafati et al., 2016).  

2.7 Pyrolysis of Organic Materials  

Pyrolysis is a process that uses heat to convert waste into fuel. This heat causes the long 

chain molecule in the feedstock to break down. Non-carbon materials are volatilized as a 

result of cross-linking reactions. Potential applications include waste management, 

renewable energy production, and the production of valuable chemicals. (Adeniyi, 2014). 

The heating rate of the feedstock is gradually increased until it reaches a suitable 

temperature in the range of 600 to 850 degrees Celsius. Once the desired temperature is 

reached, it is maintained for a specific, the production of desired products can be achieved 

by maintaining the feedstock at the appropriate temperature. By controlling the heating 

rate and residence time, the process can be maximized to achieve desired outcomes, such 

as maximizing the production of valuable gases or liquids, or achieving specific product 

properties. The gradual increase in heating rate followed by maintaining the feedstock at 

the desired temperature for an extended residence time is a crucial step in the process of 

converting the feedstock into desired products. ( González,2009).  

The generic equation for the pyrolysis of biomass is described below;   

CnHmO (biomass)  Heat      ∑liquid CxHyOz + ∑gas CaHbOc + H2O + C(char)  (2.0)  

Pyrolysis and gasification processes enable the production of many chemicals, such as 

ethylene, carbon, and other valuable substances. These processes allow the conversion of 

waste materials into useful products like coke. The transformation of solid materials into 

gases and vapours is one of the advantages of gasification. Reduced costs for handling, 
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transportation, and storage of the resulting gases are some of the benefits of this 

conversion. The produced gases can be utilized as a fuel present in the syngas generated 

from gasification processes serve multiple purposes. The energy content of these gases 

makes them valuable resources The benefits of gasification include efficient conversion of 

solid materials into gases, enhanced fuel flexibility, and the utilization of captured gases 

to mitigate greenhouse gas emissions. These processes help to make energy production 

and chemical manufacturing more sustainable. (Sharma et al,. 2014).   

The overall energy balance and environmental consequences can be influenced by the 

efficiency of the process and the ability to capture and utilize the energy content of the 

syngas. Efforts are being made to address the fuel requirement. Exploring renewable 

energy sources is part of this. Research and development in areas like heat recovery, 

process integration, and advanced gasification technologies aim to minimize energy input 

while maximizing the production of valuable syngas. (Sharma et al,. 2014).  

  

2.7.1  Classification of pyrolysis  

Basically there are 3 types of pyrolysis and according to literature they have various 

combinations and conditions namely:  

1. Slow Pyrolysis   

2. Fast Pyrolysis  

3. Intermediate Pyrolysis  

2.7.1.1  Slow Pyrolysis  

When the main output is bio-char, there are specific characteristics associated with this 

approach. A gradual heating rate of less than 20C per minute is achieved by the pyrolysis 

process, which operates within a temperature range of 400 to 800C.  The quantity of 
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products obtained depends on a number of factors.  The primary products resulting from 

pyrolysis are bio-char and tar, which have an approximate yield of 30% and 35%, quantity 

of gases and oils can vary based on process conditions and the desired outcomes. (Braz,  

2014).  

2.7.1.2 Fast Pyrolysis  

Fast pyrolysis has distinct features compared to slow pyrolysis. It is good for the 

production of bio-oil. There are some key characteristics of flash pyrolysis. Particles 

smaller than 2mm are used in the utilization of the feedstock. The fine particle size allows 

for rapid heating.  

A shorter vapor residence time can be achieved with high heating rates.  

2.7.1.3 Intermediate Pyrolysis  

Long residence time pyrolysis is characterized by a longer duration for the reactions to occur. 

The extended residence time allows for the processing of challenging materials.  

Additional time is required for complete decomposition and conversion into useful products. 

The longer residence time in this process ensures thorough thermal degradation of the 

feedstock, resulting in desired outcomes. Handling and managing the process are challenges it 

presents. Careful control is required to maximize the conversion efficiency when the duration 

is longer. This allows for the utilization of diverse organic waste streams in an efficient and 

sustainable manner.  

2.8 Thermochemical Processes and Biomass Pre-treatment  

Under controlled temperature and oxygen conditions, certain processes are used to convert 

the original biomass into more practical forms of energy carriers. The goal of these 

conversion processes is not to directly produce useful energy but rather to transform the 
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biomass into more manageable and versatile forms that can be further utilized for energy 

production. The breakdown and transformation of complex organic compounds can be 

accomplished by subjecting the biomass to controlled temperature and oxygen levels. The 

energy carriers can be stored, transported, and utilized more conveniently The advantage 

of transforming biomass into more suitable forms for subsequent energy generation is 

offered by the conversion processes mentioned (Sharma et al., 2014).   

The use of more convenient energy carriers, such as those produced through carbonization, 

gasification, and catalytic liquefaction, offers several advantages. These processes provide 

energy-dense materials that are easier to transport and exhibit predictable combustion 

properties. The production of bio-oil, biochar, and gases can be achieved through 

Pyrolysis. Carbonization is a process that converts biomass into charcoal through high 

temperatures. The use of catalysts or a high hydrogen partial pressure is required for 

Catalytic liquefaction, which operates at low temperatures but high pressures. The process 

facilitates the transformation into liquid fuels. Depending on the requirements and desired 

output, each of these processes can be employed. These techniques are used to prepare the 

biomass for further conversion by enhancing its reactivity and breaking down complex 

compounds. 2.8.1 Advantages of the use of biomass as fuel  

The carbon footprint of fossil fuels is higher than that of renewable fuels. Significant 

reductions in net carbon emissions can be achieved with proper management. There are 

several environmental and social benefits associated with the production and use of wood. 

It is considered a "carbon lean" fuel because it produces a smaller amount of carbon 

emissions than fossil fuels. It is a more sustainable energy option. There are various regions 

within Nigeria that can be used to source biomass. The need for long-distance 
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transportation is reduced by this availability. Local business opportunities are created and 

the rural economy is supported by the utilization of biomass as a fuel source. It can create 

jobs in rural areas where there are abundant resources. The economic incentive for the 

management of woodlands is provided by the use of biomass fuel. Ensuring a steady supply 

of wood is encouraged by sustainable practices. This promotes habitat preservation.  

2.8.2 Gasification   

High energy efficiency, flexibility in feedstock selection, and the ability to capture and 

utilize the resulting syngas are some of the advantages of gasification. It has the potential 

to be used for the production of clean and renewable energy from carbonaceous materials.  

(Lopes et al., 2018).   

  

Figure 2.2: The gasification process (Lopes et al., 2018)  

2.9 Fuel Cells  

2.9.1 History of fuel cell   



 

39  

  

Fuel Cell (FC) was first discovered by Sir William Grove in 1839 called “Gaseous Voltaic 

Battery”. After several attempts to perfect the invention, Dr. Jacques develop the first 

Direct Carbon Fuel Cell (DCFC) using molten hydroxide as electrolyte in an attempt to 

generate electricity from coal in 1896 (Arenillas et al., 2013).  

A variety of materials were used in the research. More than 1kilowatt of power was 

produced by 100 cells stacked together. The lifespan of the first DCFC was short due to 

the quick breakdown of the electrolyte. The component was seen as the primary battery. 

Carbon's chemical energy is transformed into electrical energy using a DCFC. A range of 

resources were used in the study. The original DCFC had a short lifespan. The main battery 

was supposed to be this one. Most of the previous studies on DCFC used molten carbonate 

as the electrolyte. The arrangement did not produce larger current densities. Due to the 

strong Funding for DCFC research was stopped when oil prices fell. (Dudek, 2018). There 

are no moving parts so they work silently. Fine particulate matter, nitrogenous, and sulphur 

compounds can be emitted at incredibly low levels to reduce their harmful impact on the 

environment. Some of the most hazardous substances are included in the internal 

combustion engine's emissions.  

2.9.2 Basic working principle of fuel cell  

Fuel cells have better theoretical efficiency than heat engines because their power output 

is not governed by the Carnot cycle. It provides a very low emission. Unlike batteries, 

thermal engines use fuel, fuel cells and battery cells to generate power. (Hoogers, 2003).  

 2H2 +O2 →2H2O          (2.1)  

The electrical energy released is not the same as the heat energy. (Dicks, 2003).  
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A fuel cell has two electrodes and an ion conducting electrolyte,  catalyst splits hydrogen 

or a fuel containing hydrogen into two different types of ion. Oxygen reacts with electrons 

and sometimes with substances like water or protons, as appropriate, at the cathode.  

2.9.3 Why fuel cell   

According to current developments, the most pressing energy and environmental 

challenges require new approaches to be solved. For the scenario of future energy, fuel cell 

technology offers a viable and sustainable solution. Despite the fact that fuel cells have 

been around for more than a century, current commercialization is preoccupied with 

improving their efficiency in response to a number of factors, including a growing 

awareness.( Jain, 2007).   

Fuel cell systems are efficient with a power rate of over 100 kilowatts, unlike conventional 

power sources, is nearly as efficient as it is at full load. Fuel cells respond quickly to power 

demands. The capacity for load following is related to the decrease in production. Its 

loadfollowing capabilities are referred to as its capacity to rapidly decrease output. (Jain, 

2007).  Fuel cell systems are efficient with a power rate of over 100 kilowatts, unlike 

conventional power sources, is nearly as efficient as it is at full load. Fuel cells respond 

quickly to power demands. The capacity for load following is related to the decrease in 

production. Its loadfollowing capabilities are referred to as its capacity to rapidly decrease 

output.  

2.10 Classification of Fuel Cell  

The classification of fuel cells (FCs) is based on the electrolyte used. But it is noteworthy 

to say their functions are basically the same as shown in Table below For the operations at 

the anode, a fuel (hydrogen, carbon, etc.) is oxidized into electrons and proton, and at the 
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cathode, oxygen is reduced to oxide species. Depending on the electrolyte, either protons 

or oxide ions are transported through the ion conducting but electrically insulating 

electrolyte to combine with oxide or protons to generate water and electric power 

(Hoogers,  

2003; Adeniyi, 2014).  

The different types of fuel cells grouped based on the type of electrolyte used.   

1. Polymer Electrolytic Membrane Fuel Cell (PEMFC)  

i. Solid Polymer Fuel Cell (SPFC) and    

ii. Proton Exchange Membrane Fuel cell (PEMFC)  

2. Alkaline Fuel Cell (AFC)    

3. Phosphoric acid Fuel Cell (PAFC)    

4. Solid Oxide Fuel Cell (SOFC)    

5. Molten Carbonate Fuel Cell (MCFC)    

6. Direct Methanol Fuel Cell (DMFC)   

7. Direct Carbon Fuel cell (DCFC)    

  

Table 2.1: Developed fuel cells characteristics and applications   

 

Fuel  Electrolyte  Operating  Charge Fuel  Electric   Power  

Temp  carrier   range/Appliccell Type  efficiency 

 ation  

 (OC)    
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Proton 

exchange 

membrane 

FC(PEMFC)  

Solid 

polymer   

50-100  H+  Pure H2 35-40%  

tolerates  

CO2  

Automotive  

CHP(5250KW)  

Alkaline  

FC(AFC)  

KOH  60-120  OH-  Pure H2  35-55%  
<5KW, niche 

market space  

Phosphoric 

acid  

FC(PAFC)  

Phosphoric 

acid  

~220  H+  
Pure H2 40%  

tolerate  

CO2,1%  

CO  

Portable CHP 

(200KW)    

Molten 

carbonate FC  

(MCFC)  

Lithium  

Potassium  

Carbonate  

~650  

  

CO32-  

H2, CO, >50%  

CH4 Other 
hydrocabon  

(tolerate  

CO2)    

200KW-MW 

range CHP and 

stand  

alone  

Solid  oxide 

FC (SOFC)  Solid Oxide ~1000 

electrolyte yttria 

zirconia  

O2-  H2,CO,  >50% 

CH4,O  
2KW-MW 

range CHP and 

stand  

alone  

Direct carbon Molten salt / ~500-1000 

 O2- fuel  cell conducting  

(DCFC)  ceramic  

H2, CO, >80%  25kw-120kw  

CH4  

Other 

hydrocar 

bon (tolerate  

CO2)  

 

  

2.10.1 Alkaline fuel cells (AFC)   

A 40% alkaline electrolyte is used in alkaline fuel cells. Fuel cells are high- performance 

because of how quickly chemical processes occur inside the cell. The space applications 

achieved efficiency of 60%. The fuel cell type has an issue with carbon dioxide poisoning 

it. When CO2 and KOH mixed, the resistance will improve. Cleaning costs are involved.  

The amount of time before it needs to be replaced is influenced by the cell's susceptibility 
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to poisoning. The price will be raised further. Costs are less of a consideration for places 

like space or beneath the ocean. For more than 8,000 running hours, the AFC stacks can 

operate in a reliable manner.  

 Anode Reaction: 2H2 + 4OH- → 4H2O + 4e-       (2.3)  

 Cathode Reaction: O2 + 2H2O + 4e- → 4OH-     (2.4)  

  

  

Figure 2.3: Configuration of a typical AFC cell (Cao et al., 2007).  

2.10.2 Phosphoric acid fuel cells (PAFC)    

This form of fuel cell powers many buildings. The acid can be held by the Teflon-bonded 

and porous carbon electrodes of the Silicon Carbide matrix. Impurities are not as bad by 

PAFCs. They have an efficiency of 85%, but only between 37 and 42% when producing 

just electricity. PAFCs are less powerful when compared to other fuel cells.   

Anode Reaction: H2 → 2H + 2e-        (2.5)  

Cathode Reaction:  ½O2 + 2H + 2e- → H2O     (2.6)  
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  Figure 2.4: Configuration of a typical PAFC cell (Cao et al., 2007).  

2.10.3 Polymer electrolyte membrane (PEM) fuel cells (PEMFC)    

These cells are the best for smaller applications. Despite the fact that scientists are 

investigating catalysts that are more resistant to CO, this also raises costs.  

 Anode Reaction: H2 → 2H+ + 2e-        (2.7)  

 Cathode Reaction:  ½O2 + 2H+ + 2e- → H2O     (2.8)  

  

  

  Figure 2.5: Configuration of a typical PEMFC cell (Cao et al., 2007).  

2.10.4 Solid oxide fuel cells (SOFC)   

SOFCs work at high temperatures. It will be done with efficiency of about 60%. The cells 

don't need to be built because the electrolyte is solid. High temperature operation lowers 

costs by eliminating the requirement for a precious-metal catalyst. They are resistant to 

sulfur and can be used as fuel. Coal-based gases can be used in SOFCs.  

 Anode Reaction: 2H2 + 2O2
– → 2H2O + 4e–      (2.9)  

 Cathode Reaction: O2 + 4e– → 2O2
–       (2.10)  

 Overall Cell Reaction: 2H2 + O2 → 2H2O      (2.11)  
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  Figure 2.6: Configuration of a typical SOFC cell (Cao et al., 2007).  

  

2.10.5 Molten carbonate fuel cells (MCFC)    

The molten carbonate fuel cell makes use of molten carbonate salt as the electrolyte. It is 

mostly been  fuelled with coal- derived fuel gases, methane or natural gas. The cells can 

work at up to 60% Efficiency. In molten carbonate fuel cells, negative ions travel through 

the electrolyte to the anode where they combine with hydrogen to generate water and 

electrons.   

 Anode Reaction: CO3
2- + H2 → H2O + CO2 + 2e-      (2.12)  

Cathode Reaction: CO2 + ½O2 + 2e- → CO3
2-    (2.13) Overall Cell 

Reaction: H2 + ½O2 → H2O      (2.14)  
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Figure 2.7: Configuration of a typical MCFC cell (Cao et al., 2007).  

2.10.6 Direct methanol fuel cell (DMFC)  

The performance of the DMFC is constrained by a number of material related problems, 

such as membranes that allow the free passage and low-activity catalyst materials. In the 

sections to follow, a more thorough examination of the anode reaction and unique catalyst 

materials will be covered. Up until recently, this has been the focus of the majority of 

investigations, because it is thought to be the most constrained part of the DMFC's 

performance.  

 Anode reaction: CH3OH + H2O → CO2 + 6H+ + 6e–     (2.15)  

 Cathode reaction: 3/2O2 + 6H+ + 6e– → 3H2O       (2.16)  

 Overall reaction: CH3OH + 3/2O2 + H2O→ CO2 + 3H2O    (2.17)  

  

  

  Figure 2.8: Configuration of a typical DMFC cell (Cao et al., 2007).  Table 

2.2: Classification of fuel cell based on electrolyte used   

Electrolyte  

(ion carrier)  

Operating  

Temperature  

 (oC)  

Electrode Reaction  

Alkaline  

(OH-)  

̴ 100oC  Anode: 2H2 + 4OH- → 4H2O + 4e-  

Cathode: O2 + 2H2O + 4e- → 4OH-  
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Phosphoric  Acid  

(H+)  

̴ 200oC  Anode: H2 → 2H + 2e-  

Cathode: ½O2 + 2H + 2e- → H2O  

Proton 

 Exchange 

membrane (H+)  

̴ 80oC  
Anode: H2 → 2H + 2e-  

Cathode: ½O2 + 2H+ + 2e- → H2O  

Molten Carbonate  

(CO3
-)  

̴ 650oC  Anode: : CO3
2- + H2 → H2O + CO2 + 2e- 

Cathode: CO2 + ½O2 + 2e- → CO3
2-  

Solid Oxide  ̴  1000oC  
Anode: 2H2 + 2O2– → 2H2O + 4e– 

Cathode: O2 + 4e– → 2O2
–  

  

2.11 Direct Carbon Fuel Cell  

The direct carbon fuel cell (DCFC) is a  high temperature fuel cell that directly uses carbon 

as fuel supplied to the anode, which also has the ability to reduce the complexities of 

reforming hydrocarbon raw materials to fuels such as hydrogen. The DCFC offers  high 

thermal efficiencies for electrical power generation compared to  other fuel cell types using 

different fuels. The raw materials used for powering a DCFC are solid, carbon-rich fuels 

(Cao et al., 2007). The overall system efficiency of a DCFC, taking into account of 

secondary losses is in the range of 60-70 % (Giddey et al., 2012),  

2.11.1 Features of a direct carbon fuel cell (DCFC)  

1. A direct carbon fuel cell operates at high temperatures (500-900oC), it 

converts the chemical energy in solid carbon into electricity through its direct 

electrochemical oxidation. at this operating temperature range.   

2. Fuel utilization can be nearly 100%. This is because of the separate phase 

between the fuel feed and the product gas.   

3. The solid fuel feed system for delivery of fuel to reaction sites is quite 

complex compared to gaseous or liquid fuel fed fuel cell systems.   
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4. The theoretical efficiency of direct carbon fuel cell is also high, just about 

100%.  5. The by-product is pure CO2 requiring no gas separation and can be 

directly segregated hence, avoiding cost and efficiency penalties  

The Electrochemical reactions involved in the DCFC are shown in equations 2.29- 2.31.  

 Anode: C + 2O- → CO2 + 4e-        (2.18)  

 Cathode: O2 + 4e- → 2O-          (2.19)  

 Overall: C + O2 → CO2     E
o = 1.02V      (2.20)  

  

Figure 2.9: Configuration of a DCFC cell ( Wolk, 2007).  

2.11.2 Classification of direct carbon fuel cell  

Direct Carbon Fuel Cell are classified according to the type of electrolyte used . The 

majorly employed are:  

I. DCFC with a molten carbonate electrolyte  

II. DCFC with a molten hydroxide electrolyte  

III. DCFC with an YSZ-based solid electrolyte  

2.11.2.1 DCFC with a molten carbonate electrolyte  

Molten carbonate electrolytes are very good for DCFCs, they are highly conductive, have 

good stability when CO2  is present, and have an appropriate melting temperature for its 

application. The cell voltage is formed at the anode side and consumed at the cathode side, 

and there is an influence on the cell voltage by this partial pressure (Wolk et al., 2007). The 
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use of mixed molten carbonates (Li2CO3/K2CO3) for DCFC is recommended because of 

their high conductivity, good stability in the presence of CO2 (carbon electro-oxidation 

product) and suitable melting temperature (Cao et al., 2007,Cherepy et al., 2005). CO2 is 

formed at the anode side and consumed at the cathode side, therefore, its partial pressure 

has an influence on the cell voltage (Cao et al., 2007). Activation of the cathode catalyst 

was done by thermal treatment in air followed by lithiation to form a compact layer of 

nickel oxide (NiO). Anode and cathode were separated by several layers of Zirconia felt.  

The cell operates with carbon (anode side) and air/CO2 mixture (cathode side). Oxygen in 

the air reacts to produce carbonate ions which oxidizes the carbon particles at the anode. 

This tilted design allowed the excess electrolyte to drain from the cell thus avoiding 

flooding of the cathode (Yarlagadda, 2011).  

 Anode: C + 2CO3
2-  → 3CO2 + 4e-           (2.21)  

 Cathode: O2 + 2CO2 + 4e- → 2CO3
2-       (2.22)  

  

  

Figure 2.10: Tilted DCFC with a molten carbonate electrolyte (Cao et al,. 2010).  

2.11.2.2 Advantages of molten carbonate in DCFC   

Long-term stability in CO2 is one of the benefits of using molten carbonate as an 

electrolyte. (Kacprzak et al.,2016). It can oxidize carbon. It is not as strong as NaOH. The 
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operating temperature of carbonate-based systems is higher than that of molten 

hydroxidebased systems.  Carbon can be used as both a current collector and a anode.  

(Deleebeck.,2014; Cooper et al., 2005).   

2.11.3 DCFC with a molten hydroxide electrolyte  

 The molten hydroxide DCFC, uses molten hydroxide as electrolyte in DCFC,molten 

hydroxides have a number of advantages such as higher ionic conductivity, higher activity 

of the carbon electrochemical oxidation which means a higher carbon oxidation rate and 

lower over potential (Yarlagadda, 2011).  

Electrochemical reactions involved with the molten hydroxide DCFC clearly illustrated 

below.  

 Anode: C + 4OH- → CO2 + 2H2O + 4e-       (2.23)  

 Cathode: O2 + 2H2O + 4e-  → 4OH-        (2.24)  

 Overall: C + O2 → CO2          (2.25)  

2.11.3.1 Advantages of molten hydroxide in DCFC  There 

are benefits to using molten hydroxide electrolyte.  

1. It has a strong ionic conductivity.  

2.The higher the reactivity with carbon, the greater the anodic oxidation rate and the lower 

the potential losses.  

3.The operating temperatures were low due to the low melting point. (Giddey et al., 2012).  

2.11.4 DCFC with an YSZ-based solid electrolyte  

This DCFC where the cell consists of a solid Yttria Stabilized Zirconia (YSZ) electrolyte 

layer along with a liquid electrolyte which comprises a mixture of lithium carbonate 

(Li2CO3), potassium carbonate (K2CO3) and sodium carbonate (Na2CO3)  (Yarlagadda,  
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2011).  

The electrochemical reaction that takes place in this system is as shown   

 Anode: C + 2O-  → CO2 + 4e-         (2.26)  

 Cathode: O2 + 4e- →  2O-          (2.27)  

 Overall: C + O2 → CO2             (2.28)  

  

2.12 Process of Fueling Fuel Cells.   

Types of fuel used to fuel cells always varies for different types. Hydrogen use to be the 

fuel to power fuel cells, technological advancement has led to the use of biomass, coal, 

natural gas and municipal solid waste as suitable fuels for fuel cell system.  

2.12.1 Hydrogen  

It being  water produced by hydrogen oxidation. Zero-emission vehicles powered by PEM 

fuel cells emit only water when they use hydrogen. Since hydrogen doesn't naturally exist 

as a gaseous fuel, it needs to be produced from a fuel source in order to be used.   

Table 2.3: Hydrogen and other fuels properties for fuel cell systems.  

Properties   

  

Hydrogen  

H2  

  

Methane  

CH4  

  

Ammonia  

NH3  

  

Methanol  

CH3OH  

  

Ethanol  

C2H5OH  

  

Gasoline  

C8H18  

Molecular weight   

  

2.016   

  

16.04   

  

17.03   

  

32.04   

  

46.07   

  

114.2   

  

Freezing  point  

(oC)   

-259.2   

  

-182.5   

  

-77.7   

  

-98.8   

  

-114.1   

  

-56.8   

  

  

Boiling point (oC)   

  

-252.77    

  

-161.5    

  

-33.4    

  

64.7    

  

78.3    

  

125.7    

  

Net enthalpy of   

combustion  

  

@ 25oC (kJ mol-1)  

  

241.8   

  

  

802.5   

  

  

316.3   

  

  

638.5   

  

  

1275.9   

  

  

5512.0   
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Heat  of 

vaporisation   

(kJ kg-1)  

  

445.6   

  

510   

  

1371   

  

1129   

  

839.3   

  

368.1   

  

Liquid density   

(kg m-3)  

77  425   

  

674   

  

786   

  

789   

  

702   

  

Specific heat at  

STP  

(Jmol-1 K-1)  

  

28.8   

  

34.1   

  

36.4   

  

76.6   

  

112.4   

  

188.9   

  

Flammability 

limits in air (%)  

4-77    

  

4-16    

  

15-28    

  

6-36    

  

4-19    

  

1-6    

  

Autoignition 

temperature in air 

(oC)  

571  632  651  464  423  220  

2.12.2 Natural gas  

One of the easiest ways to extract carbon from natural gases is the thermal decomposition 

or cracking of natural gas. Methane can be broken down into carbon and hydrogen with 

less than 18 kcaVmo1 of heat of creation. If we apply the 80% thermal efficiency of 

cracking operations, we can estimate that 10. At operating pressures below 5m and 

temperatures between 800 and 1000C. (Cherepy et al., 2002).   

 In the thermal black process, methane is destroyed without the presence of air in tandem 

firebrick furnaces that are reheated. During the furnace black process, methane or furnace 

oil is partially burned in a rich flame, and carbon fines are collected as a by-product. Both 

of these techniques are extremely inefficient because energy is not conserved. The 

generated hydrogen is used as fuel. The processes can be made more efficient if hydrogen 

is used. The third and most recent method is the plasma black method, which cracks 

methane using an electric discharge. Carbon and hydrogen are recovered. The procedure is 

effective according to claims. Electric power usage lowers the overall fuel efficiency to 

below 50% if a non-fossil fuel source is used. The industrial black process uses affordable 

hydropower in Canada. (Cooper et al., 2008).   
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2.12.3 Petroleum    

This are deposit  found in sedimentary rock, a mixture of solid, liquid and gaseous 

hydrocarbon compounds. Fuels derived from petroleum account for one half of the world’s 

total energy supply which are gasoline, diesel fuel, aviation fuel, kerosene etc. Various 

components of petroleum are separated into fractions by distillation (Larminie and Dicks,  

2003; Adeniyi, 2014). For fuel cell these chemical composition are good  which helps 

determine the type of fuel processing  used for generating hydrogen.  (Larminie and Dicks, 

2003; Adeniyi, 2014).   

2.12.4 Coal and coal gas   

Coal an abundant complex chemical fossil fuel. Formed from the remains and indurations 

of many plant  similar to those of peat. Coal are Classified based on the inherent plant 

material (coal type), degree of metamorphosis (coal rank), and also degree of impurities 

(coal grade). Processing of coal to produce liquids, gases and coke is mainly dependent on 

the properties of the raw coal material. Fuel cell can be powered by the gases produced 

from coal gasification or from coal powder (Larminie and Dicks, 2003).   

2.12.5 Bio-fuels   

These are fuel gotten from biomass and all natural organic material associated with living 

organisms, found on land and marine vegetable matter. There is a great desire  for using 

biogases in fuel cell systems. Most biogases have low heating values and high level of 

carbon oxides and nitrogen. Fuel cells most especially the DCFC, MCFC and SOFC can 

handle very high concentration of carbon oxides (Larminie and Dicks, 2003). Bio liquids 

are also good for fuel cell application, methanol and ethanol are good examples. Methanol 
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is the proposed fuel for Fuel cell vehicles (FCVs).  It is synthesised from syngas derived 

from biomass or natural gas. Ethanol gotten from direct fermentation of biomass. Alcohol 

could be reformed  into hydrogen-rich gas (Larminie and Dicks, 2003).  

  

  

  

2.13  Thermodynamic Analysis  

2.13.1  First law of thermodynamics  

The First Law of Thermodynamics states that the energy of a system is conserved. Energy 

is neither lost nor generated but is converted from one form to another.  

 Q - W = ΔE            (2.29)  

From Equation 2.29, Q is the amount of heat as input  in the system, -W is the work done 

by the system,  ΔE is the change in total energy which is dependent on the initial and the 

final state (Hoogers, 2003).  

The fuel cell is an open system, it allows the flow of mass and energy through its 

boundaries. The total energy of the system is the sum of  the changes in internal, U, kinetic, 

KE, and potential, PE, energies.  

   
 a) control mass      b) control volume  
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 A stationary control volume system under steady-flow conditions  has  its change in kinetic 

and potential energy as zero with other properties constant with time (∆KE = ∆PE = 0) 

(Fuel Cell handbook, 2003). Thus the first law is expressed for a typcal fuel cell (Open 

system) in equation 2.30  

 Q - W = ΔH          (2.30)  

  

2.13.2 Second law of thermodynamics  

  

 

                                      

Figure 2.11: Mechanisms of thermodynamics of direct carbon fuel cell (Dicks, 2003) The 

Second Law of Thermodynamics defines the property entropy, which can be utilized as a 

measure of the disorder in a system. A process that does not produce entropy is known as 

a reversible process in the event that it very well may be performed and afterward come 

back to its initial state. In this way, in a reversible process, by the First Law, no net trade 

of heat or work happens in either the system or environment: both come back to their 

original states. An irreversible process, then again, generates entropy in view of, for 

instance, expansion with no restrictions, heat loss from friction, or heat exchange through 

a finite temperature difference. A process that involves heat exchange can be made 

reversible if the finite temperature gradient, is limited to an infinite difference (to the 

     

  

   

    

  +   
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detriment of the rate of heat exchange) (Hoogers, 2003). Entropy depends on this reversible 

heat exchange, and as a property, it is expressed as  

 ∆S =             (2.31)  

For a process that undergoes reversible heat transfer, Qrev, at a constant temperature, To, 

entropy.  

  

2.13.3 Heat engines  

These four characteristics define accurately the operations of a heat engine (Hoogers,  

2003):  

i It  Receives heat from a high-temperature source   

ii Then Converts part of this heat to work   

iii Rejects the remaining waste heat to a low-temperature sink   

iv Operates on a thermodynamic cycle  

  

Figure 2.12: T-S diagram of carnot cycle (Larminie, 2003).  

Heat engines transforms thermal energy, or heat, Qin into mechanical energy , or work  Wout 

they cannot do this task perfectly, so some of the input heat energy is not converted into 

work, but is dissipated as waste heat Qout into the environment.  

 Qin =Wout + Qout          (2.32)  
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The thermal efficiency of a heat engine is the percentage of heat energy that is transformed 

into work thus it is determined by the amount of work converted from the amount of energy 

input into the system which is given as:  

 ɳth =          = 1 -           (2.33)  

The efficiency of the best heat engines  is usually below 50 % and sometimes lower. 

Because of the a large fraction of the fuels produced worldwide go to powering heat 

engines,  half of the useful energy produced worldwide is wasted in engine inefficiency 

hypothetically. This inefficiency can be attributed to three causes namely:  

i. Carnot efficiency. ii. 

Irreversibility.   

iii. Mechanical friction and losses in the combustion process.  

2.13.3.1 Carnot efficiency   

The thermal efficiency of all heat engines is fundamentally constrained by the second law 

of thermodynamics. Nearly none of the heat input into an engine, even in an ideal, 

frictionless engine, can be converted into works, TH & TL carnot’s theorem can be 

represented thus:  

 ɳth ≤ 1 -               (2.34)  

The carnot cycle efficiency is a limiting figure for an ideal engine cycle. This efficiency is 

a minimum that can't be exceeded because of the technologies that transform heat into 

mechanical energy. The maximum achievable efficiency of a steam plant is 73%. The 

different forms of energy are converted to electricity, fuel cell converts the electrochemical 

properties into electricity. The figure above explains clearly the operations in a fuel cell 

which include the conversion of inputs directly into some kind of output.  
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2.13.4 EMF and the energy of the hydrogen fuel cell  

  Electricity  

  Voltage = VIt  

 
  

Unlike convention power generation systems where their differe Figure 2.13:  Fuel cell 

inputs and outputs (Dicks, 2003)  

A fuel cell converts various kinds of energy into electricity. The actions in a fuel cell are 

explained in detail by the above graphic. It is easy to calculate the electrical power and 

energy production. (Larminie and Dicks, 2003).  

  Power = VI and Energy = VIt          (2.35)  

that are still relevant, exergy is the word that best fits the endeavour to use the concept of 

high-temperature. (Larminie and Dicks, 2003).  

2.13.5 Gibbs free energy   

 Gibbs free energy  is important in fuel cell. It is defined as the ‘energy available to do 

external work, its independent of  work done by changes  in pressure and  volume’. In a 

fuel cell, the ‘external work’ involves moving electrons round an external circuit  any work 

done by a change in volume between the input and output is not harnessed by the fuel cell. 

Exergy is all the external work that can be extracted, including that due to volume and 
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pressure changes. Enthalpy can be simply defined as the Gibbs free energy and the energy 

connected with the entropy (Larminie and Dicks, 2003). In a fuel cell operating at constant 

pressure and temperature, the maximum electrical work (Wel) available is given by the 

change in Gibbs free energy (ΔG) of the electrochemical reaction:   

 Wel = ΔG = − nFE        (2.36)  

  

Where n is the number of electrons participating in the reaction, F is Faraday's constant  

(96,487 coulombs/g-mole electron), and E is the ideal potential of the cell.    

The change in Gibbs free energy can also be written as:   

 ΔG = ΔH – TΔS          (2.37)  

At constant temperature and pressure, ΔG = -395.3 KJ/mol ΔH = -393.95KJ/mol Where 

ΔH is the enthalpy change which is also the total thermal energy available and ΔS is the 

entropy change. TΔS represent the amount of heat produced by a fuel cell operating 

reversibly. Reactions occurring in a fuel cells that having negative entropy change generate 

heat (hydrogen oxidation), while those having positive entropy change (direct solid carbon 

oxidation) extract heat from their surroundings if the irreversible generation of heat is 

smaller than the reversible absorption of heat (Jain, 2009). Enthalpy can be simply defined 

as the Gibbs free energy and the energy connected with the entropy.  

 Enthalpy ΔH = ΔG + TΔS          (2.38)  

      Where ΔH is the Enthalpy   

ΔG is the Gibbs free energy    
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TΔS is the Energy connected with Entropy   

In a fuel cell, it is the change in  Gibbs free energy of formation, Gf , that gives  the energy 

expelled. This change is the difference between the Gibbs free energy of the products and 

the Gibbs free energy of the inputs or reactants (Larminie and Dicks, 2003).   

 Gf = Gf of products − Gf of reactants       (2.39)  

However, the Gibbs free energy of formation is not constant; it changes with temperature 

and state (liquid or gas). below shows Δg f for the basic hydrogen fuel cell reaction.  

 H2 +  O2  → H2O          (2.40)  

Gibbs free energy is converted into electrical energy. for the hydrogen fuel cell, two 

electrons pass round the external circuit for each water molecule produced and each 

molecule of hydrogen used. So, for one mole of hydrogen used, 2N electrons pass round 

the external circuit – where N is Avogadro’s number. If −e is the charge on one electron, 

then the charge that flows is  

 −2Ne = − 2F coulombs         (2.41)  

F  being the Faraday constant, or the charge on one mole of electrons. If E is the voltage of 

the fuel cell, then the electrical work done moving this charge round the circuit is   

 Electrical work done = charge × voltage = − 2FE joules    (2.42)  

If the system is reversible (or has no losses), then this electrical work done will be equal to 

the Gibbs free energy released Δ g f. So  

Δg f  = − 2F ·E joules   

Thus       
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  E =             (2.43)  

The above equation gives the electromotive force (EMF) or reversible open circuit voltage 

of the hydrogen fuel cell.  

  

  

  

2.13.6 Cell efficiency   

Pressure and heat can be used to turn chemical energy into electrical energy. One of the 

limitations of traditional energy sources is the Carnot cycle. Fuel cells are not constrained 

by the Carnot cycle because they produce energy through the reaction of the fuel. (Giddey 

et al., 2012).  

For a fuel cell conversion device, the thermal efficiency is defined as the amount of useful 

energy produced relative to the change in enthalpy, ΔH, between the product and feed 

streams.   

  

 η =            (2.44)  

  

Conventionally, chemical (fuel) energy is first converted to heat, which is then converted 

to mechanical energy, and subsequently converted to electrical energy (Hoogers,2002).   

 In the ideal case of an electrochemical converter, such as a fuel cell, the change in Gibbs 

free energy, ΔG, of the reaction is available as useful electric energy at the temperature of 

the conversion. The ideal efficiency of a fuel cell, operating reversibly is given as:   

 η ideal =             (2.45)  
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The fuel cell technology is more efficient than the conventional heat engines.  The 

efficiency of a system is regardless of its size. A small system can be as efficiency as a 

large one and this is important in an attempt to generate power in a combined heat and 

power system (Nurnberger et al,2010).  

The DCFC has many benefits and is expanding. A DCFC system can be built without heat 

engines or reformers, which lowers the cost of shipping and reduces environmental 

pollution. The production of solid rich-carbon particles used as fuel in a DCFC requires 

less energy and resources than the manufacturing of hydrogen-rich fuels used electric 

efficiency for a DCFC with a fuel utilization factor close to one may be processes. In fuel 

cells, the losses associated with auxiliary subsystems are usually under 10%. The electric 

efficiency for a DCFC is between 70% and 67%.   

2.13.7 Open circuit voltage (OCV)   

The open circuit voltage is the greatest that can be achieved for a specific fuel cell. When 

there is no external load. A linear voltage decrease is seen at intermediate current densities 

when the non-instantaneous reaction kinetics results in a rapid voltage drop from OCV. Its 

concentration of the reactants will be lower at the cell's exits than it is at the entry.  

(Larminie and Dicks, 2003).  

2.13.8 Voltage   

 Fuel cells oftenly generate about 0.6 volts to 0.9 volts DC per cell but the output voltage 

falls as the current is increased due to the internal impedance and losses within the cell, the 

opening or holes in the cell should be sealed to provide higher voltage.( Jai, 2010),  

2.13.9 Current density   

The current density can be calculated by dividing the current by the cross-sectional area of 

the fuel cell.   
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 From Ohm’s Law: V=IR              (2.46)  

Where V= Cell Voltage, I = Current and R = Resistance  

Since current density = current per Area and Area =unity (1)  

 ( ) 

 =                 (2.47)       

  

  

2.13.10 Power density   

The power density delivered by a fuel cell is the product of the current density and the cell 

voltage at that current density divided by the active surface area of the cell. Because the 

size of the fuel cell is very important, other terms are also used to describe fuel cell 

performance. Specific power is referred to as the ratio of the power generated by a cell (or 

stack) to the mass of that cell (or stack) (Li et al.,2003).  

 Power Density =        (2.50)  

      

And electrical power is calculated from:   

If V =IR and P=IV, then P=I (IR)   

Therefore, P=IV= I2R  (since I and R is the only known) measured in watt/cm2  

It uses an electrochemical process to directly convert chemical energy to electricity.  

2.13.11 Fuel cell irreversibility  

The system's loss of work or energy is referred to as this, while other terms include over 

potential, and polarization. There are only ohmic losses that function as a resistance. ). they 

are namely ( Larminie and Dicks, 2003)  
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i.  Activation losses ii. Ohmic losses (having current densities in the range of 50-

900 mA/cm2) iii. Mass transport or concentration losses (having current densities 

greater than  

900mA/cm2)  

iv. Kinectic losses (having current densities less than 50 mA/cm2)  

2.13.11.1 Activation Losses  

The slowness of the reactions on the surface leads to activation losses. When driving the 

chemical reaction that transports electrons ( Larminie and Dicks, 2003)  

.  

2.13.11.2 Ohmic losses  

During fuel cell operation, ion must pass through the electrolyte. The losses are caused by 

the ion flowing (Adeniyi, 2014).  

 V= IR                    (2.51)  

 ∆Vohm = ir            (2.52)  

in order to serve as the foundation over which the electrodes are constructed, or it needs to 

be wide enough to allow an electrolyte circulation flow. It must be thick enough to prevent 

any electrical connections between the electrodes and the electrolyte. (Larminie and Dicks,  

2003).  

2.13.11.3 Fuel Crossover and Internal Currents   

Fuel crossover are term used for that small amount of wasted fuel that migrates through the 

electrolyte. In a practical fuel cell some fuel will diffuse from the anode through the 

electrolyte to the cathode, because of the catalyst, it will react directly with the oxygen, 

producing no current from the cell.  The crossing over of one hydrogen molecule from 
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anode to cathode where it reacts, wasting two electrons, amounts to exactly the same as 

two electrons crossing from anode to cathode internally, rather than as an external current.  

The internal currents and the fuel crossover are essentially equivalent ( Larminie and Dicks 

2003)  

2.13.11.4 Concentration losses/Mass transport   

Losses that result from the change in concentration of the reactants at the surface of the 

electrodes as the fuel is used (Adeniyi 2014). If at the anode of a fuel cell supplied with 

hydrogen and during cell operation there will be a slight drop in pressure, if the hydrogen 

is consumed as a result of a current being drawn from the cell. This pressure reduction 

results from the fact that there will be a flow of hydrogen down the supply ducts and tubes, 

and this flow will result in a pressure drop due to their fluid resistance. This reduction in 

pressure will depend on the electric current from the cell (and H2 consumption) and the 

physical characteristics of the hydrogen supply system. Similarly, If the oxygen at the 

cathode of a fuel cell is supplied in the form of air, then it is self-evident that during fuel 

cell operation there will be a slight reduction in the concentration of the oxygen in the 

region of the electrode, as the oxygen is extracted. The extent of this change in 

concentration will depend on the current being taken from the fuel cell, and on physical 

factors relating to how well the air around the cathode can circulate, and how quickly the 

oxygen can be replenished. This change in concentration will cause a reduction in the 

partial pressure of the oxygen (Zecevic et al,2005). Conclusively a reduction in the gas 

pressure will lead to a reduction the cell voltage.  

2.13.12 Effect of temperature in a DCMC fuel cell operation  

 The Gibbs free energy changes with temperature ( it decreases with elevated temperature) 

and at high temperature, the electrochemical reactions proceed more quickly, which 
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manifests in lower activation voltage losses. Also, noble metal catalysts are often not 

needed. The high temperature of the cell and the exit gases means that there is heat available 

from the cell at temperatures high enough to facilitate the extraction of carbon from other 

more readily available fuels, such as natural gas.  

The high temperature exit gases and cooling fluids are a valuable source of heat for 

buildings, processes, and facilities near the fuel cell. In other words, such fuel cells make 

excellent ‘combined heat and power (CHP) systems’.  

The high operating temperature of MCFCs provides the opportunity for achieving higher 

overall system efficiencies and greater flexibility in the use of available fuels compared 

with the low temperature types. (Larminie, 2003).  

2.13.13 Advantages and applications of fuel cell  

The most important disadvantage of fuel cells is the same for all types, being the cost. Apart 

from that, there are diverse advantages, which emphasise more or less strongly for different 

types and generate different applications.  

2.13.13.1 Simplicity  

The major part of a fuel cell are relatively simple with few that require to be moved from 

one place to another. This can help maintain the longevity and reliability  of the system.  

2.13.13.2 Low flare gases  

The world at large is faced with the problem of gas emission most especially CO2 which 

causes greenhouse effect and global warming. The by-product of the fuel cell reaction, 

when hydrogen is the fuel is pure water, which means fuel cell can be essentially ‘Zero 

emission’ (Yue et al,2016). This is the main advantage when used in vehicles, as there is a 

requirement to reduce vehicle emissions.  
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2.13.13.3 Silence  

Fuel cells are very quiet, even those with extensive extra fuel processing equipment. This 

is very important in both portable power applications and for local power generation in 

combined heat and power schemes (Larminie and Dicks, 2003).  

  

  

CHAPTER THREE  

3.0  MATERIALS AND METHOD   

Diagrams of some of the equipment and setup stands are included in this chapter. It gives 

an in-depth understanding of the calorific value evaluation process. The design and 

assembly of the DCFC equipment, as well as the preparation of the molten hydroxide 

electrolyte for fuel cell operation, are provided.  

3.1  Equipment and Reagents  

3.1.1  Equipment  

The list of equipment and processes employed in determining the performance of the solid 

waste in the DCFC which in turn was used to generate electricity are shown in Table 3.1.  

Table 3.1: List of equipment  

Equipment  Manufacturer  

1 Oven  England  +2  

2 Furnace  England  SAR-590-G  

3 Kjedahl digertor  England  GERHARDT  

4 Micro kjedahl distiller      

6 Refartech Retractor  England  TECATOR  

7 Beaker  England  BNB-380-600 ml  
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8 Measuring Cylinder  England  C31860/9  

9 Reagent bottle  England  BTF-350-500 ml  

10 Digestion tubes  Germany  100ml  

11 Petric dishes  England  PYRAX  

12 Flask or Round bottom  England  FR150/2S, 150ml  

13 Weighing boots  England   14  Cathode lamps  England   

15  Volumetric flask  England   16  Extracting bottles 

 England  75ml  

17 Calorimeter   England  CBA-300  

18 Crucibles  England  Ceramic  

19 Mortar and pestles  England  MWA-300-090M,  

125mm  

20 Sieves   England  SIH-300-110Q, 10 mesh  

21 JEOOLJSM Microscope    5600LV  

22 Empyrean Diffractometer  Germany  DY 674 2010  

23 Spectrophometer  England  UV2100  

24 Heating Block  Locally fabricated   25  Resistor box  Locally 

fabricated    

26 Multimeter      

27 Weighing balance     28  Gas cylinders     29 

 Stop Watch     30  Gas pipes       

 

3.1.2  Reagents  

The list of reagents used for the preparation of the carbon fuel and the electrolyte are shown 

in Table 3.2.  

Table 3.2 : List of reagents  

S/No.  Reagent/Chemical  MANUFACTURER  Purity %  
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1 Sodium hydroxide  India  98.9  

2 Potassium hydroxide England 98 3 Bromocresol green England 99  

4 Ethanol  England  99.7  

5 Diethyl ether      

6 Sulphuric acid  England  89.07  

7 Nitric acid  England  96.7  

8 Hydrochloric acid  England  97  

9 Ammonium hydroxide  England  97  

10 Kjedhal Tablet      
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Figure 3.2: Direct Carbon Fuel Cell Operation  

3.2 Material Preparation  

Municipal solid waste was selected  for this experiment. These Sample namely;  was 

obtained from Trikania Kaduna, Kaduna state. The solid waste sorted in biodegradable and 

non-biodegradable.The biodegradable samples were  sun dried for about a week and then 

sun dried to ensure homogeneity. Afterwards, size reduction was carried out by pounding 

with pestle and mortar . The pounded sample was further sieved with 500 μm (0.5mm) 

sieve. Putting of the sample in the sieve was done  mechanically  to aid effectiveness, 

uniformity and total recovery. The process was then repeated several times until the 

particles attained the desired sizes. There and then, it was sent to STEP-B Bosso campus  

FUTMinna, Niger state for pyrolysis and School of Agriculture Main campus, Gidan 

Kwano for  characterization (Proximate and Ultimate).   

3.2.1 Pyrolysis of solid waste samples  

The samples were prepared and ready to be carbonized. The samples were dried in an oven 

for an hour at an operating temperature of 100 oC. The dried sample was put into a 

hightemperature muffler furnace called the Carbolite RHF 600 after being placed in a 

crucible with nitrogen gas in order to purge the crucible containing the solid carbon from 
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oxygen. The furnace was heated to 500oC for 30 minutes at a rising rate of 10oC/min. After 

which the char was sieved using a 250 µm size mesh to obtain fine carbon particles.  

 

  

Plate III :Pyrolyser  

                  

 
  

Plate IV: Sawdust                  Plate V: Carbonized Sawdust  
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Plate VI: Sugarcane bagasse               Plate VII: Carbonized Sugarcane bagasse  

   

Plate VIII: Orange peels           Plate IX: Carbonized Orange peel  

3.2.2 Proximate analysis of biomass   

The chemical composition of the biomass can only be determined through a close 

investigation. The four components of moisture content, fixed carbon, volatile matter, and 

ash are used to provide an analysis of the composition of the biomass. The fixed carbon is 

estimated by the difference.  
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3.2.2.1 Moisture content analysis   

The amount of water in each sample was determined by the test analysis. A known-weight 

empty crucible was placed in a drying oven for 30 minutes to remove all traces of humidity. 

The new weight was recorded after cooling down in a desiccator. The sample was weighed 

down to 1g. The sample and crucible were placed in a drying oven for one hour. After 

reaching room temperature, the crucible and its contents were put in a desiccator to dry off.  

The observed weight after cooling was constant until it was less than 0  

.Moisture Content (%) = 100  X 100        (3.1)  

3.2.2.2 Ash content analysis   

Following the previous weighing procedures, 1.0g of the dry test samples for each were 

measured, heated for 30 minutes at 750°C in a muffler furnace called the Carbolite RHF 

1600, cooled to room temperature in a desiccator, and weighed. The process was repeated 

every hour until the weight remained steady. Using the following equation in grams (g),   

Ash Content (%) =  X 100        (3.2)  

3.2.2.3 Volatiles content analysis   

The sample's volatile matter content was calculated using the Meynell method. After 

weighing the empty crucible, The sample was heated for a further 5 minutes at 800C,  

Volatile Matter = Weight of residual dry sample before heating – weight of dry sample 

after heating  

Volatile Matter (%) =          

          X 100    (3.3)  
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3.2.2.4 Fixed carbon analysis    

The fixed carbon analysis calculates how much biomass is still present after moisture, 

volatiles, and ash have been eliminated. The following relation was used to calculate the 

samples' fixed carbon content:  

Fixed carbon content (%) =  100 – (moisture content + volatile matter + 

Ash content)                   (3.4)  

3.2.3  Ultimate analysis  

The fuel samples' components were found by an analyser in a platinum crucible. The 

sample was burned at a higher temperature in the atmosphere of oxygen, converting the 

carbon to carbon dioxide, the hydrogen to water, the sulphur to sulfuric dioxide, and the 

nitrogen to nitrogen two. An IR detector was used to detect the first three chemicals, while 

a thermal conductivity detector was used to measure N2.  

3.2.3.1 Carbon and hydrogen contents  

The Big-Pregle Method was used to calculate the amounts of carbon and hydrogen. A gram 

of the sample was placed in a tube and burned to absorb carbon dioxide and magnesium to 

estimate the amount of carbon and hydrogen. The amount of water and carbon dioxide was 

calculated using the difference in weight before and after water absorption. The Hydrogen 

and Carbon (%) were evaluated thus as:  

 ( . ) 

 %C =  x 100%          (3.5)  

While for Hydrogen content we have     

 ( . ) 

 %H =  x 100%          (3.6)  
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3.2.4  Calorific value (CV) determination  

The calorific value is the amount of heat emitted by a specific biomass during complete 

combustion at standard pressure and reference temperature. The amount of heat released 

increases with the calorific content. The sample was analysed using a bomb calorimeter.  

The equation used to calculate the calorific value is given as:  

 (         )  (   ) 

Calorific Value =       (3.6)  

    

3.3 X-Ray Diffraction (XRD) Analysis  

The sample is being examined with an X-ray beam. The atoms in a mineral are arranged 

according to the d-spacing, which is the precise spacing between the crystal lattices' stakes. 

When an X-ray beam passes through a sample of carbon, it produces peaks that are typical 

of each type of diffracted light along a set of planes, and the way these peaks are diffracted 

is indicative of how the atoms are arranged in the mineral. The powdered samples were 

sieved. A wide angle press was used to push the powder into an aluminum sample holder 

and rim after grouping the sample fraction of less than 2 micron carbon. Phillips P.W. 1011 

goriometer connected to a recorder. The scanning took place between 2' and 40'. The time 

constant is 1' 20 cm/min. The diffractograms were interpreted using the reference 

conversion table to 20 to d-values.  
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      Plate X : Rigaku D/Max-lllC X-ray diffractometer  

3.4  SEM Analysis  

The JOEL-JSM 7600F scanning electron microscope was used to capture the images. The 

samples were deposited on a sample holder with a carbon foil. The samples are covered 

with a metallic coating.  

  

Plate XI : JOEL-JSM 7600F Scanning Electron Microscope  

3.5  Preparation of Carbonate Electrolyte using a Mesh Wire  

The electrolyte was prepared using molten hydroxide of Sodium and Potassium salt  
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(Adeniyi 2014). 9.5g of NaOH and 15.5g of KOH (i.e. 38 mol% of NaOH and 62 mol% 

of KOH) were measured and mixed together and later transferred to a stainless steel 

(Copper et al., 2008). The stainless steel was then place on a heating source, where it was 

been prepared. The mixture was immediately stirred continuously to ensure homogeneous 

mixture. Molten started at a temperature of 100C and at 500C, the molten carbonate has 

completely formed 25mm Aluminium wire mesh was saturated with the melted molten 

carbonate and upon cooling, the molten carbonate stick to the aluminum wire mesh and it 

was used as the electrolyte  

 

  

Plate XII: Electrolyte preparation            Plate XIII: Electrolyte  

3.6 Preparation of Carbon Fuel Particles  

The carbon fuel particles used in the reaction were combined with the mixed hydroxide salt 

(15wt% of Biomass, 46.6wt% NaOH and 53.4wt% KOH). The fuel for the DCFC was 

created by combining the two salts with 4.5g biomass carbon particle to form the fuel for 

the DCFC (Adeniyi, 2014).  
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Plate XIV: Carbon Fuel mixed with hydroxide salts  

  

3.7 Design and Assembling of the DCFC  

 A 20mm ceramic tube was used to make the anode and cathode. This helps with heat 

retention and temperature control. The aluminium mesh wire was 25mm in diameter and 

saturated at 60 0C. The ceramic tubes were connected to the copper wires with crystal beads 

used as current collectors. The hot plate was the heat source. (Adeniyi,2014; Copper,2008).  

  

 

Plate XV: Fuel cell                Plate XVI: Electrode for Conduction  
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Figure 3.3: Design of the DCFC (Adeniyi,2014)  
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Figure 3.4: Design of furnace  

  

  

Plate XVII : MHDCFC Operation  
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CHAPTER FOUR  

4.0                             RESULTS AND DISCUSSION  

The Water Resources and Fishery Technology Laboratory  located at the University of  

Technology Minna. The Thermal Treatment Laboratory of the Chemical Engineering 

Complex of the Federal University of Technology, Minna investigated the fuel 

performance of the Molten Hydroxide Direct Carbon Fuel Cell.  

4.1 Thermo-Gravimetric Analysis    

The result of the Thermo-Gravimetric analysis involves the Proximate  Analysis  and it is 

represented in Table 4.1.  

Table 4.1: Proximate analysis of  municipal solid waste (MSW)  

Sample  

Description  

Moisture  

Content  

(wt%)  

Ash  

Content  

(wt%)  

Volatile  

Matter  

(wt%)  

Fixed  

Carbon  

(wt%)  

Saw Dust  2.17  5.23  71.83  20.77  

Sugarcane 

bagasse  

3.60  2.10  67.00  27.30  

Orange Peel  1.56  3.24  72.60  22.60  

MSW  1.36  3.57  65.10  29.97  

  

  

Table 4.2: Ultimate analysis of  municipal solid waste (MSW)  

Sample  

Description  

C  

(wt%)  

H  

(wt%)  

O  

(wt%)  

N  

(wt%)  

S  

(wt%)  

 Saw Dust  50.91  3.43  44.24  0.26  0.16  

Sugarcane 

bagasse  

48.73  4.98  45.20  0.83  0,22  

Orange Peel  40.20  4.80  35.50  0.38  0.21  
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MSW  58.40  6.60  34.00  0.72  0.28  

  

Table 4.1 provides the results of the thermogravimetric (proximate ) analysis performed on 

the samples indicating the properties of the fuel source  which is an important check for 

the suitable fuel for use in the direct carbon fuel cell DCFC. The resulting sawdust has a 

moisture content of 2.17 wt%, an ash content of 5.23 wt%, and a volatile matter content of 

71.83 wt%, respectively. The obtained sugarcane bagasse sample has the following 

matching moisture, ash, and volatile matter contents: 3.60 wt%, 2.10 wt%, and 67.00 wt% 

.Orange peel percentages were 1.56wt%, 3.24wt%, and 72.60wt%.   

The MSW's equivalent moisture, ash, and volatile matter contents were 1.36 wt%, 3.57 wt 

%, and 65.10 wt% respectively. According to Table 4.2, the MSW sample had a high 

carbon content of 58.40 wt%, which is higher than the carbon contents of sawdust, orange 

peel, and sugarcane bagasse. It is a better fuel for the DCFC due to the MSW sample's high 

carbon concentration and low moisture content.  

4.1.1  Calorific value  

The calorific value is important in the design of a DCFC because it establishes the amount 

of heat produced when a unit quantity of fuel is burned. The calorific values of the proposed 

fuel obtained are:  

Table: 4.3: Calorific value of the carbon  samples  

S/No  Sample Description  Calorific Value  

(MJ/Kg)  

LHV  

(MJ/Kg)  

HHV (MJ/Kg)  

1  Sawdust  7.0  5.66  6.79  

2  Sugarcane bagasse  6.7  8.27  9.78  

3  Orange peel  5.8  6.30  7.63  
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4  MSW  7.9  9.54  11.00  

4.2 XRD Analysis Result                                                                  

The method of analyzing the phase in solid materials is called XRD. Material reactivity is 

influenced by its phase composition and can be measured using XRD. The total 

composition is divided into two parts. The area under the sharply resolved peaks and the 

remaining area under the curve above ground are the intensities of diffracted beam. it was 

investigated using the X-ray diffraction analysis. This was done after the carbonized 

sample was obtained. The result is presented in Figure 4.1 to 4.4. The X-ray diffractometer 

system and the value points were obtained using different methods. The basis for 

comparison for the carbon samples to be used in the fuel cell can be found in the pattern of 

the goriometer. and it has been agreed by several researcher.  

4.2.1 XRD for sawdust  
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Figure 4.1: X-ray Diffraction Pattern for Sawdust Carbon   

Figure 4.1, the X-ray pattern, shows how a broad diffraction feature manifests in the 2theta 

range of, say, 10-60o for sawdust. For carbon materials, the peak at 2Ɵ = 20-30o can be 

attributed to (002) reflection, while the one at 2Ɵ = 40-50o can be attributed to (100) 

reflection. The tallest peak in the picture has a relative intensity of 100% compared to the  

2.9850Å obtained for miscanthus carbon (Adeniyi, 2014). A corresponding d-spacing of 

3.45867Å, and an angle of 25.7588o (2Ɵ-axis). In turn, this exhibits a high value that 

denotes a high degree of unit cell size and reactive sites. The outcome reveals a copper 

content structure that is disorganized.  

4.2.2 XRD for Sugarcane Bagasse  
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Figure 4.2: X-ray Diffraction Pattern for Sugarcane Bagasse Carbon   

  

  

  

  

4.2.3 XRD for orange peel  

  

Figure 4.3: X-ray Diffraction Pattern for Orange Peel Carbon  
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According to Figures 4.2 and 4.3, the maximum peak in Figure 4.2 has a relative intensity 

of 100% and is located at angles of 26.637o and 26.24o (2Ɵ-axis) for orange peel carbon 

fuel and sugarcane bagasse, respectively. The corresponding d-spacing is 3.34Å. The large 

unit cell size and potential reactive sites within the carbon atom are indicated by this. The 

outcome demonstrates the level of disordered graphite content, which is a crucial 

component for carbon oxidation, and the strong peaks highlight the presence of silica, 

oxygen, The peak at 26.637o correspond to quartz crystalline SiO2( Kacprzak, 2017) and 

the other peaks are for the impurities present.  

  

  

  

  

4.2.4 XRD for municipal solid waste (MSW)  
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Figure 4.4: X-ray Diffraction Pattern for MSW Carbon  

XRD data for MSW is shown in figure 4.4. The crystallographic parameters are the R-3C 

and 167 space group number of the rhombohedral calcite crystal system. Four distinct 

peaks can be seen in the data at (2Ɵ) values of 24o, 29.5o, and 58.5o. Peak 58.5o is in the 

amorphous region, whereas the others are in the crystal region.  

4.3 SEM/EDX Analysis  

At the surface of the solid sample, the SEM produces a variety of signals using a focussed 

stream of high energy electrons. The signals that result from electron sample interaction 

provide details about the sample, such as its crystalline structure, chemical content, and 

texture. The elemental makeup of the fuel samples is visible on the EDX.   

  

4.3.1 The morphological analysis of carbonized sawdust  
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Figure 4.5: SEM/EDX of Sawdust Carbon at 5000x,3000x and 2000x Magnification  

The morphological structure of carbonized sawdust at 450 oC under magnifications of 

5000, 3000, and 2000 is shown in Figure 4.5. The SEM micrograph shows that sawdust 

has a nonuniform but well-developed pore structure and is particularly rich in small 

particles. These characteristics might be a result of surface area since as porosity rises, so 

does surface area. The fuel sample's elemental makeup is displayed by the EDX. The 

weight percentages of C, O, N, S, Ca, Na, and Si in the sawdust are 54.70%, 30.20%,  

2.20%, 7.52%, 2.63%, 3.55%, and 0.20% respectively.  

 4.3.2 The morphological analysis of carbonized sugarcane bagasse  
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Figure 4.6: SEM/EDX of Sugarcane Bagasse Carbon at 9000x,8000x and 7000x 

Magnification.  

The morphological structure of carbonized sugarcane bagasse at 500°C with 

magnifications of 9000, 8000, and 7000 times is shown in Figure 4.6. Instead of 

disconnected particles with an uneven and rough surface, the SEM micrograph of 

sugarcane bagasse reveals the existence of smaller particles that seem to be a well-bonded 

aggregate. Too much magnification and an incorrect accelerating voltage setting may be to 
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blame for the roughness. The components of sugarcane bagasse are C, O, N, S, Ca, Na, and 

Si, with weight percentages of 50.70%, 35.23%, 3.20%, 5.49%, 0.63%, 4.55%, and 0.20%, 

respectively.  

4.3.3 The morphological analysis of carbonized orange peel.  

 

       

Figure 4.7 SEM/EDX of Orange Peel Carbon at 5000x,3000x and 2000x Magnification.  

The morphological structure of carbonized orange peel at 500 oC under magnifications of 

5000, 3000, and 2000 is shown in Figure 4.7.According to the SEM micrograph, orange 

peel is extremely rich in small, irregularly shaped particles with little to no pore 

development. These characteristics might be a result of surface area since as porosity rises, 
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so does surface area. The fuel sample's elemental makeup is displayed by the EDX. The 

weight percentages of C, O, N, S, Ca, Na, and Si in the sawdust are respectively 48.5%,  

30.60%, 3.39%, 8.32%, 0.28%, 5.56%, and 2.20%.  

 4.3.4 The morphological analysis of carbonized municipal solid waste (MSW).  

 
   Figure 4.8 SEM/EDX of MSW carbon at 5000x,3000x and 2000x Magnification.  

The morphological structure of carbonized sawdust at 500oC under magnifications of 

5000, 3000, and 2000 is shown in Figure 4.8. The SEM micrograph shows that MSW has 

a highly developed pore structure and is exceptionally rich in tiny particles. These 

characteristics might be a result of surface area since as porosity rises, so does surface area.  
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The fuel sample's elemental makeup is displayed by the EDX. The weight percentages of 

C, O, N, S, Ca, Na, and Si in the sawdust are respectively 55.30%, 25.20%, 2.30, 9.62%,  

4.63%, 3.75%, and 0.30%.  

4.4 Voltage from MHDCFC Using Various Fuel  

For the purpose of this research analysis, the fuels that was used are listed below and their 

voltage readings are analysed.  

(i) Saw dust  

(ii) Sugarcane bagase   

(iii) Orange peel  

(iv) MSW (Sawdust, Orange peel and Sugarcane bagasse)  

4.4.1 Voltage from MHDCFC using sawdust as fuel  

The Molten Hydroxide Direct Carbon Fuel Cell (MHDCFC) experiment was conducted at 

temperatures ranging from 50°C to 350°C, 150 cm3/min for oxygen and 200 cm3/min for 

nitrogen, respectively. However, the large increase that was observed from 50oC to 200oC 

can be linked to electron mobility that aids in the transmission of electricity. As the 

temperature increased from 50 to 200oC, it shows that there was an increase in voltage and 

the cell resistance decreased. Another explanation is that the salt melted quickly at 200oC, 

producing the greatest voltage of 0.44 V, and that when temperature rises further, the 

voltage falls due to activation loss. At this temperature, the cell's carbon fuel is used more 

quickly and the hydroxide is effectively decomposed. Low OCV (0.44 V) may be caused 

by extremely high volatile matter (71.83 wt%) and ash content (5.23 wt%) levels.  
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Figure 4.9: MHDCFC  OCV at varying  Temperature using Sawdust Carbon  

4.4.2  Voltage from MHDCFC using sugarcane bagasse as fuel  

With a peak voltage reading of 0.39 V and gas flow rates of 150 cm3/min for O2 and 200 

cm3/min for N2, respectively, Figure 4.10 illustrates the OCV obtained utilizing carbon 

derived from sugarcane bagasse as fuel from 50oC gradually to an operating temperature 

of 200oC. At temperatures exceeding 200 oC, the voltage started to decrease until it reached 

0.11 V at 350 oC operating temperature. there was an immediate rise in voltage. However, 

as the temperature exceeded 200 oC, the voltage started to fall because of activation 

polarization, which is caused by mass transportation and hydroxide breakdown. 
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Figure 4.10: MHDCFC OCV at varying Temperature using Sugarcane Bagasse 

Carbon  

4.4.3  Voltage from MHDCFC using Orange peel as fuel  

With a peak voltage reading of 0.37 V and gas flow rates of 150 cm3/min for O2 and 200 

cm3/min for N2, respectively, Figure 4.11 depicts the OCV achieved utilizing carbon 

derived from orange peel as fuel from 50oC repeatedly to a working temperature of 200oC. 

The voltage increased as the temperature rose and the cell resistance decreased, but beyond 

200 oC the voltage started to fall due to activation polarization, which is brought on by 

mass transportation and the breakdown of hydroxide carbon fuel.  
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Figure 4.11: MHDCFC OCV at varying Temperature using Orange Peel Carbon 4.4.4 

Voltage from MHDCFC using municipal solid waste as fuel  

The MHDCFC operation of the mixture of sawdust-derived carbon black, sugarcane 

bagasse, and discarded orange peel with the hydroxide salt as fuel reveals the voltage 

profile at various temperatures in Figure 4.12. The outcome shown in Figure 4.12 is 

superior to that shown in Figures 4.9, 4.10, and 4.11. With a high value voltage reading of 

0.65 V at 250oC and a steady rise in temperature, this demonstrates an increased OCV for 

the cell. The voltage achieved will vary little decrease with a slight rise in the cell's 

temperature. In the MHDCFC, the combination of the three biomasses as fuel resulted in a 

greater OCV rating than the fuel's individual carbon.  
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Figure 4.12: MHDCFC OCV at varying  Temperature using MSW Carbon  

 

Figure 4.13:  OCV Profile of the Three Bio-mass Carbon Fuel at Different Temperature 

The voltage (OCV) obtained utilizing the three biomasses as fuel for the MHDCFC 

operation is shown in Figure 4.13. The maximum voltage was produced by the MSW 

(Sawdust, Orange peel, and Sugarcane Bagasse), and the lowest was produced by orange 

peel waste (0.0.37 V). Sawdust had the second-highest voltage value of 0.44 V, followed 

by sugarcane bagasse at 0.39 V. The carbon samples were made with a mixture of two 

  

 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

   300 400 

Temperature (oC) 

 

 

  

 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

 100   200 250  350 400 

Temperature (oC) 

 

    



 

97  

  

hydroxide salts (potassium and sodium), the salts were saturated using a wire mesh, and 

the salts were employed as the electrolyte during the fuel cell operation. It is simple to infer 

that when the temperature rises, the voltage rises and the internal resistance falls. The 

acquired carbon samples, including MSW, exhibit nearly identical patterns of voltage 

production. ( Adeniyi 2014), the melting of the hydroxide salt, carbonate breakdown, and 

ionic conduction in the phase of the molten hydroxide caused a noticeable increase in the 

open circuit voltage at a temperature range between 50 and 200 oC, the fuel cell 

performance was found to be improved at 200 oC.. (Adeniyi, 2012; Cherepy et al., 2005).  

4.4.5  DCFC performance using sawdust waste as fuel  

At various temperatures and with changing resistor loads, the electrochemical performance 

was assessed. The results of the MHDCFC using sawdust carbon particle fuel, With a 

current density of 7.6 mA/cm2, the highest voltage reading (0.19 V) at 100 oC was attained. 

A voltage of 0.36 V and a current density of 14.4 mA/cm2 were measured at 150 °C. 17.6 

mA/cm2, 0.44 V was produced for 200oC. Maximum current density was 26.0 mA/cm2 at 

250 oC, and voltage was 0.65 V. Because the peak voltages were all measured with a 1 

resistor load supplied to the cell, there was a tiny decrease in the individual voltage at every 

temperature. The voltage dropped and the current density followed as the resistor load 

grew.  In the current investigation, the midpoint of the current density-voltage curve 

declined because of activation resistance, which also causes activation polarization losses 

or even voltage drop in the cell. This is as a result of how slowly the reactions occurred on 

the electrode surface, and the ions over the electrolyte is known as ohmic losses or voltage 

drop, which is caused by the ohmic resistance. The ohmic resistance of the fuel cell causes 

the curves to continue to decline linearly. Mass transportation and concentration losses are 
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to blame for this. (Larminie and Dicks,2003; Cherepy et al., 2005; Hoogers, 2003). 

According to Figure 4.5, the fuel sample contains 54.70 weight percent carbon, 30.20 

weight percent oxygen, 2.63 weight percent calcium, and 0.20 weight percent silicon. After 

these elements were oxidized, the MHDCFC's performance improved, but it was still 

significantly less  due to the fuel's low proportion of key constituent elements. (C, O, Ca 

and Si).  

 

Figure 4.14: Graph of DCFC Voltage against Current Density for Sawdust  

It can be seen from Figure 4.15 that power density and current density both rise with 

temperature. At 100 oC, the maximum power density was 1.44 mW/cm2, while the 

maximum current density was 14.4 mA/cm2, while the maximum power density was 5.2 

mW/cm2 and the maximum efficiency was 25% at 150 oC. Maximum current density at 

200 °C is 17.6 mA/cm2, while maximum power density is 7.7 mW/cm2. The power density 

was subsequently observed to decrease with increasing current density, and it was 

discovered that the change in temperature profile had a significant impact on these values.  
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Maximum current density at 250 °C was 13.6 mA/cm2, and power density was 4.6 

mW/cm2, which is lower than the 127 mW/cm2  (Elleuch et al  2013) for almond shell. The 

range of resistor loads employed for the various fuels could be the cause of the variation.  

 

Figure 4.15: Graph of Power density against Current density for Sawdust The 

evaluation of the molten hydroxide direct carbon fuel cell for the four temperature profiles 

is summarized in Figure 4.16. The temperature for the current and power density is 

represented by 100C and 100P, and the same holds true for the remaining temperatures.   

(Adeniyi 2012),   
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Figure 4.16: Overall Graph of Voltage against Current density and Power density 

for Sawdust  

  

4.4.6  DCFC performance using orange peel waste as fuel  

The findings of the MHDCFC for the fuel of orange peel carbon particle densities. With a 

current density of 5.6 mA/cm2, the highest voltage reading (0.14 V) at 100 oC was attained. 

A voltage of 0.26 V and a current density of 10.4 mA/cm2 are present at 150 °C.  With a 

current density of 14.8 mA/cm2, 0.37 V was produced for 200oC. At 250 oC, there was a 

voltage of 0.41 V and a maximum current density of 16.4 mA/cm2. Due to the fact that the 

peak voltages were all measured with a 1 resistor load connected to the cell, there was a 

little decrease in the individual voltage at every temperature. The voltage dropped as the 

resistor load grew, and the current density followed. In the current investigation, the 

midpoint of the current density-voltage curve declined because of activation resistance, 

which also causes activation polarization losses or even voltage drop in the cell. This is as 

a result of how slowly the reactions occurred on the electrode surface. The process of 

enabling the chemical reaction that moves electrons to and from the electrode results in the 

loss of some of the voltage generated. Ohmic losses or voltage drop, which are the 
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resistance to the flow of electrons through the material of the electrodes and the various 

interconnections and the ions through the electrolyte, are caused by the ohmic resistance.  

The curves continue to decrease linearly due to the ohmic resistance of the fuel cell. 

(Hoogers, 2003). The fuel sample in Figure 4.7 contains 48.50 wt% carbon, 30.60 wt% 

oxygen, 0.2 wt% calcium, and 2.2 wt% silicon. After these elements were oxidized, the 

fuel's performance improved, but it was still very subpar compared to the performance of 

the sawdust sample fuel.  

 

Figure 4.17: Graph of DCFC Voltage against Current density for Orange Peel It 

can be seen from Figure 4.18 that power density and current density both rise with 

temperature. Maximum power density was 0.784 mW/cm2 at 100 °C, maximum current 

density was 10.4 mA/cm2 at 150 °C, maximum current density was 14.8 mA/cm2 at 200  

°C, and maximum efficiency was 18%. Maximum power density was 2.704 mW/cm2 at 

100 °C, maximum efficiency was 5.60 mA/cm2, and maximum efficiency was 10%. The 

power density decreased as the current density increased, and it was then discovered that 

the temperature profile shift had a significant impact on these numbers. With a power 
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density of 2.296 mW/cm2, the maximum current density measured at 250 oC was higher 

than the 127 mW/cm2 recorded for almond shell  (Elleuch et al. 2013). The range of resistor 

loads employed for the various fuels could be the cause of the variation.  

 

Figure 4.18: Graph of Power density against Current density for Orange Peel  

The overall evaluation of molten hydroxide direct carbon fuel cells for the four temperature 

profiles is summarized in Figure 4.19. The temperature for the current and power density 

is represented by 100C and 100P, and the same holds true for the remaining temperatures. 

(Adeniyi 2014), the temperature and resistance have a significant impact on the 

performance of MHDCFCs.  
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Figure 4.19: Overall Graph of Voltage against Current density and Power density 

for Orange Peel  

  

4.4.7  DCFC performance using sugarcane bagasse waste as fuel  

The results of the MHDCFC for the fuel made of sugarcane bagasse carbon particles are 

shown in Figure 4.20 as voltage versus current densities. With a current density of 5.2 

mA/cm2, the highest voltage reading (0.13 V) at 100 oC was attained. A voltage of 0.27 V 

and a current density of 2.916 mA/cm2 are present at 150 °C, 15.6 mA/cm2, 0.39 V was 

produced for 200oC. At 250 oC, there was a voltage of 0.26 V and a maximum current 

density of 10.4 mA/cm2. Due to the fact that the peak voltages were all measured with a 1 

resistor load connected to the cell, there was a little decrease in the individual voltage at 

every temperature. The voltage dropped as the resistor load grew. In the current 

investigation, the midpoint of the current density-voltage curve declined because of 

activation resistance, which also causes activation polarization losses or even voltage drop 

in the cell. This is as a result of how slowly the reactions occurred on the electrode surface. 

The process of enabling the chemical reaction that moves electrons to and from the 

electrode results in the loss of some of the voltage generated.  According to Figure 4.6, the 
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fuel sample contains 50.70 wt% carbon, 35.23 wt% oxygen, 0.63 wt% calcium, and 0.20 

wt% silicon. When these elements are oxidized, the performance of the MHDCFC is 

improved, but it is still very subpar compared to the performance of the coal sample fuel.  

(C, O, Ca and Si).  

 

Figure 4.20: Graph of DCFC Voltage against Current density for Sugarcane 

Bagasse  

It can be seen from Figure 4.21 that power density and current density both rise with 

temperature. At 100 °C, the maximum power density was 0.676 mW/cm2, while the 

maximum current density was 10.8 mA/cm2, while the maximum power density was 2.916 

mW/cm2, and the maximum efficiency was 40%. At 150 °C, the maximum current density 

was 15.6 mA/cm2, while the maximum power density was 6.084 mW/cm2, and the 

maximum efficiency was 27%. The power density was subsequently observed to decrease 

with increasing current density, and it was discovered that the change in temperature profile 

had a significant impact on these values. Maximum current density at 250 °C and power 

density were 10.4 mA/cm2, to 2.704 mW/cm2, up from the 127 mW/cm2 value for almond 

shell (Elleuch et al.2013). The range of resistor loads employed for the various fuels could  
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Figure 4.21: Graph of Power density against Current density for Sugarcane 

Bagasse  

The overall evaluation of molten hydroxide direct carbon fuel cells for the four temperature 

profiles is summarized in Figure 4.22. The temperature for the current and power density 

is represented by 100C and 100P, and the same holds for the remaining temperatures. The 

temperature and the resistance has considerable effect on the MHDCFC performance.  
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Figure 4.22: Overall graph of Voltage against Current density and Power density 

for Sugarcane Bagasse  

4.4.8  DCFC performance using municipal solid waste as fuel  

Figure 4.23 displays the findings of the MHDCFC for the carbon particle fuel made from 

municipal solid waste voltage against current densities. At 100 oC, a current density of 8.4 

mA/cm2 resulted in the greatest voltage reading (0.21V). A voltage of 0.48 V and a current 

density of 19.2 mA/cm2 were measured at 150 °C.  With a current density of 20.4 mA/cm2 

for 200oC, 0.51 V was produced. Maximum current density was 26.0 mA/cm2 at 250 oC, 

and voltage was 0.65 V. Due to the fact that the peak voltages were all measured with a 1 

resistor load connected to the cell, there was a little decrease in the individual voltage at 

every temperature. The voltage dropped and the current density followed as the resistor 

load grew.  In the current investigation, the midpoint of the current density-voltage curve 

declined because of activation resistance, which also causes activation polarization losses 

or even voltage drop in the cell. This is as a result of how slowly the reactions occurred on 

the electrode surface. The process of enabling the chemical reaction that moves electrons 

to and from the electrode results in the loss of some of the voltage generated, and the ions 

over the electrolyte is known as ohmic losses or voltage drop, which is caused by the ohmic 

resistance. Because of the ohmic resistance, the curves continue to decline linearly of the 

fuel cell. The fuel sample in Figure 4.8 contains 55.30 wt% carbon, 25.20 wt% oxygen, 

4.63 wt% calcium, and 0.30 wt% silicon. After these elements were oxidized, the fuel's 

performance improved, but it was still very subpar compared to the performance of the coal 

sample fuel. (C, O, Ca and Si).  
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Figure 4.23: Graph of DCFC Voltage against Current density for MSW  

It can be seen from Figure 4.24 that power density and current density both rise with 

temperature. At 100°C, the maximum power density was 1.764 mW/cm2 while the 

maximum current density was 19.20 mA/cm2 while the maximum power density was 9.22 

mW/cm2 and the efficiency was 33%. At 150°C and 200°C, the maximum current density 

was 20.4 mA/cm2 while the maximum power density was 10.404 mW/cm2 and the 

efficiency was 35%. The power density decreased as the current density increased, and it 

was then discovered that the temperature profile shift had a significant impact on these 

numbers.. The value of the maximum current density was 26 mA/cm2 at 250oC with a 

power density to 16.9 mW/cm2 as compared with 127 mW/cm2 reported for almond shell 

(Elleuch et al., 2013). The difference could be as a result of the range of resistor load used 

for the different fuels.  
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Figure 4.24: Graph of Power density against Current density for MSW The 

overall evaluation of the four temperature profiles for molten carbonate direct carbon fuel 

cells is summarized in Figure 4.25. The temperature for the current and power density is 

represented by 100C and 100P, and the same holds for the remaining temperatures. The 

temperature and the resistance has considerable effect on the MHDCFC performance.  

 

Figure 4.25: Overall graph of Voltage against Current density and Power density 

for MSW  

4.5 Fuel Cell Efficiency  
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For ideal operation, the following values   

E =  = 1.47 V if using the HHV  

Or  

= 0.45 V if using the LHV  

This is in reference to a fuel cell that makes use of carbon fuel  

Cell efficiency =  x 100% (with the reference to LHV)  

Cell efficiency, ηth =   (with reference to HHV).  

  

4.5.1  Efficiency plot  

 

  

Figure 4.26: Overall Peak Efficiency of the Fuel samples (Sawdust, Orange peel,  

Sugarcane bagasse and MSW) at different Temperatures  

The efficiency of the carbon fuel in the MHDCFC at various temperatures is clearly 

displayed in Figure 4.26. The efficiency rises steadily as the temperature rises for the 

various carbon fuel samples. The sawdust fuel had the lowest recorded fuel efficiency at 

100°C (13%), and at 150°C, 200°C, and 250°C (23%, 65%, and 23%, respectively), the 

efficiency improved substantially. The high level of disorderliness in the XRD pattern 
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exhibited in Figure 4.1, along with obstructions from some contaminants. lowest fuel 

efficiency for the orange peel carbon fuel was obtained at 100°C and increased significantly 

to 18%, 25%, and 28% at 150°C, 200°C, and 250°C. The fuel sample's crystalline nature 

and some impurities in Figure 4.7 can be blamed for the efficiency. The lowest fuel 

efficiency for sugarcane bagasse fuel was 9% at 100 °C, and at 150 °C, 200 °C, and 250  

°C, the efficiency likewise increased comparatively to 40%, 27%, and 18%, respectively. 

The efficiency can be attributed to the fuel sample's crystalline nature and some impurities 

in Figure 4.6. With a minimum and maximum efficiency of 14% and 44% at 1000C and 

200OC, respectively, the electrochemical performance of the combined fuel, which is the 

MSW, turned out to be superior than the fuel from sawdust, orange peel, and sugarcane 

bagasse. The molten hydroxide starts to melt at a temperature between 200 and 2500C, 

allowing for mass transportation of the ions to and from the electrode. The ohmic resistance 

had an impact on the flow, but it was overwhelmed at these temperatures (200 to 2500C).  

  

  

  

  

  

  

  

  

  

CHAPTER FIVE  

5.0                    CONCLUSION AND RECOMMENDATION  
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5.1 Conclusion  

The various waste samples were carbonized, and both proximate and ultimate analyses 

were completed. Every carbonized sample used as fuel in the MHDCFC underwent SEM/ 

EDX and XRD examination.  

The electrochemical performance of sawdust waste, orange peel, sugarcane bagasse, and 

the combined fuel as MSW were investigated in molten hydroxide direct carbon fuel cells.  

The MSW fuel performed better than sawdust, orange peel, and sugarcane bagasse did. The 

open circuit voltage of MSW is 0.65V, which is greater than the open circuit voltages of 

sawdust waste (0.44V), orange peel waste (0.41V), and sugarcane bagasse (0.37V). The 

MSW's ideal peak power density was measured at 16.9 mW/cm2, and its ideal maximum 

current density was 26.0 mA/cm2 with 1 resistance. The MSW carbon fuel had a 44% 

efficiency, which improved   

The mixed carbon fuels comprise large-sized particles with the maximum peak of 26.637o 

and matching d-spacing of 3.42Å, similar to sawdust. It was shown that higher current 

densities resulted from finer particle shape. This effort will stop environmental 

deterioration and support the sustainability of renewable energy sources.  

5.2 Recommendation  

1. Using the MHDCFC, MCDCFC, and SODCFC, performance of a variety of  

biomass materials should be investigated.  

2. Zirconia cloth should be used as the electrolyte since it improves high voltage 

readings and ensures that the DCFC cell operates effectively.  

3. An automated pilot plant should be designed to produce solid carbon fuel from  

MSW.  
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MSW Energy Production Plant Sustainability for Social, Energy, and Economic  

Benefit.  

5.3  Contribution to Knowledge  

The study found that municipal solid waste (saw dust, orange peel, sugarcane bagasse) 

electrochemical performance investigated using a binary direct carbon fuel cell 

(DCFC).The output gave voltage, current density and power density of 0.65V,  

26.0mA/cm2, 16.90mW/cm2 at 2500C with minimum and maximum efficiency of 14% and 

44% at 1000C and 2000C. Which indicates a suitable biomass carbon fuel used for energy 

generation in the DCFC, which is renewable, reduces environmental degradation and 

pollution, which is said to be eco-friendly.   
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  APPENDIX  

Higher Heating Values  

HHV (MJ/dry kg) = 0.4571 (%C on dry basis) – 2.70  

MSW ( Sawdust, Orange peel and Sugarcane bagasse waste)  

HHV (MJ/dry kg) = 0.4571 (%C on dry basis) – 2.70  

HHVmsw= 0.4571 (29.97) – 2.70  
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HHV=13.699 - 2.70  

HHV= 10.9993 (MJ/dry kg)  

HHV for Sawdust  

HHVsawdust = 0.4571 (20.77) – 2.70  

HHV=9.494 - 2.70  

HHV= 6.79 (MJ/kg)  

HHV for Orange peel  

HHVorange peel= 0.4571 (22.60) – 2.70  

HHV=10.331 - 2.70  

HHV= 7.6305 (MJ/kg)  

HHV for Sugarcane bagasse  

HHVsugarcane bagasse = 0.4571 (27.30) – 2.70  

HHV=12.4788 - 2.70  

HHV= 9.7788 (MJ/kg)  

Lower Heating Values  

LHV= HHV -0.212*H - 0.0245*M – 0.008*O  

  

LHV for MSW ( Sawdust, Orange peel and Sugarcane bagasse waste)  

LHV= 10.9993 – 0.212 (6.60) – 0.0245 (1.36) -0.008 (34.0)  

LHV= 9.5396 (MJ/kg)  

LHV for Sawdust  

LHV= 6.7940 – 0.212 (3.43) – 0.0245 (2.17) -0.008 (44.24)  

LHV= 5.6597 (MJ/kg)  

LHV for Orange peel  
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LHV= 7.6305– 0.212 (4.8) – 0.0245 (1.56) -0.008 (35.4)  

LHV= 6.2915 (MJ/kg)  

LHV for Sugarcane bagasse  

LHV= 9.7788 – 0.212 (4.98) – 0.0245 (3.60) -0.008 (45.20)  

LHV= 8.2732 (MJ/kg)  

  

Table A: Operating Voltages of the carbon samples  

Temperature  

(oC)  

OCV for  

MSW  

(V)  

OCV for  

Sawdust  

(V)  

OCV for  

Orange peel  

(V)  

OCV for  

Sugarcane 

bagasse  

(V)  

50  0.16  0.14  0.08  0.09  

100  0.21  0.19  0.14  0.13  

150  0.48  0.36  0.26  0.27  

200  0.51  0.44  0.37  0.39  

250  0.65  0.34  0.41  0.26  

300  0.42  0.23  0.34  0.20  

350  0.38  0.15  0.20  0.11  

  

  

MHDCFC Electrochemical Performance and Cell Efficiency  

Table B1: MHDCFC Electrochemical Performance @ 100oC MSW   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.21  0.210  8.400  0.0441  1.764  14  

2  0.18  0.090  3.600  0.0162  0.324  12  

3  0.11  0.037  0.970  0.0041  0.054  8  

4  0.07  0.018  0.250  0.0012  0.012  5  
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5  0.03  0.006  0.096  0.0002  0.001  2  

  

Table B2: MHDCFC Electrochemical Performance @ 150oC MSW   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.48  0.480  19.20  0.2304  9.216  33  

2  0.36  0.180  3.600  0.0648  1.296  12  

3  0.22  0.073  0.970  0.0161  0.214  15  

4  0.10  0.024  0.250  0.0025  0.025  7  

5  0.06  0.012  0.096  0.0007  0.006  9  
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Table B3: MHDCFC Electrochemical Performance @ 200 C MSW   

Resistors  Voltage  

(Ω)  (V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.51  0.510  20.4  0.2601  10.404  35  

2  0.32  0.160  3.2  0.0512  1.024  22  

3  0.20  0.067  0.89  0.0134  0.179  14  

4  0.09  0.022  0.225  0.0020  0.0203  6  

5  0.09  0.004  0.032  0.0001  0.00064  1.4  

  

Table B4: MHDCFC Electr 

ochemical P erformance  @ 250oC M SW   

 

Resistors  Voltage  

(Ω)  (V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.65  0.65  26.0  0.4225  16.90  44  

2  0.53  0.265  5.30  0.1405  2.81  36  

3  0.32  0.1067  1.423  0.0341  0.46  22  

4  0.21  0.0525  0.525  0.0110  0.11  14  

5  0.11  0.022  0.20  0.0024  0.02  8  

  

Table B5: MHDCFC Electr 

ochemical P erformance  @ 100oC Sa wdust   

 

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.19  0.19  7.6  0.0361  1.444  13  

2  0.7  0.085  1.7  0.0145  0.289  12  

3  0.09  0.03  0.4  0.0027  0.036  6  

4  0.04  0.01  0.1  0.0004  0.0004  3  

5  0.001  0.0002  0.0016  0.0000002  0.0000016  0.1  
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Table B6: MHDCFC Electrochemical Performance @ 150 C Sawdust   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.36  0.36  14.4  0.1296  5.184  25  

2  0.25  0.125  2.5  0.0313  0.625  17  

3  0.08  0.027  0.36  0.0022  0.029  5  

4  0.03  0.0075  0.075  0.0002  0.002  2  

5  0.01  0.0002  0.016  0.00002  0.0002  0.7  

  

Table B7: MH 

DCFC Electr ochemical P erformance  @ 200oC Sa wdust   

 

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.44  0.44  17.6  0.1936  7.744  65  

2  0.34  0.17  3.4  0.0578  1.156  23  

3  0.14  0.047  0.622  0.0065  0.087  10  

4  0.07  0.018  0.175  0.0012  0.012  5  

5  0.02  0.004  0.032  0.0001  0.001  1.4  

  

Table B8: MH 
DCFC Electr ochemical P erformance  @ 250oC Sa wdust  

 

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  
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1  0.34  0.34  13.6  0.1156  4.624  23  

2  0.26  0.13  2.6  0.0338  0.676  18  

3  0.13  0.0433  0.578  0.0056  0.075  9  

4  0.03  0.0075  0.075  0.00023  0.0023  2  

5  0.01  0.002  0.016  0.00002  0.0002  0.7  

  

  

Table B9: MHDCFC Electrochemical Performance @ 100 C Orange peel   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.14  0.14  5.6  0.0196  0.784  10  

2  0.11  0.055  1.1  0.0061  0.121  8  

3  0.07  0.0233  0.31  0.0016  0.022  5  

4  0.02  0.005  0.05  0.0001  0.001  1.4  

5  0.002  0.0004  0.0032  0.0000008  0.64  0.14  

  

Table B10: M 
HDCFC Elec trochemica l Performanc e @ 150oC  Orange peel   

 

Resistors  

(Ω)  

Voltage  

(V)  

 Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.26   0.26  10.4  0.068  2.704  18  

2  0.20   0.10  2.0  0.02  0.4  14  

3  0.12   0.04  0.533  0.0048  0.064  8  

4  0.04   0.01  0.1  0.0004  0.003  3  

5  0.007   0.0014  0.0112  0.00001  0.0001  0.5  
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Table B11: M 
HDCFC Elec 

 

trochemical  Performance @ 200oC Orange peel   

 

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  Power  

Density  (W)  

(mA/cm2)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.37  0.37  14.8  0.1369  5.476  25  

2  0.31  0.16  3.2  0.0496  0.992  21  

3  0.18  0.06  0.8  0.0108  0.144  12  

4  0.08  0.02  0.2  0.0016  0.016  5.4  

5  0.001  0.0002  0.0016  0.0000002  0.16  0.1  
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Table B12: MHDCFC Electrochemical Performance @ 250oC Orange peel   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.41  0.41  16.4  0.0574  2.296  28  

2  0.36  0.18  3.6  0.0648  1.296  25  

3  0.12  0.04  0.533  0.0048  0.064  8  

4  0.03  0.0075  0.075  0.000225  0.00225  2  

5  0.004  0.0008  0.0064  0.000032  0.000026  0.3  

  

Table B13: MHDCFC Electrochemical Performance @ 100oC Sugarcane bagasse    

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.13  0.13  5.2  0.0169  0.676  9  

2  0.10  0.05  1.0  0.005  0.106  7  

3  0.04  0.008  0.107  0.00032  0.0043  3  

4  0.01  0.0025  0.0000003  0.000025  0.00025  0.7  

5  0.002  0.0004  0.032  0.0000008  0.64  0.14  

  

Table B14: MDCFC Electrochemical Performance @ 150oC Sugarcane bagasse   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.27  0.27  10.8  0.0729  2.916  40  

2  0.17  0.085  1.7  0.0145  0.289  12  

3  0.10  0.033  0.444  0.0033  0.0444  7  

4  0.04  0.01  0.1  0.0004  0.004  3  

5  0.003  0.0006  0.0048  0.000002  0.000014  0.2  
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Table B15: MHDCFC Electrochemical Performance @ 200oC Sugarcane bagasse   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.39  0.39  15.6  0.1521  6.084  27  

2  0.27  0.14  2.7  0.0365  0.729  18  

3  0.18  0.06  0.8  0.0108  0.014  12  

4  0.08  0.02  0.2  0.0016  0.016  5  

5  0.02  0.004  0.032  0.0001  0.001  1.4  

  

Table B16: MHDCFC Electrochemical Performance @ 250oC Sugarcane bagasse   

Resistors  

(Ω)  

Voltage  

(V)  

Current  

(I)  

Current  

Density  

(mA/cm2)  

Power  

(W)  

Power  

Density  

(mW/cm2)  

Efficiency  

(%)  

1  0.26  0.26  10.4  0.0676  2.704  18  

2  0.18  0.09  1.8  0.0162  0.324  12  

3  0.08  0.027  3.6  0.0022  0.288  5  

4  0.009  0.0023  2.25  0.00002  0.0203  0.6  

5  0.001  0.0002  0.0016  0.0000002  0.6  0.1  

  

  

  


