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Abstract 

This thesis focuses on studying the thermal kinetics behaviour of Subcoal™ gasification using fixed 

bed thermogravimetric analysis (TGA) and bubbling fluidised bed gasifier reactor (BFBGR). 

Applying this fundamental study to a modern scenario, the current situation of Municipal Solid Waste 

(MSW) management and the environmental impact of utilising Solid Recovered Fuel (SRF) 

gasification technology to produce more environmentally friendly electricity in Qatar is investigated. 

Novel kinetic parameters of Subcoal™ pyrolysis, carbon dioxide (CO2) gasification, and combustion 

at various heating rates without catalyst were obtained in TGA using a model free method. The TGA 

curves showed that the thermal degradation of Subcoal™ comprises three main processes: 

dehydration, devolatilisation, and char and ash formation. Nevertheless, substantial variance in 

activation energy (𝐸𝑎) was noted between the four stages of thermal decomposition of Subcoal™ on 

all experiments. The results showed that Kissinger-Akahira-Sunose (KAS), Tang (TA), and Starink 

(ST) are more accurate mathematical methods than Ozawa–Flynn–Wall (OFW) method. The effect 

of olivine and dolomite loadings on kinetic parameters of Subcoal™ pyrolysis, CO2 gasification and 

combustion has been investigated using Coats-Redfern (CR) model fitting method. Among the 19 

mechanism models, second order chemical reaction model (G15) was the best linearity for pyrolysis, 

while third order chemical reaction model (G14) was the best linearity for CO2 gasification and 

combustion with dolomite 15 wt.%. First life cycle assessment of SRF air gasification was also 

conducted using the Recipe2016 model considering five environmental impact categories and four 

scenarios in Qatar. It considered alternative methods to reduce MSW landfills and produce 

sustainable energy in line with Qatar’s national vision for 2030. The introduction of the SRF 

gasification reduced climate change-causing emissions by 41.3% because of production of renewable 

electricity. Thermal gasification behaviour of Subcoal™ pellet and pulverised pellet were also 

investigated in BFBGR. The producer gas parameters were used to investigate the performance of 

gasification at different conditions. The findings showed that the increase in temperature enhances 

the performance of gasification of both SubcoalTM types. Moreover, the optimum gasification 

temperature tested for SubcoalTM was 750 ºC at equivalence ratio (ER)=0.15. In terms of catalyst 

effects, the addition of dolomite showed better performance in catalysing the gasification reactions 

compared to olivine under the same conditions. The Pulverised Subcoal™ pellet performed better 

than Subcoal™ pellet for gasification due to a shorter reaction time. The Subcoal™ pellet size 

reduction enhances the conversion efficiency and reduces char formation. 
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Tm 
Maximum peak temperature at which peak differential thermal 

analysis deflection occurs 
°C 

Ti Initial temperature °C 

Tf Final temperature °C 
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a Numerical integration constant - 
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𝑚𝑓 Final sample mass gram 

𝑚 Mass of sample at any time gram 

mk slope - 

y-intercept bk - 

k Reaction rate s−1 

f(X) Reaction function dimensionless 

𝑑𝑝
∗  Dimensionless particle size dimensionless 

𝑢∗ Dimensionless gas velocity dimensionless 

𝑑𝑝 Mean particle size of sand  μm 

𝑢 Superficial velocity m/sec 

g Acceleration of gravity m/s2 

μ Viscosity of air g/cm.s 

ρs Density of sand g/cm3 

ρg Density of air g/cm3 

umf Minimum fluidization velocity m/sec 

ER Equivalence ratio - 

[AFR]a Actual air fuel ratio - 

[AFR]s Stoichiometry air fuel ratio - 

ṁf Mass rate of fuel g/min, kg/hr 

ṁair Mass rate of air g/min 

Qa Volume flow rate of air Nm3/hr 

Y Gas yield Nm3/kg 

μc Carbon conversion efficiency % 

Ƞ Cold gas efficiency % 

HHVf The gross caloric value of the fuel MJ/kg 

LHV Low heating value MJ/kg 

HHV High heating value MJ/kg 

∆Hr Enthalpy change kJ/mol 

Mad Moisture content % 

Vd Volatile matter content % 

Ad Ash content % 

FC Fixed carbon content % 

𝐷𝑑 Bulk density of biomass kg/m3 

 



11 
 

List of abbreviations 

BTU British Thermal Unit 

CEN European Committee for Standardisation 

CH4 Methane  

CO Carbon Monoxide  

CO2 Carbon Dioxide  

COS Carbonyl Sulphide 

CR Coats-Redfern method 

CS2 Carbon Disulphide 

DSWMC Domestic Solid Waste Management Centre 

DTG Differential Thermogravimetry 

ECN Energy Centre Netherlands 

Eq. Equation 

EU European Union 

FBGR Fluidised Bed Gasifier Reactor  

FIFA International Federation of Association Football 

GCC Gulf Cooperation Council 

GDP Gross Domestic Product 

GHG Greenhous Gas 

GSDP General Secretariat for Development Planning 

H2 Hydrogen 

H2S Hydrogen Sulphide 

HCl Hydrochloric Acid 

HDPE High-Density Polyethylene 

HSE Health, Safety and Environment 

IEA International Energy Agency 

KAS  Kissinger-Akahira-Sunose method 

LCA Life Cycle Assessment 

LN Licence Number 

MRF Material Recovery Facility 

MSW Municipal Solid Waste 

N2 Nitrogen 

NaOH Sodium Hydroxide 

NH3 Ammonia  

NOx Nitrogen Oxides 

O2 Oxygen 

OFW Ozawa–Flynn–Wall method. 

P&ID Piping and Instrument Diagram 

PET Polyethylene Terephthalate 

PV Photovoltaic 

QEWC Qatar Electricity and Water Company 

QF Qatar Foundation 

QGBC Qatar Green Building Council 

QNDS Qatar National Development Strategy 

QNRF Qatar National Research Fund 

RDF Refuse Derived Fuel 

SiO2 Silica Sand 

SNG Syngas 

SOx Sulphur Oxides 

SRF Solid Recovered Fuel 

ST Starink method 

TA Tang method 

TGA Thermogravimetric Analysis 

TM Trademark 



12 
 

UK United Kingdom 

XRD X-ray Diffraction 

XRF X-ray Fluorescence 

 

Units 

°C/s Degree Celsius Per Second 

µm Micrometre 

kg Kilogram  

kJ/mol KiloJoule Per Mole 

kV Kilovolt 

kWh Kilowatt Hour 

m3 Cubic meter 

mA Milliampere 

mg Miligram 

MJ Megajoule 

ml/min Milliliters Per Minute 

mm Millimetre 

MW Molecular Weight 

nm Nanometers 

ppm Parts Per Million 

wt%/min Weight percent Per Minute  

 

 



Chapter 1: 

---------------------------------------------------------------------------------------------------------------------------------- 

13 
 

1 Chapter 1: Introduction 

1.1 Background  

Global climate change poses a very real risk to human civilisation and the planet’s natural biosystem. 

The use of alternative energy resources has been advocated to curtail the escalating problem of 

greenhouse gas (GHG) emissions. For instance, the European Union (EU) has set targets to reduce 

CO2 emissions systematically to 20% by 2020 and 40% by 2030 compared to that of CO2 emissions 

level in 1990. United Kingdom (UK) as a major economy has also set its own target of becoming 

carbon zero by 2050. Low or zero carbon energy has now become an important part of sustainable 

economic growth. Exploitation of renewable sources of energy that include biomass, wind, and solar 

is anticipated to contribute towards the realization of the CO2 reduction targets [3]. Figure 1-1 displays 

the CO2 life cycle of bioenergy. 

 

Figure 1-1 Bioenergy CO2 cycle [4] 

Biomass plays an imperative role as a reliable renewable energy source. It helps to generate energy 

on demand with relatively low to carbon emissions in comparison to the fossil fuels [5]. It has not 

been agreed yet in the science community whether biomass-based energy is carbon neutral or not. 

The carbon-neutral feature depends on the type and geographical location of biomass. The carbon 

emissions from the thermal conversion of biomass are classified as forestry and agriculture 

emissions. In other words, the carbon emissions released from biomass combustion are already 

obtained from atmospheric CO2. Therefore, no additional carbon is added to the atmosphere that 
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contributes to more global warming. However, carbon emissions from fossil fuel combustion 

contribute to trapping heat and temperature rise.  

CO2 released from biofuel combustion and gasification process can be consumed by implanting and 

growing new crops (biomass) which improves the carbon neutrality of biomass. This process can be 

done based on a long-term cycle of carbon between the atmosphere and biomass. However, global 

efforts are aiming to reduce greenhouse gases in the near future. 

Besides energy conversion, the carbon cycle of biofuel is affected by fossil fuel according to the 

following processes: 

• Transportation of biomass (raw material) and biofuel (final product) may cause emissions of 

greenhouse gases including CO2 and nitrogen oxides. 

• The use of chemical fertilisers in the crop growth phase may result in nitrogen oxides (NO, 

N2O, NO2) in addition to emissions from manufacturing fertilisers [6]. 

• The agriculture of biomass crops is occasionally associated with water and soil pollution due 

to the spillage of chemicals and fuel. 

• The use of various machinery in agriculture may lead to harmful emissions.  

The above stages of biomass processing impact the biofuel carbon neutrality and carbon cycle. Fossil 

fuel combustion is the common factor between all the stages. However, when biomass is utilised to 

produce energy it releases no new CO2 emissions in to the atmosphere, rather it recycles the CO2 in 

the environment to be taken up by plants during the photosynthesis to form the organic matter for 

reuse again thus leading to a circular economy [7]. In comparison when fossil fuels are burnt they 

releases carbon in the form of CO2 that has been trapped below ground for millennia, adding more 

CO2  into the atmosphere leading to climate change [5]. The CO2 concentration in the atmosphere 

has increased from 310 parts per million (ppm) in 1960 to more than 400 ppm in 2019 due to 

anthropogenic activities. Thus, biomass gasification is attractive as it releases no new carbon dioxide 

that would not have been witnessed as a result of any natural decaying of biological materials. 

Therefore, it is imperative that energy production from biomass is synchronized with biomass growth 

and natural biochemical cycles to meet the economic development needs of the human beings [4]. A 

major controversy in this area is the disagreement on the need to cut tress in order to promote energy 

sustainability. While one part of the divide views forest biomass to be ecofriendly and sustainable, 

forest advocates claim that the practice is destructive [4].     

1.2 Overview of global energy resources 

Global energy demand has been on the rise over the years to support economic growth driven by the 

consumption of oil, natural gas, renewables and coal, among others. According to Statistical Review 
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of World Energy 2019 of British Petroleum (BP) [3], there was a 2.9% growth in global energy 

demand in 2018 compared to the year before. The total primary energy supply on a global scale will 

bring about an increase in the utilisation of all other fuels while a small decline of nuclear energy 

and coal has been predicted for Europe, leading to an increase in renewables share in all sectors 

globally. Although, there will be a decrease in nuclear energy in Europe, it is predicted to grow 

slightly globally. In Europe, the decrease in nuclear energy is due to the policies encouraging the 

production of renewable energy. 

Biomass has been the most important resource known to mankind for thousands of years. However, 

coal and fossil fuels have taken over that role since the industrial revolution. The use of coal was on 

the increase at the end of the 19th century.  Inexpensive gasoline became widely available after World 

War II, resulting in the increase in oil usage for power generation and transportation needs. However, 

fossil fuels reserves are unlikely for the distant future, owing to the increasing energy requirement. 

The existence of the energy trilemma has diffused the focus from fossil fuels to the relationship 

between energy security, social impact, and environmental sensitivity.  The scope for renewable 

energy such as biomass in the current era has emerged to have significant potential owing to the fact 

that it is more sustainable, especially for agricultural countries. Sources of renewable energy include 

biomass, geothermal, hydro, wind, and solar among others [8]. There has been a consistent increase 

in the use of locally available energy resources to support economic development. Figure 1-2 below 

shows the comparison based on prediction of increase in renewable energy sources over the years 

compared to the decrease in fossil fuels usage and the current share of primary fuels. 

 

Figure 1-2 A forecasted comparison of global energy consumption for renewables and fossil fuels 

between 2010 and 2050 [9]  

In recent years, the alarming increase in the CO2 emissions (over 400 ppm in 2019) from the 

consumption of fossil fuels has significantly shifted attention to low carbon alternative fuels to reduce 

such emissions. Renewable energy has been preferred to fossil fuels because the energy production 

by the latter has accelerated the dilemma of GHG emissions (CO2 being the major contributor to 

climate change). Population growth increase and the subsequent electricity demand to support 

economic activities have contributed to the worldwide accelerating the use of fuels [10]. Figure 1-3 
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shows the International Energy Agency (IEA) CO2 analysis of future energy and fuel consumption 

scenarios.  

 

Figure 1-3 The IEA CO2 analysis of the current and future energy consumption scenarios [11] 

CO2 imposes a significant impact on the global warming as it's more abundant than other greenhouse 

gases. The industrial, commercial, and domestic sections have been monitored to evaluate carbon 

emissions. This helps to prepare effective global warming mitigation strategy. The carbon emissions 

from the renewable energy sources decreases due to placing mitigation measures. 

1.3 Qatar energy and national vision 2030 

Qatar is one of the leading Gulf Cooperation Council (GCC) countries located in Middle East with 

total land area 11, 586 km2, predominantly dependent on its crude oil and natural gas industry [12]. 

Qatar has a significant role to play in support of the global sustainability development by exporting 

the cleanest fossil fuels such as natural gas to global markets as the world transitions towards 

renewable energy [13]. Qatar is ranked 76th on global GHG emissions, and carbon emission is 

estimated at about 37 tonnes per capita in 2020 [14]. Oil and natural gas fossil fuels are non-

renewable with reserves depleting faster than the discovery of new wells. Currently, the focus of the 

country is to transform its economy from heavily dependent on oil and natural gas exports industry 

to knowledge based global player. Therefore, Qatar has increasingly focused on the diversification 

of energy sources by investing in renewable energy and encouraging a culture of research and 

innovation development. This will result in an increase in the use of renewable energy technologies 

in future due to the decline in production of fossil fuels owing to depletion of fossil fuel resources 

[15].    

The nation has taken significant endeavors to achieve these objectives that are in alignment with its 

national vision, geography, culture, political scenario, education, energy, and public health [16]. 

Thus, keeping in line with those objectives, it is worthwhile to conduct an investigation into Qatar as 

knowledge based global player in a post-oil era. The nation endeavors to enrich the security of its 
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citizens and their standards of living through the Qatar National Vision 2030 [17]. Figure 1-4 

illustrates a Qatar map with main oil and gas pipeline distribution.   

 

Figure 1-4 Current state of oil and natural gas industry in Qatar [18] 

Compared to seven billion people across the world, Qatar comprises of a relatively small population 

of approximately two and half million people, based on the United Nation estimates for 2021 [12]. 

Despite this small population, the nation has a considerably large ecological footprint. Waste 

generation per capita, which is about 2.5 million tons of municipal waste, has resulted from a lack of 

sustainable waste management. This has been the main contributor to this large ecological footprint. 

To respond to this dilemma, the nation has made concentrated efforts by exploring waste 

management plants, waste treatment systems, creation of green spaces and a broad range of energy 

management incentives. A broad range of studies have been conducted on the waste management 

practices, with a few key studies indicating municipal solid waste (MSW) generation rate and its 

composition are two key factors that impact waste management in Qatar, along with the climatic 

conditions, geographical conditions, Qatar population and the socio-cultural factors [19].  

Sustainable development has to be underpinned by transforming the culture and traditions of a nation. 

Clearly, this demands substantial challenges to be addressed, such as transforming the Qatar nation 

towards modernisation of culture and traditional value, while at the same time ensuring that the nation 

preserves the religious sentiments, upholds its core cultural values while at the same time addressing 

the needs of the future generations of the country [13]. The nation needs to achieve its growth and 

expansion objectives in context of the national population, such as the demographics, education and 

quality of labor that needs to be in alignment with the sustainable development plans to safeguard its 

economic development at a global level [12]. 
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These endeavors of the Qatar nation to transform into a developed country and be a key global player 

are reflected in national vision 2030 based on the four pillars to achieve the following objectives.  

1. Arts, Social Sciences and Humanities Development: One of the key endeavors of nation is 

to develop the culture, education, population growth, welfare of the people to ensure quality 

of life, economic development that can sustain a high living standard for the present and 

future generation [16]. 

2. Social and Health Development: The nation endeavors to develop a caring and fair society 

based on a high standard of morals and values that helps the nation to be a significant global 

player in the international arena. In addition, to focus on health development especially with  

chronic diseases such as cancer, diabetes and genetic disorders [20]. 

3. Information and communication technologies (ICT) Development: The nation endeavors 

towards the development of Qatar ICT plan that involves networking, cybersecurity, smart 

grids, artificial intelligence and computer science. 

4. Energy and Environmental Development: Sustainability is one of the key demands of the 

contemporary world, the nation endeavors to strike a balance between the national visions 

of growth, development and sustainability. Therefore, the national vision is planned in 

coordination with the framework of Qatar National Development Strategy (QNDS) and 

General Secretariat for Development Planning (GSDP) [16]. However, the success of this 

framework depends on the efficient coordination between the government, ministries, 

stakeholders, government agencies and overall support of the nation. The key endeavor is to 

transform Qatar into a developed advanced nation with the focus on sustainability [8]. The 

national vision focuses on a sustainable energy future by improving uptake of solar PV 

technology, employing water desalination and storage, improving urban air quality, cutting 

emissions from the oil and natural gas industry, using sustainable oil separation and 

transportation techniques [16]. Currently, the nation endeavors to execute these plans in 

coordination with the inputs from subsequent institutions, projects and policies that would 

further support the national vision [13]. Thus, the endeavor is to bring a transformation at a 

grass root level with the help of education that leads to the building of knowledge based 

economy through active participation of the Qatari society [16]. 

These objectives are planned to be achieved with the help of Qatar Foundation (QF) and other 

organisations to transform Qatar into a knowledge-based economy. Through facilitation of research 

by Qatar National Research Fund (QNRF) and Qatar Environment and Energy Research Institute, 

the underpinning of the four pillars of the national vision will be realised [21]. 

The enriched national values, culture and economic development is heavily reliant on its significant 

reserves of oil and gas, the nation has realised its resources and capabilities that can help the nation 
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grow and establish itself further as an international player. Therefore, the nation has decided to 

execute a plan that will help it diversify its economy beyond its reliance on its oil industry and 

transition into uptake of renewable energy as a sustainable alternative [16]. This success already 

becoming evident due to growth and development the country has achieved in the economic, 

political, and social dimensions with emphasis on the principles of sustainability [15]. 

Furthermore, hosting FIFA 2022 provides an opportunity to the nation to emerge as global brand and 

establish itself as a key international player, especially in terms of sustainable development. This is 

also one of national 2030 vision pillars and an opportunity for the nation to elevate itself as a 

sustainable nation that have not yet been achieved by many of the developed nations [15]. 

1.4 Qatar solar energy and gasification  

The QatarEnergy and Qatar Foundation (QF) are the largest producer of solar energy in Qatar. QF is 

equipped with real-time administration of solar energy quality monitoring systems based in a central 

location that helps the nation with the efficient maintenance and operation of their smart solar system. 

Also, a new solar test facility situated in the Qatar Science and Technology Park, and a program to 

develop research institutions and biofuels industries. Moreover, the leadership of QF is completely 

committed towards a sustainable approach to promote the use of renewable energy [22]. QatarEnergy 

has set a new sustainability strategy for three core pillars: economic and social development, 

operational responsibility and mitigation of climate change, which focuses on the establishment of 

low carbon energy through the growth of the renewable energy capacity where solar projects can 

generate 2-4 gigawatts (GW) by the end of 2030. As a result, memorandums of understanding (MoU) 

have been signed between Siraj energy (QatarEnergy 51% and QEWC 49%) with QF to develop PV 

solar systems that will support national vision 2030 and enhance the distribution of sustainable power 

to various facilities throughout the country. 

Many studies also endeavour to investigate how solar energy can be combined with biomass 

gasification technology to further bring down costs and the carbon footprint to displace fossil fuel 

consumption [23]. Traditionally, biomass gasification uses 20-30% of feedstock to produce 

exothermic heat, necessary for the process of gasification [24]. However, the process can be made 

far more efficient with the help of solar energy when supplied from a concentrated solar source, as 

shown in Figure 1-5 [25]. 
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Figure 1-5 Solar thermal Integrated pyrolysis and gasification systems [26] 

Research conducted recently at the University of Minnesota Institute indicates that this approach not 

only reduces cost but will also help to sell the syngas at a profit because of gasification cost savings 

[27]. The gasification of biomass through utilisation of solar energy ensures that there is elimination 

of the requirement for equipment that is capital-intensive in the approach of traditional gasification 

of biomass, and the creation of the combination that contributes in increasing syngas product quantity 

[28]. For the climate of arid Qatar, there is a significant element of direct solar irradiation and high 

temperatures that impact solar panels [29]. Along with the solar PV, the nation depicts a significant 

direct normal irradiance (DNI) and concentrated solar power (CSP) with the approximate value of 

2009 kWh per m2 per year that exceeding the annual supply demand of 1800 kWh per m2 annually 

[29]. 

Biomass sources in Qatar include livestock manure and agricultural residues such as date palm, date 

stone, rice straw, waste, wheat straw, sugarcane bagasse, and maize stover. Other possible sources 

include municipal solid wastes, industrial organic wastes, construction and demolition waste wood, 

and sewage sludge. The recent advancements in waste-to-energy through gasification technology 

have paved the way for sustainable waste management by converting it into energy and chemicals. 

Gasification presents a sustainable solution for dealing with MSW that has been a major 

environmental pollutant in Qatar. Unlike the traditional incineration approach to waste management, 

gasification imposes insignificant impact on global warming and ozone layer as no new GHG 

emissions are released to the atmosphere [30]. In addition, the syngas produced from waste 

gasification can be converted to electrical power or chemicals depending on the end usage needs in 

Qatar. The clean syngas product can also be used in the petrochemical industry for the production of 

ammonia and methanol that helps the nation to reduce its dependency on natural gas. [31]. 
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1.5 Waste management practices  

Waste refers to a general term that comprises of several unwanted or unusable materials whose source 

originate from different human activities and development in society. The terminology has a natural 

heterogeneous state, making it very difficult to segregate it into individual types of waste. Currently, 

the main practice of the Qatar government towards waste management is landfills and recycling. The 

waste disposal statistics and locations are reported in Section 8.2. Figure 1-6 illustrates solid and 

household waste types in Qatar. Considering the increasing Qatar population, and waste generation 

and carbon footprint per capita, Qatar is planning to diversify its energy mix portfolio and at the same 

time minimise the environmental impact of waste from its multiple sectors [32]. Currently, due to 

production and abundance of fossil resources, the nation has depended on fossil fuels to drive its 

economic growth from an energy sector that releases significant GHGs into the atmosphere. 

 

Figure 1-6 Solid and household waste types in Qatar [33,2] 

Before proceeding to the benefits of recycling it would be worthwhile to highlight the current 

approach of Qatar to managing domestic, industrial, and construction waste. In Qatar, the daily waste 

generation per capita is estimated at 28000 tonnes, of which only 3% is recycled. Only the domestic 

waste is expected to attain 19,000 tonnes in 2032. [33]. Each individual in the country produces about 

1.6 kg/day of solid waste [34]. Table 1-1 below shows the amount of solid waste produced in other 

countries, measured by the amount each individual produces daily.  

Table 1-1 Shows solid waste production produced in different countries [1]. 

Country  Solid Waste Production per Person 

(Kg person a day) 

Solid Waste Production in 

Million Metric Tons  

United States 1.99 258 

United Kingdom 1.34 31.57 

Asia 0.56 760 

China  0.31 220 

Canada  2.13 25.1 

India  0.37 168.4 
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There have been continuous improvement strategies by the government to control and reduce this 

waste but a more sustainable treatment method is required to achieve Qatar’s vision by 2030 [13]. It 

has been reported that the waste generation per capita figures are significantly high compared to most 

of the developed and industrialised countries in Europe and Asia. In developing countries these 

results have been achieved due to the uptake of technologies that help to transform waste into energy. 

Predominantly, this can be done with a process known as gasification that converts waste materials 

into valuable fuel gas [27]. The resultant gas mixture is called syngas (synthesis gas) and can be 

utilised as a renewable fuel for use in various process in Qatar. 

Currently, a solid waste incineration plant is utilised in Qatar at the Domestic Solid Waste 

Management Centre (DSWMC) in Mesaieed as waste-to-energy technology. The process accepts 

two types of wastes, Grade A organic and Grade B inorganic, that arises from municipal solid waste. 

[34]. These stations treat approximately 1550 tonnes of waste per day and generate adequate power 

that can potentially support power for in-house requirements along with a surplus 34.4 MW for the 

national grid [35]. However, the method of waste landfilling is challenging for a country such as 

Qatar that has a limited land area.  

Industrial waste management is more developed and is progressing positively towards successfully 

established best practices in Qatar. One of the key reasons for this scenario is robust law and 

regulations to ensure compliance of the oil and gas sectors in accordance with the national and 

international market [35]. This makes it mandatory for the nation to ensure compliance with Health, 

Safety and Environment (HSE) and the Enforcement Directorate (EG) in the process of waste 

handling, treatment, and disposal [2].  

Construction waste consists of 75% of the overall solid waste in Qatar and is mostly destined for 

landfilling in the specific area [36]. This has resulted in increasing contamination levels in the land, 

demanding urgent action in the waste management sector. There is a dire need for a collaborative 

approach between key stakeholders such as research institutions, several governmental departments, 

and the industry [36]. Currently, there have been attempts to improve construction waste 

management by developing and implementing codes of practice. One such act is by the Ministry of 

Municipality and Environment through collaboration with three private companies to recycle 

construction waste in a significant amount at Rawdat Rashid. This has led to producing primary 

materials by recycling approximately 41 million tonnes of waste into fillers to lay foundations of 

roads and buildings, within the timespan of five years to meet the urbanisation requirements in Qatar 

[37]. This has been one of the significant achievements of the nation to transform waste. However, 

the upcoming FIFA World Cup 2022 international sporting event is forecast to significantly increase 

waste generation. This clearly demands a robust waste management strategy to be put in place by 

2022 [13]. 
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1.6 Separation of municipal solid waste (MSW) 

Qatar is a rapidly progressing economy and one of the key challenges it faces is MSW management. 

The government faces one of the key challenges of the process of constant change due to the evolving 

expatriate population that impacts the waste stream composition. Table 1-2 below presents a 

summary of different categories of MSW.  

Table 1-2 Types and compositions of MSW [2]. 

Waste Source Type Composition 

MSW 

Residential 

• Cardboard waste, paper, food, plastic, fabric, 

cardboard, wood, metal, glass, e-waste, ashes, 

household hazardous waste, leather, textiles. 

Industrial 
• Wood, steel, ashes, bricks, hazardous waste, food 

waste, housekeeping waste, packaging, concrete. 

Commercial 

• Paper, food, packaging, steel, ash, bricks, 

concrete, hazardous waste, cardboard, plastics, 

wood, glass, metals, e-waste. 

Construction 
• Wood, steel, soil bricks, concrete, tiles, plastics, 

hazardous waste, glass. 

Municipal 

services 

• Sludge, street sweepings, landscape and tree 

trimmings. 

 

Qatar needs a comprehensive MSW management strategy that coordinates activities that includes 

planning and management of waste from industrial, households, construction, and commercial 

establishments [38]. One such good practice has been the realisation of the Qatar National 

Development Strategy 2011-2016 with its solid waste management installation at Mesaieed. 

However, capacity has already been exhausted and there is a need for many such facilities to address 

sustainable waste management. The separation of MSW can be performed by using a material 

recovery facility (MRF) to produce solid fuel which can be used in energy sectors. MRF is a central 

operation whereby recyclable materials are received, sorted, and prepared for selling to buyers or end 

users with a view to adding value to it by meeting end product specifications and then placing them 

into an existing market for sale [39]. There are several MRF in Qatar but these facilities need to 

develop MSW separation processes and produce Refuse derived fuel (RDF)/ Solid recovered fuel 

(SRF) or Subcoal™ (defined in Section 2.6) which can be used in gasification [40]. 

RDF refers to a product of mixed solid waste that includes biodegradable material, paper, and non-

recyclable plastics that are converted to combustible material to be used as a fuel for energy 

conversion [41]. The solid waste materials are recovered for recycling before the RDF is prepared. 

RDF processing typically includes the removal of ferrous material from MSW, shredding, screening, 

and crushing, although it may also include separation by eddy current or classification of air for the 
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recovery of aluminium. Approximately 80% of the MSW weight is processed to RDF while at least 

85 percent of the BTU remains in the RDF.  The heating value for RDF is high and it is approximated 

to 5,500 Btu/lb, which is almost 50 % of Btu of coal of similar weight [41]. There are a number of 

advantages for processing MSW to RDF that include lower emissions of the pollutants, high value 

of heating, reduction of the requirement of excess air for combustion, more homogeneous chemical 

and physical compositions, and easier handling, storage, and transportation. Moreover, the end 

product’s mass quality and balance is significantly impacted by the number, position, and type of the 

used equipment [42]. Figure 1-7 below shows a typical line configuration for the production train of 

RDF. Typically, shredders utilise hammers that run high speeds while shredding and chopping waste. 

Pelletisers or densifiers are usually added at the end of the process with a view to generate a solid 

fuel which is easy to store and transport with high energy density [41].          

 

Figure 1-7 Refuse derived fuel (RDF) production process [41] 

SRF is typically produced from MSW mainly consisting of wood waste, cardboard, paper, and 

polyethylene plastic. Although SRF is more refined and more efficient in energy generation process 

than RDF. In addition, SRF requires a more complex process compared to RDF to make fuel. The 

MSW used to produce SRF passes through a series of shredders, screens, air classifiers/density 

separators, and magnets. Inert materials, recyclable plastics, and metals are extracted from the 

shredded material, leaving a mix of mainly non-recyclable paper, card, wood, textiles, and plastic 

[30]. SRF’s effectiveness in making fuel makes it suitable for the process. In addition, it’s higher 

shredding and segregating grade than RDF makes it a more suitable gasification technology.  

The use and marketability of SRF and RDF in gasification is affected by the presence of contaminants 

and varying fuel quality. A sample analysis to determine a meaningful and reliable fuel 

characterisation is necessary and this includes the measuring of parameters such as heavy metals, 

chlorine content, and calorific values that influence the thermochemical conversion conditions. For 

example, the European Committee for Standardisation (CEN) has developed standards and 

specifications on SRF classification that have the limit values as the reference point linked to the 

economic parameter (net calorific value), technical parameter (chlorine content and environmental 

parameter (mercury content)) [43]. Quality demands for SRF and RDF can be divided into three 

parameters. Firstly, parameters which describe the economic attributes such as moisture, biomass 
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content, and calorific value. Secondly, technical attributes which affect the performance of the 

process such as chlorine content (related to corrosion), ash content (melting and sintering), and bulk 

density (transport and space). Thirdly, environmental attributes which influence emissions such as 

presence of sulphur, and heavy metal content (mercury and cadmium) [41]. 

1.7 Aim and objectives 

The present work aims to study the gasification behaviour and kinetics of thermal degradation of 

non-recyclable paper/plastics mixture waste called Subcoal™ in line with Qatar national vision 2030. 

It is devoted to achieving a full understanding of the impact of the major conditions and parameters 

on pyrolysis, gasification and combustion processes.  

The objectives of the study are presented as follows: 

• To conduct qualitative and quantitative evaluation of Subcoal™ as feedstock for gasification. 

• To evaluate the kinetics of pyrolysis, gasification and combustion of Subcoal™ under 

different operating conditions. 

• To assess the gasification behaviour of various types of Subcoal™ pellets. 

• To demonstrate the potential benefits of utilising biomass gasification technology to 

generate renewable electricity in Qatar. 

• To investigate the Municipal Solid Waste (MSW) management practices in Qatar by 

assessing the type and volume of waste resources.  

• To carry out a life-cycle assessment of SRF gasification to energy in order to evaluate the 

main process, environmental impact and support Qatar's national vision 2030. 

1.8 Research hypotheses  

Based on current waste generation situation in Qatar, it is absolutely essential to manage solid waste 

appropriately, reduce landfilling, enhance sustainability and at the same time generate electricity. For 

this reason, it hypothesised that given the complexity and diversity of MSW, a robust technical 

solution must be implemented in the form of advanced thermochemical conversion by gasification. 

Due to the sheer magnitude of MSW volumes generated in Qatar, as waste separation and recycling 

are extremely limited, an appropriate economy of scale processes of megawatt scales must be 

installed to address waste management in a sustainable manner, reduce landfilling and also to 

produce renewable energy. The processing of MSW product such as SRF or Subcoal™ also presents 

challenges as energy containing materials have to be separated first from recyclables and the 

remaining SRF/Subcoal™ type material to be converted into an ultra-clean syngas which can be 

utilised for various industrial applications, including power generation. This hypothesis of processing 

SRF and Subcoal™ for power generation, landfill diversion, and sustainable development will be 

developed further in this PhD thesis from the perspective of Qatar.  

TGA is the most accurate methodology to determine the overall Subcoal™ kinetics data and reaction 

mechanisms using model-free or model-fitting methods. Therefore, the effect of heating rate on 
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thermal degradation and kinetic parameters will be investigated in order to identify the best 

conditions and methods for activation energy (𝐸𝑎) evaluation. Furthermore, it will be possible to 

compare the thermal behavior of TGA and FBGR. TGA will be used to investigate the effect of 

olivine and dolomite loading on Subcoal™ pyrolysis, gasification, combustion to determine which 

catalyst type and ratio will be best suited for Subcoal™ to justify the process economics and desired 

syngas quality for end uses. 

Air is the most common and least expensive gasification process stream. Using air as a gasifying 

agent in FBGR will therefore evaluate the oxidation reactions and producer gas.Subcoal™ Pellet and 

pulverised Subcoal™ pellet gasification at various temperatures in FBGR will assess the effect of 

temperature on reaction time and gas product, which aids in identifying the best feedstock and 

isothermal condition for gasification. The tar/char reduction and gas composition will be assessed 

using Subcoal™ pulverised pellet gasification with varying catalyst loadings, it will also determine 

which catalyst types are appropriate for suboal gasification in FBGR. This will be influenced by, 

carbon, water and ash content of the feedstock (which will all be measured by approximate and 

ultimate analysis). 

1.9 Thesis structure 

Chapter 1: Introduces Qatar National Vision 2030 and climate change. A discussion on energy 

resources is provided including the alternative measures to reduce GHG are presented. Research 

aims, objectives, and hypotheses are also described. 

Chapter 2: A brief description of green chemical engineering and biorefinery concepts from 

literature. An overview of product gas catalytic processing and gasification of biomass. Detailed 

discussion of the factors that affect the quality of syngas and gasification. 

Chapter 3: Describes the materials and methodology of characterisation conducted on the sample 

and catalysts used in this study. 

Chapter 4: Presents chemical kinetic study and TGA. Methods of calculating kinetics of thermal 

degradation under non-isothermal and isothermal conditions are discussed. Highlights the general 

overview of gasifier operating conditions and process variables. The method of determining and the 

factors affecting biomass gasification are presented. Details on the experimental P&ID and a 

description of the fluidised bed procedures of the Subcoal™ gasification. 

Chapter 5: In this chapter, results of Subcoal™ proximate and ultimate analysis include XRD, XRF, 

LECO, and particle distribution using a Malvern Mastersizer 3000 are presented. Also, the thermal 

degradation study finding from TGA experiments are discussed and presented. 

Chapter 6: In this chapter, TGA kinetics finding are presented and discussed. 
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Chapter 7: In this chapter, results and discussion of BFBGR experiments are presented. Gasifier 

performance and product gas composition for hydrodynamic and different operating parameters 

within various gasification experiments are demonstrated. Moreover, the effect of catalysts on the 

gasification experiments was also presented and discussed. 

Chapter 8: Reviews the current waste situation in Qatar and landfilled environmental impact. 

Displays SRF waste gasification to energy technology. Demonstrates LCA process and methodology. 

Demonstrates SRF to energy LCA outcomes from the Qatar perspective. 

Chapter 9: Concludes the study and makes recommendations for future work. 
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2 Chapter 2: Literature Review  

2.1 Introduction 

Biomass gasification technology is of great interest in research to produce clean biofuel alternatives 

to fossil fuels in the past three decades. In this chapter, a literature review of biomass gasification 

process aspects has been presented and discussed. This includes an overview of biomass processing 

technologies, biofuel features and production, and Subcoal™ properties as biomass feedstock. 

Biomass gasification aspects reviewed in this work are the general thermochemical conversion 

process, the involved chemical reactions, and gasification products. The effect of inorganic matter 

and catalysts on the gasification process and product quality is also presented. Finally, the design, 

features, and drawbacks of common types of fluidized bed gasifier reactors are discussed.  

2.2 Green chemical engineering and green chemistry 

There have been suggestions and recommendations for various principles that can be used to design, 

develop, and implement chemical processes and products. Green chemical engineering is a science 

that is applied when measuring the environmental effect of design, development, and operation of 

different strategies used in chemical engineering. It also assists in the reduction of impact on the 

environment of the processes and products. Green chemical engineering seeks to attain sustainability 

by preventing pollution and minimising the use of non-renewable natural resources [44]. The most 

critical component of a chemical processing industry is a chemical reactor that facilitates key 

chemical transformations. Chemical reaction engineering (CRE) offers a scientific foundation and 

approach for quantification of the reactor performance as a function of operational and design 

variables.  

Therefore, CRE is an integral aspect of green chemical engineering. Sustainable development is a 

continuous course whose descriptions and processes generate constant evolution. Figure 2-1 shows 

the series of stages required to implement a dependable outline for the attainment of sustainable 

development [45]. 

 

 
Figure 2-1 Main stages of a sustainability analysis [45] 
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The principles of green chemistry allow engineers and scientists to safeguard the planet, people, and 

the economy. It is also beneficial since it identifies innovative and creative ways of reducing waste, 

conservation of energy, and discovering alternatives for hazardous substances. Green chemistry is 

part of a more comprehensive drive towards green engineering and the integration of ideologies of 

sustainability into every tenet of the design process [44]. The philosophies of green engineering seek 

to utilise renewable feedstocks, avoid or decrease the usage of chemical derivatives, and utilise 

catalysis as an alternative to reagents [44]. Also, it will aid in the creation of chemicals that degrade 

after usage, real-time analysis of pollution prevention, and minimisation of possible accidents using 

safer chemistry. It is projected that by 2025, the capacity of chemical production in Asia alone will 

increase by between five and six times the capacity recorded in 2000. It should be noted that Asia is 

the most populous region on the planet. As a consequence of this increase, the consumption of natural 

resources like fresh water and fossil fuels will rise. A sharper increase in the level of pollution in the 

environment is also likely to be recorded. Therefore, sustainable development is comprised of 

complicated interactions between the ecosystem, society, and industry. This implies the chemical 

engineering community is expected to be more responsible in safeguarding the environment through 

the development and adaption of production methods and technologies, which are more 

environmentally friendly [44]. 

2.3 The biorefinery concept for sustainable conversion  

Biorefining has been defined by the International Energy Agency (IEA) as a sustainable process that 

produces bioproducts such as materials and chemicals, bioenergy in the form of energy, heat, fuel, 

and food substances. [46]. 

A biorefinery, which is analogous to refineries that are based on oil is well-established and it uses 

low-value of biomass waste as the major feedstock before converting them into a range of high value, 

diverse intermediates that are useful in the industry, well as products that are final in the market [46]. 

The intermediates and final products can potentially replace their petroleum-derived alternatives 

[46]. The National Renewable Energy Laboratory described a biorefinery as a facility which 

combines the equipment and processes for the conversion of biomass for the production of power, 

biofuels, and chemicals [47]. Clark [46] predicted that sophisticated biorefineries of the future would 

be capable of generating products of high-volume and low-value that includes fuels comprising of 

the commodity, biodiesel, and bioethanol, in addition to producing low-volume and high-value 

chemicals and specialty materials. This will increase the products’ value while eliminating or 

minimising waste streams. 

Figure 2-2 shows an example of a biorefinery that has primary and secondary refineries integrated to 

reduce the amount of waste from biomass input. After the biomass passes through the primary 

refinery, the primary products are extracted and the rest is considered as waste. The secondary 

refinery utilises the waste from the initial phase to further produce useful materials and biofuel that 
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can be used in power generation. The conversion of biomass to energy in a biorefinery is a reliable 

and appropriate source of renewable energy following the balancing of their growth consistency with 

consumption. They are regarded as CO2 neutral fuels owing to their short-term ‘carbon cycle’ period 

[47].  

 
Figure 2-2 Example of the Biorefinery Process [48] 

2.4 Biomass energy 

The main components of biomass include lignin, cellulose, and hemicelluloses. Biomass is renewable 

and does not add CO2 to the environment. Also, biomass can potentially replace conventional fossil 

fuels and consequently minimise GHG emissions. It is not only cheap but also readily available in a 

range of forms such as forestry residues, energy crops, organic food waste, animal manure, sewage 

waste, agricultural residues, and municipal waste [49].  

According to Hockenos [50], global annual biomass production by photosynthesis is 220 billion 

tonnes. It has the potential to provide energy on demand as opposed to solar or wind which always 

needs storage for continuous utilisation. Biomass is the only alternative to fossil resources to provide 

both chemicals and biofuels. It is the fifth largest energy source in the United States, after natural 

gas, petroleum, nuclear energy, and coal [51].  

Biofuel is a renewable fuel produced from biomass as a liquid or gas that can be used directly in 

transportation and power generation. In addition, biofuel helps to create a broad variety of 

transportation fuels and reduce the demand for traditional petroleum products in addition to limiting 

the impact of air pollutants from the transportation sector [49].  

Figure 2-3 shows that the United States is the largest biofuel producing country, with an output of 

approximately 38,088,000 metric tonnes in 2019 and the consumption will be increased to 
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95,000,000 metric tonnes in 2030. However, in the top 10 biofuel producing countries in the world, 

it is interesting to see that a developing country, Brazil, produced 25,000,000 metric tonnes of biofuel 

in 2019. Biomass can be used to generate a broad range of biofuels such as cellulosic ethanol, 

methanol, biobutanes, and diesel [49]. Therefore, biofuel has the potential to provide clean and 

renewable energy to Qatar.  

 

Figure 2-3 Percentage of biofuel production per country and consumption in 2019-2030 [11] 

2.5 Biomass conversion technologies 

Biomass conversion technologies deal with feedstock that are highly variable in size, energy density 

and mass, and moisture content, scattered in large areas and with intermittent supply. As such, 

modern biomass-to-energy conversion technologies are usually a combination of fossil and biomass 

technologies, which sometimes utilise fossil fuels to dry, preheat, and maintain fuel supply in case 

of interruption of biomass supply [49]. Thermochemical conversion includes the processes of 

gasification, carbonisation (torrefaction), pyrolysis, combustion, and catalytic liquefaction. 

Biochemical conversion includes anaerobic digestion and fermentation. The feedstock molecules are 

broken down in biochemical processes by bacteria, microorganisms, and enzymes, while in 

thermochemical processes by temperature and catalysts. These processes help to produce biofuels 

which can be used as renewable energy carriers [52]. Figure 2-4 shows biomass conversion 

technologies. The first generation of biofuels includes ethanol and biodiesel produced from edible 

biomass such as corn, sugarcane, grains, and vegetable oils. However, producing this generation of 

biofuels leads to competition with food resources (known as the food versus fuel debate). The second 

generation of biofuels is mostly alcohols derived from lignocellulosic materials such as straw, rice 

husk, bagasse, and nutshell. This generation was developed to overcome the limitations of the first 

generation such as food shortages [53]. However, the growth of lignocellulosic crops takes time and 

needs space. Therefore, the third generation of biofuels is derived from algal biomass which comes 
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with a distinctive growth yield. The European Union (EU) aims to increase the share of advanced 

biofuels to 3.5% by 2030. However, an extensive infrastructure is needed to supply biofuels [54]. 

 

Figure 2-4 Biomass and waste conversion generation pathways to produce bioenergy [52] 

The volume of biomass feedstock supplies needed for running a bioenergy plant is dependent on the 

energy content of the feedstock in the sense that the energy value is inversely proportional to the 

volume required. Moreover, the growing area that is necessary for the production of biomass that 

will be supplying a bioenergy plant depends on the feedstock’s energy value as well as the power 

plant capacity, the feedstock yield, and the power plant conversion efficiency [52].  

2.6 Subcoal™ 

Due to the complex nature of MSW and varying material properties, physical properties, and types 

of contaminants present within the material, it is essential that feedstock is homogenised and prepared 

to an acceptable quality so that the presence of contaminants, pollutants, ash, and moisture is brought 

down to a specified level. Various companies around the EU have come up with such solutions, such 

as standardisation of SRF and RDF in a way that their properties are generally within certain 

acceptable limits which will not need heavy treatment for flue gases. The production of SRF/RDF 

from MSW has been described in Section 1.6. However, following the same analogy, N+P Group 

based in the Netherlands have developed an even more advanced quality feedstock in the form of 

Subcoal™ pellet (pellet A) and pulverised Subcoal™ pellet (pellet B) as illustrated in Figure 2-5 

[55].  
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(a) 

 

(b) 

 

Figure 2-5 Subcoal™ pellet (a) and pulverized pellet (b) 

Subcoal™ pellet (pellet A) is the highest quality SRF consist of non-recyclable paper, cardboard, 

and plastic waste, which are processed into a high quality alternative fuel. However, pulverised 

Subcoal™ pellet (pellet B) is a highly shredded grade of Subcoal™. The pellet typically has an 8 

mm diameter and 27-25 mm length [56]. Subcoal™ is a commercial name that refers to a substitution 

of coal and was created to bring multiple benefits to power plants as opposed to SRF/RDF, such as 

the following: 

• Fossil fuel substitution: Subcoal™ differs significantly from other waste-derived fuels as it 

can be used as a direct substitute for coal/coke in industrial processes. 

• Co-milling: It can also be co-milled with other biomass or solid fuel such as coal, making 

the consumption of Subcoal™ a very efficient process for consumers. Milling reduces the 

size of the biomass particles increasing the surface area to volume ratio; hence it enhances 

the reactivity and reaction surface of Subcoal™ at lower NOx temperature <(1300°C).  

• Hydrophobic: Subcoal™ can be stored outside. 

Subcoal™ is now used in cement and lime industries to replace coal, and also used in the steel 

industry for firing blast furnaces to displace coke and coal, as well as being designed to replace fossil 

fuels in many other industries where coal is used as the main fuel. In addition, the use of Subcoal™ 

can reduce end users' ecological footprint due to its 50% biomass content, high energy density, and 

low moisture content <(5%), which results in flexibility of usage and lower sulphur as well as NOx 

emissions when compared to SRF or RDF [56]. 

The possibility of building new MRF facilities in Qatar can potentially lead to preparation of a 

Subcoal™-like solid fuel for use in gasification systems so that the ecological footprint of Qatar can 
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be lowered, as well as cost-effective energy being produced with very low CO2, NOx, SOx, and 

dioxin emissions. This type of feedstock will also offer huge flexibility for using waste in gasification 

plants and producing syngas which will be easily usable in either gas engines or gas turbines for 

energy conversion. Given below in Table 2-1 are some of the distinctive features of Subcoal™ over 

SRF [56].  

Table 2-1 Comparison of SRF and Subcoal™ fuel properties [56]. 

Parameter SRF Subcoal™ Comments 

Energy content (MJ/kg) 15-20 >20 

Higher energy density allows Subcoal™ to 

displace fossil fuels in industrial processes such 

as power generation. 

Moisture content (wt.%) 12-20 <5 

The lower the moisture content of biomass the 

easier it combusts. High moisture levels can be 

very problematic in industries such as cement, 

and power generation. 

Granulate size (mm) <30 <5 

This allows for easier combustion and makes 

Subcoal™ suitable for co-firing with 

coal/coke/biomass. 

Bulk density (kg/m3) 150 450 
Reduces transport, storage costs significantly and 

GHG emissions. 

In this thesis, Subcoal™ has been selected to be used as feedstock for gasification experiments in line 

with Qatar national vision 2030 for the following reasons: 

• The selection, preparation and use of Subcoal™-like feedstock in Qatar will bring Qatar to 

the forefront of waste management technology uptake. 

• Since some MRF facilities have to be built, it is easy to aim for Subcoal™-like feedstock as 

design feedstock rather than retrofitting at a later stage. 

• The gasification plant utilising this type of feedstock will improve the waste management 

practices and reduce landfills.  

• Lower the ecological footprint of waste management and energy conversion. 

• It will potentially have very low CO2, NOx, SOx, and dioxin emissions compared to SRF 

and RDF due to the high pellets treatment process. During Subcoal™ drying process, the 

impurity matters, including ferro and non-ferro materials are removed and then introduced 

to an optic separator to remove further PVC, which contains high chlorin content. 
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Figure 2-6 Subcoal™ production process [56] 

The Subcoal™ production process consists of a number of steps as shown in Figure 2-6. In the first 

step the raw material is dried then screened, and shredded to a smaller size. The second step is 

removing impurities such as ferro and non-ferro material. Then raw material is fed to a separator to 

remove PVC content which contains high chlorine content. The last step is to pelletise the raw 

material into the required size, and then to store it [56]. It would be crucial to state that the 

specifications of Subcoal™ from different batches are subject to variation which may affect 

comparisons and results in the present work. This also applies to the characterisation and analysis of 

Subcoal™ 

2.7 Thermochemical conversion  

Thermochemical conversion is an effective method to convert biomass into biofuels. Technologies 

are normally classified based on the principal energy carrier that the conversion process produces. 

These comprise of various categories: hydrothermal techniques and dry techniques that are 

nonaqueous. In a dry conversion process, with the temperature increasing, condensable vapours that 

are degraded, structure destruction for the biomass, and gaseous molecules decomposition [57]. 

At the medium temperature range (280–370°C) and high pressures (up to 22 MPa), mainly tar 

(liquid) would be formed in a process termed “torrefaction”. Such a process is considered as the main 

mechanism for the conversion and treatment of biomass to ensure that there is improvement in 

energy, raw materials grinding, and logistic handling through the removal of moisture and volatilised 

compounds. The obtained final product is regarded as “torrefied biomass” which contains 

approximately 60-70% of the total mass while the raw biomass has total energy estimated at 90% 

[57]. Table 2-2 shows the most common operating conditions for the thermochemical process [58].  
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Table 2-2 The most common process conditions and reaction products for pyrolysis, gasification, and 

combustion [58]. 

 Pyrolysis Gasification Combustion 

Temperature 

range (◦C) 
250-700 700-1300 >750 - <1500 

Pressure (bar) 1 1- 45 1 

Atmosphere Inert, nitrogen 
Gasification agent: air, oxygen, 

steam, CO2 or mixture thereof 
Air 

Stoichiometric 

ratio 
0 (no air) < 1 (partial air) > 1 (excess air) 

Products 

Gases 

H2, CO, H2O, N2 

and hydrocarbons 

H2, CO, CO2, H2O, N2, CH4 

and hydrocarbons 

 

CO2, H2O, O2, N2 

Liquids Pyrolysis oil, water Tars, water - 

Solids Ash, char, coke Ash, char Ash slag 

Thermochemical conversion processes (as shown in Figure 2-7) use heat or thermal energy as the 

leading mechanism to convert biomass into liquid or gaseous fuel to produce energy.   

 

Figure 2-7 Thermochemical conversion pathway [57] 

The majority of thermochemical conversions entail second production of the biofuel where 

lignocellulosic biomass is utilised as the main feedstock. The composition of the lignocellulosic 

biomass is lignin, hemicellulose, and cellulose. Some of the functions of thermal conversion are the 

combination of heat, power, and co-firing [59]. By contrast, technologies of thermochemical 

conversion are considered to be more flexible and efficient.  
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2.7.1 Pyrolysis  

Pyrolysis is defined as the thermal degradation of biomass at a high temperature (200-700ºC) in the 

absence of oxygen normally at atmospheric pressure [60]. Commonly accepted definitions for slow, 

flash, and fast pyrolysis are given based on the process parameters of reactor temperature, gas product 

residence time, temperature, biomass heating rate, reactor pressure, and the rate of thermal quenching 

of the products.  The three primary outputs that are produced are shown in Figure 2-8, all of which 

have combustible characteristics, include char (solid), pyrolysis oil or tar (liquid), and gas [61]. 

One of the primary benefits of pyrolysis is the potential recovery of material or biofuel such as 

methanol from organic matter. According to Halim [62], char is characterised by high carbon content 

greater than 70%, as well as low content of ash less than 5%. However, pyrolysis oil or tar is a liquid 

product and has some water content.  

 

Figure 2-8 An illustration of pyrolysis processes [52] 

The relative yields and compositions of pyrolysis products are dependent on the process parameters 

and biopolymer composition of the feedstock. The main biopolymer components of biomass 

(cellulose, hemicellulose, and lignin) are decomposed by heat in the absence of oxygen and the 

volatile compounds are driven off, due to thermal effects from the biomass. At 200 ºC and more, 

pyrolysis processes slowly begin and the lignin and hemicellulose start to decompose. At about 300 

ºC, decomposition of the cellulose begins. The volatile components of the biomass are vapourised 

below 600 ºC by a complex set of reactions [52]. As a result of the degasification of the biomass 

during pyrolysis the following gaseous and non-gaseous components are formed: 

• A fraction of volatile compounds such as H2, CO, CH4, CO2, N2, and H2O 

• A carbon rich solid (char) 
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• Low condensable and high molecular weight compounds (phenols, polyaromatic 

compounds, polycyclic aromatic hydrocarbons [PAH's]) in trace amounts). 

• Liquid products. 

Fixed carbon commonly referred to as char, and ash, are the by-products of pyrolysis that are not 

vapourised. Char conversion involves the gasification and combustion of the carbon remaining after 

pyrolysis. The proportions of secondary char (soot) and liquid products of degasification decrease 

with increasing temperature [52]. Table 2-3 shows pyrolysis operating conditions. 

Table 2-3 Pyrolysis types and operating conditions [58]. 

 
Mild pyrolysis 

(or torrefaction) 

Slow pyrolysis (or 

conventional 

pyrolysis) 

Fast pyrolysis Flash pyrolysis 

Temperature 

range (°C) 
200-300 350-800 500-1250 800-1300 

Heating rate 
Slow 

(< 10 °C/ min) 

Slow 

(< 10 °C/ min) 

Fast 

(> 100 °C/ min) 

Very fast 

(> 1000 °C/ s) 

Residence 

time 
Minutes-hours 

Minutes-days (for 

carbonization) 

Seconds 

 

(0.5-10 s) 

Seconds 

 

(< 0.5 s) 

Particle size 5-50 mm 5-50 mm < 1 mm < 0.2 mm 

Primary 

product 

Stabilized friable 

feedstock 
Char 

Bio-oil, tar 

products 

Bio-oil, tar 

products 

 

2.7.1.1 Slow pyrolysis  

The volatile products of CO, CO2, CH4, and H2 start to present after 5-30 minutes and during this 

time the gaseous components react resulting in the formation of char [63]. After the thermal 

decomposition process is completed, charcoal should be cooled in the absence of air, or combustion 

will take place. The presence of higher lignin content and diminished levels of hemicellulose content 

in the biomass has been associated with higher volumes of charcoal production. Thus, slow pyrolysis 

can be undertaken using large biomass particles unlike fast pyrolysis. Gases, viscous tarry liquid and 

Char are formed at equal proportions of mass because of the reactions of vapour/gas phase, secondary 

intra-particle, and biomass that has slow degradation [64].  

This process is characterised by a number of disadvantageous factors including long solids and 

volatile residence times. Also, yields of organic liquid products is typically low, at around 20 wt.% 

with char yields of typically 20-25 wt.%, 20 wt.% water, and the balance of non-condensable gases 

comprised mainly of carbon dioxide [63]. A very important phenomenon of this type of pyrolysis is 

the phase separation of liquid product into an organic phase and aqueous phase. This type of pyrolysis 

is mainly conducted in an auger-driven system with a heating jacket to provide the heat that supports 

the process.  
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2.7.1.2 Fast pyrolysis  

For the process of fast pyrolysis, biomass feedstock is exposed to high temperatures (500-1250 ºC), 

which results in fast mass and heat transfer. The vapour, char, and aerosol (solid particles suspended 

in a gaseous stream) are formed due to good separation of water soluble and insoluble components. 

The rapid reaction produces bio-oil upon cooling with a low heating value. The process produces 

approximately gases of  10-20 wt.% , char of 15-25 wt.%, and 60-75 wt.% of bio-oil [65].  

Fast pyrolysis does not produce waste because the char and bio-oil are primary products with fuel 

potential, while the gas is fed into the process. Fast pyrolysis uses advanced technology such as very 

small particle size, high heating rates, short vapour residence times (<2s), and higher product yields 

than slow pyrolysis [66]. The higher heating rates result in higher yield of liquid because there are 

no secondary reactions that arise from the vapour phase. To achieve the high heating rates, the use 

of small biomass particles that are less than a millimetre is imperative. The temperature must also be 

controlled at approximately 500 ºC or higher while the cooling or quenching of vapours should be 

done rapidly for higher liquid yields [65].  

2.7.1.3 Flash pyrolysis  

Flash pyrolysis is the use of a rapid fast pyrolysis process where the biomass feed is moved through 

a hot channel very quickly. The process results in higher heating rates and short residence time 

compared to fast pyrolysis. Graham et al. [66] reviewed the literature up to 1984 on flash and fast 

pyrolysis and made a distinction between fast and flash pyrolysis in terms of heating rates, reactor 

temperatures, and residence time. Flash pyrolysis was characterised by pyrolysis temperatures 

between 800 and 1300 ºC. Flash pyrolysis was characterised by a number of factors including higher 

reaction temperatures and heating rate compared to fast pyrolysis, rapid products quenching using 

thermal approaches, and shorter times for the gas product below 0.5s. Flash pyrolysis results in the 

generation of higher rates of reaction because of the associated temperatures that are high [65].   

2.7.2 Gasification  

Gasification is a thermochemical conversion process in which carbonaceous materials dissociate in 

an oxygen-starved thermal reactor at high temperatures to form producer syngas that mainly consist 

of CO, CO2, H2, CH4, and N2 [67]. Gasification is partial oxidation of solid biomass is performed 

through the use of air, O2, CO2, steam, and/or a mixing these depending upon the process 

requirements. Gasification under air atmosphere produces low calorific value gas (4-7 MJ/Nm3) that 

is applicable to run turbine or engine and generate electricity. Gasification under O2 atmosphere 

produces a medium calorific value gas (10-18 MJ/Nm3) suitable for syngas conversion to methanol, 

and gasoline. A similar medium calorific value gas can also be obtained from steam or O2 

gasification, which is better suited to the synthesis of transport fuels and chemicals because of the 

absence of N2 [68].  
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Air gasification is a common technology that is used since it involves O2 at low cost and usage and 

production in multiple reactors. Therefore, the gasification process takes place at a temperature 

ranging between 500 and 1300 ºC or higher and the resulting syngas can be used for energy purposes 

such as manufacturing of chemicals and fuels as well as in power generation [69]. Gasification of 

biomass conversion is a complex set of physical and chemical processes [70]. Figure 2-9 below 

shows the stages of a gasification process. 

 

Figure 2-9 The reaction stages for gasification process [69] 

There are a number of gasification by-products and these include light hydrocarbons, N2 and S 

compounds such as (NOX, H2S, NH3, SOX, HCl, HCN), inorganic ash and particulates, char and tar 

(condensable organic compounds). The gasification process has a number of advantages including 

feedstock flexibility, product flexibility, and high efficiency [69]. The energy density of the syngas 

is approximately 5.6 MJ/m3 or below, which is lower when compared to that of the natural gas that 

is estimated at 38 MJ/m3 [49].  

2.8 Chemical reaction      

Biomass gasification in the presence of steam, CO2, air as a gasifying agent takes place according to 

different mechanisms and reaction kinetics. A mixture of condensable and non-condensable gaseous 

products are produced from gasification processes such as H2, N2, CO, CO2, CH4, C2H4, and C2H6 

[71]. Besides the gaseous products, there are condensable liquid and solid products such as tar and 

char that contain a high content of carbon. Biomass gasification includes a sophisticated set of 

chemical reactions that vary based on the gasifying agent [72]. The overall general reaction of 

biomass gasification is displayed in Equation R2.1 [73].  
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𝐶𝑛𝐻𝑚𝑂𝑘 + 𝑗 𝑂2 (𝑔) + 𝑠𝐻2𝑂 

→ (
𝑚

2
+ 𝑠) 𝐻2 (𝑔) + (𝑘 + 𝑠 + 2𝑗) 𝐶𝑂(𝑔) + (𝑛 − 𝑘 − 𝑠 − 2𝑗) 𝐶(𝑠) 

(R2.1)  

Where, 𝐶𝑛𝐻𝑚𝑂𝑘 is a general formula of a biomass molecule. The first stage of the process is drying 

in which the volatile impurities and moisture release as a vapour from the biomass at a temperature 

of 100 – 200 ºC. Char produced from the pyrolysis step undergoes gasification reactions and 

combustion with a gasifying agent. Then, a series of reactions (R2.2 to R2.6) take place in a 

homogenous gas phase gas-char in the presence of a gasifying agent [72]. The gas phase reactions 

involve volatile oxidation, cracking, and steam reforming. The steam produced in the drying stage is 

employed as a reducing agent in reduction reactions, such as steam reforming and water-gas shifting 

(WGS) reaction [70].   

Oxidation of CO2  

CO +  0.5O2 →  CO2                           ∆𝐻° = −283 𝑘𝐽/𝑚𝑜𝑙 (R2.2) 

Oxidation of H2  

H2 +  0.5O2 →  H2O                           ∆𝐻° = −242 𝑘𝐽/𝑚𝑜𝑙 (R2.3) 

Oxidation of CH4  

CH4  +  2O2  →  CO2  +  2H2O           ∆𝐻° = −802 𝑘𝐽/𝑚𝑜𝑙 (R2.4) 

Methanation  

CO +  3H2 ↔  CH4 +  H2O              ∆𝐻° = −206 𝑘𝐽/𝑚𝑜𝑙 (R2.5) 

Dry reforming of CH4  

CH4  +  CO2  ↔  2CO +  2H2           ∆𝐻° = +247 𝑘𝐽/𝑚𝑜𝑙 (R2.6) 

            

Char burns in the presence of oxygen partially and completely to produce CO and CO2 in 

heterogeneous reactions R2.7 and R2.8, respectively. The gasification of char involves reactions with 

three gasifying agents, namely; CO2, H2O, and H2 in the heterogeneous reactions R2.9, R2.10, R2.11 

and R2.12, respectively. Each of R2.7, R2.8, and R2.12 are exothermic reactions which provide the 
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required energy for gasification endothermic reactions R2.9 and R2.10 [74]. Char reactions produce 

additional amounts of gaseous products such as syngas. Therefore, char is a necessary by-product of 

gasification [67]. Using air as an oxidising agent with an air-to-fuel ratio of 0.3 to 0.5 leads to an 

oxidation layer forming near to the supply point of air due to then high operating temperature. 

Partial combustion     

C + 0.5O2 →  𝐶𝑂               ∆𝐻° = −111 𝑘𝐽/𝑚𝑜𝑙 (R2.7) 

Complete combustion    

C +  O2 →  𝐶𝑂2               ∆𝐻° = −394 𝑘𝐽/𝑚𝑜𝑙 (R2.8) 

Boudouard reaction  

C +  CO2 ↔  2𝐶𝑂              ∆𝐻° = +172 𝑘𝐽/𝑚𝑜𝑙 (R2.9) 

Water gas reaction    

C +  H2O ↔ 𝐶𝑂 + H2     ∆𝐻° = +131 𝑘𝐽/𝑚𝑜𝑙 (R2.10) 

Water gas shift reaction    

C O +  H2O ↔ 𝐶𝑂2 + H2     ∆𝐻° = −41 𝑘𝐽/𝑚𝑜𝑙 (R2.11) 

Hydrogasification reaction 

C +  2H2 ↔ 𝐶H4               ∆𝐻° = −75 𝑘𝐽/𝑚𝑜𝑙 (R2.12) 

Hydro-cracking  

C6H6 +  9H2 →  6𝐶H4         ∆𝐻° = −529.9 𝑘𝐽/𝑚𝑜𝑙 (R2.13) 

The reactions of char gasification (R2.7-R2.13) might not occur in one gasifier. A reaction may take 

place based on the gasifying agent used. For instance, when the biomass gasification uses air as a 

gasifying agent, both reactions R2.7 and R2.8 are the key reactions that control the gasification 

performance. In CO2 gasification, R2.9 is the dominant reaction in the process. If the gasification 

process is aided by steam (H2O), then reaction R2.10 is the primary reaction. Moreover, the sequence 

of reactions may differ from the actual case [75].  
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Another biomass gasification by-product is tar. Tar is a viscous liquid composing of a mixture of 

condensable hydrocarbons such as aromatic compounds [76]. The endothermic reactions in R2.14 to 

R2.17 describe the decomposition conversions of tar. R2.14 represent tar partial oxidation. Reactions 

R2.15 and R2.16 are dry reforming and thermal cracking reactions of tar, while R2.17 shows the 

hydrogenation reaction of tar to methane [77]. The formation of tar is undesired for gasification 

processes. Two main methods have been proposed to remove tar from biomass gasification: catalytic, 

and thermal cracking [78]. However, the thermal cracking is possible but unfavourable due to high 

operating temperature and undesired products. As a result, catalytic cracking is adopted instead.  

C𝑛𝐻𝑚 +  (
n

2
) O2 →  n𝐶𝑂 + (

m

2
) H2         ∆𝐻° between − 715 and − 2538 kJ/mol       (R2.14) 

C𝑛𝐻𝑚 +  𝑛CO2 →  (2n)𝐶𝑂 + (
m

2
) H2     ∆𝐻° between + 980 and + 3112 kJ/mol       (R2.15) 

C𝑛𝐻𝑚  →  (𝑛 −
m

4
) 𝐶  +  (

m

4
) CH4          ∆𝐻° between − 161 and − 505 kJ/mol         (R2.16) 

C𝑛𝐻𝑚 +  (2𝑛 −
m

2
)  H2 →  n𝐶H4          ∆𝐻° between − 498 and − 1815 kJ/mol         (R2.17) 

The presence of a catalyst such as dolomite or olivine enhances tar removal and increases the gas 

yield. Olivine is a rock-forming mineral, that is naturally available with a general chemical formula 

of magnesium iron silicate (Mgx, Fe1-x)2 SiO4. The presence of iron oxide (Fe2O3), magnesite (MgO), 

and nickel (Ni) in olivine promotes tar cracking reactions [79]. While Dolomite is a widespread 

inexpensive mineral and a common tar conversion catalyst that is composed of calcium magnesium 

carbonate CaMg (CO3)2 [80]. The production of syngas (CO, and H2) increases as the contact time 

of the catalyst with fuel increases, as stated by Vassilatos et al. [81]. Chen et al. [82] investigated the 

effects of dolomite and olivine on the gasification efficiency. The results showed that the combustible 

gas increased and tar conversion enhanced with catalyst addition. Dolomite presence increased tar 

removal efficiency from 48.1 to 70.5%. 

The reactions R2.5, R2.7, and R2.9 to R2.17 are to some extent desired as it produces combustible 

gases (syngas). The reactions R2.2-R2.8 are highly exothermic, so it may be able to provide the 

necessary energy for endothermic gasification reactions [67]. In this case, the reactor is known as an 

autothermal gasifier. If the energy released from exothermic reactions is insufficient, then external 

heating is required and the gasifier is known as allothermal.  

The reactions that produce non-combustible products are undesired for economic and environmental 

considerations. The combustible gases (CO, H2, CH4) are generally formed from the reduction of 

CO2 to CO (according to boudouard reaction), water to H2 (water-gas shift reaction) and carbon to 
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methane (water-gas shift reaction) [70,83]. The higher the yield of combustible gas the greater the 

efficiency of the process.   

The side reactions in the gasification occur due to the presence of some impurities such as sulphur. 

Sulphur in biomass reacts with hydrogen in a series of reactions to form hydrogen sulphide (H2S), 

then carbonyl sulphide (COS), and occasionally carbon disulphide (CS2), as shown in R2.18-R2.20 

[38-39].  

S +  H2 →  H2S (R2.18) 

CO +  H2S →  COS + H2 (R2.19) 

COS +  H2S →  CS2 + H2O (R2.20) 

The rate of reaction and the conversion degree of the reactions mentioned above are restricted by 

achieving thermodynamic equilibrium. Thermodynamic equilibrium theoretically can only be 

achieved with infinite time of reaction. The reaction kinetics therefore become crucial through 

influencing the yield and composition of gaseous products [84]. In practice, gasification processes 

are unable to achieve the thermodynamic equilibrium as a result of short residence time. The 

conversion rate of solid biomass to gaseous products is limited to mass transfer, heat transfer, and 

reaction kinetics [85].  

The mechanism of gasification char reactions consists of five consecutive steps, as listed below [83]: 

• Diffusion of gaseous reactants (CO, CO2, H2, H2O, and O2) to the surface of solid fuel 

particle. 

• Pore diffusion of gaseous reactants into the particle pores. 

• Heterogeneous reaction between the solid reactants (carbon) and gaseous reactants. 

• Pore diffusion of gaseous products from fuel pores to the particle surface. 

• Diffusion of gaseous products from particle surface to the bulk gas.  

The driving force of gas diffusion in all steps is concentration difference. The rate of reaction is 

dependent of driving force. Other important parameters which influence the diffusion and reaction 

rates are temperature and the presence of a catalyst. Temperature increases the diffusivity and kinetic 

energy of gas molecules. Temperature also enhances the reaction constant according to Arrhenius 

relationship [86]. Therefore, at lower temperatures both mass transfer and reaction are slow. The 

gasification process under low temperature is surface reaction and diffusion controlled. The presence 
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of a catalyst is responsible for reducing the temperature of reaction and energy barrier for the reaction 

to occur. However, the mass transfer of gas is still limited to temperature [87]. When temperature 

raises, the chemical reaction takes place at the particle surface before gas diffusion to the particle 

pores. In this case, the gasification rate is mass transfer controlled. 

2.9 Presence of inorganics in biomass gasification 

Inorganics are typically the ash components of the biomass input during gasification. Also, other 

inorganics can be present as contaminants, which the biomass may have picked up during harvesting, 

transportation, and storage. Inorganic components of biomass, both natural materials and 

contaminants, have a significant influence on the selection of gas cleaning technologies, end uses of 

the gas, and control of noxious substances. Inorganics in biomass gasification can lead to the 

formation of volatile by-products, ash sintering and fusion, which results in processing difficulties 

[59].  

Work by Mitsui Babcock [88] recently summarised the effects of inorganics in the production of 

reactive char and the release of inorganic components at the gas phase. Inorganics in the biomass 

samples, which were used to produce chars under carefully controlled conditions, were found not to 

influence the char yield, although they affected the char reactivity [89]. Further research is needed to 

understand the implications of inorganic components on the gasification process.  

The level of inorganics in the feedstock will influence the choice of gas clean up technology and the 

gasifier configuration. The key compounds that occur naturally in biomass and which are known to 

be problematic include chlorine, sulphur, and alkali salts such as potassium oxide and sodium oxide. 

There is a much wider range of possible contaminants in waste materials such as MSW and industrial 

waste. Implicatively, it is imperative that the feedstock is analysed for contaminants before use of 

feedstock in gasification, and suitable ways of dealing with such elements determined, especially 

when it comes to heavy metals and volatile components [89]. 

Alkali metal salts can vaporise due to the high gasification temperatures in the system. One area of 

concern is in the formation of eutectics during the combustion phase where lower melting point 

eutectics can melt and form slag upon cooling down in the system. Chlorine readily vaporises to 

produce an acid gas (HCl) and can cause downstream corrosion problems in the steel piping and 

vessels; therefore it needs to be removed from the gas. Different methods for the removal of inorganic 

elements exist such as the installation of ceramic filters for physical separation, or chemical scrubbers 

which have been further studied by Kurkela [90]. If the feedstock is contaminated, this will influence 

the choice of gas cleaning system. This is summarised below in Table 2-4. Further work is required 

on handling of other problematic inorganics. 
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Table 2-4 Inorganics in biomass gasification and possible solutions [91-92]. 

Inorganic Component Solution 

Chlorine 

Provision needs to be made for capture of dolomites and calcium 

oxide in the gas phase or by scrubbing of the gases through the 

addition of alkali solutions (e.g. NaOH) to the scrubbing medium. 

Alkali metals [Na, K] 

Cool the gases from the gasifier to less than 600 ºC, preferably 450-

550 ºC. Alkali loss in the gases reduced to less than 1 wt.% of the 

original material in the biomass. Hot ceramic filters are preferable. 

Sulphur 
Sulphur in biomass turns into a sulphur gas (like H2S) first, and then 

the gas is absorbed onto dolomite or calcium oxides as bed materials. 

Mercury Can be adsorbed onto activated carbon prior to use. 

Cadmium May be recovered in the final product and the char from the gasifier.   

Different inorganic elements in biomass feedstock have been associated with the deactivation of 

catalysts in gasification through the introduction of impurities and absorption. Some of the common 

sources of impurities include chlorine, iron, phosphorous, sodium, silicon, and aluminium, which 

deter the adsorption of the catalyst, resulting in the formation of unwanted compounds. In addition, 

the presence of inorganic elements changes the configuration of the catalyst and therefore, lowers 

the rate of diffusion and prevents the reaction of reagents in the biomass [93]. 

2.10 Catalyst 

Biomass gasification takes place widely in gasifier reactors which bed materials are a mixture of 

sand and catalyst particles. However, the production of tar during gasification may lead to serious 

problems in the system such as condensation and clogging, therefore a tar removal procedure is 

needed [68].   

A catalyst is any substance that does not participate in direct reaction and increases the rate of 

reaction. The presence of a catalyst lowers the activation energy of a chemical reaction thus reaction 

can proceed with greater speed at much lower temperatures compared to without catalyst application. 

The catalyst can either be chemical in nature or natural, involving biodegradable materials. One of 

the significant properties of a catalyst is that it neither wears out nor changes because it only speeds 

up the rate of a reaction. In cases of municipal solid waste, the amount of material involved is so 

massive that it would take a very long time for the waste to be gasified [94]. Thus, a catalyst is 

necessary to speed up the reaction for the production of syngas. Another role of the catalyst in the 

gasification of biomass is to help lower the cost of cleaning the syngas by resulting in tar cracking 

and conversion in the gasifier reactor. The metal alloys needed to clean the gas are expensive and 

require high temperatures. However, when catalysts are used the gas will be cleaned as it is being 

produced in the reactor itself. Tar, a by-product of the gasification process, is broken down further 

at around 600-800 ºC with the help of catalysts to produce more syngas [71]. The following process 

shows how the reaction with or without a catalyst takes place. 
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Reactant ↔transition state (with or without catalyst) ↔ product 

Figure 2-10 represents the effect of a catalyst on the rate of chemical reaction. 

 

Figure 2-10 Graph showing translation states in the presence and absence of a catalyst [95] 

Based on Figure 2-10, it is evident that with a catalyst, activation energy is lowered for the chemical 

reaction, whereas, without a catalyst, higher activation energy is needed to drive the same chemical 

reaction. The implication of this effect is that if there are products whose activation energy is lower 

than that of a reaction without a catalyst, then the chemical reaction cannot take place. In such a 

reaction, a catalyst is necessary [96]. The process is called catalytic cracking and it includes thermal 

and hydrocracking. In the gasification of biomass, the main reason why a catalyst is used is to reduce 

the amount of tar formed in the process, as it lowers the energy content due to the combination of 

carbon and hydrogen elements [58]. 

Catalytic cracking can be categorised into two categories. The first category is primary cracking, 

which can take place in a pyrolysis reactor. A catalyst is either mixed with the biomass or used as 

bed material. In primary cracking, the hydrocarbons are adsorbed in their dissociative form as well 

after hydrogen has been removed catalytically [97]. Water or moisture, on the other hand, is broken 

down and absorbed in the form of OH ions, which are oxidised with the hydrocarbon elements to 

form CO and H2. The second category is secondary cracking in which the reaction takes place in a 

separate reactor [98]. 

Below are some of the factors that should be considered when determining the right processes and 

catalysts. 

i. The catalyst should eliminate the tar formed and increase the yield of products effectively. 

ii. The catalysts should be economical and sustainable.  
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iii. It should not be easily deactivated. 

iv. It should be renewed easily. 

Several catalysts that are suitable for biomass conversion can further be subdivided into either 

synthetic or natural. Natural mineral catalysts found in the earth include dolomite and olivine. They 

are common used for two main reasons; they are abundantly available in nature, and secondly they 

are cheap [99]. However, natural catalysts have their drawbacks. For instance, when using olivine, 

some by-products are formed because of its calcification in the gasifier. Therefore, an alternative to 

it is dolomite. dolomite is very stable and remains the original state after a reaction. [58]. Hence, it 

is fair to say that dolomite is more effective for tar conversion than olivine. Furthermore, dolomite is 

widely available in Qatar at Khor Aludad, so it was chosen for Subcoal™ gasification. [79].  

Synthetic-based catalysts are mainly metal-based and alkali-based. Metal-based catalysts include 

catalysts such as nickel and iron among others. Alkali-based catalysts include potassium, sodium, 

and lithium among others [100]. Synthetic catalysts are rarely used because they are expensive and 

not easily available in remote industrial applications. Besides, alkali catalysts have agglomeration 

problems whereas metal catalysts are easily deactivated due to carbon being deposited on them [99]. 

The catalysts, in terms of reaction mixture homogeneity, are divided into homogeneous and 

heterogeneous catalysts. Heterogeneous catalysis is the most common in the industry, which refers 

to catalyst and reaction species in distinct phases such as a catalysing gas-phase reaction by solid 

catalyst [101]. The mechanism of catalysis is important for better understanding of catalyst 

performance in the gasification process 

2.10.1 Olivine Mechanism 

The catalytic activity of olivine ((Mgx, Fe1-x)2 SiO4) for tar reduction can be related to iron oxide 

(Fe2O3), magnesite (MgO), and nickel (Ni) contents. The effectiveness of the iron is evidenced when 

it becomes present on the catalyst surface. Olivine calcination and oxidation has the impact of 

ascertaining that iron is brought to the surface. Coke formation has the impact of deactivating olivine, 

reducing the catalyst surface area, and covering of the sites that are active [79]. The catalytic 

influence of olivine on biomass gasification was examined in several studies [102]. Some researchers 

revealed that olivine increases the yield of syngas and tar conversion, and reduces the production of 

CH4 and CO2 [103,79]. These effects were owed to the catalytic activity of olivine towards tar 

conversion (R2.14-R2.17) and water-gas shift reactions at R2.11. It has been stated that the 

performance of olivine is dependent on the different oxidation states of the segregated iron at the 

catalyst particle surface [104].  

The activity and performance of olivine can be enhanced by calcination at temperatures between 400 

and 1100 °C as expressed by the following reaction [105]: 
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(𝑀𝑔𝑥𝐹𝑒1−𝑥)2𝑆𝑖𝑂4 +  
1 − 𝑥

2
 𝑂2  → 𝑥𝑀𝑔2𝑆𝑖𝑂4 + (1 − 𝑥)𝐹𝑒2𝑂3 + (1 − 𝑥)𝑆𝑖𝑂2        (R2.21) 

The reaction equation (R2.21) shows that the iron in olivine is removed as Fe2O3  during the 

calcination with oxygen. The Fe2O3 is then reduced in two consecutive steps; from Fe2O3 into Fe3O4, 

and from Fe3O4 to FeO and α−Fe. As can be seen, the oxidation state of iron decreases with each 

conversion which possesses an increasing impact on tar cracking [106]. The iron has a low oxidation 

state (α−Fe) therefore is an active phase for C-C and C-H bonds cracking in tar hydrocarbons [107]. 

The reducing atmosphere promotes the catalytic activity, while the oxidation atmosphere retards the 

activity [108].       

In comparison with the next preferred catalyst, dolomite, olivine produces 4–6 times less fine 

particles in the product gas, but also 1.4 times less efficiency in tar removal than dolomite in the 

gasification [102]. The contaminated particles in product gas need to be removed which adds more 

operating and capital costs. This, therefore, makes olivine the best choice for catalysing the 

gasification process.  

The mechanism of olivine catalysis of biomass gasification may differ with the gasifying agent. The 

gasification in air atmosphere causes oxidation of olivine in the combustion zone producing binary 

iron oxide hematite (Fe2O3), SiO2, and iron-depleted olivine. The formed Fe2O3 is subsequently 

reduced by the organic compounds in biomass to FeO, CO, and H2. In the gasification with diluted 

air using synthesis olivine (Mg0.5 Fe0.5)2 SiO4, about 10% of iron content in olivine is oxidised at 300 

seconds according to thermogravimetric analysis [109]. Moreover, olivine is capable of 

accommodating excess oxygen from air oxygen as shown in reaction (R2.21): 

(𝑀𝑔, 𝐹𝑒)2 𝑆𝑖𝑂4 + 
𝛿

2
 𝑂2  →  (𝑀𝑔, 𝐹𝑒)2 𝑆𝑖𝑂4+𝛿 (R2.22) 

The gained oxygen in olivine is used to partially oxidise methane in the gasification zone when the 

partial pressure of oxygen is low: 

(𝑀𝑔, 𝐹𝑒)2 𝑆𝑖𝑂4+𝛿 +  𝛿 𝐶𝐻4  →  (𝑀𝑔, 𝐹𝑒)2 𝑆𝑖𝑂4 +  𝛿(𝐶𝑂 + 2𝐻2) (R2.23) 

During air biomass gasification, olivine undergoes a cycle of oxidation and reduction to produce the 

active iron and then to regenerate the catalyst. The oxidation of iron in olivine takes place during the 

calcination at a temperature of 400 – 1400 ºC in two steps. The purpose of olivine oxidation is to 

produce the Fe2O3  that promotes the tar removal reactions, as shown in reaction (R2.24). The 

hematite and magnesioferrite that formed in the oxidation react together according to reduction 

reaction (R2.25) at 950 ºC in two successive steps. The reduction reaction restores the olivine but 
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with less iron and magnesium oxide deposition [104]. As a consequence of iron content reduction as 

well as the formation of oxide deposits, the catalyst needs to be replaced periodically [109].  

 

(R2.24) 

 

(R2.25) 

Latifi [110] suggested a chemical loop by which the iron oxide (hematite) is reduced to metallic iron 

(𝐹𝑒𝑜) that acts as an active site on the olivine particle surface. The reduction of iron oxide (III) is 

carried out by hydrogen according to reaction (R2.28) that combines R2.26 and R2.27. The metallic 

iron could be recovered in calcination to Fe2O3.   

𝐹𝑒2𝑂3 + 𝐻2  → 2 𝐹𝑒𝑂 + 𝐻2𝑂 (R2.26) 

𝐹𝑒𝑂 + 𝐻2  → 𝐹𝑒𝑜 + 𝐻2𝑂 (R2.27) 

𝐹𝑒2𝑂3 + 2𝐻2  → 𝐹𝑒𝑂 + 𝐹𝑒𝑜 + 2𝐻2𝑂 (R2.28) 

Aranda et al. [111] also proposed metallic iron generation in the indirect gasification of biomass. As 

the iron is partially oxidised in the combustion zone, olivine with Fe2O3 is circulated to the 

gasification zone [112]. Moreover, oxygen, which is obtained from the combustion zone, is employed 

for partial oxidisation of gaseous products in the gasifier [113-114]. In the gasification zone, under 

reduction atmosphere, iron oxides are converted to metallic catalytic iron (R2.29-R2.31).  

3𝐹𝑒2𝑂3  → 2𝐹𝑒3𝑂4 +
1

2
𝑂2 (R2.29) 

𝐹𝑒3𝑂4 → 3𝐹𝑒𝑂 +
1

2
𝑂2 (R2.30) 
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𝐹𝑒𝑂 → 𝐹𝑒𝑜 +
1

2
𝑂2 (R2.31) 

The metallic iron distributes and segregates from olivine into the bed particles. During the reduction 

reactions, the essential quantity of iron (II) of (18–21%) rapidly redistributes inside the olivine lattice. 

The reduced iron formed from R2.29 and R2.30 transfers later to the combustion zone to be recovered 

to Fe2O3 [111].  

2.10.2 Dolomite Mechanism  

Dolomite is a widespread inexpensive mineral that forms in rocks over a huge underground area 

which can exist in different colours. It is a common tar conversion catalyst that is composed of 

calcium magnesium carbonate CaMg (CO3)2 [80]. The composition of dolomite may vary depending 

on the geographical location [115]. However, the major compounds found in dolomite are calcium 

oxide (CaO), magnesium oxide (MgO), and CO2 [116]. Dolomite may also contain minor species 

such as silica (SiO2), aluminium oxide (Al2O3), and Fe2O3 with different percentages [117]. 

The content of CaO and MgO in dolomite determines the catalytic activity; the higher the content of 

calcium and magnesium oxides, the better the efficiency of the catalyst [118]. The tar cracking 

efficiency increases as the ratio of Ca/Mg increases. It enhances the tar cracking through promoting 

the water-gas reaction (R2.10) [119]. The tar elimination in the presence of dolomite can attain 100% 

as demonstrated by Simell et al. [80].  

The calcination of raw dolomite enhances the efficiency of the catalyst in tar conversion. Zhang [120] 

pointed out that about 73% and 88% of tar conversion was achieved using raw and calcinated 

dolomites, respectively, in the air gasification of rice husk. Also, calcinated dolomite, in air 

gasification of mixed plastic wastes, promotes the tar conversion to 73%, compared with silica sand, 

as reported by Cho et al. [121]. Dolomite calcination includes the formation of MgO and CaO by 

thermal cracking [116]. The following chemical reactions describe the calcination of dolomite over 

two ranges of temperatures [122]: 

𝑀𝑔𝐶𝑎(𝐶𝑂3)2 ↔ 𝐶𝑎(𝐶𝑂3)𝑀𝑔𝑂 + 𝐶𝑂2            (𝑇 > 600℃) (R2.32) 

𝐶𝑎(𝐶𝑂3)𝑀𝑔𝑂 ↔ 𝐶𝑎𝑂. 𝑀𝑔𝑂 + 𝐶𝑂2                (𝑇 > 900℃) (R2.33) 

As can be seen in the reactions, the equilibria of calcination are sensitive to CO2 gas release [123]. 

The partial pressure of CO2 is preferred to stay under the equilibrium pressure to avoid the catalyst 

deactivation [123]. Besides the process pressure, temperature plays a crucial role in controlling the 

calcination and carbonation reactions, as shown in Figure 2-11 [124]. Several factors influence the 

calcination process such as heating rate, the quantity of catalyst, and particle size [125]. The  purpose 
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of dolomite calcination is to increase the size of the catalyst pores which is then responsible for mass 

transfer enhancement. The time and temperature of calcination increases the surface area of the 

catalyst, hence the efficiency increases [126]. 

 

Figure 2-11 Mechanism of dolomite catalysis according to various studies [127] 

The catalysis mechanism of dolomite in benzene tar elimination is presented in Figure 2-11 based on 

the work done by Hervy et al. [128] and other studies in the literature. Gas products and an active 

carbon deposit (CmHp) are formed when a benzene ring incorporates on the active sites of CaO. The 

active carbon deposit undergoes a reaction with steam, or ends with coke formation on CaO. MgO 

breaks the hydrogen bonding in water, forming OH which is absorbed on the active sites of MgO. 

The OH group then combines with the remaining active carbon to form formate. A spill-over of OH 

takes place leading to decomposition of formiate to syngas and removal of coke [129-130]. Herman 

et al. [131] reported that the metal oxides in the bottom ash such as SiO2, Fe2O3, CaO, MgO, and 

Al2O3 have a catalytic influence on gasification of the biomass. The presence of Al, Ca, Mg, Si, Ti 

and Fe confirms the ability of bottom ash to be utilised as the gasification process catalyst. CaO 

decreases the CO2 content increasing the product gas yield while Fe2O3 reduces the tar formation. 
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2.11 Fluidised bed gasifiers 

In many cases sand is used as a bed material in bubble fluidised bed gasifiers where a gasifying agent 

of air or steam is introduced to the gasifier to make the sand particles more randomly fluidised. The 

feedstock is introduced from the upper part and then mixed with hot sand, which produces syngas 

and small amounts of char [132]. The remaining char is reduced into a smaller particle size by the 

mechanical attrition with sand due to a dynamic atmosphere in the fluidised zone before being 

separated using cyclones. In an indirectly heated gasifier, the fluidised content is moved to a 

secondary gasifier where the char is burnt as the temperature of the sand rises. The sand is transferred 

back to the primary gasifier to fluidise new feedstock. The fluidised bed gasifier has temperatures of 

700 to 1000 ºC and residence times depend on biomass particle size. The main difference between a 

bubbling fluidised bed gasifier and a circulating fluidised bed gasifier is the recirculation of solids 

into the circulating bed gasifier after separation in the cyclone. The system is also identified as a 

circulating bed (as shown in Figure 2-12) when the materials move from one chamber to another 

[133]. 

 
Figure 2-12 Fluidised bed gasifiers [132] 

The fluidised bed gasifier is suitable for industrial use (> 1 MWTh scale) because it has shorter 

residence times. The major advantages of fluidised bed gasifiers are their ability to deal with non-

uniform particle sizes and shapes, and their fuel flexibility brought about by good mixing of feedstock 

and oxidant, and this ensures efficient mass and heat transfer [70]. 

2.12 Factors affecting the gasification process  

The first factor that affects gasification is the feedstock composition [134]. In most cases, the 

feedstock entails something that can be vigorously combustible. For instance, dry biomass would be 

much better than high-moisture biomass, which will result in consumption of energy in evaporating 

the moisture from the wood. Reaction temperature also affects the gasification process. Higher 

temperatures are sufficient to form the required conditions that are good for syngas formation due to 



Chapter 2: 

---------------------------------------------------------------------------------------------------------------------------------- 

54 
 

tar conversion [135]. However, when the temperatures go too high it leads to the combustion of 

biomass and formation of flue gas. Thus, the resultant gas is lower in calorific value. 

The heating rate of feedstock should be somewhat constant to ensure that the biomass is heated 

uniformly to avoid some sections not being heated uniformly and more so to ensure that the heat 

does not dissipate with time [136].  Residence time will determine the time it takes for biomass to 

stay in the reactor before complete conversion has been achieved. The higher the residence time, the 

better the quality of the gases being produced and the lower temperature the required for complete 

conversion. A poor quality syngas is characterised by low HHV and residence time. Different studies 

have reported several factors that affect biomass residence time that is present in the fluidised beds. 

An increase in gasifying agent velocity and bed height leads to a wider residence time distribution of 

solid particles. Big biomass particles have longer mean residence time and lower descending vertical 

velocity [137].  

Gasifying agent (Air, O2, steam, CO2) is another factor that affects the gasification process. The 

quality of the syngas being produced depends on the type and quantity of the gasifying agent. The 

best gasifying agent is air since it is cheap and available in the atmosphere. On the other hand, oxygen 

is very expensive and thus will increase the cost of production of the gas [138].  

Another factor that affects the gasification process is the reactor design. It is critical that the reactor 

design should be according to a conceptual approach that reduces the capital cost and facilitate the 

maintenance [139].  

2.13 Summary  

Biomass is a sustainable source of energy in which feedstock is converted into a useful and clean 

fuel to meet increasing energy demand with the lowest environmental emissions. Biomass conversion 

technologies are classified into thermochemical conversion and biochemical conversion. 

Thermochemical conversion, which is more efficient in large-scale production, includes pyrolysis, 

gasification and combustion. Pyrolysis and combustion can be occurred in the reactor during biomass 

gasification. Therefore, these processes have to be simultaneously studied under different conditions 

and catalyst ratios.  

Some reported studies have focused on biomass obtained from wood, sewage waste, poultry litter, 

and agricultural products. However, non-recyclable MSW product such as paper and plastics has 

been received little attention in the literature. The mixture of plastics and papers waste fractions is 

converted into a solid fuel pellet known as Subcoal™. The combustion of Subcoal™ alongside fossil 

fuel in cement and power plants have been investigated. However, the gasification and kinetics of 

Subcoal™ thermochemical conversion to fuel gases is not well understood. Developing such 

knowledge will contribute to the better design of reactors for Subcoal™ gasification which helps to 

reduce the energy cost and the ecological footprint. In addition, this technology will reduce the 
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landfilling of MSW and support Qatar national vision 2030. In this work, the kinetics of pyrolysis, 

gasification and combustion of Subcoal™ will be examined using the TGA. Also, air-gasification of 

pellet and pulverised Subcoal™ will be investigated under different operating conditions using 

FBGR. The literature points to the existing gap as studies of gasification of Subcoal™ are limited. 

Knowledge on this field, is thus inadequate. To close this gap, comprehensive studies in this field 

must be conducted. From this requirement and need, this study will conduct experiments to 

understand the gasification of Subcoal™.
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3 Chapter 3: Methodology 

3.1 Introduction 

In the present chapter, the methodology of Subcoal™ characterisation and preparation for TGA and 

FBGR experiments is described. The determination of sample composition and properties was a 

crucial step in the evaluation of gasification reaction. The proximate analysis was carried out first to 

determine the content of volatiles, ash, moisture, and fixed carbon which is essential to determine 

the fuel/air ratio in the gasification process. Then, an ultimate analysis was performed to determine 

the percentage of C, H, N, S and O (by difference) in sample. The findings of the proximate and 

ultimate analysis were also used to predict the mass balance and producer gas composition. Sand bed 

material and Subcoal™ bulk density were estimated for gasifier design. Moreover, calorific value 

and carbon/sulphur content were determined. Also, pellets reduction size and catalyst preparation 

were demonstrated. The methods of pyrolysis, CO2 gasification, and combustion using TGA are 

highlighted. The XRF analysis method was highlighted to identify the rest of the trace elements in 

sample. Then, the XRD technique was used to determine the crystallinity proportion in Subcoal™ 

powder, sand and ash. Finally, the particle size distribution of silica sand and sample powder was 

evaluated using a Malvern Mastersizer 3000. The dominated particle size is an important factor for 

the design of FBGR.  

3.2 Proximate analysis  

Proximate analysis is a typical and simple technique that has been used for more than a century to 

determine the content of volatile matter, moisture, ash, and fixed carbon contents in biomass. Such 

an analysis is very crucial in biomass fuel degradation processes to figure out the process 

characteristics. The amount of ash formed, process conditions, and the generated gaseous products 

can be determined with reference to proximate analysis. The measurements of moisture, ash, 

volatiles, and fixed contents of sample indicate the amount of energy stored in the fuel [140]. The 

proximate analysis of the sample in this work followed relevant British Standards (BS).  

3.2.1 Moisture content 

Moisture content is the quantity of water in biomass that can be found in two forms, namely: free 

water in solid fuel and as a chemically bonded water molecule to the fuel structure. The presence of 

moisture in biomass leads to a reduction in temperature during the first stage of the gasification 

process [132]. The reduction in temperature may affect the rate of endothermic reaction between 

steam and char, in addition to the devolatilisation process. The moisture content, therefore, should 

be minimised to 5-10 wt.% of the original feedstock. The moisture content was determined using a 

furnace (BINDER, Germany), according to BS ISO 18134-3:2015 standards [141].  
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Evaporation of the moisture from sample was carried out in the furnace at 105 ºC for two hours. The 

analysis was performed minimum three times to ensure the result's repeatability and quantify 

potential uncertainty. Three empty crucibles dishes that have lids are inserted in the oven and at a 

temperature of 105 ºC. After that, the three clean and dry crucibles dishes with lids were weighed. 

Then, one gram of the sample powder was evenly placed in each dish. Both the fuel and dish were 

weighed before the heating process. The three dishes with sample were consequently placed in the 

furnace free of cover. The lids were also put inside the furnace, but not on the dishes. After two hours 

of heating, the lids were placed on dishes, removed from the furnace, and placed in a desiccator to 

cool to room temperature before being weighed again. The lids were used to prevent the biomass 

from absorbing moisture from the surrounding environment. The mass of an empty crucible dish and 

lid 𝑚1, the total mass of the biomass, crucible dish and lid prior heating 𝑚2, and the total residue 

mass, crucible dish and lid once heating is completed 𝑚3 were used to calculate the moisture content 

according to the following equation [142]: 

Mad = (
m2 − m3

m2 − m1
) × 100 (3.1) 

3.2.2 Volatile matter content 

The volatile matter in biomass includes C, H, N and O. The content of volatile matter was measured 

based on BS EN ISO 15148:2009 standards [143]. The overall test methodology consists of three 

individual tests to run simultaneously. First, three empty and clean crucibles of the fused silica along 

with lids are put in the furnace and subjected to a temperature of 900 ºC for 7 minutes to eliminate 

contaminants that may affect the test. The crucibles were then taken out of the furnace and given 

time to cool such that they could reach ambient temperature before being introduced into a desiccator. 

At this stage, the weight of the empty crucible and lid 𝑚1 were evaluated. Then, one gram of sample 

was distributed in each crucible with a lid on it, and the weight was evaluated again 𝑚2. To make 

sure the heating was equally distributed, the crucibles were placed on racks. The main test started 

when the three filled crucibles were put into the furnace at a temperature of 900 ºC for 7 minutes. 

After heating, the filled crucibles with lids were removed and cooled down and finally weighed to 

obtain 𝑚3. Based on the knowledge of the weights of the samples, the volatile matter content was 

estimated for each sample using the formula below [143]: 

Vd = [
100(m2 − m3)

m2 − m1
] (3.2) 

3.2.3 Ash content 

Ash is a substance residue from the combustion process which comprises of inorganic material. The 

higher the ash content in the biomass, the lower the calorific value of a fuel. Ash content is 
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represented as a percentage of the dry mass of the fuel [142]. The formation of ash post combustion 

results in several operational and design issues such as slagging, corrosion fouling, and particulate 

fouling. The surface deposition of an ash layer may reduce heat transfer efficiency. Moreover, during 

the combustion of char, ash affects the diffusion of oxygen to the fuel surface. These issues retard 

the process performance and treatment of syngas [144]. 

The content of ash was measured according to BS EN ISO 18122:2015 [145]. The test was performed 

a minimum three times to confirm the repeatability of the results. Three empty crucible dishes were 

placed in a furnace at 550 ± 10 ºC for 60 minutes to remove the volatile contaminations. The crucibles 

then were removed from the furnace and cooled down for 5-10 minutes before being transferred to a 

desiccator for further cooling to attain ambient temperature. The crucible dish that is empty has its 

weight taken. Subsequently, 0.1 mg of the sample was placed in each dish, and the total weight was 

recorded. The dishes loaded with sample were placed in the furnace as shown in Figure 3-1. 

 

 

Figure 3-1 Ash content test setup 

In the first stage, the temperature and time on the furnace control panel were set to 250 ºC and 30–

50 minutes, respectively, to obtain a heating rate between 4.5 to 7.5 ºC/min to eliminate any volatiles 

before the ignition step. Then, the temperature was raised to 550 ºC for 30 minutes at a heating rate 

of 10 ºC/min. Once the temperature reached 550 ºC, it was constantly maintained for 120 minutes to 

ensure complete combustion was achieved. At the end of the process, the crucible dishes were 

removed from the furnace and placed on a heat resistant plate for 10 minutes to be cooled down 

before being cooled in a desiccator. The final weight was evaluated when the sample temperature 

settled at the ambient temperature. The ash content (%) was determined using the following formula 

[145]: 
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Ad = (
m3 − m1

m2 − m1
) × 100 (3.3) 

Where 𝑚1 is the mass of the empty crucible dish, 𝑚2 is the initial total mass of the crucible dish and 

test biomass sample, and 𝑚3 is the final total mass of the crucible dish and ash. The value obtained 

was the average of the three sample repeats. 

3.2.4 Fixed carbon content 

Another primary component of biomass was the fixed carbon content (FC %), which is the 

combustible solid residue that forms after the combustion of biomass where all volatiles and moisture 

were removed. The FC % was determined by difference because it depends on the amount of volatile 

matter released from biomass under specific conditions. Therefore, it provides valuable information 

about the amount of char formation and the size of the gasifier. The FC was determined using the 

following formula: 

FC % = 100 − [Mad − Vd − Ad] (3.4) 

Where Mad is the moisture content, Vd is the volatile matter, and Ad is the ash content of the sample. 

The crucible dishes used in the determination of Mad, Vd and Ad are presented in Figure 3-2. 

 

Figure 3-2 Crucibles used in the estimation of the ash, volatile matter and moisture content 

3.3 Ultimate analysis  

Ultimate analysis offers the biomass primary elements composition, such as CHNSO (carbon, 

hydrogen, nitrogen, sulphur, and oxygen). The ultimate analysis gives more inclusive information in 

comparison to proximate analysis. This analysis was essential to estimate the air/fuel equivalence 

ratio in terms of complete combustion. For the current study, the process of ultimate analysis of the 

sample was carried out in Pennine Analytical Laboratories. The results of the ultimate analysis of 

Subcoal™ are presented in Section 5.2 and Table 5-1. 
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3.4 Sand bulk density 

Bulk density (or apparent density) is considered to be the property of powders that is defined as the 

mass of bulk solid that is contained in a unit volume including the voidage volume between particles. 

As it has powder properties, the determination of biomass fuel bulk density is crucial in identifying 

the energy density [146]. The density of the bed particles is an essential parameter in the fluidisation 

process that determines with particle size the relevant Gartland classification of particles. Gartland 

classification describes the behaviour of the fluidised bed. The density of silica sand (500-600 µm) 

ranges between 1400 and 4000 kg/m3. In this case, the bubble appears (Umb) = minimum fluidisation 

Umf, and they are widely used in industrial applications due to their ease of fluidisation. The bulk 

density of silica sand was measured according to the BS 1337-9:1990 by using a piece of equipment 

comprising of two sections [147]. The first section was a pouring cylinder with a cone-shaped base 

and the second section was a calibration container, as illustrated in Figure 3-3. The mass (m1) in kg, 

and volume (m3) of an empty calibration container was measured. Then, the mass of the sand bed 

(m2) that occupied the conical section was determined. The long cylinder subsequently was filled 

with silica sand (500-600 µm). The valve was opened, and the sand poured into the calibration 

cylinder as well as the cone space. The mass of the equipment and sand was defined as (m3). Finally, 

the mass of a sand sample in the calibration container (m4) was determined by difference as written 

below [138]: 

m4 = m3 − m2 − m1 (3.5) 

Thus, the bulk density of silica sand was calculated as follows: 

Bulk density =
m4

volume
 (3.6) 
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Figure 3-3 Apparatus for determination of bulk density of sand, container for calibrating and 

cylinder for pouring [138] 

3.5 Subcoal™ bulk density measurement 

The bulk density of the sample as received from N+P company was 150 kg/m3, and the moisture 

content was 12%. The analysis of bulk density is considered to be an essential parameter, which is 

used in calculations of the fluidised bed hydrodynamics. Due to the sample property, it was not 

feasible to perform Subcoal™ powder bulk density using the calibration cylinder in Section 3.4. 

Therefore, the Subcoal™ measurement was carried out following BS EN 15103:2009 [148]. To 

reduce the uncertainty, the measurements were repeated three times. The test setup consists of a 

hollow cylinder with a known volume that meets the measurement specification requirements (height 

to diameter ratio: 1.25 to 1.5). This cylinder was fixed underneath a funnel where the sample particles 

were placed. The funnel was fixed by a metal clamp, as displayed in Figure 3-4. The bulk density of 

the sample particle size < 3 mm was calculated based on the following equation: 

𝐷𝑑 = 𝐷𝑎𝑟 ×
100 − 𝑀𝑎𝑟

100
 (3.7) 

Where 𝐷𝑑 depicts sample mass bulk density with reference to dry mass in kg/m3, 𝐷𝑎𝑟 is the received 

bulk density in kg/m3, and 𝑀𝑎𝑟 is the moisture content, as received, as a percentage by mass. The 

value of 𝐷𝑎𝑟 can be calculated using equation (3.8): 

𝐷𝑑 =
(𝑚2 − 𝑚1)

𝑉
 (3.8) 
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Where 𝑚2  is filled container mass in kg, 𝑚1  is the empty container mass in kg, and 𝑉  is the 

measuring container net volume in 𝑚3.  

 
Figure 3-4 Schematic of the apparatus of Subcoal™ bulk density measurement 

3.6 Calorific value 

Calorific value (or heating value) is the amount of heat released from the complete combustion of a 

unit volume of the biomass fuel in the presence of oxygen [149]. The calorific value can be expressed 

in two ways, namely: high heating value (HHV) or low heating value (LHV). In the high heating 

value (or gross calorific value), the latent heat of vaporisation of water was considered, while this 

was not the case in the low heating value [150]. The HHV were determined in the laboratory 

according to BS EN 14918 using a bomb calorimeter (Parr 6100) from Parr Instrument Company, as 

presented in Figure 3-5 [151].  

 
 

Figure 3-5 Labelled schematic drawing of bomb calorimeter (right) and the bomb calorimeter (Parr, 

model No. 6100) (left) 

The test ran when the sample burned under controlled conditions of the oxygen-rich environment in 

a pressurised vessel. Calibration of the bomb calorimeter occurred before testing with three pellets 

of benzoic acid. Next, about 0.5 gram of Subcoal™ sample was placed in the calorimeter vessel, then 

sealed and pressurised with oxygen to 30 bar before being electrically ignited. The calorimeter vessel 
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was immersed in 2000 ml of distilled water inside a jacket made of stainless steel. The function of 

the jacket was to absorb the excess heat, which the fuel sample releases from combustion. The 

increase in water temperature was recorded and the energy released was defined as HHV [152]. After 

the test completed, the excess pressure in the bomb was released. The test was performed a minimum 

three times to confirm the repeatability of the results. LHV was estimated by subtracting the value 

of steam latent heat from the HHV as well as taking the moisture content into account based on the 

following equation: 

LHV = HHV − h𝑔 (
9H

100
+

M

100
) (3.9) 

Where H is the hydrogen percentage, M is the moisture percentage, and hg is the latent heat of steam 

(hg= 2.26 MJ/kg). 

3.7 Sulphur (S) and carbon (C) content 

The content of S and C in the Subcoal™ were evaluated through the use of a LECO SC-144DR 

analyser, as presented in Figure 3-6. The testing procedure was adopted from the analyser user 

manual. The sample was placed into a boat dish and then introduced to the combustion chamber to 

burn it in the oxygen-rich environment at a temperature of 1500 ºC. Consequently, carbon dioxide 

(CO2) and sulphur dioxide (SO2) gases were released from the complete combustion reaction of the 

sample. Infrared (IR) detection cells were then employed to measure the concentration of the two 

gases, thus C and S content can be determined as percentages. The test was launched and controlled 

using Windows-based software [153]. This analyser can detect the trace of S and C at a precision of 

± 5.0 ppm and ± 25.0 ppm, respectively. The device was linked to software that converts the product 

gas concentration from PPM to mass percentage in the original sample. The test was performed three 

times to ensure repeatability in results. 

 

 

Figure 3-6 Representation of analyser labelled components (right), and an image of the SC-144DR 

analyser (left) 



Chapter 3: 

---------------------------------------------------------------------------------------------------------------------------------- 

64 
 

3.8 XRF analysis 

Subcoal™ comprises of different trace elements other than those detected by the techniques 

mentioned above. The X-ray fluorescence (Innov-X System, model X-5000) technique was used to 

measure the content of the trace elements in the sample. The analysis procedure was adopted from 

the XRF operating manual using a 3-beam method, namely: alloy, mining plus, and soil. These 

methods are suitable for the analysis of sample, chars, and ashes. The 3-beam method operates with 

three voltage levels of 50, 35, and 15 kV, which are applicable in detecting the common elements 

[154]. Figure 3-7 shows the XRF analyser used in the present test. 

 

Figure 3-7 XRF analyser (Innov-X System, model X-5000) 

Before running the test, the analyser was calibrated with a sample of stainless steel 316 alloy. In the 

sample preparation, a new thin-film sample support was attached to a clean sample holder. Then, 

about 1 g of the sample powder or ash was distributed on the holder using a spatula to at least 3 mm 

thickness. The sample holder was placed at the sample point and the lid was closed. The required 

sample data were inserted into the analyser system. The "Mining Plus, Soil, Alloy" modes were 

selected to run the test. When the test was completed, the sample was removed and the result in ppm 

was saved in the device. The test was repeated three times to ensure repeatability in results. 

Sample point 

Display and keyboard 
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3.9 XRD analysis 

3.9.1 Background 

X-ray diffraction (XRD) is the most widely used non-destructive technique for providing information 

on atomic and molecular structure and phase of a material. It is also capable of measuring some 

morphological parameters such as crystal size, strain, crystallinity, and crystal defects [155]. The 

XRD technique was commonly used to characterise minerals and their polymorphic phase in coals 

due to the capability of this analysis of evaluating the crystalline structure of solid mixtures [156-

157]. However, significant noise was observed in the XRD analysis of coal and char by Gupta [158] 

due to the presence of amorphous carbonaceous species. 

In the XRD characterisation, the sample of material was exposed to monochromatic X-ray radiation 

produced from a cathode ray tube. In the sample, the ray radiation was scattered by the sample in 

different directions. The diffracted beams then were collected by a detector. However, a signal 

resulting from a beam striking a sample at a certain angle may lead to constructive interference. 

Figure 3-8 represents the working principle of XRD.  

 
Figure 3-8 Schematic representation of the XRD working principle [159] 

The energy and angle of an incident beam of X-rays were known and controllable from the source. 

The energy and angle (θ) of the scattered beam can be estimated by a detector which was used later 

to estimate the intensity of the beam. The energy of an incident beam was partially absorbed by the 

material being tested. Therefore, the energy of a diffracted beam was lower than that of the incident 

beam. Concerning beam angle and energy, the compound identity, composition, and crystalline phase 

can be inferred. The XRD unit was linked to a computer and the software plots the intensity data as 
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a function of (2θ) angle. Based on a crystallography database, the peaks graph can be further analysed 

to identify the peaks structure and crystalline phase [160]. 

The interaction between X-rays and sample creates secondary diffracted beams to spacings of 

interplanar based on the powder that is crystalline with reference to Bragg’s law, which is a 

mathematical relation illustrated below:  

nλ = 2d sin θ (3.10) 

Where n depicts the reflection order, λ is the incident ray wavelength, d is the interplanar spacing of 

the crystal, and θ is the angle of incidence and reflection of the incident ray. The wavelength of 

incident X-ray can be estimated from the energy of radiation. In contrast, the angle of diffraction was 

determined based on the position of the detector. X-ray data were recorded in terms of 2θ (x-axis) 

vs. intensity (y-axis). 

3.9.2 XRD analysis method 

A dry powder of Subcoal™< 3 mm, silica sand (500-600 µm) and ashes were analysed in the XRD 

Diffractometer D5000, as displayed in Figure 3-9. The sample was mounted on the diffractometer 

sample holder in a flat layout. A typical sample holder is a 2-mm thick plate with a 20-mm square 

hole in the center. The proportion of the crystalline components in the fuel (crystallinity) was 

determined according to standard test method ASTM D5758 and results evaluated using the 

following formula [161]: 

Crystallinity % =
Ac

 Ac + Aa
× 100 (3.11) 

Where 𝐴𝑐 is the area under the peaks representing the total crystalline region, and 𝐴𝑎 is the area 

under the peaks representing the total amorphous region [161]. 
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Figure 3-9 Labelled image of an XRD machine (Siemens, Diffractometer D5000) 

In addition, the sample was placed onto the holder in the machine sample stage and compressed using 

a glass slide to obtain a flat and even surface. The holder was transferred into the XRD goniometer 

and the door was closed. The chiller unit and XRD unit were then switched on, respectively. The 

default power was set at 200 W (20 mA and 10 kV), which was increased to 1400 W (35 mA and 40 

kV). The shutter door kept open to allow X-rays to reach the sample. Then, the scanned data was 

inserted in computer-based software (Panalytical X'Pert HighScore Plus) that organises the scanning 

process. Finally, the scan program was sent to the XRD machine and the scan commenced. The 

results were transferred to OriginPro® software and the crystallinity of the sample was calculated.  

3.10 Malvern Mastersizer 3000 

3.10.1 Background  

The particle size of bed material is one of the key parameters required in the design calculations of a 

fluidised bed gasifier reactor. The Mastersizer 3000 (Malvern Instruments, UK) is a commonly used 

particle sizing instrument that is able to measure a size range of 10 nm to 3.5 mm. Figure 3-10 

displays the operating parameters of the Malvern Mastersizer 3000. The Mastersizer 3000 instrument 

comprises of four essential units, namely: disperse unit, optic unit, measurement cell, and computer-

based software [162]. Figure 3-11 shows an image of a Malvern Mastersizer 3000 instrument. 
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Figure 3-10 Operating parameters and diagram of laser diffraction method of the Malvern 

Mastersizer 3000 [163] 
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Figure 3-11 Malvern Mastersizer 3000 instrument 

This particle sizing instrument provides information on the particle size distribution of a mixture of 

particles, as well as mean particle sizes. The working principle of the device is based on the 

diffraction of laser light on particles of different sizes, as shown in Figure 3-10. The method of laser 

diffraction is utilised in distribution measurement of the particle size for its broad dynamic range 

(from nanometers to millimeters) and rapid measurements [162]. A beam of laser light was applied 

on a dispersed particulate sample that scatters on the dispersed particles of different sizes. The 

angular variation and energy of the scattered light were measured. As the particle size increases, the 

scattering angle decreases. Based on the obtained angular scattering data, the particle size can be 

estimated utilising the Mie theory of light scattering. The particle size data was subsequently 

interpreted in terms of volume equivalent sphere diameter. Inherent assumptions in the Mie scattering 

theory are the spherical particles with radius on the same order of magnitude as the laser light with a 

single scattering [164]. These assumptions may affect the accuracy of the size distribution 

measurements. The calculations of size distribution were calculated using the following equation: 

dp = Σxi × dpi = 1 (3.12) 

Where 𝑑𝑝 is the mean particle diameter, 𝑥𝑖 is the mass fraction, and 𝑑𝑝𝑖 is the diameter of particle 

size.  

3.10.2 Method 

The silica sand was sieved in a range of particle sizes measuring 500-600 μm, and Subcoal™ powder 

with a particle size of < 3 mm was prepared as shown in Section 3.12. The experimental procedure 

was obtained from the Malvern instrument operating manual [165]. At startup, the instrument must 
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be connected to all accessories and dried. The power was supplied and a measurement file was 

created in the software. A sample was placed in the wet dispersion unit. Once the test was completed, 

the report result was saved. Finally, the dispersion unit was emptied of a sample and cleaned.  

3.11 Catalyst preparation 

The effect of mineral catalyst concentrations on Subcoal™ pyrolysis, gasification, and combustion 

was evaluated. Dolomite and olivine were supplied by Tarmac company from Port Talbot in form of 

powder with particle size of < 1 mm. A ring mill machine (Labtech Essa 100100, Australia) was used 

to reduce the catalyst through grinding machine, as shown in Figure 3-12.  

(a) 

 

(b) 

 

Figure 3-12 a) Grinding and crushing machine (Labtech Essa 100100, Australia), b) dolomite left 

and olivine right side 

The catalyst sample was placed in a metal bowl and fixed by a pneumatic clamp. Then, the machine 

cabinet was closed and secured. The pneumatic air isolation ball valve was opened. The on/off push 

button was activated to start the machine for 3 to 6 minutes. Finally, the machine was stopped, the 

milled catalyst was sieved according to BS 1377-9 1990 to 106 μm and packed in a dry container. 

3.12 Subcoal™ pellets size reduction 

Pulverised Subcoal™ pellet (pellet B) were supplied by N+P company with dimensions of 14-27 

mm length and 8 mm diameter. To study the effect of heating rate and catalyst ratio on sample by 

TGA, the pellet B were reduced and milled by using a knife type mill (Fritish model 55743, GmbH, 

Idar-Obersten, Germany), as shown in Figure 3-13. This mill uses special curvature mesh trays with 

different sizes. 
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Figure 3-13 Fritish GmbH grinding and crushing machine 

As soon as the mill was activated, an amount of sample (50 g) was placed into the machine hopper. 

The flow of the feed particles to the cutting chamber was controlled by a gate. The cutting chamber 

consists of several sharp stainless steel knives which are fixed radially on a stainless steel cylindrical 

shaft. An electrical motor rotates the knife shaft at a controlled speed. The mill design provides a 

clearance distance between the knives and a curvature mesh tray to press the sample cuttings through 

the mesh tray. At the bottom of the cutting chamber, a stainless steel container was located to collect 

the cut particles. Finally, the milled product was called pulverised alternative fuel (PAF) with particle 

size < 3 mm is shown in Figure 3-14 were packed and stored in sealed bags. 
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Figure 3-14 Subcoal™ PAF 

The difficulty of sieving the PAF leads to only one size being produced. To analyse the effect of 

pellets particle size of sample in FBGR, the pellet B was reduced by using scissors to (10-6.3 mm), 

as illustrated in Figure 3-15 and the selected pellets sizes were obtained by sieving according to BS 

1377-2:1990.  

(a) 

 

(b) 

 

Figure 3-15 Pellet (B) reduction size (a) tools and sieves (b) 

3.13 Thermogravimetric analysis  

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) were performed in a 

Mettler Toledo analyser (AG TGA/SDTA 851e) with a temperature range of 25 to 900 ºC. The 

experiment was performed following BS EN ISO 11358:1997 [166]. Figure 3-16 shows the TGA 

instrument and components.  
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Figure 3-16 Labelled TGA device 

The thermal degradation and kinetics of the non-isothermal process were studied in the presence and 

absence of a catalyst. Subcoal™ PAF was used as a milled product as a powder<3 mm particle size. 

The mass loss data was acquired with temperature change for different conversion degrees ranging 

from 20 to 80 wt.%. The model-free method was used to evaluate the 𝐸𝑎 behaviors of the sample 

without catalyst at different heating rate 5, 10, 15, and 20 ºC/min, while the CR model fitting method 

was selected to determine the kinetic parameters with catalyst at a constant heating rate of 20 ºC/min. 

Dolomite and olivine (106 μm particle size) were employed with different concentrations 0, 5, 10, 

15 and 20 wt.%. However, low loadings of the catalyst (e.g., 1 wt.%) were not used in this study due 

to insignificant changes in the gasification performance that is due to poor mixing with Subcoal™ 

and the gasification agent. 

The experimental procedure began when 10 ± 5 mg weight of the sample was placed into a crucible 

made of alumina. To make sure the sample was well distributed, the crucible was gently tapped on a 

solid surface. The crucible was then transferred and loaded onto the TGA carousel using tweezers. 

Once the crucible was automatically placed into the furnace, a program comprising four heating rates 

was digitally run, with N2 gas with a volumetric flow rate of 50 ml/min adopted to provide an inert 

atmosphere for the pyrolysis process, while 100 ml/min CO2, and 100 ml/min of air were used for 

the gasification and combustion atmosphere. The flow rate setting for different gases was chosen 

based on the optimum operating condition of the TGA instrument and to compare the result with the 

literature. In all experiments, sample weight loss was continuously recorded against the temperature 

and time to obtain the TGA curve, which was derived later for first-order derivative to obtain a DTG 
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curve. In DTG curves, Tm was observed when the maximum decomposition of solids takes place. As 

reported previously, the model-free method is sensitive to measurement errors. Therefore, all 

experiments were performed a minimum three times to confirm the repeatability of the results and 

minimise the effect of experimental errors. The trend of the TGA curve, as well as the width of the 

DTG peak, determine the thermal decomposition behaviour [167]. The obtained data was exported 

to a Microsoft Excel® sheet when the test was completed for thermal and kinetic statistical analysis.  

3.14 Bubbling Fluidised bed gasifier reactor (BFBGR)  

The BFBGR rig was designed by Al-Farraji [138] and constructed in a combustion laboratory at the 

School of Engineering in Cardiff University. However, the biomass feeding system in this study was 

modified to provide a high heterogeneous gasification reaction and smooth pellets fluidisation as 

shown in Figure 3-17. Also, a condenser installed on the producer gas outlet for liquid tar removal. 

Figure 3-18 displays P&ID and experimental rig equipment.  

 
 

Figure 3-17 Experimental rig 
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Figure 3-18 Schematic P&ID diagram of BFBGR 

3.15 FBGR experimental rig procedure 

1. Before starting the experiment, all safety procedures should be followed as described in the 

Appendix A: Kinetic Theory and Feedstock, for example, wearing PPE, making sure 

compressed air valves were closed, electrical connection was ready, no dangerous chemical 

surrounding the rig and extracting fan was started for toxic gas ventilation.  

2. The freezer was turned on a day prior to the gasification experiment, and an ice cube bag 

was placed in the freezer. 

3. Cold/hot gasification test run was performed to check pellets fluidisation behaviour and 

parameters were working correctly. 

4. 100 ml of isopropanol was poured into each of the 250 ml Drescher bottles in the tar capture 

unit located inside the stainless steel box. Then ice cubes were installed in the stainless steel 

box with the tar capture unit and temperature was maintained at -10 °C and this was verified 

with a thermocouple.  

5. The Chiller unit started to supply cooling water to the condenser, and the temperature was 

maintained at 15 °C. 

6. The gas analyser was zero calibrated and the description of the gas analyser is provided in 

Section 4.7.12.  

7. Based on the static bed height Hs and reactor diameter D (Hs/D) ratio, an amount of silica 

sand with a particle size 500-600 μm and a density of 2650 kg/m3 was added as bed material 

to the gasification column.  

8. The air blower, split surface, and preheater were switched on and the temperatures were 

monitored using a data logger. The superficial velocity was kept constant at 40 L/min, i.e. 

two times the value of Umf.  
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9. The activation of the indicator of multifunction temperature and data logger occurred after 

switching the computer on.  

10. The vibrating feeder was then calibrated for each mass flow rate depending on equivalence 

ratio (ER) by direct weighing of the biomass for five minutes. The mass flow rate of biomass 

varies with the given ER. The air flow rate was held constant by rotameter during the 

experiment. The description of ER is provided in Section 4.7.2. 

11. When the gasifier reached the optimum operating temperature, the biomass feeder was 

switched on. It was observed that the biomass feeding time required to achieve equilibrium 

was less than two minutes, therefore, five minutes was chosen as the experimental time. This 

procedure was repeated minimum three times to ensure reproducibility.  

12. Once the experiment was completed, the air flow was replaced by inert N2 gas and the flow 

was maintained at a minimum flow rate to ensure a dominant environment for the bed 

materials, and to cool down the gasifier as quickly as possible. 

13. Gas composition analysis was transferred to Microsoft Excel® for analysis. 

Proximate and ultimate analysis, bulk density, calorific value, and TGA experiments followed the 

relevant British Standards. Furthermore, XRD, XRF, Malvern Mastersizer 3000, gas analysis and 

milling procedures were carried out following the equipment operating manual. Studies reported in 

the literature proved that these methods provided accurate measurements and safe practices [168- 

170,138, 157]. 

To study the kinetics of Subcoal™ and thermal degradation (DTG), the thermogravimetric analysis 

(TGA) and laboratory-scale fluidised bed gasifier reactor (FBGR) were used. The TGA was chosen 

to investigate the pyrolysis, gasification, and combustion of Subcoal™ under different heating rates 

and catalyst loadings. The TGA is an inexpensive and easy-to-use technique that provides a rapid 

measurement of weight loss as a function of time or temperature. This experimental data from TGA 

can be used to evaluate reaction kinetics using one of the model-free or model-fitting methods. The 

air gasification behaviour was also examined in laboratory-scale FBGR. The FBGR is widely used 

to study biomass gasification due to various advantages over fixed bed gasifier such as low tar 

formation, good temperature distribution, high fuel throughput and high carbon conversion efficiency 

[171]. The quality and composition of producer gas can be determined by different catalysts, 

equivalent ratio, temperatures, bed particle material and properties, and gasifying agent. It is also 

simulating the fluidised bed gasifiers in the industry in terms of the chemical and physical changes. 

3.16 Summary 

Subcoal™ was subjected to different examinations to evaluate the operating conditions required in 

the pyrolysis, gasification, and combustion process. Proximate analysis was performed to measure 

the volatile matter, moisture, ash, and fixed carbon content in the sample. The content of volatiles in 

biomass determines the amount of product gas. Other important constituents are ash and fixed carbon 

which affect the calorific value of a fuel. The ultimate analyses determine the element composition 
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of the sample CHNSO. Sand and sample bulk density methods were described, which was crucial to 

identifying the energy density. The measurement of the calorific value of the sample was essential 

to estimate the amount of heat released during the combustion which was needed to provide the 

endothermic reactions in the gasification reaction. Sulphur and carbon content were determined using 

a LECO SC-144DR analyser with a precision of ± 5.0 ppm for sulphur, and ± 25 ppm for carbon. 

The XRF test method was illustrated to estimate the content of the trace elements in the sample. XRD 

procedure was carried out using Diffractometer D5000 to deduce the crystallinity percentage of 

Subcoal™, silica sand and ash. The particle size distribution method was determined using a 

Mastersizer 3000. The catalyst preparation and pellets grinding for size reduction were presented. 

Finally, TGA and FBGR experimental preparation and procedure were described.  
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4 Chapter 4: Kinetic Theory and Experimental Rig Overview 

4.1 Introduction 

In this chapter, kinetic theory and evaluation methods are demonstrated. According to the kinetic 

principle, each reaction has temperature-independent parameters, namely: pre-exponential factor (𝐴) 

and the activation energy (𝐸𝑎). The experimental findings for given values of conversion (X) would 

be employed to determine these parameters, which in turn are needed to assess the energy barrier for 

each reaction. The analysis of reaction kinetics includes processing the TGA data using model-free 

and model-fitting methods. Each method poses a unique mathematical model and procedure leading 

to minimise error in the uncertainty of calculations. The FBGR experimental rig setup and the 

associated reactor operating conditions have been discussed. Also, important parameters that have 

an impact on the process of gasification performance, as well as producer gas quality, are described. 

The typical ranges of the key operating conditions and feedstock properties such as temperature, 

pressure, residence time and flowrate have been presented. A detailed description of the experimental 

methodology including the essential design parameters such as fluidisation velocity and equivalence 

ratio (ER) have been reported. Gasification effectiveness theory for producer gas composition and 

material balance are discussed.  

4.2 Fixed bed thermogravimetric analysis  

Thermogravimetric analysis (TGA), or thermogravimetry (TG), is a technique that monitors the mass 

of a material as a function of time and temperature where a sample of a substance is subjected to a 

controlled temperature variation program [172]. The TGA provides an understanding of the physical 

and chemical phenomena that are causing mass changes. The physical processes are defined as 

vaporisation, sublimation, gas adsorption and desorption, while chemical phenomena are 

decomposition, cracking reactions, chemisorption, and gas-phase reactions. The mass of the 

specimen may fluctuate with time and temperature due to the physical and chemical processes.  

Commercial TGA instruments typically work with temperature ranges from ambient to more than 

1000 ºC. A purge inert gas such as N2, argon, or helium is used in TGA to create an atmosphere in a 

mass balance. Oxidising gases like air, CO2 or reducing gases like hydrogen-nitrogen mixture could 

also be adopted [173]. Using the oxidising atmosphere at slow heating rates may lead to mass gain 

due to oxidation deposition. Another mechanism that describes the mass gain is the adsorption or 

absorption phenomena. Therefore, the selection of gasifying agent type and catalyst will affect the 

TGA measurements.  

A typical TGA instrument consists of a precision balance with a sample pan placed inside the furnace 

alongside a programmable temperature controller. For gasification or pyrolysis applications the 

temperature is controlled with a constant mass loss for the thermal degradation reaction. The 
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chemical reactions occur within a spectrum of atmosphere consisting of air, N2, CO2, vapours of 

liquids, corrosive gases, self-generated atmosphere, carburising gases, vacuum and reduction gases. 

Furthermore, this also includes a broad variety of pressures, consisting of high pressure, high 

vacuum, and controlled pressure [173]. 

A schematic drawing shown in Figure 4-1 displays typical TGA temperature sensor locations. The 

instrument is fully automatic with two underlying systems, namely, a magnetic suspension/balance 

system and a vapour dosing system that supplies gases to the reaction zone [174]. The balance system 

operates based on a null-balance principle in which a current is applied if a change in the mass occurs. 

Different parameters may affect the accuracy of the balance such as position, layout, and temperature 

range.  

 

Figure 4-1 General schematic representation of thermobalance [175] 

TGA measurements can be influenced by various experimental factors and conditions. Disturbances 

in the evaluation of substance mass arise from three sources: electrical impacts, atmospheric 

considerations, and secondary reactions. Factors affecting mass results are buoyancy and thermal 

expansion, condensation, intermediate reactions, electrostatic and magnetic forces, and atmospheric 

turbulence [173]. Buoyancy is a phenomenon that occurs as a result of a reduction in the atmospheric 

density, especially at the early stages of heating. Therefore, the apparatus performance depends on 

the specimen volume, specimen support, and purge gas flow properties. The temperature 

measurements also are influenced by thermal conductivity, heating rate, the heat of reaction, and 

specimen–furnace–thermocouple configuration [173].  

Controlled rate TGA (CRTGA) is the common operation procedure that comprises three sub-modes. 

In the first mode, the data of mass change per time change is used to control the furnace temperature. 

The decomposition reaction takes place at a constant temperature. The equilibrium temperature of 
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degradation is related to the partial pressure of the volatile products. A second mode, which is also 

referred to as 'auto-stepwise', is a gradual non-isothermal method in which the upper and lower limits 

of mass change are pre-set. The last approach is known as dynamic rate Hi-Res™ TGA. This 

approach is based on changing the heating rate during the analysis to enhance the separation of mass 

at multiple degradation stages [173]. 

The TGA curve is a smoothed curve on the graph and the first order derived thermogravimetric 

known as the DTG curve that helps to determine the inflection points to establish in-depth analysis 

and differential thermal analysis at different stages [174]. This analyses the material characteristcs 

by interpretation of decomposition patterns. Thus, the TGA can record the loss of weight of the 

sample by continually increasing the temperature at a uniform rate and yielding a useful comparison 

of the reaction parameters, heating rate, and temperature. In this thesis, thermal and kinetic reactions 

of Subcoal™ PAF were evaluated using a Mettler Toledo TGA (Mettler Toledo, UK). In addition, 

the first mode was used to study the influence of catalysts at constant heating rate. While the second 

mode (Hi-Res™) was performed without catalyst at different heating rates.  

4.3 Kinetics of chemical reaction 

Reaction kinetics is a vital branch of physical chemistry in which understanding of reaction 

mechanisms can be achieved. Kinetics of chemical reaction determines how the reaction responds to 

the change in the reactant concentrations, temperature, pressure, and presence of other foreign species 

such as catalysts and solvents. Moreover, reaction kinetics can provide information on the reaction 

pathway such as whether a reaction is reversible or irreversible, as well as the intermediate steps 

[176]. The kinetics of a thermal reaction can be understood by performing experimental 

thermodynamics measurements under different operating conditions.  

Parallel and series reactions take place during the gasification process. The reaction mainly occurs 

between a biomass molecule and a gasifying agent such as air, O2, CO2, and steam. Heterogeneous 

reactions subsequently follow to form target and inert products [74]. The kinetics of pyrolysis, 

gasification and combustion reaction can be investigated by determining the reaction rate parameters 

for biomass. Parameters such activation energy (𝐸𝑎) , pre-exponential factor (𝐴),  reaction rate 

constant (𝑘), overall reaction order, as well as the heat of reaction, need to be estimated for a full 

understanding of kinetics. The present section gives an insight into the kinetics of chemical reactions. 

The mechanisms and kinetic evaluation methods are briefly reported. An explicit description of the 

estimation of kinetic essential parameters is given.  

Among reaction kinetics components, the rate of reaction, which describes the reaction speed, is the 

most important. The reaction rate is the change of reactant quantity as a function of time or 

temperature. It mostly relates to the reactant's mass and reaction temperature [177]. However, based 

on the overall reaction order, the rate of reaction depends on the reaction temperature. The rate of 

reaction (𝑟) is expressed as follow:  
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𝑟 ∝ [𝐵]𝑛 (4.1) 

Where [𝐵]  is a reactant concentration and 𝑛  the overall reaction order. The rate of reaction is 

proportional to the reaction constant (𝑘): 

𝑟 = 𝑘[𝐵]𝑛 (4.2) 

𝑑[𝐴]

𝑑𝑡
= 𝑘[𝐵]𝑛 (4.3) 

The rate of reaction in Eq. 4.3 can be given as a function of fractional conversion: 

−[𝐵]𝑜
1−𝑛

 
𝑑𝑥

𝑑𝑡
= 𝑘[1 − 𝑥]𝑛 (4.4) 

A chemical reaction between molecules/particles takes place based on the theory of collision [178]. 

A new product molecule forms when two or more reactant molecules collide. However, collision 

does not always end with a new product. To ensure that the reaction is feasible, the molecules must 

have 𝐸𝑎 exceeding or equal to the reaction energy barrier [179]. The 𝐸𝑎 of reaction determines the 

reaction rate changes with temperature or time. The 𝐸𝑎, as well as reaction temperature, affects the 

reaction rate by changing the reaction constant ( 𝑘 ). The functional form of the mathematical 

relationship between the reaction 𝑘, 𝐸𝑎 and absolute temperature (�̅�) was proposed by Arrhenius in 

1889 [176]:  

𝑘 = 𝐴 𝑒
−𝐸𝑎
𝑅𝑇  (4.5) 

Both 𝐴 and 𝐸𝑎 are independent of temperature. Where 𝑅 is the universal gas constant. By combining 

Eq. 4.4 and Eq. 4.5, the following equation is obtained: 

−[𝐵]𝑜
1−𝑛 𝑑𝑥

𝑑𝑡
= [𝐴 𝑒

−𝐸𝑎
𝑅𝑇 ] [1 − 𝑥]𝑛 (4.6) 

Which simplifies to Eq. 4.6 can be written as follows: 

𝑑𝑥

𝑑𝑡
= [𝐴 𝑒

−𝐸𝑎
𝑅𝑇 ] 𝑓(𝑥) (4.7) 
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4.4 Analysis of reaction kinetics 

In order to perform an optimised chemical and mechanical design of the gasification process, 

acquisition and evaluation of thermal degradation and kinetics data are needed. Data obtained from 

dynamic experiments should be processed through the analysis process to estimate kinetic parameters 

such as effective 𝐸𝑎 and 𝐴 [180]. The most common experimental techniques are TGA and DTG. 

The data from these experiments can be analysed using a model-free method, namely: Ozawa–

Flynn–Wall (OFW) [181], Kissinger-Akahira-Sunose (KAS) [182], Tang (TA) [183], Starink (ST) 

[184], and a model-fitting method, Coats-Redfern (CR) [185].  

The data obtained from TGA is defined as the change of fractional conversion to temperature or time. 

The rate of reaction is indicated as the result of the contribution of reactant concentration and the 

process temperature which increases the reaction constant [186]. However, to estimate the kinetic 

parameters either reactant concentration or temperature should be assumed as a constant. In this 

experimental study, the process was assumed to be non-isothermal for TGA in which the reactant 

conversion rate was measured as a function of temperature according to Eq. 4.7. The sample mass 

loss is used to calculate the conversion based on the following formula:  

𝑥 =
𝑚𝑜−𝑚𝑡

𝑚𝑜 − 𝑚𝑓
 (4.8) 

Where 𝑚𝑜, 𝑚𝑡, and 𝑚𝑓 are the sample mass at the reaction initial stage, at any point of reaction, and 

the end of the reaction, respectively. The TGA is set to work at a constant heating rate (𝛽) which can 

be introduced to Eq. 4.9 for non-isothermal conditions: 

𝛽 =
𝑑𝑇

𝑑𝑡
 (4.9) 

Then, 

−[𝐵]𝑜
1−𝑛 𝑑𝑥

𝑑𝑇
=

𝐴

𝛽
 𝑒

−𝐸𝑎
𝑅𝑇  [1 − 𝑥]𝑛 (4.10) 

Integration of Eq. 4.10 from an initial to final value of temperature (𝑇𝑖 𝑎𝑛𝑑 𝑇𝑓) and conversion 

(𝑥𝑖 𝑎𝑛𝑑 𝑥𝑓) allows the 𝐸𝑎 in the equation to be estimated as described below: 

−[𝐵]𝑜
1−𝑛

∫
𝑑𝑋

[1 − 𝑥]𝑛

𝑥𝑓

𝑥𝑖

=
𝐴

𝛽
 ∫  𝑒

−𝐸𝑎
𝑅𝑇  𝑑𝑇

𝑇𝑓

𝑇𝑖

 (4.11) 
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Eq. 4.11 can be solved using one of kinetics evaluation methods which are described in detail in 

Section 4.4.1.1. This thesis used model-free and fitting methods to evaluate kinetic reactions at 

different conditions. 

4.4.1 Model-free methods 

4.4.1.1 Ozawa–Flynn–Wall (OFW) method 

One of the most popular thermal degradation analysis and kinetic methods is known as Ozawa–

Flynn–Wall (OFW) [187]. It is an isoconversional integral method that includes measuring the 

temperature at given values of conversion and various heating rates. In this method, Eq. 4.11 is 

integrated utilising Doyle’s approximation to determine the 𝐸𝑎. The empirical equation developed 

by Doyle is illustrated below: 

𝑃(𝑥) = 7.03 × 10−3𝑒−𝑥 𝐵(𝑥) (4.12) 

Where 𝐵(𝑥) is ranged between -1.195 and -1.034 based on the conversion value, therefore, -1.052 is 

considered as an average value and rearranged as below: 

𝑔(𝑥) =
𝐴 𝐸𝑎

𝑅 𝛽
7.03 × 10−3𝑒−1.052𝑥 (4.13) 

By taking natural logarithms for Eq. 4.12 and 4.13 sides: 

𝑙𝑛(𝛽) = ln (
𝐴 𝐸𝑎

𝑅
) −  ln 𝑔(𝑥) − 4.9575 − 1.052

𝐸𝑎

𝑅𝑇
 (4.14) 

𝑙𝑛(𝛽) = 𝐶 − 1.052
𝐸𝑎

𝑅𝑇
 

(4.15) 

Where 𝐶  is the integration constant that can be determined from the y-intercept. This constant 

comprises the following terms: 

𝐶 = 𝑙𝑛 (
𝐴 𝐸𝑎

𝑅 𝑔(𝑥)
) − 4.9575 (4.16) 

Where 𝑔(𝑋) is the integral reaction model for fixed values of conversion. By plotting ln(β) versus 

1

𝑇
 in Eq. 4.15, the 𝐸𝑎 of reaction can be estimated for specified values of conversion. The estimation 

of 𝐴 is dependent of the Doyle approximation adopted in the 𝐸𝑎 calculations [188]. The following 

relationship can be used to determine 𝐴 for the first order reactions and for known value of 𝐸𝑎: 
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𝐴 =
−𝛽 𝑅

𝐸𝑎
 (𝑙𝑛[1 − 𝑥]) 10𝑎 (4.17) 

Where a is a numerical integration constant based on the Doyle approximation, as listed in Table A-

1 in the Appendix A. 

4.4.1.2 Kissinger-Akahira-Sunose (KAS) 

Kissinger (1956) proposed a mathematical procedure, which was later developed to the Kissinger-

Akahira-Sunose (KAS) method, to determine the 𝐸𝑎 in various non-isothermal chemical processes 

at various heating rates and given values of a conversion. The KAS method is well-known as one of 

the best isoconversional, linear, and integral methods used without any knowledge concerning the 

kinetic information [189]. Among all kinetic evaluation methods, KAS applies the Murray and White 

approximation of P(x) which supports the results accuracy as shown below: 

𝑝(𝑥) ≅  
𝑒−𝑥

𝑥
 (4.18) 

The KAS method considers in the derivation the 𝑇𝑚  at the maximum reaction rate value to 

oversimplify temperature approximation. Eq. 4.10 is rearranged to define the integral kinetic function 

𝑔(𝑥) for the initial condition of X=0 and T=To: 

∫
𝑑𝑋

𝑓(𝑥)

𝑋𝑓

0

= 𝑔(𝑥) =
𝐴

𝛽
 ∫  𝑒

−𝐸𝑎
𝑅𝑇𝑚  𝑑𝑇

𝑇𝑓

𝑇𝑜

 ≅  
−𝐸𝑎  𝐴

𝛽 𝑅
 𝑝 (

−𝐸𝑎

𝑅𝑇𝑚
) (4.19) 

This procedure presumes that 𝐴 and 𝐸𝑎  are independent of T and X, therefore, Eq. 4.19 can be 

integrated as follows: 

ln 𝑔(𝑥) =  ln (
 𝐸𝑎𝐴

𝑅
) −  ln 𝛽 + ln 𝑝 (

− 𝐸𝑎

𝑅𝑇𝑚
) (4.20) 

According to the Murray and White approximation in Eq. 4.18, the equation above becomes:  

𝑝 (
𝐸𝑎

𝑅𝑇𝑚
) ≅

 𝑒
−𝐸𝑎
𝑅𝑇𝑚

−𝐸𝑎
𝑅𝑇𝑚

 (4.21) 

From Eq. 4.19 and 4.21, a final form is given: 
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ln
𝛽

𝑇𝑚
2 =  ln (

𝑅 𝐴

𝑔(𝑥)𝐸𝑎
) −

𝐸𝑎

𝑅
 ∙  

1

𝑇
 (4.22) 

For a progressive value of conversion degree, the term ln
𝛽

𝑇𝑚
2  is plotted against 

1

𝑇
 to give a straight line 

slope of 
𝐸𝑎

𝑅
, hence the apparent 𝐸𝑎 can be determined. Once the value of 𝐸𝑎 is obtained, the 𝐴 at each 

heating rate can be estimated as follows: 

𝐴 (𝛽) =
𝛽 𝐸

𝑅 𝑇𝑚
2  𝑒

−
𝐸𝑎

𝑅 𝑇𝑚 (4.23) 

Where 𝑇𝑚 is the highest value in the curve of 
𝑑𝑥

𝑑𝑇
 vs T which is known also as a maximum peak 

temperature.  

4.4.1.3 Tang (TA) method  

A highly accurate approximate formula for estimating the kinetic parameters of non-isothermal 

processes has been developed by the Tang method [183]. This approach has been approved as having 

higher accuracy and reliability than other methods [190]. 

ln (
𝛽

𝑇1.894661
) = 𝐶𝑜𝑛𝑠𝑡. − 1.00145033 

𝐸𝑎

𝑅 𝑇
 (4.24) 

𝐶𝑜𝑛𝑠𝑡. includes the following terms: 

𝐶𝑜𝑛𝑠𝑡. = 3.63504095 −  1.89466100 ln 𝐸 + ln (
𝐸𝑎  𝐴 

𝑅 𝑔(𝑥)
)  (4.25) 

By plotting ln (
𝛽

𝑇1.894661) versus 
1

𝑇
 in Eq. 4.24, the 𝐸𝑎 of reaction can be estimated for given values of 

conversion. Then, Eq. 4.23 can be used to determine the A value. 

4.4.1.4 Starink (ST) method 

Linear integral methods like KAS and OFW employ temperature integral approximations such as the 

Doyle approximation and the Murray and White approximation. These approximations showed a 

significant inaccuracy in the estimation of 𝐸𝑎 for a wide range of temperatures. Starink developed a 

highly precise representation of the temperature integral using a linear isoconversional method and 

summarised the source of errors such as approximation of temperature integral, measuring 

temperature, and non-constant 𝛽 in KAS and OFW methods. The expression of KAS and OFW 

methods can be considered into a general form of a linear equation [184]: 
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𝑙𝑛(
𝛽

𝑇𝑟
) = 𝐶 − 𝐷

𝐸𝑎

𝑅𝑇
 (4.26) 

Where r=2, D=1 for the KAS method, and r=0, D=0.4567 for the OFW method. After a further deep 

study of the discrepancy of findings [191], Starink found that the parameters can be adjusted to be 

r=1.92, D=1.0008 which gives higher accuracy over the other methods, as described: 

𝑙𝑛(
𝛽

𝑇1.92
) = 𝐶 − 1.0008

𝐸𝑎

𝑅𝑇
 (4.27) 

The 𝐸𝑎  can be determined by fitting a straight line of ln(β/T1.92) versus 1/T plot. The 𝐴 value is 

estimated for a fixed value of conversion using Eq. 4.23.  

4.4.2 Model-fitting method 

4.4.2.1 Coats-Redfern (CR) method 

The Coats-Redfern (CR) method is an integral model-fitting method, which involves the expansion 

of the asymptotic series that approaches the integral of temperature for Eq. 4.11. The knowledge of 

reaction mechanism (overall reaction order) is essential in the determination of 𝐸𝑎. This approach is 

developed by modifying the conventional form of CR in Eq. 4.25 [192] to be effective for single or 

multiple heating rates: 

𝑙𝑛 (
𝑙𝑛(1 − 𝑥)

𝑇2 ) =  𝑙𝑛 [
𝑅 𝐴

𝛽 𝐸𝑎
  (1 −

2 𝑅 �̅�

𝐸𝑎
)] −

𝐸𝑎

𝑅 𝑇
 (4.28) 

Where �̅� is the mean experimental temperature. In the conventional equation, CR assumed that the 

reaction is first order (i.e. 𝑔(𝑥) = ln(1 − 𝑥)). Later, the equation was generalised to be compatible 

with different reaction mechanisms. It was also assumed that the term 
2 𝑅 �̅�

𝐸𝑎
≪ 1 to simplify the 

equation, hence the general form of the method becomes: 

𝑙𝑛 (
𝐺(𝑥)

𝑇2
) =  𝑙𝑛 [

𝑅 𝐴

𝛽 𝐸𝑎
 ] −

𝐸𝑎

𝑅 𝑇
 (4.29) 

The 𝐸𝑎  from the equation above can be achieved by plotting the term 𝑙𝑛 (
𝐺(𝑥)

𝑇2 ) against 
1

𝑇
 . The 

thermal decomposition mechanism function 𝐺(𝑥) can be approximated from 19 rate law models, as 

a listed in Table 4-1 (where 𝑥 = 𝛼). The accuracy of this method largely depends on the selection of 

the mechanism function. However, if the 𝐸𝑎 is known, the reaction kinetics can be obtained. The y-
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intercept of the 𝐸𝑎 curve gives the value of term 𝑙𝑛 [
𝑅 𝐴

𝛽 𝐸𝑎
 ] which can be rearranged to obtain the 𝐴 

value as follows: 

𝐴 =
𝛽 𝐸𝑎

𝑅
 𝑒𝑦−𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 (4.30) 

Table 4-1 Types of kinetic mechanism models in the literature, (LN: 5235900730034) [193]. 

Symbol Reaction mechanism f(x) G(x) 

G1 One-dimensional diffusion 1D 1/2x x2 

G2 Two-dimensional diffusion (Valensi) [-ln(1-x)]-1
 x+(1-x)ln(1-x) 

G3 Three-dimensional diffusion (Jander) 1.5(1-x)2/3[1-(1-x)1/3]-1
 [1-(1-x)1/3]2

 

G4 Three-dimensional diffusion (G-B) 1.5[1-(1-x)1/3]-1
 1-2x/3-(1-x)2/3

 

G5 Three-dimensional diffusion (A-J) 1.5(1+x)2/3[(1+x)1/3-1]-1
 [(1+x)1/3-1]2

 

G6 Nucleation and growth (n=2/3) 1.5(1-x)[-ln(1-x)]1/3
 [-ln(1-x)]2/3

 

G7 Nucleation and growth (n=1/2) 2(1-x)[-ln(1-x)]1/2
 [-ln(1-x)]1/2

 

G8 Nucleation and growth (n=1/3) 3(1-x)[-ln(1-x)]2/3
 [-ln(1-x)]1/3

 

G9 Nucleation and growth (n=1/4) 4(1-x)[-ln(1-x)]1/3
 [-ln(1-x)]1/4

 

G10 Autocatalytic reaction x(1-x) ln[x/(1-x)] 

G11 Mampel power law (n=1/2) 2x1/2 x1/2 

G12 Mampel power law (n=1/3) 3x2/3 x1/3 

G13 Mampel power law (n=1/4) 4x3/4 x1/4 

G14 Chemical reaction (n=3) (1-x)3
 [(1-x)-2-1]/2 

G15 Chemical reaction (n=2) (1-x)2
 (1-x)-1-1 

G16 Chemical reaction (n=1) 1-x -ln(1-x) 

G17 Chemical reaction (n=0) 1 x 

G18 Contraction sphere 3(1-x)2/3
 1-(1-x)1/3

 

G19 Contraction cylinder 2(1-x)1/2
 1-(1-x)1/2

 

Note: A-J: Anti- Jander; G-B: Ginstling-Brounshtein 

4.5 Method comparison 

The features/advantages and disadvantages/limitations of each method of analysis are included in 

Table 4-2 as a summary. 
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Table 4-2 Features and limitations of kinetics evaluation methods. 

# Method Features/advantages Disadvantages/limitations 

1 
Standard 

Isoconversional 

• Simplicity 

• Easy procedure 

• Low accuracy 

• High variation in 𝐸𝑎 

2 Friedman 

• No limitations to any temperature 

range 

• Valid for multiple-step reactions  

 

• Variation in 𝐸𝑎 

• Sensitive to the experimental 

noise 

• At least two sets of experimental 

data are needed 

3 OFW 

• No need for parallel reaction steps 

• Determination of each reaction point 

• Most precise 𝐸𝑎 

• Suitable only for dynamic tests 

• Requires positive heating rates 

• Measuring temperature errors 

4 KAS 

• No need for parallel reaction steps 

• Determination of each reaction point 

• Most precise 𝐸𝑎 

• Requires positive heating rates 

• Suitable only for dynamic tests 

• Approximation p(x) errors 

5 TA 

• Most precise 𝐸𝑎 

• Valid for parallel intermediate 

reactions 

• Measuring temperature errors 

6 Kissinger  

• Free of approximation 

• 𝐸𝑎 is not calculated for progressive 

conversion values 

• Limited to dynamic 

measurements 

• Experimental errors require 

performing a series of runs 

7 ST 

• Highly precise representation of the 

temperature integral 

• Overcome approximation p(x) 

uncertainty  

• No uniform model 

• Requires positive heating rates 

 

8 CR 

• Excellent accuracy for knowing the 

reaction model 

• If the 𝐸𝑎 is known, the reaction 

mechanism can be obtained 

• Needs only a single set of 

experiments 

• Need for reaction mechanism 

knowledge 

• High variation in parameters if 

the incorrect model is used  

Model-free schemes follow the isoconversional principle which excludes the need for an already 

available kinetic model or generating a modify model which mitigates occurrence of errors linked to 

selection of a kinetic model. The conversion (𝑋) consequently is an independent reaction at a given 

value of temperature. The isoconversional methods consider the dependency of the 𝐸𝑎  on the 

conversion degree [194]. Not all approaches of model-free strategy are isoconversional; For example, 

the Kissinger method makes an assumption that 𝐸𝑎 is independent of conversion [195]. However, 
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for non-isothermal processes, repeating the experimental procedure at different heating rates is 

required to eliminate errors.  

Model-fitting methods rely on fitting different kinetic models to the data to obtain the most optimised 

statistical fit model in order to determine 𝐸𝑎  and 𝐴 for non-isothermal and isothermal reactions [196]. 

Most analysis of TGA and DTG data can be done by model-fitting methods which are able to estimate 

Arrhenius parameters from a single conversion curve. However, the inability to determine the 

appropriate model, especially for non-isothermal processes, is one of the drawbacks. Therefore, 

different reaction mechanisms (G1-G19) are highly recommended to identify 𝐸𝑎  and the highest 

correlation coefficient (R2). 

4.6 Gasification process and operating conditions overview 

The gasifier operating conditions depend on the properties of biomass and the design of the 

experimental rig. Gasifiers can be classified based on the flow direction of the biomass fuel and 

gasifying agent. Table 4-3 displays a comparison of feedstock and design for different types of 

gasifiers. 

Table 4-3 Comparison of feedstock and design for different types of gasifiers [197]. 

Parameters Fixed/moved bed Fluidised bed Entrained bed 

Feed size 51 mm and below 8 mm and below 0.15 mm and below 

Tolerance for fines Limited Good Excellent 

Tolerance for coarse Very good Good Poor 

Gas exit temperature 450-650 ⁰C 800-1000 ⁰C 1260 ⁰C 

Feedstock tolerance Low-rank coal 
Low-rank coal and 

excellent for biomass 

Any coal including caking 

but unsuitable for biomass 

Oxidant requirements Low Moderate High 

Reaction zone 

temperature 
1090 ⁰C 800-1000 ⁰C 1990 ⁰C 

Steam requirements High Moderate Low 

Nature of ash 

produced 
Dry Dry Slagging 

Cold-gas efficiency 80% 89% 80% 

Application Small capacities Medium-sized units Large capacities 

Problem areas 
Tar production and 

utilisation of fines 
Carbon conversion Raw-gas cooling 

The major challenge face by biomass gasification is achieving a good carbon content and efficient 

char elimination. To overcome these challenges, gasification reactions must be carried out at high 

temperatures which can be achieved by using superheated steam and from the energy released from 

the combustion zone [58]. High gasification temperature is also beneficial in enhancing char 

reactions to produce CO2 and H2O when a favourable gasifying agent is provided. Temperature also 

promotes the calcination of the catalyst which contributes to tar conversion [122]. 
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Ash is composed of non-combustible minerals which depend on the process temperature. The 

operating temperature can be decided based on the presence of ash in the final product. A high 

temperature is required when molten ash is produced. The temperature over a range of 750-900 ºC 

prevents the fuel contaminants such as glass and metal from being fluidised. The presence of 

contaminants (metal or glass particles) retards the caloric energy of the fuel. However, running the 

process under low temperature (>600 ºC) causes tar formation that reduces the gasification 

efficiency. Moreover, the gasification of lignin, a refractory species of biomass, is unachievable at 

low temperatures [198].  

4.6.1 Gasifying agent  

The composition and LHV of the product gases are mainly determined by the selection of the 

gasifying agent. Gasifying agent which can be used includes steam, pure oxygen, air, CO2, or a 

mixture of gases. It determines the selectivity and type of reactions that take place during the 

gasification [198]. Steam as a gasifying agent is used to obtain high LHV and H2 content in the 

product gas. However, using steam leads to the formation of a higher amount of tar compared with 

other mediums. This adds further cost to the downstream tar capturing unit [72]. Also, steam is an 

indirect gasifying agent which produces less energy from the exothermic reactions which are needed 

to maintain the temperature in the gasification zone.  

Air and pure oxygen are used as a direct gasifying agent that maintains the temperature in the gasifier 

as high as required. Air was chosen in this study as a gasifying agent in FBGR due to the availability 

in the atmosphere and contain good amount of oxygen [138]. However, the flowrate of air should be 

controlled to avoid shifting the process from gasification to combustion leading to the production of 

flue gas instead of syngas. Furthermore, most of the heat produced during the gasification process is 

produced by the exothermic reactions of complete and partial combustion. As a result, if the optimum 

flowrate of air is used as a gasifying agent, partial combustion occurs due to nitrogen dilution [199].  

CO2 was chosen in this study as a gasifying agent in TGA for two main reasons: (1) CO2 can generate 

high volatiles content in a reactive char, and (2) CO2 is a good substitute for N2 in product gas as it 

can be recycled and recovered. The reaction of CO2 with carbon in biomass is extremely endothermic, 

therefore, a mixture of CO2 and oxygen, or CO2 and steam as a gasification medium are normally 

used to compensate for the heat need [200].    

4.6.2 Residence time 

The time taken by biomass to flow and react through a gasifier is known as residence time which 

directly relates to the final product of the gasification [84]. It composes of two periods: solid 

residence time and volatile residence time. The solid residence time is defined as the time required 

for the fuel to leave the hot zone, whereas the period between volatiles generation and exiting the 

heated zone is called volatile residence time [201]. 
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In the case of unpredictable residence time, the secondary reactions are highly affected by the 

residency time of fuel conversion in the gasifier. However, this enhances the quality of product gas 

due to increasing the content of H2, CO, and minimising CO2. The residence time of biomass in the 

gasifier can be controlled by manipulating the gasifying agent flow rate and the load of biomass 

[137]. The bed fluidisation influences the residence time distribution and the conversion efficiency 

of the biomass particles. Also, the residence time of biomass distribution in the gasifier increases as 

the gas velocity and bed height increase. The decreasing residence time increases the heat loss in the 

devolatilisation zone. However, the mean residence time reduces with the height of gasifier decrease 

and velocity of gas increase. The mean residence time and residence time distribution characterise 

the degree of mixing in a non-catalytic fluidised bed reactor [137].  

4.6.3 Gasification pressure 

Reactor pressure during the gasification process plays an important role as the reactions are lying in 

gas phase equilibrium. It promotes the secondary cracking reactions, thus better product gas quality. 

Commercial gasifiers can be operated at the atmospheric pressure or higher to obtain the desired 

products. For instance, by increasing the pressure to less than 2 MPa, insignificant changes in the gas 

composition quality as reported by Efika [100]. As the pressure increases, the amount of CH4 and H2 

increases, while CO content decreases. Table 4-4 displays the gas composition at different operating 

pressures.  

Table 4-4 Gas product composition at different pressures [202]. 

Operating 

pressure 

(MPa) 

Composition (dry basis) (mol%) Calorific value (MJ/m3) 

CO2 CO H2 CH4 At operating pressure 

0.1 18.97 49.19 31.83 0.01 2.26 

2.0 18.91 43.82 36.62 0.65 62.48 

Ruiz et al. [203] demonstrated that biomass gasification at high pressures is more effective than those 

at atmospheric pressure. The high gasifier pressure improves the efficiency of char reduction in the 

producer gas, hence enhancing the calorific value of product gas. However, running the gasifier at 

high pressures (>1 bar) demands modifications in the mechanical design of the gasifier reactor that 

increases the capital cost. It also has an impact on the syngas cleaning unit which may need 

optimisation for a stable process [202]. 

4.6.4 Reactor temperature 

The rate of chemical reactions during the gasification process increases with temperature increase. 

Also, the thermodynamic equilibrium varies depending on the reaction energetics. The impact of 

temperature on the reaction rate depends on the 𝐸𝑎  of that reaction. Therefore, the increase in 

temperature may increase the producer gas and tar conversion efficiency [138]. The high temperature 

in the gasification zone promotes secondary reactions such as cracking and reforming reactions of 

hydrocarbons. Efika [100] found that H2, CO concentrations increased and CO2, CH4 contents 
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decreased when gasification temperature raised from 700 to 800 ºC [100]. Wilson et al. [204], 

investigated the effect of temperature on coffee husk gasification using a batch reactor and found 

that the increase in temperature reduces the amount of char, while CO content linearly increases with 

temperature.  

4.7 Experiments rig setup 

4.7.1 Fluidisation regime  

The minimum fluidisation velocity (Umf) is a critical factor in the design of fluidised bed gasifiers. 

The value of Umf can be estimated based on the drag coefficient and turbulence intensity of the flow. 

The importance of Umf lies in determining when the fluidisation starts. The fluidisation velocity can 

be estimated for a bed reactor by two methods: numerical and experimental approaches [205]. 

Pressure measurements are one of the experimental methods to evaluate the fluidisation velocity. 

The experimental approach of velocity estimation depends on system design, physical properties of 

fuel, and bed materials. It has been proved that determining the minimum fluidisation by the pressure 

drop across the bed is one of the common methods based on bed porosity, fluid and bed properties 

[48-49].   

The pressure drop across the bed correlates to gas velocity through two regimes; fixed bed and 

fluidised bed, as shown in Figure 4-2. At low velocity, the gas flows through the pores of the static 

bed creating a pressure drop across the column. As the velocity increases, the bed begins to fluidise 

and the pressure drop linearly increases. The increase in the gas velocity leads to buoyancy forces 

and drag forces generated by the gas to overcome the weight of particles. Once the bed is completely 

fluidised, the fixed bed regime ends and the maximum pressure drop is reached. In the fluidised bed 

region, the pressure drop equals the gravity force, therefore no change is expected as the velocity 

increases.  
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Figure 4-2 The relationship between the pressure drop and gas velocity for particles bed [206] 

When the maximum pressure drop is reached, the bed is fully fluidised due to high drag forces applied 

on the particles against the frictional force. At the maximum pressure drop, the gas velocity is known 

as Umf which is the minimum velocity to fluidise the bed. It also represents the transition point that 

occurs between the zone of fluidised bed and fixed bed [206]. The maximum pressure drop can be 

estimated from the bed weight (W) and the bed cross-sectional area (A) [138]:  

∆𝑃 =
𝑊

𝐴
 (4.31) 

The Umf experimental setup, the operating parameters of the column and diffuser design, are reported 

in the thesis of Al-Farraji [138]. In the present work, silica sand of known mass (400 g) and particle 

size of 500-600 μm was placed on the diffuser plate at the bottom of the fluidised bed reactor as bed 

material.  

The Umf, which is commonly determined during reduction of the velocity of the air, has been 

estimated to be 0.064 m/s at Hs=D and Hs=0.5D at 300 °C [138]. Al-Farraji [138] reported that the 

value of Umf is not impacted by the height of static bed (Hs), but it does affect the pressure drop. Also, 

one of the objectives in Al-Farraji [138] is to maintain the superficial velocity lower than the terminal 

velocity to ensure that there is no elutriation loss for the particles of the bed. The terminal velocity 

of gas was estimated using the equations below [207]: 

𝑑𝑝
∗ = 𝑑𝑝 [𝜌𝑔 (𝜌𝑠 − 𝜌𝑔)𝑔 𝜇]

1
3 (4.32) 

𝑢∗ = [18 𝑑𝑝
∗ 2 + 0.591 𝑑𝑝

∗ 0.5] − 1 (4.33) 
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𝑢𝑡 = 𝑢∗ [
𝜇 (𝜌𝑠 − 𝜌𝑔)𝑔

𝜌𝑔
2 ]

1
3

 (4.34) 

Where 𝑑𝑝  is the mean particle size of sand, 𝑑𝑝 ∗ and 𝑢 ∗ are dimensionless particle size and a 

dimensionless gas velocity, μ is the viscosity of air 0.00018 (𝑔/𝑐𝑚3), 𝜌𝑠  is the density of solid 

particles 2.650 (𝑔/𝑐𝑚3), 𝜌𝑔is the density of air 0.001225 (𝑔/𝑐𝑚. 𝑠), g is gravity 9.8 (𝑚/𝑠2), and 

𝑢𝑡is the calculated terminal 0.89 (𝑚/𝑠) [138]. 

4.7.2 Equivalence ratio   

The ratio of air-to-fuel mass flow rate, commonly known as the equivalence ratio (ER), is a critical 

parameter in the process of combustion. It determines the combustion performance as well as gas 

product composition. It can be mathematically expressed as a ratio of measured ratio to the theoretical 

ratio of air to fuel.  

𝐸𝑅 =
(air/biomass)𝑎

(air/biomass)𝑠
 (4.35) 

Where a is the actual air biomass ratio and s is the stoichiometric ratio. The stoichiometric air flow 

rate is normally evaluated based on the combustion reactions of C, H2, and S. However, N2 is usually 

excluded from the calculations as the temperature is not sufficiently high to oxidise N2 to NOx. At 

low ER values (complete combustion), the heat produced from the combustion zone, as well as 

temperature, is also low due to low production of H2 [208]. The ratio of air mass required to complete 

combustion to fuel mass is called the air-fuel ratio (AFR). Table 4-5 illustrates the amount of oxygen 

in the air required to achieve Subcoal™ combustion. The actual air-to-fuel ratio, 𝐴𝐹𝑅𝑎 , can be 

calculated from stoichiometric 𝐴𝐹𝑅𝑠 as follows [138]: 

𝐴𝐹𝑅𝑎 = 𝐸𝑅 × 𝐴𝐹𝑅𝑠 (4.36) 

As the 𝐴𝐹𝑅𝑎 is determined, the actual mass flow rate of fuel, �̇�𝑓, is given below: 

�̇�𝑓 =
�̇�𝑎𝑖𝑟

𝐴𝐹𝑅𝑎 
 (4.37) 

The air mass flow rate, �̇�𝑎𝑖𝑟, can be estimated from the volumetric flow rate, �̇�𝑎𝑖𝑟, and density of 

air, 𝜌𝑎𝑖𝑟, using the following equation: 

�̇�𝑎𝑖𝑟 =  �̇�𝑎𝑖𝑟 ×  𝜌𝑎𝑖𝑟 (4.38) 
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The ambient temperature for the air has a density, which is 1.225 kg/m3. The fraction weights utilised 

for O2 and N2 in estimations are 0.232 and 0.754. Table 4-5 and Table 4-6 shows the actual rate of 

air-mass flow and ratio of air-fuel required for different values of ER. 

Table 4-5 Air-fuel ratio stoichiometry for gasification of Subcoal™. 

Combustion equation 
Fuel composition Stoichiometric O2 

(g) Element (wt.%) Mass (g) 

C + O2= CO2 C 45.72 0.4572 1.2192 

H2 + 0.5O2= H2O H2 6.41 0.0641 0.5128 

 O2 35.26 0.3526 -0.3526 

 N2  0.0000  

S + O2= SO2 S 0.2 0.0020 0.0040 

Total  87.59 0.8759  

Total O2 required    1.3834 

Total air required    6.6191 

Air-fuel ratio (by mass) [AFR]s = 

(total air required / total of mass) 
   7.5570 

 

Table 4-6 The actual ratio of air-fuel for Subcoal™ gasification in various ER. 

An air-fuel ratio under air atmosphere 

ER 0.15 0.2 0.25 0.3 0.35 

(AFR) actual 1.134 1.511 1.889 2.267 2.645 

(kg biomass/hr) with moisture ṁf 2.594 1.945 1.556 1.297 1.112 

It has been reported that at an ER range of 0.15–0.4, high efficiency of syngas production is achieved, 

at which point the amount of air is perfect for partial oxidation rather than complete combustion 

[209]. An increase in ER leads to an increase in the heating value of the gas product stream. 

Nevertheless, to some extent, the increase in ER may reduce the heating value of the gas stream 

because of oxidation of CO and H to CO2 and H2O, respectively. The partial oxidation of char may 

lead to an increase of CO and H. Species like CH4, C2H2, and C2H4 are independent of ER [210].  

4.7.3 Feedstock system 

The feeding system was modified by replacing the previous stainless steel hopper and internal 

feeding channel, which was designed to feed only small particle sizes of biomass at the bottom of 

the reactor with new channel. The new channel was designed to feed pellets and small particles from 

the top, with a pipe height (H) of 500 mm and an internal diameter (ID) of 58 mm, and was placed 

18 mm above reactor freeboard at a 30° angle. Subcoal™ pellets were fed into the gasifier reactor 

using a vibrating feeder (Fritch, UK). The feeder was placed at the top of the gasifier and a stainless 

steel reactor channel located 10 mm below the vibration channel. The pellets flow rate depends on 

the frequency of the channel vibration which is controlled by the oscillation amplitude of the 
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electrical control system. The pellets flow down in counter-current with air flow through stainless 

steel pipe to the reactor tube. Then the pellets continuously fluidise at the bottom of the reactor until 

the complete gasification reaction is achieved. Nevertheless, the feeding system faces fewer 

challenges as it is contact-free with the hot bed material. The optimisation of the feeding rate of fuel 

is an essential parameter in gasification performance.  

4.7.4 Fluidised bed reactor 

The fluidised bed reactor is constructed of a stainless steel cylinder with an 83 mm internal diameter 

and 1250 mm height, giving a volume of 316 litres. The space, at the top of the column, between the 

exit gas and bed material surface, is defined as freeboard. The freeboard height should be greater 

than the height of the Transport Disengaging Height (TDH) to avoid the loss of fluidised bed [138].   

4.7.5 Plenum 

Below the diffuser plate, there is an air box known as plenum. The purpose of using a plenum is to 

evenly distribute the air and keep a fixed air flow rate at each hole in the diffuser plate. The air can 

be preheated before entering the reactor, and the plenum is made of a stainless steel alloy. The plenum 

design and dimension is described by Al-Farraji [138].   

4.7.6 Diffuser plate 

The diffuser plate is a stainless steel plate consisting of 151 drilled holes in the form of a triangular 

pitch. The plate holes have a uniform diameter of 1 mm and a plate thickness of 5 mm. There are two 

benefits of using the diffuser plate: to distribute the gas flow evenly over the whole bed, and to 

support the bed material.  

4.7.7  Air supply system 

The air supply system provides air at a pressure of 7 bar which can be regulated using a ball valve 

located upstream of rotameters. An air pressure regulator was used to prevent rotameter damage 

caused by high air supply pressure and to control air flow rate within the required limits. The air flow 

rate is manipulated and measured using three Platon flowmeters. The flowmeters had different 

capacities: 150 L/min, 50 L/min, and 12 L/min with an accuracy of ±1.25% of readings. A flexible 

stainless steel hose is used to deliver the air from the flowmeters to the plenum section of the gasifier. 

The pressure drop across the gasifier is assumed to be small, so the rotameters did not need to be re-

calibrated to compensate for the slightly denser air. 
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4.7.8 Heating system 

A horizontal preheater (LTF, model:12/100/940) is used to preheat the air/N2 stream to maintain the 

stream temperature constant before entering the plenum section of the gasifier for isothermal 

measurements. A vertical split furnace (model: PSC 12/100/900) is employed to provide the gasifier 

with the required heat to achieve uniform temperature over an extended section. It has been split into 

three sections providing a set temperature of around 1200 °C. A split tube is employed for equal 

distribution of heat around the furnace that averts the experimental errors. Temperature variation 

within the uniform zone is typically ± 5 °C, according to the Lenton manual. To confirm the accuracy 

with the furnace temperature controller set point, two calibrated thermocouples were used to monitor 

the temperature at the bottom and top of the gasifier. The split furnace and preheater have the same 

rated power output of 4.5 KW.  

4.7.9  Measurements of pressure and temperature  

K-type thermocouples are used to measure the temperatures over the experimental time. The 

thermocouples are placed in two sections: one in the bed section and the second in the freeboard 

space. A data acquisition system (Omega, UK) is used to convert the thermocouple analogue signal 

to digital to be stored in a computer as a spreadsheet. DAQ software was used to record and transfer 

the data to the Multiple Channel Data Acquisition Module (OM-DAQ-USB-2401), Then, collected 

data was exported to Microsoft excel® for calculation. The pressure drop in the FBGR indicate the 

bed conditions and performance at certain air flow rate. The pressure transducer in the plenum is 

linked to an external digital pressure meter (model: Digitron PM-20) through a plastic hose. In both 

cold and hot experiments test runs, the pressure drop between the transducer and the orifice at air 

flow rate 40 l/min was very small and considered negligible. The main specifications of the Digitron 

PM-20 are shown in Table 4-7.  

Table 4-7 illustrates Digitron PM-20 main specifications. 

Features Specifications 

Pressure measurement 0-130 mbar 

Accuracy ±0.2% of reading ±0.2% of full scale ±1 digit 

Resolution 
0.01 range of resolution to 19.99 mbar and auto 

ranges between 0.1 and 130 mbar 

Operating Temperature –10°C to 50°C/+14°F to 122°F (Ambient) 

Calbration 
PM 20 gauge comes complete with traceable 

calibration certificate 

Design Twin 8mm tube connection 

Display 12.7mm/0.5” custom LCD 

Environmental Water Resistant 
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The real-time dynamic mass measurements also indicate the status of the bed; a sharp increase of 

mass predicts that the bed particles get agglomerated due to mass accumulation in the furnace. This, 

therefore, leads to a reduction in the particle fluidisation. The bed agglomeration results in the air 

flowing in channels instead of fluidising the bed, which reduces the mass and heat transfer to/from 

the fuel particles, hence lower gasification efficiency.  

4.7.10 Condenser 

A shell and tube condenser made of stainless steel is connected to the gas outlet of the gasifier by a 

flexible hose. The condenser is a crossflow type and uses water as a coolant agent. The purpose of 

the condenser is to condense tar and other impurity contents associated with syngas into liquids 

before entering the tar capturing unit. After each run, the condensate should be drained and collected 

in a glass bottle. Figure 4-3 shows the chiller unit for the condenser cooling water system. 

 

Figure 4-3 Chiller unit 

4.7.11 Gas cleaning system  

Besides the tar condenser, the gas cleaning system comprised four isopropanol (99.8 vol%) Drescher 

bottles that connect in series and known as tar capturing unit. These bottles were placed inside a 

freezer at a temperature of -10 ºC. The product gas was passed successively through the isopropanol 

bottles before being treated in two silica gel bottles. The purpose of silica gel is to absorb moisture 

(water) from the gas stream. A fibre filter is placed after the silica gel bottles to remove any 

contaminants from gas. The treated gas was pumped to a gas analyser using a membrane pump that 

compensated the pressure drop that may occur during the process. Figure 4-4 illustrates a schematic 

of a gas cleaning system. 
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Figure 4-4 Schematic of the downstream tar capturing unit 

4.7.12 Gas analyser 

Following the product gas being treated by the gas cleaning system, it was introduced for analysis 

using an Emersion X-Stream gas analyser (Model: XEA04303555317) as shown in Figure 4-5. A 

lab-scale rotameter is used to control the gas flow rate and keep it below 1 l/min. This analyser 

detected and measured up to five different gases (CO2, CH4, H2, O2, and CO) as a function of time, 

and relies on mechanisms for analysis that include: 

• Non-dispersive infrared analysis (IR) for CO, CO2 and CH4 measurements 

• Electrochemical and paramagnetic oxygen analysis (eO2 and pO2) 

• Paramagnetic oxygen and Electrochemical analysis (pO2 and eO2) 

• Analysis using thermal conductivity H2 

Membrane pump 
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Figure 4-5 Image of Emersion X-Stream gas analyser (Model: XEA04303555317) 

Gas analyser for the presence of any impurities has high sensitivity. As such, all channels for gas 

calibrated to zero on N2. Further, air needs to be supplied by the span of the gas mixture. The 

calibration of gas analyser has a standard mixture of gas, which is composed of CH4, CO2, H2 and 

CO where the concentration on volume basis is 5%, 15%, 15%, and 15% respectively. The balance 

of this is N2. The analyser is associated with outlet and inlet streams for producer gas. The stream of 

the outlet gas is connected to the extraction system. Thus, the provided data depicted percentage 

volume (vol%) of each gas composition as a function of time (seconds).  

4.8 Gasification effectiveness  

The higher heating value (HHV) of dry gas, carbon conversion efficiency (ηc) and cold gas efficiency 

(η) were utilised in the examination of the process of biomass gasification effectiveness. The HHV 

of dry gas is determined based on the composition of gas as given below  [138]: 

𝐻𝐻𝑉 =
12.63[𝐶𝑂] + 12.75[𝐻2] +  39.82[𝐶𝐻4] + ⋯

100
 (4.39) 

The concentration of syngas is in mol% and the HHV is in MJ/Nm3. The content of higher 

hydrocarbons (C>2) is low in the product gas, therefore, it can be neglected in the calculations. The 

material balance of nitrogen in the air was considered to estimate the yield of dry gas (𝑌) as follows 

[138]: 
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𝑌 =
𝑄𝑎 × 79%

�̇�𝑓 𝑁2%
 (4.40) 

Where 𝑄𝑎 is the volumetric air flow rate, �̇�𝑓 is the mass flow rate of solid fuel, and 𝑁2% is the 

volumetric percentage of N2 in solid fuel (0.6% in Subcoal™). The carbon conversion efficiency (μc) 

can be estimated based on volume percentages of product gas components [138]:  

μc =
𝑌 (𝐶𝑂% + 𝐶𝑂2% +  𝐶𝐻4%) × 12

22.4 𝐶%
× 100% (4.41) 

Where C% denotes carbon percentage in mass according to biomass ultimate analysis. The cold gas 

efficiency (η) is a vital index that determines biomass gasification process performance. It is defined 

as the ratio of the heating value of product gas to the heating value of biomass fuel excluding the 

heat released from the condensable compounds such as tars, as given in the following expression 

[138]: 

𝜂 =
𝐻𝐻𝑉𝑔 × 𝑌

𝐻𝐻𝑉𝑓
× 100% (4.42) 

Where 𝐻𝐻𝑉𝑓 is the higher heating value of biomass fuel, and 𝐻𝐻𝑉𝑔 is the higher heating value of the 

fuel gas. 

4.9 Summary 

Kinetic reactions of biomass pyrolysis, gasification, and combustion can be understood by 

performing experimental thermochemical measurements under different operating conditions. 

Kinetics of chemical reaction determines how the reaction responds to the change in the reactant 

concentrations, temperature, pressure, and presence of other foreign species such as catalysts and 

solvents. The experimental data of pyrolysis, CO2 gasification, and combustion reactions obtained 

from TGA can be used to estimate the kinetics parameters adopting different methods. The kinetics 

analysis methods are classified into isothermal and non-isothermal in terms of operating conditions, 

and into model-free and model-fitting regarding the calculation procedure. The model-fitting method 

include CR, while, the model-free methods involve OFW, KAS, TA and ST. Model-free schemes 

follow the isoconversional principle which excludes the need for an already available kinetic model. 

However, model-fitting methods rely on fitting different kinetic models and mechanisms to the data 

to obtain the most optimised statistical fit model.  

Gasifying agents such as steam, pure oxygen, air, CO2 or mixture of gases is a vital component in 

the gasification process by which the composition and LHV of the gaseous product are determined. 

The three main operating parameters in the gasification process are temperature, pressure, and 
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flowrate of biomass. The residence time, that changes as a function of flowrate, is an important 

parameter in the kinetics and conversion of biomass. The particle size of biomass determines the 

rate-determining step whether it is chemical reaction-controlled or diffusion-controlled. Besides 

residence time, Umf and pressure drop across the column are important parameters in the design of 

FBGR. The calculations of Umf and ER made based on the experimental setup are presented. The ER 

is important factor to determines whether the reaction is complete or incomplete. The FBGR 

equipment includes feedstock system, reactor, air supply system, heating system, gas analyser, tar 

capture unit, and condenser. The measurement procedure associated with the gasifier includes 

evaluation of product gas composition, mass balance, temperature, and pressure.  

This chapter presents the theoretical and experimental methods used in the research. The main focus 

of the work is on the kinetics and performance of thermal degradation (combustion, pyrolysis and 

gasification) of a unique solid fuel (Subcoal™). As a result, the methods and equipment to achieve 

the work objectives were described in this chapter. The experimental methods and rigs are well 

established at Cardiff University with a good track record of substantial experiments. While the 

kinetics analysis methods are well-known in the literature for such purpose. In summary, the methods 

and rig systems mentioned in this chapter were used to study the thermal conversion of Subcoal™ 

and explore the potential to establish such technologies in Qatar to reduce MSW landfill. 
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5 Chapter 5: TGA Results and Discussion 

5.1 Introduction 

In this chapter, a detailed analysis of feedstock properties and TGA results was carried out. From the 

present chapter, two journal papers have been published in the ChemEngineering journal [211-212]. 

First, proximate analysis was conducted to measure moisture content, volatile matter, ash, and fixed 

carbon of Subcoal™. Then, ultimate analysis was used to determine the elemental composition 

(CHNSO) of Subcoal™ to estimate the mass balance on a gasifier and syngas composition. In 

addition, carbon and sulphur content in Subcoal™ was determined by a LECO (SC-144DR) analyser. 

The bulk density of Subcoal™ and silica sand were also measured in the laboratory. The particle size 

distribution of bed sand and Subcoal™ PAF particles were evaluated using Malvern Mastersizer 

3000. The particle size distribution analysis measured the Sauter mean diameter, volume mean 

diameter, specific surface area, actual density, and the width of the size distribution. As the ash is a 

critical component in biomass conversion, trace element analysis of residual ash from Subcoal™ 

PAF combustion was carried out using XRF analyser. Also, XRD analysis of Subcoal™ powder, ash 

and bed sand were performed to indicate sample crystallinity. TGA thermal degradation results and 

discussion also have been presented. The effect of heating rate and catalysts loading (0, 5, 10, 15, 20 

wt.%) on the thermal decomposition of Subcoal™ PAF in the pyrolysis, CO2 gasification, 

combustion has been determined.  

5.2 Feedstock characterisation 

The characterisation outcomes of Subcoal™ are presented and discussed in this section. The results 

of the proximate and ultimate analysis are listed in Table 5-1. The results show that the volatile matter 

forms most of the Subcoal™ mass with 77.6 wt.%. The volatile matter content determines how easily 

the biomass fuel can be ignited. The higher the volatile matter content the more homogenous ignition 

and the higher flame stability. Moreover, the higher the volatile matter content the greater the LHV 

[213]. The fixed carbon content in Subcoal™ was 7.5 wt.% which is the amount of fuel that burns in 

solid state after the volatiles have been taken off and 11.8 wt.% of ash. The test reveals that the 

moisture content is as low as 3.1 wt.%. Low moisture content offers two benefits: low energy of 

combustion is needed, and easier pellets fluidisation in a gasifier [213].   

The ultimate analysis indicates that the fuel is composed of 45.7 wt.% carbon, 35.3 wt.% oxygen, 

and 6.4 wt.% H. These elements are essential for the gasifier design which is involved in the 

combustion process to produce syngas. The content of oxygen determines the amount of gasifying 

agent required. The sulphur content is found to be as low as 0.2 wt.% in the fuel. This reduces the 

amount of hydrogen sulphide (H2S) and sulphur oxides (SOx) which contribute to particulate matter 

pollution and affect the analysis of the calorific value [214]. Finally, the content of nitrogen is 0.6 
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wt.% which is also beneficial as this correlation to the nitrogen oxides (NOx) emissions. The bulk 

density of Subcoal™ and silica sand bed are represented in Table 5-2. The method of the bulk density 

estimation is described in details in Section 3.5. 

Table 5-1 Proximate and ultimate analysis of Subcoal™. 

Proximate Analysis (wt.%) Ultimate Analysis (wt.%) 

Moisture content 3.1 ± 0.4 C 45.7 ± 2.7 

Ash 11.8 ± 0.5 H 6.4 ± 0.2 

Volatile matter content 77.6 ± 1.4 S 0.2 ± 0.06 

Fixed carbon 7.5 ± 1.4 N 0.6 ± 0.2 

Gross calorific value, (MJ/kg) 23.1 ± 2.8 O (by difference) 35.3 ± 1.9 

Density, kg/m3 450   

 

Table 5-2 Bulk density of Subcoal™ and silica sand. 

Bulk density (g/cm3) 

Subcoal™ 0.43 

Silica Sand  1.54 

5.3 Particle size distribution analysis 

5.3.1 Silica sand  

The particle size distribution was obtained for the silica sand (SiO2) bed using a Malvern Mastersizer 

3000 from two different angles to meet the requirement of different particle shapes. The surface area 

was calculated based on the spherical shape of particles. The analysis findings are presented in Figure 

5-1. The key parameters are summarised in Table 5-3.  

 

Figure 5-1 Particle size distribution analysis for silica sand 

The analysis shows that the Sauter mean diameter D [3,2] and volume mean diameter D [4,3] are 

630 µm and 658 µm, respectively. The curves show a consistent, monomodal, normal distribution of 

the data. The accumulative size analysis indicates that the sizes below which 90% (Dv0.9), 50% 

(Dv0.5), and 10% (Dv0.1) of particles tested are 850 μm, 643 μm, and 485 μm, respectively. Span is 
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a parameter that determines the width of the size distribution based on a volume-based size 

distribution as stated in Eq. 5.1 [168]. 

Span =
Dv0.9 − Dv0.1

Dv0.5
 (5.1) 

Employing very small size bed particles could affect biomass fluidisation and leads to slug flow 

which consequently causes fuel blockage in a gasifier. ’The slug flow (slugging regime) forms in 

bed fluidisation when bubbles grow considerably large that their shapes are determined by the 

diameter of the reactor. Moreover, the size distribution plays a significant role in the bed 

agglomeration tendency [215]. However, the increase in bed particle size leads to an increase in the 

char yield during the gasification of biomass.  

Table 5-3 Silica sand particle size distribution key findings. 

Particle name Sand 

Silica sand density 2.65  

Particle Refractive Index 1.4 

Particle Absorption Index 0.01 

Dispersant Name Water 

Dispersant Refractive Index 1.33 g/cm3 

Scattering Model Mie 

Analysis Model General purpose  

Weighted Residual  1.02 % 

Laser Obscuration 9.1 % 

Concentration 0.7721 % 

Span 0.567 

Uniformity  0.173 

Specific Surface Area 3.666 m2/kg 

D [3,2] 630 μm 

D [4,3] 658 μm 

Dv0.1 485 μm 

Dv0.5 643 μm 

Dv0.9 850 μm 

 

5.3.2 Subcoal™ particle size 

The Malvern Mastersizer 3000 was used to determine the particle size distribution for SubcoalTM 

particles with a diameter of less than 3 mm, as shown in Figure 5-2. The key parameters from the 

characterisation are summarised in Table 5-4.  
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Figure 5-2 Particle size distribution analysis for Subcoal™ powder 

 

Table 5-4 Subcoal™ distribution key findings. 

Particle name Subcoal™ 

Subcoal™ density 1.09 - 1.14 g/cm3 

Particle Refractive Index 2.4 

Particle Absorption Index 0.01 

Dispersant Name Water 

Dispersant Refractive Index 1.33 

Scattering Model Mie 

Analysis Model General purpose  

Weighted Residual  0.80% 

Laser Obscuration 6.72% 

Concentration 0.0779% 

Span 2.417 

Uniformity  0.847 

Specific Surface Area 65.45 m2/kg 

D [3,2] 91.7 μm 

D [4,3] 890 μm 

Dv0.1 49.7 μm 

Dv0.5 731 μm 

Dv0.9 2030 μm 

As can be seen in Figure 5-2, bimodality appear in the analysis of Subcoal™. This is owed to the 

presence of two types of particles, namely plastics and papers. The volume density of the first and 

second peaks are 1.36% and 5.37%, respectively. The test demonstrates that the Sauter mean 

diameter D [3,2] and volume mean diameter D [4,3] are approximately 91.7 µm and 890 µm, 

respectively. As can be seen in Figure 5-2, the values of D [3,2] and D [4,3] are highly different. This 

implies that the particles with similar surface area and volume ratios are much smaller than those that 

contain the majority of the volume. The accumulative size analysis indicates that the sizes below 

which 90% (Dv0.9), 50% (Dv0.5), and 10% (Dv0.1) of particles tested are 2030 μm, 731 μm, and 

49.7 μm, respectively. The particle size of biomass fuel has a pronounced influence on the 

performance of a gasifier. Luo et al. [216] reported that the carbon conversion efficiency, H2 

production rate, and dry gas yield increase as the biomass particle size decreases. Moreover, the 

decreasing biomass particle size reduces char and tar content.  
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5.4 Sulphur and carbon analysis 

The LECO analyser was used to determine the Sulphur and carbon content of Subcoal™. The 

analysis results are presented in Table 5-5 and Figure 5-3. The weight percentage of sulphur obtained 

from three runs varies from 0.16% to 0.25% which indicates that the sulphur presents in Subcoal™ 

in different forms. Sulphur profiles similar to that in Figure 5-3 were used to identify the fine 

differences between the test repeats. The variation in sulphur content occurs due to the low 

wavelength of sulphur, which is prone to misdetection [214]. The content of sulphur determined by 

this analysis and ultimate analysis is identical, which is low when compared with other biomass. The 

content of sulphur in biomass should not exceed 1%. Besides the environmental concerns, these gases 

can cause equipment corrosion which might be accelerated by a high temperature [217].  

Table 5-5 Analysis results of sulphur and carbon content in Subcoal™ by LECO. 

Element Run 1 Run 2 Run 3 Average 

Carbon (wt.%) 33.19 22.32 25.61 27.04 

Sulphur (wt.%) 0.25 0.16 0.19 0.20 

The sulphur may also react with carbon in biomass forming other gases such as carbonyl sulphide 

(COS) and carbon disulphide (CS2) [217]. These gases are flammable and release a high amount of 

heat during combustion with oxygen leading to SO2 formation. The contents of COS and CS2 were 

not considered in the present work. However, the mechanisms of COS and CS2 formation and 

combustion elaborate the rapid release of sulphur in the presence of carbonaceous material.  

 

Figure 5-3 LECO Analysis Profile of sulphur and carbon content in Subcoal™ 

5.5 XRF ash analysis  

The trace element analysis of residual ash from Subcoal™ combustion was carried out using the 

XRF analyser. The results from the ash analysis are shown in Table 5-6. The analysis results show 

that Fe, Ti, Al, Ca, S, and Cl have recorded the highest content among the mineral and soil elements. 

Ca and Al contents can reach up to 28% in paper and plastic ashes in the form of calcium oxide and 

aluminium oxide as the most versatile metals [218]. Ash may contain contaminations that lead to 

serious environmental issues. Ash from biomass is an alkaline residue of combustion that can reach 
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up to 20% of the fuel mass. The ash alkalinity reduces the fusion point of ash causing fouling and 

slagging [219]. The increase in the ash content of Ca, K, and P decreases specific energy production, 

cold gas efficiency, and low heating value of syngas. Some elements in ash such as sulphur may 

cause catalyst poisoning and deactivation and hence reduction in the reaction rate.   

Table 5-6 Results of trace elements XRF analysis of Subcoal™ ash. 

Alloy 

No Element Symbol (ppm) Deviation (±) 

1 Chromium Cr 5.0E-02 1.0E-02 

2 Copper Cu 2.3E-02 1.2E-02 

3 Iron Fe 1.5E+00 4.9E-01 

4 Manganese Mn 4.0E-02 2.0E-02 

5 Nickel Ni 1.1E-02 5.5E-03 

6 Titanium Ti 1.9E+00 6.3E-01 

7 Zinc  Zn 4.9E-01 1.9E-01 

8 Zirconium Zr  7.6E-03 5.0E-04 

Mining Plus and Soil  

9 Aluminium  Al 4.1E+00 9.9E-01 

10 Antimony Sb 3.6E-10 7.1E-09 

11 Barium Ba 1.2E-09 1.4E+00 

12 Calcium Ca  1.0E+01 1.3E+00 

13 Chlorine Cl 3.8E+00 7.2E-01 

14 Lead Pb 5.1E-07 4.5E-03 

15 Molybdenum Mo 2.0E-08 3.0E-08 

16 Phosphorus P 2.5E-09 1.0E-10 

17 Potassium K 3.5E-05 6.5E-02 

18 Silicon Si 8.9E-08 1.3E+00 

19 Silver Ag 6.0E-07 1.0E-08 

20 Strontium Sr 1.1E-05 4.9E-06 

21 Sulphur S 3.5E+00 1.4E+00 

22 Arsenic As 3.9E-02 3.0E-02 

23 Thorium Th 1.9E-02 4.1E-02 

24 Vanadium V 1.3E-02 2.5E-03 

25 Tin Sn 1.2E-02 1.5E-03 

26 Gallium Ga 9.9E-03 2.6E-03 

27 Germanium Ge 4.0E-03 2.0E-03 

28 Tungsten W 3.2E-07 2.5E-07 

29 Rubidium Rb 9.0E-05 1.5E-05 

30 Cobalt Co 5.0E-05 1.5E-05 

Biomass ash comprises of several minerals and elements. Table 5-7 lists the potential mineral content 

in Subcoal™ ash. The presence of mineral compounds in the ash could be responsible for issues 
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regarding gasifier design. The minerals and elements in ash may pose an inhibiting or catalytic effect 

on the gasification reactivity [220]. For instance, each of K, Na, and Mg had a catalytic impact, while 

Si and P had an inhibiting impact on the gasification reactions [221]. Jing et al. [221] emphasised 

that increasing contents of Fe, Ca, and sodium oxide (Na2O) in ash reduce the deformation, flow and 

softening temperatures of gasification and combustion. This led to minerals formation and 

transformation.   

Table 5-7 XRF analysis of major mineral elements in Subcoal™ as received. 

Elements Al2O3 CaO Fe2O3 K2O SiO2 

wt% 18.3 38 2.7 0.1 22.7 

5.6 XRD analysis  

The XRD analysis of Subcoal™ powder sample and ash were carried out to identify the crystallinity 

and composition of the sample and ash. Also, XRD analysis was performed on silica sand with 

particle size of 500-600 µm. The analysis of Subcoal™ powder produced a large peak of amorphous 

compounds at 2θ of 23° with intensity of 240 a.u. composing of barium (Ba) and calcium (Ca), as 

shown in Figure 5-4. 

(a) 
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(b) 

 

Figure 5-4 XRD analysis of Subcoal™ powder showing peak height (a) and peak area (b). The 

red line has been added to calculate the area under the curve 

Thus, it can be concluded that the amorphous compounds consist mainly of Ba, Ca, and silica (Si). 

The first amorphous peak compounds consist mainly of Ba, Ca, and Si. The next peak is confirming 

a crystalline compound at 27° with an intensity of 161 a.u. while the second amorphous peak appears 

at 30°. Previous research in this area, specifically in relation to the analysis of polymers with XRD, 

Marsh [222] have found that amorphous peaks are dominant as shown by their defined peaks. 

However, the amount of crystalline matters in plastic and paper waste exceeds the randomly 

distributed amorphous ones.  

Small crystalline peaks appear at 2θ of 40° and 65° with the intensity of 75.5 and 26.5 au., 

respectively, that consist of trace elements. It has been found that the crystallinity proportion in 

Subcoal™ powder based on the total area of all peaks is 42%. The XRD is also a substantial tool for 

the semi-quantitative evaluation of crystalline phases and mineral components in ash [223]. The 

content of amorphous materials in the biomass sample or ash determines the decomposition 

temperature. The higher the glass (amorphous) content the lower the gasification temperature [224]. 

The non-crystallinity is attributed to the presence of amorphous aluminosilicate [225]. The analysis 

data is listed in Table A-2 in the Appendix A. 

Figure 5-5 shows the semi-quantification of XRD analysis of Subcoal™ ash in terms of peak height 

and area. The area of a peak is calculated by multiplying the FWHM (full width at half maximum) 

times the height. The area under the peak provides information on the percentage of crystallinity. 

The height of the main peaks indicates the intensity of each polymorphic phase.  
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(a) 

 

 

b) 

 

 

Figure 5-5 XRD analysis of Subcoal™ ash showing peak height (a) and peak area (b) 

The largest crystalline peak of calcium chloride CaCl was obtained at 38.5° with an intensity of 245 

au. Semi-crystalline peaks were also detected between 30° and 35°. The remaining signals include 

small crystalline peaks and experimental noise. The crystallinity percentage in ash based on the total 

area of all peaks was found to be 38%. In comparison with the Subcoal™ sample, the reduction in 

the crystallinity is attributed to the decomposition of crystalline cellulose fibers [226]. The crystalline 

minerals and metal oxides in the ash may behave as a catalyst of thermal decomposition reactions 

[227]. The analysis data is listed in Table A-3 in the Appendix A. 

.   
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(a) 

 

 

(b) 

 

 

Figure 5-6 XRD analysis of silica sand showing peak height (a) and peak area (b) 

Figure 5-6 shows the XRD analysis of silica sand with peak height (a) and area (b). The largest 

crystalline peak of silicon dioxide (SiO2) was obtained at 50.3° with intensity of 1049 a.u. Medium 

crystalline peaks were also obtained at 20.9°, 26.8°, 60.0°, and 67.9° with intensity of 246.1, 588.3, 

284.2, and 221.2 a.u., respectively. The remaining peaks are small crystalline peaks and experimental 

noise. The crystallinity of silica sand was found to be 46%. Silica exists in many different forms that 

can be crystalline as well as non-crystalline (amorphous). The proportion of crystalline phase 

(crystallinity) may vary depending on the source of the sample tested. As a result, crystallinity was 

reported at 32.7% in other studies [228]. The analysis data from XRD is listed in Table A-4 in the 

Appendix A. The findings show that the number of crystalline peaks phases in ash and silica sand 

are higher than in Subcoal™ powder. The ash inorganic minerals consist of crystalline and semi-

crystalline amorphous phases. The porous black particulates of silicates, as observed by Vassilev et 

al. [229], is mostly of crystalline characters in ash. Tian et al. [230] observed that the relative intensity 

of XRD peaks changes with ash formation temperature due to formation of different minerals. The 
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crystalline peaks can be identified as sharp and narrow, while the amorphous ones have been seen as 

a broad pattern ‘’hump’’ [224]. The organic and inorganic materials in biomass transform to gaseous 

and amorphous solids during the gasification at high temperatures. Therefore, ash is commonly 

defined as a glassy ‘’amorphous’’ residual of combustion [231]. Moreover, the test handling and 

procedure, based on the spongy property of Subcoal™ powder, allows less accurate investigations 

by XRD.  

5.7 TGA kinetic results and discussion  

5.7.1 Effect of heating rate on pyrolysis  

The effect of four different heating rates on thermal decomposition of Subcoal™ PAF pyrolysis 

without catalyst was investigated in TGA, as shown in Figure 5-7. Table 5-8 presents pyrolysis 

reaction parameters at different decomposition stages. The standard deviation (±) of the three 

experimental repeats is listed in Table B-1 in the Appendix B: TGA Conversion Repeatability. 

(a) 

 

 

(b) 

 

 

Figure 5-7 The effect of the heating rate on the pyrolysis process; (a) conversion degree (X), 

and (b) DTG curves 
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Table 5-8 Thermal decomposition parameters of pyrolysis. 

 First stage Second stage Third stage 

β Start* End** Wt*** Start* End** Wt*** Start* End** Wt*** 

ºC/min (⁰C) (⁰C) (%) (⁰C) (⁰C) (%) (⁰C) (⁰C) (%) 

5 28.2 156.9 3.6 233.5 376.3 34.2 376.3 471.4 41.4 

10 28.8 156.5 4.7 233.5 378.6 35.6 378.6 493.8 42.6 

15 28.1 157.3 4.9 233.5 395.6 37.6 395.6 510.4 45.7 

20 27.7 158.9 5.2 233.5 426.7 39.6 426.7 522.2 48.5 

Average 28.2 157.4 4.6 233.5 394.3 36.8 394.3 499.5 44.3 

 Fourth stage       

β Start* End** Wt***  
   

  

ºC/min (⁰C) (⁰C) (%)       

5 636.6 688.1 11.2       

10 638.6 693.7 11.4       

15 640.5 712.4 9.2       

20 641.6 732.4 4.7       

Average 639.3 706.7 9.1       

* Start refers to start (onset) temperature of an indicated decomposition step. ** End refers to end 

(offset) temperature of an indicated decomposition step. ***Wt refers to weight loss %. It can be 

seen from Figure 5-7 (a) the decomposition of Subcoal™ rapidly increases as temperature increased 

from 200 to 550 ºC. The conversion curve represents four decomposition stages. In the first stage, 

the moisture leaves the sample with insignificant changes in the mass at 150 ºC, which is known as 

passive pyrolysis. This means the decomposition reaction is favourable at a temperature less than 

150 ºC. Then, in the second and third stages a region between 200 and 550 ºC is known as active 

pyrolysis, in which devolatilisation of hemicellulose-cellulose causes the sample to lose most of its 

mass as reported by Slopiecka et al. [169]. In the final stage, lignin decomposition results in only ash 

and char being left of the sample mass [232].  

The increase of heating rate shifts the curve of fractional extent conversion to a high temperature 

zone. The heating rate increases the initial temperature of decomposition (onset temperature) [186]. 

As the heating rate increases, the degradation rate within the sample increases which leads to an 

increase in the conversion to gaseous products. Moreover, the higher the heating rate the lower the 

reaction residence time and hence the greater amount of Subcoal™ PAF converts [233].  

It can be seen from Figure 5-7 (b) as the heating rate increases the DTG peaks become larger. The 

initial and final temperatures of the pyrolysis stages drift as the heating rate increases. The results 

from DTG illustrate that the four peaks position is not fixed when the heating rate changes. The 

endothermic peaks, which are due to decomposition reaction, are observed in the DTG curves at each 
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tested heating rate [234]. Small peaks may appear in the first and fourth stages, especially at the 

higher heating rates. In the first stage, the peak is shown as a result of moisture evaporation, while, 

a high degradation rate occurs due to the melting process of the decomposition residues such as char 

and ash at the fourth stage [235]. The first stage peaks are observed in the temperature range of 28 

to 160 ºC, and then in the fourth stage, the peaks appear in the temperature range of 630 to 710 ºC. 

However, in the second and third stages two large peaks are observed at a temperature range of 230 

to 550 ºC. These peaks also shift as the heating rate increases [236].   

Table 5-11 lists Tm values for different heating rates. During the pyrolysis process, Tm increase as the 

heating rate increases. The value of Tm increased from 471.1 ± 7 to 487.1 ± 1.1 ºC when the heating 

rate raised from 5 to 20 ºC/min. For these temperatures, the DTG increased from -0.0094 ± 0.0014 

to -0.032 ± 0.0014 wt%/min.  

The rate of DTG and Tm increased with the heating rate which is coherent with the literature [237]. 

The difference between Tm at 5 ºC/min and that at 20 ºC/min is 16 ºC. Moreover, the difference 

between the higher and lower temperatures of Tm increases with a heating rate increase that may lead 

to uniting the peaks at higher heating rates [237]. The limitation of heat transfer from the 

surroundings to the sample may explain the temperature shifting to higher values. At a high heating 

rate, the residence time of reaction is short, and the temperature required to devolatilise becomes 

greater. While, when the process occurs at a low heating rate the instantaneous thermal energy is 

high with a longer reaction time that makes the degradation reaction lower [238].  

5.7.2 Effect of heating rate on CO2 gasification  

The CO2 gasification of Subcoal™ PAF was performed at four different heating rates. Figure 5-8 (a) 

illustrates conversion curves, and (b) DTG curves as a function of temperature. Table 5-9 presents 

gasification reaction parameters at different decomposition stages. The standard deviation (±) of the 

three experimental repeats is listed in Table B-2 in the Appendix B: TGA Conversion Repeatability. 

As in the previous pyrolysis experiment, the time needed to start the decomposition of the sample 

(induction time) decreases with a heating rate increase, as illustrated in Figure 5-8 (a). However, 

mass loss at 15 ºC/min and 20 ºC/min are close to each other and are overlapping in some points. 

This may explain the complexity of the decomposition process in the presence of CO2. In this 

situation, the limitations of diffusion and heat transfer restrictions had a pronounced impact [239].  
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(a) 

 

 

(b) 

 

 

Figure 5-8 Effect of the heating rate on CO2 gasification process; (a) conversion degree (X), (b) DTG 

curve 

Table 5-9 Thermal decomposition parameters of CO2 gasification. 

 First stage Second stage Third stage 

β Start* End** Wt*** Start* End** Wt*** Start* End** Wt*** 

ºC/min (⁰C) (⁰C) (%) (⁰C) (⁰C) (%) (⁰C) (⁰C) (%) 

5 28.6 167.6 3.4 199.2 380.4 34.2 380.4 483.4 51.2 

10 28.5 166.2 3.6 199.2 410.3 34.6 410.3 489.6 50 

15 28.4 164.4 3.8 199.2 412.2 37.3 412.2 550.6 41.6 

20 28.7 163.8 3.9 198.3 428.6 38.5 428.6 558.4 42.3 

Average 28.6 165.5 3.7 198.9 407.9 36.2 407.9 520.5 46.3 

 Fourth stage       

β 
Start* End** Wt***       

ºC/min (⁰C) (⁰C) (%)       

5 622.2 658.3 3.8       

10 622.2 692.2 3.9       

15 622.2 708.9 4.4       

20 623.4 792.7 5.5       

Average 622.5 713.0 4.4       
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* Start refers to start (onset) temperature of an indicated decomposition step. ** End refers to end 

(offset) temperature of an indicated decomposition step. ***Wt refers to weight loss %. The effect 

of heating rate on the conversion is not obvious for CO2 gasification. The findings show that the 

increase in heating rate causes an insignificant shift to higher temperatures with curves overlapping. 

Similarly, the CO2 gasification process undergoes four decomposition stages.  

The DTG graph in Figure 5-8 (b) also indicates two major Tm peaks in the second and third stages. 

As the heating rate increase, the Tm shifts to the high temperature. Therefore, increase the heating 

rate from 5 to 20 ºC/min causes Tm to raise from 466 ± 5.18 to 488.3 ± 1.15 ºC. For the same range 

of heating rate, the degradation rate (wt%/min) increased from -0.0097 ± 0.0014 to -0.0324 ± 0.0023 

wt%/min.  

The temperature difference in Tm at 5 ºC/min and that at 20 ºC/min is 20.3 ºC. From Figure 5-8 (b), 

it can be observed at second stage degradation that the first Tm peaks are wide and inconsistent, while 

the third stage peaks are narrow and tapered. The disorder of minimum DTG peaks occurs as a result 

of the consecutive reactions which take place simultaneously with the decomposition reaction [194]. 

Table 5-11 displays Tm and DTG values for three CO2 experimental runs as well as the standard 

deviation average (±). 

5.7.3 Effect of heating rate on combustion  

The combustion of Subcoal™ PAF in TGA was carried out without catalyst at different heating rates. 

Figure 5-9 (a) illustrates conversion curves (X), and (b) DTG curves as a function of temperature. 

Table 5-10 presents combustion reaction parameters at different decomposition stages. The standard 

deviation (±) of the three experimental repeats is listed in Table B-3 in the Appendix B: TGA 

Conversion Repeatability. 
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(a) 

 

 

(b) 

 

 

Figure 5-9 Effect of the heating rate on the combustion process; (a) conversion degree (X), (b) DTG curves 

Table 5-10Thermal decomposition parameters of combustion. 

 First stage Second stage Third stage 

β 

⁰C/min 

Start* 

(⁰C) 

End** 

(⁰C) 

Wt*** 

(%) 

Start* 

(⁰C) 

End** 

(⁰C) 

Wt*** 

(%) 

Start* 

(⁰C) 

End** 

(⁰C) 

Wt*** 

(%) 

5 28.4 140.3 4.3 214.2 332.5 33.4 332.5 478.6 52.7 

10 28.2 150.4 4.6 214.2 347.5 34.3 347.5 524.6 52.1 

15 28.6 150.2 4.4 214.3 358.3 35.3 358.3 534.5 42.3 

20 

Average 

28.2 

28.3 

160.4 

150.3 

5.3 

4.7 

214.5 

214.3 

385.1 

355.9 

38.9 

35.5 

385.1 

335.9 

546.2 

521.0 

42.6 

47.4 

 Fourth stage       

β 

⁰C/min 

Start* 

(⁰C) 

End** 

(⁰C) 

Wt*** 

(%) 

      

      

5 615.5 655.3 3.2       

10 615.5 690.2 3.7       

15 616.3 705.9 4.5       

20 617.5 745.8 5.4       

Average 616.2 699.3 4.2       



Chapter 5: 

---------------------------------------------------------------------------------------------------------------------------------- 

119 
 

* Start refers to start (onset) temperature of an indicated decomposition step. ** End refers to end 

(offset) temperature of an indicated decomposition step. ***Wt refers to weight loss %. 

The weight loss of the sample has the similar behaviour as the pyrolysis and gasification. However, 

the time required to initialise the decomposition process of combustion is shorter than pyrolysis and 

gasification [240]. Especially for the heating rate of 20 ºC/min, about less than 15% of the sample 

remained after the third stage decomposition. In some cases, the remaining amount of the sample ash 

or char depends on the size of the sample particles (passive stage) [194]. Like pyrolysis and 

gasification experiments, the combustion conversion curve shows four decomposition stages. 

The DTG curves in Figure 5-9 (b) are divided into four sections: a small peak in the first stage, two 

big peaks in the second and third stages, and small peaks in the fourth stage. However, the 

degradation reaction in the combustion looks more complex than that in pyrolysis due to the chemical 

reaction between the sample and oxygen. The presence of oxygen promotes successive oxidation 

reactions which increase the degree of combustion conversion [241]. The lowest and highest Tm from 

the DTG analysis are shown in Table 5-11. Unlike pyrolysis and CO2 gasification, the combustion 

reaction is faster and this can be seen in the second and third stages; the first peaks are greater than 

the second peaks, which is confirmed by Chen et al. [242] findings. Also, in the second stage, Tm is 

317 ± 4.2 ºC at a heating rate of 5 ºC/min, and the degradation rate is -0.0072 ± 0.0009 wt%/min, 

respectively. While for the heating rate of 20 ºC/min, Tm is 340.3 ± 2.9 ⁰C, and DTG is -0.032 ± 

0.0037 wt%/min. The temperature difference for Tm at 5 ºC/min and that at 20 ºC/min is 22.9 ⁰C.  

Table 5-11Thermal degradation parameters under different streams. 

 N2 CO2 

β 

ºC/min 

Tm DTGTm Tm DTGTm 

ºC wt%/min ºC wt%/min 

5 471 ± 7.0 -0.0094 ± 0.0014 466 ± 5 -0.0097 ± 0.0014 

10 481 ± 6.7 -0.019 ± 0.0057 474 ± 6 -0.019 ± 0.0079 

15 486 ± 4.8 -0.021 ± 0.0056 482 ± 5 -0.029 ± 0.0073 

20 487 ± 1.1 -0.032 ± 0.006 488 ± 1.2 -0.032 ± 0.002 

 Air   

β 

ºC/min 

Tm DTGTm   

ºC wt%/min   

5 317 ± 4.2 -0.0071 ± 0.0009   

10 328 ± 5.5 -0.015 ± 0.0024   

15 336 ± 2.0 -0.025 ± 0.0027   

20 340 ± 2.9 -0.032 ± 0.0037   
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5.8 Thermal parameters with catalysts  

5.8.1 Effect of dolomite on pyrolysis 

The pyrolysis of Subcoal™ PAF was carried out in the presence of different concentrations of 

dolomite at a single heating rate of 20 ºC/min.  Information on the properties and characterisation of 

dolomite were reported in Section 3.11. The pyrolysis findings in the presence of dolomite are shown 

in Figure 5-10 (a) and (b).  

(a) 

 

 

(b) 

 

 

Figure 5-10 Effect of dolomite loadings on the pyrolysis; (a) conversion degree, and (b) DTG 

curves 

Unlike the heating rate investigations, the thermal decomposition initiates at approximately the same 

time and the mass loss rapidly proceeds after about 12 minutes of the experiment start point. The 

mass of the sample degrades faster at dolomite ratio of 15 wt.% when compared with the other 

concentrations, as shown in Figure 5-10 (a) [232]. This will be analysed in greater detail below. 
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The conversion curve shifted to a lower decomposition temperature as the dolomite loadings 

increased [82]. The graph indicates that the catalytic cracking passes in two successive sub-stages; 

first, from 0.2 to 0.6 and then a sharp increase from 0.6 to 0.8 of conversion. The rate of catalytic 

cracking reaction in the second sub-stage (between 0.6 and 0.8) in the presence of dolomite is higher 

when compared with the case of no catalyst [243].  

The analysis of DTG plots in Figure 5-10 (b) for pyrolysis with dolomite is divided into four stages. 

Two large peaks are identified in the second and third stages; the degradation rate for the first peak 

is lower than the second one. In the first peak, there is a low degradation rate corresponding to catalyst 

loadings. However, in the second peak (highest Tm), the mass loss per time increased as the dolomite 

loadings increased.  

Table 5-12 shows the highest and lowest Tm as well as the DTG at each peak. Tm reduced from 487.4 

to 472.5 ºC when the dolomite loadings increased from 0 to 15 wt.%. However, Tm peak increased at 

20 wt.% due to overloading of catalyst. 

Regarding the DTG, the peak decreased from -0.0392 to -0.0226 wt%/min as the dolomite ratio 

increased from 0 to 15 wt.%. The difference between the highest and lowest Tm is 14.9 ºC at dolomite 

content of 15% and 0%, respectively. This implies that Subcoal™ pyrolysis with dolomite needs a 

lower reaction time than without a catalyst to achieve complete conversion. The pyrolysis curves are 

more regular compared with olivine [232].  

5.8.2 Effect of dolomite on CO2 gasification    

The thermal decomposition in CO2 gasification of Subcoal™ PAF was carried out in the presence of 

different loadings of dolomite catalysts as shown in Figure 5-11 (a) and (b). 
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(a) 

 

 

(b) 

 

 

Figure 5-11 Effect of dolomite loadings on the CO2 gasification; (a) conversion degree, and (b) 

DTG curves 

The mass loss of sample indicates that the rate of decomposition with 15 wt.% dolomite increases 

much steeper than without catalyst, as shown in Figure 5-11 (a). Also, the conversion changes to 

lower temperature with the addition of the dolomite. The complete conversion reaction decreased 

from 792.7 ºC to 748.4 ºC as the dolomite loadings increased from 0 to 15 wt.%. The sample mainly 

decomposes in two sub-stages between 200 and 520 ºC. Dolomite shows good performance in 

promoting the reaction rate of CO2 gasification. It enhances the cracking of tar and increases the 

production of syngas [121].  
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Table 5-12 lists Tm and thermal degradation DTG values. The degradation rate in the first and fourth 

stages is insignificant compared to the second and third stages (decomposition step). The Tm value 

reduces with the increase of the dolomite loading. Tm decreases from 489.3 to 477.2 ºC as the 

dolomite loading increased from 0 to 15 wt.%. The DTG at the lowest Tm and 15 wt.% dolomite is -

0.0270 wt%/min.  

5.8.3 Effect of dolomite on combustion  

The combustion experiments were conducted in the presence of different concentrations of dolomite, 

as illustrated in Figure 5-12 (a, b). The results show that the dolomite has a positive effect on the 

decomposition reaction. This agrees with the results reported by Kim et al. [244]. 

(a) 

 

 

(b) 

 

 

Figure 5-12 Effect of dolomite loadings on the combustion; (a) conversion degree, and (b) DTG 

curves 
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Figure 5-12 (b) illustrates DTG (wt%/min) curves of five peaks. When the dolomite loadings 

increased from 0 to 15 wt.%, the peak temperature of Tm reduced from 335.9 to 321.6 ºC. However, 

Tm peak increased at 20 wt.% to 324.3 ºC due to deactivation of dolomite. In terms of degradation 

rate, it decreased from -0.0331 to -0.0204 wt%/min as the dolomite ratio increased from 0 to 15 wt.%. 

In summary, the higher the concentration of dolomite the lower the peak of temperature degradation 

observed and the faster the conversion reactions [245]. However, overloading of dolomite ratio 

decreased the thermal degradation reaction and conversion efficiency. The difference between Tm is 

14.3 ºC in the presence of 15 wt.% dolomite and without a catalyst, respectively.  

Table 5-12 lists Tm and DTG rate for combustion with different dolomite ratio parameters.  

 

Table 5-12 DTG and values of Tm of Subcoal™ PAF with different loadings of dolomite. 

Dolomite 
N2 CO2 Air 

Tm DTGTm Tm DTGTm Tm DTGTm 

Wt.% ºC wt%/min ºC wt%/min ºC wt%/min 

0 487.4 -0.0392 489.3 -0.0296 335.9 -0.0331 

5 480.8 -0.0314 482.3 -0.0273 330.5 -0.0242 

10 476.1 -0.0241 479.8 -0.0272 326.8 -0.0231 

15 472.5 -0.0226 477.2 -0.0270 321.6 -0.0204 

20 474.3 -0.0234 478.3 -0.0271 324.3 -0.0216 

 

5.8.4 Effect of olivine on pyrolysis 

The Subcoal™ PAF pyrolysis was performed in TGA to investigate the effect of olivine loadings on 

the reaction conversion. In the presence of 15 wt.% olivine, the rate of decomposition increased 

rapidly, as shown in Figure 5-13 (a) and (b). 
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(a) 

 

 

(b) 

 

 

Figure 5-13 Effect of olivine loadings on the pyrolysis; (a) conversion degree, and (b) DTG 

curves 

The presence of olivine makes the mass of the sample drop linearly until it reaches the final stage. In 

terms of conversion, olivine concentration shifts the decomposition curves to the lower temperature, 

especially in the second and third stages in the temperature range of about 280 to 550 ºC. In 

comparison with dolomite, olivine exhibits approximately similar performance. 

It can be observed from the DTG curves in Figure 5-13 (b) that there are two main degradation peaks 

in the second and third stages. The second one is more regular and less fluctuated than the first one. 

Again, the irregularity is owed to complex reactions promoted by Subcoal™ PAF with olivine.  

DTG parameters are listed in Table 5-13. Tm reduced from 487.4 to 477.6 ºC when the olivine 

loadings raised from 0 to 15 wt.% respectively. For these temperatures, the DTG decreased from -

0

0.2

0.4

0.6

0.8

1

1.2

0 400 800 1200 1600 2000 2400 2800

C
o

n
v

er
si

o
n

 X

Time (s)

Olivine 0%

Olivine 5%

Olivine 10%

Olivine 15%

Olivine 20%

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0 100 200 300 400 500 600 700 800 900

D
T

G
 (

W
t%

/m
in

)

Temperature (ᵒC)

Olivine 0%

Olivine 5%

Olivine 10%

Olivine 15%

Olivine 20%



Chapter 5: 

---------------------------------------------------------------------------------------------------------------------------------- 

126 
 

0.0392 to -0.0268 wt%/min. Olivine at 15 wt.% concentration lowers the peak of temperature 

degradation and makes the pyrolysis reaction more favourable.  

5.8.5 Effect of olivine on the CO2 gasification 

CO2 gasification was conducted in the presence of different loadings of olivine. The decomposition 

and DTG reaction are plotted as a function of temperature in Figure 5-14 (a) and (b).  

(a) 

 

 

(b) 

 

 

Figure 5-14 Effect of olivine loadings on the CO2 gasification; (a) conversion degree, and (b) 

DTG curves 

The olivine in CO2 gasification exhibits a similar performance as that in dolomite. The olivine also 

promotes the decomposition of biomass. It can be seen from Figure 5-14 (a) that the reaction time 

decreases as the catalyst loading increases. The complete conversion reaction decreased from 792.7 

ºC to 767.7 ºC as the olivine concentration increased from 0 to 15 wt.%. The conversion curve also 

shows two regimes of decomposition; the first is between 0.2 and 0.45, and then from 0.45 to 0.8. 
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However, the final conversion temperature increased to 772.5 ºC at 20 wt.% due to deactivation 

reaction between Subcaol™ and olivine.  

In terms of the DTG analysis, the curves drift to a lower temperature as the loading of olivine 

increased. However, the overloading of olivine caused deactivation in the reaction and increased the 

Tm peak. The DTG parameters are listed in Table 5-13. The value of Tm reduces from 489.3 to 483.8 

ºC as the catalyst loading increases from 0 to 15 wt.%. Regarding the degradation rate, the peaks 

decreased from -0.0322 to -0.0285 wt.%/min. The difference between the highest and lowest values 

of Tm is 5.5 ºC at catalyst loadings of 15 wt.% olivine and 0 wt.%. The concentration and conditions, 

dolomite catalyses the CO2 gasification reaction slightly better than olivine [102]. 

5.8.6 Effect of olivine on combustion  

Combustion of Subcoal™ PAF was carried out at different concentrations of olivine. For both 5 and 

10 wt.% of olivine, the curves of decomposition were not significantly alternated. However, olivine 

at 15 wt.% increases the mass loss of the sample sharply in a linear relationship as displayed in Figure 

5-15 (a) and (b). 

(a) 
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(b) 

 

 

Figure 5-15 Effect of olivine loadings on the combustion; (a) conversion degree, and (b) DTG 

curves 

Combustion with olivine shows that the decomposition process starts earlier than gasification and 

pyrolysis at a lower temperature. Table 5-13 lists the DTG parameters at various olivine ratios. The 

findings indicate there is an obvious trend regarding the effect of catalyst content. However, it can 

be seen in the second stage Tm and DTG decreased as olivine loadings increases. The irregularity of 

the peak shapes in the third stage is owed to the catalytic oxidation reactions due to the presence of 

oxygen and olivine as demonstrated in the work of Zan et. al.  [241]. Different reactions impose 

different temperatures which affects the stability of the measurements. 

When the olivine loadings increased from 0 to 15 wt.%, Tm reduced from 346.3 to 335.9 ºC. In terms 

of degradation rate, the peaks decreased from -0.0331 to -0.0261 wt%/min. However, Tm values 

increase to 338.1 ºC at 20 wt.% due to overloading of olivine ratio. The difference between the 

highest and lowest Tm value is 10.4 ºC at an olivine content of 15 and 0 wt.%, respectively. The 

addition of olivine improved the combustion degradation performance and speed up the reaction 

lowering Tm. Comparing the current results to that of olivine, it can be determined that 15 wt.% 

dolomite has a better performance on the combustion reaction. 

Table 5-13 DTG and values of Tm of Subcoal™ PAF with different loadings of olivine. 

Olivine 
N2 CO2 Air 

Tm DTGTm Tm DTGTm Tm DTGTm 

Wt.% ºC wt%/min ºC wt%/min ºC wt%/min 

0 487.4 -0.0392 489.3 -0.0322 346.3 -0.0331 

5 482.4 -0.0336 488.4 -0.0315 339.7 -0.0327 

10 480.7 -0.0273 485.5 -0.0292 338.6 -0.0272 

15 477.6 -0.0268 483.8 -0.0285 335.9 -0.0261 

20 479.3 -0.0271 484.3 -0.0288 338.1 -0.0270 
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5.9 Discussion 

5.9.1 TGA thermal analysis 

The thermal behaviour of Subcoal™ PAF is described as a complex reaction. The TGA results of 

pyrolysis, CO2 gasification, and combustion showed a similar general pattern of the process. The 

process of pyrolysis or gasification, or combustion in TGA passes in three sequential steps and four 

decomposition stages. The first step is known as the dehydration stage in which the free water 

(moisture) in a sample vaporises. In addition, the first step (stage I) is for a temperature range between 

ambient temperature and about 150 ºC and no significant change in the sample mass can be noticed. 

The second step (stage II and III) include the devolatilisation process of volatile organic components 

in the sample and decomposition to gaseous products. Most of the mass loss/conversion occurs in 

these stages in the temperature range of 250 to 550 ºC. The volatile products are divided into 

condensables such as oils, and non-condensable CO, CO2, CH4, H2, and N2 [246]. The final step 

(stage IIII) is where the char and ash forms and is degraded into volatile gases in the temperature 

range of 600 to 750 ºC with small variation in the mass loss [237].  

The temperature range in the final stage is known as a critical temperature due to an insignificant 

change of mass with a continuous increase in temperature [247]. The heating rate plays a vital role 

in the thermal degradation of Subcoal™ PAF. The results indicate that the increase in heating rate 

leads to an increase in the reaction rate of decomposition and reduces the time required to start the 

degradation stage. Also, the lower the heating rate the greater the time needed to initiate the 

degradation. The combustion process began earlier than the pyrolysis process. This fact occurs 

because the pyrolysis was performed in the absence of oxygen. Instead in combustion, a high amount 

of oxygen can help and accelerate the heating process. However, the CO2 gasification received high 

variation with the heating rate change. This can be explained by the high variation of temperature in 

the sample which leads to slower decomposition reaction [233].  

At lower heating rates, the residence time in TGA will be longer. Thus, fewer molecules convert to 

products and slow decomposition reaction occurred [248]. Moreover, when the lower heating rate is 

applied, more time is needed to achieve the equilibrium, therefore, it was shifted to a higher 

temperature region due to slow heat diffusion [249]. 

In all experiments, mass loss curves at 15 and 20 ºC/min are close to each other and are overlapping 

at some points. This may explain the complexity of the Subcoal™ PAF decomposition process, 

especially in the presence of CO2. 

Olivine and dolomite catalysts have a good impact on the conversion rate when compared with the 

heating rate impact. The presence of a catalyst reduces the induction time of the thermal 

decomposition. It also shifts the conversion curve to a lower temperature as catalyst concentration 

increases which indicates shorter decomposition reaction time. The increase of catalyst loading to 20 
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wt.% reduced the thermal degradation efficiency and conversion rate due to deactivation reaction. 

TGA plots of conversion in the presence of a catalyst are divided into two main regimes; generally, 

from 0.2 to 0.45, and then from 0.45 to 0.8 which can be explained by the successive reactions of 

decomposition. Dolomite exhibits a better thermal degradation performance than olivine at 15 wt.% 

concentration in pyrolysis, CO2 gasification, and combustion.  

5.9.2 DTG analysis  

In the DTG analysis, the degradation rate in wt%/min is plotted against the temperature. Four peaks 

appear in the graph showing the amount of degradation that occurred at a specific temperature. The 

value of DTG and Tm determine the performance of the pyrolysis, CO2 gasification, and combustion 

process in TGA. The results show that two small Tm peaks correspond to degradation in the first and 

fourth stages, respectively, as well as two large peaks in the second and third stages [235]. For the 

effect of heating rate, Tm increase as the heating rate increases from 5 to 20 ºC/min. However, the 

DTG increases with a heating rate increase as well [234]. Tm peaks overlap and the irregularity of 

peak shape indicates the occurrence of simultaneous reactions, especially in the CO2 gasification 

reactions [250]. The thermal stability is achieved with pyrolysis more than that with CO2 gasification 

due to the absence of oxidation reactions [251]. In DTG combustion curves, the temperature peaks 

are more regular and the degradation occurred in lower Tm values compared with pyrolysis and CO2 

gasification. This is due to the presence of O2 in the air that may promote decomposition reactions.  

In the presence of catalysts at a constant heating rate of 20 ºC/min, the pyrolysis, CO2 gasification 

and combustion process reactions were evaluated according to Tm value. The higher the concentration 

of catalysts, the lower the Tm peak obtained [232]. However, overloading of catalysts ratio to 20 wt.% 

increased the Tm peak and reduced conversion efficiency. In the combustion of Subcoal™ PAF with 

different dolomite concentrations, there were measurable changes in peaks which indicates that high 

catalysts affect the degradation reaction compared with CO2 gasification and pyrolysis. The 

abnormality of DTG peaks appearing under CO2 atmosphere is due to the presence of O2 and reaction 

mechanism with catalyst [241]. The DTG analysis for the combustion, CO2 gasification, and 

pyrolysis showed that insignificant change in the peak temperatures, and with dolomite loadings 

increase, the Tm shifts to lower temperature. 

Replacing the dolomite with olivine to catalyse the pyrolysis, CO2 gasification and combustion of 

Subcoal™ PAF also result in a good impact on the DTG curves. The temperature peaks look 

smoother and have less fluctuation. Tm for olivine is slightly higher than that for dolomite which may 

confirm that the dolomite has a better degradation performance at constant catalyst concentration 

than olivine. The DTG analysis with olivine is quite organised and sharpened compared to the 

dolomite case [252]. The performance of combustion with olivine was more affected compared with 

pyrolysis and CO2 gasification. Also, the DTG rate is reduced as the olivine ratio increases.  
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Comparing Subcoal™ PAF results from TGA to the literature, Gerassimidou et al. [253] found that 

the pyrolysis of SRF Tm=500 ºC and for paper waste Tm=575 ºC, at 20 ºC/min. Also, the pyrolysis 

results for paperboard Tm=732 ºC while the oxidation of SRF results shows Tm=600 ºC. This result 

proves that thermal degradation of Subcoal™ PAF pyrolysis and oxidation is lower than SRF, paper 

waste, and paperboard [253]. Subcoal™ PAF is decomposed in a wider temperature range at lower 

levels compared to fossil fuels due to its low fixed-carbon and high volatile matter. Thus, combining 

Subcoal™ PAF with other biomass, or fuels such as coal, can mitigate emissions and provide some 

economic solutions to energy sectors. 

5.10 Summary 

In this chapter, Characterisation of Subcoal™ and TGA results have been reported in this chapter. 

The proximate test results showed that the Subcoal™ primarily comprises of volatile matter with 

77.6 ± 1.4 wt.% and moisture with 3.1 ± 0.4 wt.%, respectively, which are in a suitable range for 

gasification technology. In addition, the ultimate analysis reported that the fuel is composed of 45.7 

± 2.7 wt.% carbon which indicates that the product gas will contain a high proportion of CO, CO2 

and CH4. The bulk density of Subcoal™ and silica sand identified as 0.43 and 1.54 g/cm3, 

respectively.  

The particle size distribution findings for silica sand showed that the Sauter mean diameter D [3,2] 

and volume mean diameter D [4,3] are 630 μm and 658 μm, respectively. The accumulative size 

analysis of sand particles indicates that 90% of the particles have a mean size of 850 μm, 50% of the 

particles fit with 643 μm, and 10% of the particles were found to have a size of 485 μm. The specific 

surface area and span for silica sand bed are 3.67 m2/kg and 0.57, respectively. The mean size of the 

particles determines the efficiency of mass and heat transfer as well as the flow pattern. The smaller 

the bed particle size the higher the pressure drop across the bed. 

For Subcoal™ powder<3 mm, the Sauter mean diameter D [3,2] and volume mean diameter D [4,3] 

is approximately 917 μm and 890 μm, respectively. The accumulative size analysis indicates that 

90% of the particles have a mean diameter of 2030 μm, 50% of the particles fit with 731 μm, and 

10% of the particles were found to have a size of 49.7 μm. The specific surface area and span for the 

powder particles are 65.45 m2/kg and 2.71, respectively. The gasifier bed and biomass particle 

characterisation are essential to identify the effect of particle size on the gasification process. The 

biomass particle size is desirable that ensure good gasification performance and particles bed stability 

against gases flow. 

The sulphur and carbon contents in Subcoal™ have been measured using a LECO analyser based on 

three experimental trials. The concentration of sulphur found with an average content of 0.2 wt.% 

which is relatively lower than that in other types of MSW reported in the literature. While carbon 

content has been found as 27 wt.% which shows a lower value than carbon obtained from ultimate 
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analysis due to complexity of paper and plastics mixture in Subcoal™. A trace element analysis of 

the residual ash has been performed using XRF analyser. The analysis results show that Fe, Ti, Al, 

Ca, S, and Cl have recorded the highest content among the mineral and soil elements. The elements 

are forming the mineral compounds that contribute to catalysis process of the gasification. 

The XRD analysis of Subcoal™ powder<3 mm, residual ash and silica sand particles were 

conducted. The results showed that the crystallinity content in Subcoal™ powder, residual ash and 

silica are 42.02%, 37.67%, and 46.1%, respectively. In comparison with the Subcoal™ sample, the 

reduction in the crystallinity of ash is attributed to the decomposition of crystalline cellulose fibers. 

The crystalline minerals and metal oxides in the ash may behave as a catalyst of thermal 

decomposition reactions. 

TGA non-isothermal analysis of pyrolysis, CO2 gasification, and combustion of Subcoal™ PAF 

without catalyst has been conducted at different heating rates (5, 10, 15, 20 ºC/min). The outcomes 

were presented in terms of the TGA and DTG curves. The increase of heating rate shifts the TGA 

curve to a high temperature region. From the DTG curves, the value of Tm increases as the heating 

rate raised from 5 to 20 ºC/min. Generally, the TGA curves showed three thermal degradation steps 

and four decomposition stages. The first stage is the dehydration zone for moisture removal that is 

up to 150 ºC. The second and third stages are the devolatilisation zone between 200 and 550 ºC. The 

final stage is the lignin decomposition zone between 600 to 750 ºC, which results in only ash and 

char being left of the sample mass. The gasification curves exhibit relatively higher complexity than 

pyrolysis and combustion due to the presence of CO2. However, the reaction of combustion is faster 

at a lower degradation temperature of the devolatilisation stage than that in pyrolysis and CO2 

gasification due to the high ignition point of Subcoal™ PAF. Two common mineral catalysts have 

been used in this study, namely dolomite and olivine. The conversion curve shifted to a lower 

temperature region as the catalysts loadings increased which refer to a shorter reaction time. The Tm 

peak reduced when the catalyst loadings increased from 0 to 15 wt.%. However, the Tm values 

increased at catalyst loading 20 wt.% and caused deactivation to the thermal reaction. At dolomite 

15 wt.%, the best thermal degradation reactions were obtained for all experiments.  
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6 Chapter 6: Kinetics Analysis  

6.1 Introduction 

In this chapter, TGA kinetics results and discussion are presented. The effect of four different heating 

rates (5, 10, 15, 20 °C/min) on the kinetics parameters are identified using model free methods. In 

addition, The CR model fitting method was used to estimate kinetic mechanisms for each reaction 

model at different dolomite or olivine loading (0, 5, 10, 15, 20 wt.%) and constant heating rate (20 

°C/min). In addition, the kinetic parameters were estimated for the devolatilisation stages of 

degradation, where the conversion varies from 0.2 to 0.8, at fixed and multiple heating rates. As all 

methods adopt linear relationships to estimate the 𝐸𝑎 and 𝐴. The 𝑅2 was calculated to assess the 

strength of kinetic parameters between 0.85 and 1. The findings of TGA show that the reactions 

under heating rate 20 °C/min and dolomite (15 wt.%) play a vital role in thermal degradation and 𝐸𝑎 

parameters. Both kinetic methods vary in their accuracy based on the mathematical approach 

adopted. 

6.2 Model free kinetic findings 

6.2.1 OFW parameters 

The 𝐸𝑎 was graphically estimated from the slope of Eq. 4.15 by plotting (ln(β)) versus (1/T) for 

different values of conversion. The OFW kinetics evaluation is displayed in Figure 6-1. The 𝐴 value 

was determined using Eq. 4.17 and Table 6-1 shows the kinetic parameters and 𝑅2 values. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 6-1 OFW plot of pyrolysis (a) CO2 gasification (b) combustion (c) for given values of 

degrees of conversion at heating rates 
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Table 6-1 Comparison between kinetic parameters obtained by OFW method at different heating 

rates. 

 N2 CO2 

𝑋 𝐸𝑎 𝑅2 𝐴 𝐸𝑎 𝑅2 𝐴 

/ (kJ/mol) / (min-1) (kJ/mol) / (min-1) 

0.2 118.9 0.802 2.7E+09 139.2 0.988 1.5E+11 

0.3 142.5 0.995 1.6E+11 216.5 0.977 6.4E+10 

0.4 161.9 0.996 2.7E+13 140.4 0.959 5.1E+10 

0.5 71.9 0.966 6.9E+04 139.6 0.934 4.1E+09 

0.6 165.4 0.970 2.7E+11 241.4 0.968 1.4E+09 

0.7 207.2 0.857 2.4E+14 259.5 0.967 1.1E+09 

0.8 264.2 0.931 2.4E+18 264.6 0.981 9.5E+08 

Average 161.7 0.931 3.4E+17 200.2 0.968 4.0E+10 

𝐸𝑎 161.7 ± 24.7  200.2 ± 33.6  

 Air    

𝑋 𝐸𝑎 𝑅2 𝐴    

/ (kJ/mol) / (min-1)    

0.2 84.6 0.993 2.7E+06    

0.3 86.8 0.993 2.2E+06    

0.4 80.0 0.957 2.2E+06    

0.5 52.8 0.981 2.0E+06    

0.6 54.2 0.951 1.0E+06    

0.7 81.1 0.934 4.6E+05    

0.8 97.7 0.991 3.5E+05    

Average 76.7 0.971 1.6E+06    

𝐸𝑎 76.7 ± 15.4     

The 𝐸𝑎 and 𝐴 of the overall pyrolysis reaction are 161.7 ± 24.7 kJ/mol and 3.4E+17 ± 4.0E+19 min-

1. Also, the 𝐸𝑎 and 𝐴 of gasification are 200.2 ± 33.6 kJ/mol and 4.0E+10 ± 7.1E+05 min-1. While 

the 𝐸𝑎  and 𝐴  of combustion reaction are 76.7 ± 15.4 kJ/mol and 1.6E+06 ± 7.1E+05 min-1, 

respectively. The value of 𝐸𝑎 pyrolysis obtained by OFW is slightly greater than that obtained by 

ST, TA, and KAS methods which may be caused by some improper integration approximation [169, 

194]. On the other hand, the value of 𝐸𝑎 for combustion is closer to ST with high accuracy analysis. 

The standard deviation (±) of the three experiments as listed in Appendix C: Model Free Kinetic 

Repeatability in Tables C-1, C-2 and C-3 is coherent with those estimated by KAS, ST, and TA 

methods. The slight differences in average are caused by the improper approximation of temperature 

integration. These findings are confirmed by Guida et al. [237].  



Chapter 6: 

---------------------------------------------------------------------------------------------------------------------------------- 

136 
 

6.2.2 KAS parameters 

The KAS was used to estimate the 𝐸𝑎 according to Eq. 4.22. Table 6-2 shows that the KAS method 

provides more stable parameters than OFW methods, as displayed in Figure 6-2. In addition, the 

result shows the high accuracy of kinetics parameters with 𝑅2 ranging from 0.922 to 0.986. The plot 

of 𝐸𝑎 estimation was executed and straight lines are almost parallel to each other that confirm the 

unsophisticated reaction mechanism and reliable mathematics. The experimental repeatability 

parameters are listed in Tables C-4, C-5 and C-6 in the Appendix C: Model Free Kinetic 

Repeatability. 

(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 6-2 KAS plot of pyrolysis (a) CO2 gasification (b) combustion (c) for given values of 

degrees of conversion at different heating rates 
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Table 6-2 Comparison between kinetic parameters obtained by KAS at different heating rates. 

  N2 CO2 

𝑋 𝐸𝑎 𝑅2 𝐴 𝐸𝑎 𝑅2 𝐴 

/ (kJ/mol) / (min-1) (kJ/mol) / (min-1) 

0.2 103.2 0.771 1.8E+08 122.5 0.986 4.8E+07 

0.3 125.3 0.994 2.0E+10 195.7 0.974 1.1E+13 

0.4 143.9 0.996 9.8E+11 122.9 0.952 5.2E+07 

0.5 57.1 0.951 9.4E+03 121.1 0.922 3.8E+07 

0.6 145.3 0.965 1.3E+12 217.4 0.964 3.9E+14 

0.7 184.7 0.840 4.9E+15 234.8 0.963 6.6E+15 

0.8 238.8 0.924 3.7E+20 239.5 0.979 1.4E+16 

Average 142.6 0.920 5.3E+19 179.6 0.963 3.1E+15 

𝐸𝑎 142.6 ± 23.5  179.0 ± 31.9 
 

 Air    

𝑋 𝐸𝑎 𝑅2 𝐴    

/ (kJ/mol) / (min-1)    

0.2 46.9 0.957 9.9E+02    

0.3 53.6 0.958 4.3E+03    

0.4 59.3 0.977 1.5E+04    

0.5 57.6 0.918 1.1E+04    

0.6 62.5 0.914 3.0E+04    

0.7 107.9 0.856 5.0E+08    

0.8 109.3 0.927 6.8E+08    

Average 71.0 0.925 1.7E+08    

𝐸𝑎 71.0 ± 4.4     

The 𝐸𝑎 and 𝐴 of the overall pyrolysis reaction are 142.6 ± 23.5 kJ/mol and 5.3E+19 ± 8.3E+29 min-

1. Also, the 𝐸𝑎 and 𝐴 of gasification are 179.0 ± 31.9 kJ/mol and 3.1E+15 ± 1.7E+28 min-1. While 

the 𝐸𝑎  and 𝐴  of combustion reaction are 71.0 ± 4.4 kJ/mol and 1.7E+08 ± 7.9E+07 min-1, 

respectively. The 𝐸𝑎 value for pyrolysis lies in the middle between those obtained by the OFW and 

TA methods. Also, the 𝐸𝑎 value for gasification is closer to that obtained by the ST, more than that 

obtained by the OFW methods, but it is larger than combustion. However, the fluctuation in the OFW 

data is more obvious than with the KAS method. By comparing KAS kinetic analysis of gasification 

to combustion, conversion lines in combustion are more parallel. This explains that the reaction 

mechanism in the presence of CO2 is more complex than air. The mathematics variation of KAS 𝐸𝑎 

values is lower than OFW which is attributed to the overall integral analysis of KAS [254]. Also, the 

𝐸𝑎 and 𝐴 in this method almost increase as the conversion increases [169]. In sum, the KAS showed 

high numerical stability in terms of 𝐸𝑎  and 𝐴 when compared with OFW method.  
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6.2.3 ST parameters  

The ST was used to evaluate the 𝐸𝑎 according to Eq. 4.27 and presented in Figure 6-3. The 𝐸𝑎 results 

exhibit high mathematical accuracy and 𝑅2  values as displayed in Table 6-3. The experimental 

repeatability parameters are listed in Tables C-7, C-8 and C-9 in the Appendix C: Model Free Kinetic 

Repeatability. 

(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 6-3 ST plot of pyrolysis (a) CO2 gasification (b) combustion (c) for given values of 

degrees of conversion at different heating rates 
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Table 6-3 Comparison between kinetic parameters obtained by ST method at different heating rates. 

 N2 CO2 

𝑋 𝐸𝑎 𝑅2 𝐴 𝐸𝑎 𝑅2 𝐴 

/ (kJ/mol) / (min-1) (kJ/mol) / (min-1) 

0.2 103.6 0.772 2.0E+08 122.9 0.986 5.2E+07 

0.3 125.7 0.994 2.1E+10 196.2 0.974 1.1E+13 

0.4 144.4 0.996 1.1E+12 123.3 0.952 5.6E+07 

0.5 57.6 0.952 1.0E+04 121.6 0.922 4.1E+07 

0.6 145.8 0.966 1.4E+12 217.9 0.964 4.3E+14 

0.7 185.2 0.841 5.4E+15 234.9 0.963 7.2E+15 

0.8 239.3 0.924 4.1E+20 239.7 0.979 1.6E+16 

Average 143.1 0.921 5.8E+19 179.5 0.963 3.3E+15 

𝐸𝑎 143.1 ± 23.5  179.5 ± 31.9  

 Air    

𝑋 𝐸𝑎 𝑅2 𝐴    

/ (kJ/mol) / (min-1)    

0.2 47.3 0.958 1.1E+03    

0.3 53.9 0.959 4.7E+03    

0.4 59.7 0.977 1.7E+04    

0.5 58.0 0.919 1.1E+04    

0.6 62.9 0.915 3.3E+04    

0.7 108.4 0.827 5.5E+08    

0.8 109.8 0.927 7.5E+08    

Average 71.44 0.926 1.9E+08    

𝐸𝑎 71.4 ± 4.3     

The 𝐸𝑎 and 𝐴 of the overall pyrolysis reaction are 143.1 ± 23.5 kJ/mol and 5.8E+19 ± 8.9E+29 min-

1. Also, the 𝐸𝑎 and 𝐴 of gasification are 179.5 ± 31.9 kJ/mol and 3.3E+15 ± 1.9E+28 min-1. While 

the 𝐸𝑎  and 𝐴  of combustion reaction are 71.4 ± 4.3 kJ/mol and 1.9E+08 ± 8.7E+07 min-1, 

respectively. As shown in Table 6-3, the estimated 𝐸𝑎 is approximately like the one obtained by the 

KAS method. This method is developed to overcome the limitations of KAS and OFW methods such 

as variable heating rate and approximation of temperature integral [255].  However, the plotted lines 

are not completely parallel to each other for combustion, especially those for the conversion of 0.5 

and 0.6 due to the presence of O2. The role of O2 in this reaction is to minimise the energy required 

to initiate the chemical reaction. Excellent agreement is obtained between the kinetic parameters 

estimated by ST and KAS methods due to the consistency of analysis and mathematic techniques. 

This agreement is coherent with the literature [256]. 
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6.2.4 TA parameters  

The TA method is a highly precise formula for estimating the kinetic parameters which was recently 

developed by Tang [183]. The kinetic parameters were evaluated according to Eq. 4.24. and 

illustrated in Figure 6-4. The 𝐸𝑎 and 𝑅2 values are reported in Table 6-4.  

(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 6-4 TA plot of pyrolysis (a) CO2 gasification (b) combustion (c) for given values of 

degrees of conversion at different heating rates 
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Table 6-4 Comparison between kinetic parameters obtained by TA method at different heating rates. 

 N2 CO2 

𝑋 𝐸𝑎 𝑅2 𝐴 𝐸𝑎 𝑅2 𝐴 

/ (kJ/mol) / (min-1) (kJ/mol) / (min-1) 

0.2 102.7 0.871 102.7 123.0 0.986 5.3E+07 

0.3 116.5 0.881 116.5 196.3 0.974 1.2E+13 

0.4 126.6 0.909 126.6 123.5 0.952 5.7E+07 

0.5 121.9 0.948 121.9 121.8 0.922 4.3E+07 

0.6 135.5 0.849 135.5 218.1 0.964 4.4E+14 

0.7 212.6 0.691 212.6 235.1 0.963 7.4E+15 

0.8 230.4 0.855 230.4 239.8 0.979 1.6E+16 

Average 149.5 0.858 149.5 179.7 0.963 3.4E+15 

𝐸𝑎 149.5 ± 20.6  179.7 ± 47.7  

 Air    

𝑋 𝐸𝑎 𝑅2 𝐴    

/ (kJ/mol) / (min-1)    

0.2 47.4 0.958 1.1E+03    

0.3 54.1 0.959 4.8E+03    

0.4 59.9 0.977 1.7E+04    

0.5 58.2 0.919 1.2E+04    

0.6 63.1 0.916 3.4E+04    

0.7 108.5 0.827 5.7E+08    

0.8 109.9 0.927 7.7E+08    

Average 71.6 0.926 1.9E+08    

𝐸𝑎 71.6 ± 4.34     

The 𝐸𝑎 and 𝐴 of the overall pyrolysis reaction are 149.5 ± 20.6 kJ/mol and 149.5E+29 ± 9.2E+29 

min-1. Also, the 𝐸𝑎 and 𝐴 of gasification are 179.7 ± 47.7 kJ/mol and 3.4E+15 ± 3.6E+27 min-1. 

While the 𝐸𝑎 and 𝐴 of combustion reaction are 71.6 ± 4.3 kJ/mol and 1.9E+08 ± 9.0E+07 min-1, 

respectively. This value of 𝐸𝑎  is almost similar to the one obtained by KAS and ST methods. 

However, it is inconsistent with 𝐸𝑎  estimated by the OFW method, especially at the higher 

conversion degrees [257]. The linear plots of each conversion degree within the second and third 

stages are approximately in parallel. However, the values of the 𝐸𝑎 vary with conversion indicating 

the occurrence of a complex multistep mechanism as listed in Tables C-10, C-11 and C-12 in the 

Appendix C: Model Free Kinetic Repeatability [169]. The mathematics accuracy is owed to the 

validity of this method for parallel reactions and approximation of temperature integral.  

6.2.5 Comparison of 𝑬𝒂 obtained from model-free methods. 

The 𝐸𝑎   from each model-free method was plotted against the conversion degree from the average of 

three experimental repeats as listed in the appendix C of each method with higher linearity coefficient 
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𝑅2, as shown in Figure 6-5. The connection points on the curves represent the value of 𝐸𝑎 at each 

conversion between 0.2 to 0.8.  

(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 6-5 The variation of 𝑬𝒂 of pyrolysis (a), CO2 gasification (b), combustion (c) as a 

function of degrees of conversion estimated by KAS, ST, TA and OFW methods 
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The curves of all methods are identical in the trend but different in the values. All methods indicate 

that the reaction mechanism is a complex multi-step reaction. The difficulties in comparing between 

model free kinetic data arises from the different mathematics methods and the heterogeneous nature 

of the Subcoal™. The 𝐸𝑎 plots for pyrolysis, CO2 gasification, combustion shows that the OFW 

method produced a slightly higher value of 𝐸𝑎 at fixed conversion as compared with ST, KAS, and 

TA. The complexity in the gasification reaction mechanism is more obvious than that in pyrolysis. 

The KAS, ST, and TA methods exhibit excellent agreement due to the similar kinetic mathematics 

estimation.  

Comparing 𝐸𝑎  of Subcoal™ PAF results with the literature, Singh, et al. [258] found the pyrolysis 

of MSW of 𝐸𝑎  294.8 kJ/mol [258]. While 313.77 kJ/mol for polyethylene was reported by Gou et al. 

[259]. Chen et al. [260] found the 𝐸𝑎  of MSW in CO2 gasification for polyester fabrics is 211 kJ/mol, 

and polyethylene (PE) is 221 kJ/mol [260]. Also, Azam [261] identified the 𝐸𝑎  of MSW combustion 

as 116.1 kJ/mol [261]. However, the 𝐸𝑎  of RDF and SRF combustion are 203 kJ/mol and 86.8 

kJ/mol, respectively [262]. In addition, the 𝐸𝑎  of RDF and SRF pyrolysis are 252.5 kJ/mol and 238.3 

kJ/mol, respectively [263]. These results prove that the 𝐸𝑎  of Subcoal™ PAF is lower than other 

biomass from the literature.  

6.3 Model fitting kinetics evaluation with catalysts 

6.3.1 Effect of dolomite 

The CR method was selected to determine the kinetic parameters of pyrolysis, CO2 gasification and 

combustion in the presence of dolomite at different concentrations (0, 5, 10, 15, 20 wt.%). As the CR 

is a model-fitting method, different mechanism models (G(x)) were attempted to estimate the 

appropriate kinetic parameters using Eq. 4.29 and Eq. 4.30, respectively. In addition, the 

mathematical formula of all models is provided in Section 4.4.2.1, Table 4-1. Figure 6-7 shows the 

most fitting models (G15) conversion as a function of temperature. The pyrolysis plotted lines are 

not linear at some conversion rates referring to the complexity of the reaction mechanism in the 

present of dolomite, as shown in Figure 6-6. Table D-1 in Appendix D: CR Method Kinetic 

Parameters lists the kinetic parameters of pyrolysis with R2 values for each mechanism model tested, 

and Figure 6-8 displays a comparison of 𝐸𝑎. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 
Figure 6-6 The CR method plots for pyrolysis at different dolomite loadings; (a) 0 wt.%, (b) 5 wt.%, 

(c) 10 wt.%, (d) 15 wt.% and (e) 20 wt.% 
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Figure 6-7 plot of the conversion function for the best CR fitting model (G15) Vs reciprocal of 

temperature for Subcoal™ PAF pyrolysis with 15 wt.% dolomite 

 

Figure 6-8  𝑬𝒂 from the most fitting reaction models of pyrolysis at different dolomite 

loadings 

It can be seen that the 𝐸𝑎  of each model decreases as the concentration of catalyst increases from 0 

to 15 wt.%. Also, the best fitting model with 15 wt.% dolomite is G15 (Chemical reaction (n=2)) 

with 𝐸𝑎 = 26.3 kJ/mol, 𝐴 = 31.2 min-1, and 𝑅2 = 0.976. However, the 𝐸𝑎 increases at 20 wt.% of 

dolomite due to carbon deposition on the surface of the catalyst as described in detail in Section 

2.10.2. The presence of dolomite promotes the pyrolysis intermediate reactions and it reduces the 

energy barrier of reaction, hence reducing the 𝐸𝑎  based on Maxwell-Boltzmann theory. The 

reduction in 𝐸𝑎 leads to an increase in the overall rate of reaction [264].  

The effect of dolomite loading on the CO2 gasification kinetic parameters were evaluated as listed in 

Table D-2 in0Appendix D: CR Method Kinetic Parameters. The table also includes the goodness of 

fit coefficient to the regression model (R2) value based on 𝐸𝑎  value to demonstrate the 

appropriateness of the model fitting. Figure 6-9 and Figure 6-11 show the approximated curves of 

the CR method for different reaction models (G(x)) and a comparison of 𝐸𝑎.  
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

(e) 

 
Figure 6-9 The CR method plots for CO2 gasification at different dolomite loadings; (a) 0 wt.%, (b) 5 

wt.%, (c) 10 wt.%, (d) 15 wt.% and (e) 20 wt.% 
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Figure 6-10 plot of the conversion function for the best CR fitting model (G14) Vs reciprocal of 

temperature for Subcoal™ PAF CO2 gasification with 15 wt.% dolomite 

 

Figure 6-11. 𝑬𝒂 from the most fitting reaction models of CO2 gasification at different dolomite 

loadings 

The linear relationship between ln(G(X)/T2) and 1/T implies a single mechanism reaction. Figure 
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values of 𝐸𝑎  due to the complexity of the Subcoal™ PAF gasification reactions, and the 
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models, as reported by by Aboulkas and El Harfi [265]. 
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The effect of dolomite loadings on the combustion kinetic parameters were investigated, as plotted 

in Figure 6-12. Figure 6-14 displays a comparison of 𝐸𝑎. Figure 6-13 shows the best fitting models 

(G14) conversion as a function of temperature. Table D-3 in the Appendix D: CR Method Kinetic 

Parameters lists the kinetic parameters for different mechanism models of combustion. 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

(e) 

 
Figure 6-12 The CR method plots for combustion at different dolomite loadings; (a) 0 wt.%, (b) 5 

wt.%, (c) 10 wt.%, (d) 15 wt.% and (e) 20 wt.% 
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Figure 6-13 plot of the conversion function for the best CR fitting model (G14) Vs reciprocal of 

temperature for Subcoal™ PAF combustion with 15 wt.% dolomite 

 

Figure 6-14  𝑬𝒂 from the most fitting reaction models of combustion at different dolomite loadings 

As a result of non-linear relationships, some mechanism models are negligible due to low R2 value, 

such as G11 (Mampel power law (n=1/2)), G12 (Mampel power law (n=1/3)), and G13 (Mampel 

power law (n=1/4)). The best fitting model of 𝐸𝑎 and A values are found in G14 (Chemical reaction 

(n=3)) with 15 wt.% of dolomite 36.6 kJ/mol, 80 min-1 and 𝑅2 = 0.999. The 𝐸𝑎 obtained by CR at 

G2 (Two-dimensional diffusion (Valensi)) and G15 (Chemical reaction (n=2)) without catalyst are 

the closest value to 𝐸𝑎 obtained by model-free methods.  

6.3.2 Effect of olivine 

The influence of olivine on the 𝐸𝑎 for pyrolysis was examined, as illustrated in Figure 6-15 and 

Figure 6-17. Figure 6-16 shows the best fitting models (G14) conversion as a function of temperature. 

Table D-4 in the Appendix D: CR Method Kinetic Parameters lists the kinetic parameters for 

different reaction models. 
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(a) 

 

(b) 

 
(c) 

 

(d) 
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Figure 6-15 The CR method plots for pyrolysis at different olivine loadings; (a) 0 wt.%, (b) 5 

wt.%, (c) 10 wt.%, (d) 15 wt.% and (e) 20 wt.% 
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Figure 6-16 plot of the conversion function for the best CR fitting model (G14) Vs reciprocal of 

temperature for Subcoal™ PAF pyrolysis with 15 wt.% olivine 

 

Figure 6-17 𝑬𝒂 from the most fitting reaction models of pyrolysis at different olivine 

loadings 

The model which yields high linearity plots in the presents of 15 wt.% of olivine is G14 (Chemical 

reaction (n=3)). The presence of olivine has low attrition resistance when compared with dolomite, 

promotes several secondary reactions making the mechanism more complex [266]. Considering the 
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growth (n=2/3)), G14 (Chemical reaction (n=3)), G15 (Chemical reaction (n=2)), the 𝐸𝑎 decreases 

with olivine loadings increase from 0 to 15 wt.% and slightly increased at 20 wt.%, as listed in Table 

D-4 in the Appendix D: CR Method Kinetic Parameters. The best fitting model with 15 wt.% olivine 

is G14 with 𝐸𝑎 = 40.6 kJ/mol, 𝐴 = 80.4 min-1, and 𝑅2 = 0.946. 

Figure 6-18 displays reaction kinetic graphs of gasification at different loadings of olivine loading. 

Figure 6-19 shows the best fitting models (G15) conversion as a function of temperature.  Figure 

6-20 below shows 𝐸𝑎 comparison and Table D-5 in the Appendix D lists the kinetic parameters for 

different reaction models.  
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Figure 6-18 The CR method plots for CO2 gasification at different olivine loadings; (a) 0 

wt.%, (b) 5 wt.%, (c) 10 wt.%, (d) 15 wt.% and (e) 20 wt.% 
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Figure 6-19 plot of the conversion function for the best CR fitting model (G15) Vs reciprocal of 

temperature for Subcoal™ PAF CO2 gasification with 15 wt.% olivine 

 

Figure 6-20 𝑬𝒂 from the most fitting reaction models of CO2 gasification at different olivine 

loadings 

The graph trends and layout of the gasification with olivine is closer to pyrolysis than combustion. 

Model G15 (Chemical reaction (n=2)) at 15 wt.% olivine exhibits excellent linearity with the highest 

R2 value of 0.992, which makes it a good candidate for estimation 𝐸𝑎= 55.6 kJ/mol and 𝐴 = 1.4E+04 

min-1. However, model G6 (Nucleation and growth (n=2/3)) yields in the absence of dolomite are the 

closest kinetic parameters to those estimated by the model-free methods.  

Figure 6-21 shows a kinetic plot of the combustion reaction of the effect of olivine loading on the 

kinetic parameters. In addition, Figure 6-22 shows the best fitting models (G2) conversion as a 

function of temperature. Table D-6 in the Appendix D: CR Method Kinetic Parameters lists the 

kinetic parameters and Figure 6-23 illustrates a comparison between 𝐸𝑎 for different reaction models. 
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Figure 6-21 The CR method plots for combustion at different olivine loadings; (a) 0 wt.%, (b) 5 

wt.%, (c) 10 wt.%, (d) 15 wt.% and (e) 20 wt.% 
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Figure 6-22 plot of the conversion function for the best CR fitting model (G2) Vs reciprocal of 

temperature for Subcoal™ PAF combustion with 15 wt.% olivine 

 

Figure 6-23  𝑬𝒂 from the most fitting reaction models of combustion at different olivine 

loadings 

Different reaction models were fitted and obtained a linear relationship. Some models did not yield 

linear relationships and were therefore ignored. The best fitting reaction model with the lowest 

calculated 𝐸𝑎 and 𝐴 values was found in G2 (Two-dimensional diffusion) for combustion with 15 

wt.% of olivine ratio as 41.5 kJ/mol, 32.2 min-1 and 𝑅2 = 0.961. 

6.4 Kinetics discussion 

The kinetics parameters theoretically have a significant impact on the decomposition process 

investigations. It can be employed to the reaction mechanisms of the chemical decomposition, which 
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operating conditions. Moreover, the relationship between time and temperature, storage conditions, 

and the shelf life for products can be predicted using the kinetics parameters [233]. Therefore, the 

validity of different kinetic evaluation methods was compared to estimate the 𝐸𝑎 and 𝐴 for pyrolysis, 

CO2 gasification, and combustion of Subcoal™ PAF based on TGA data. The TGA data were 

obtained for four different heating rates (5, 10, 15, 20 ºC/min) to avert the compensation impact in 

the estimation of kinetic parameters without catalyst [267]. The kinetic evaluation is very important 

for identifying the operating conditions of pyrolysis, gasification, and combustion processes for 

particular feedstock. The 𝐸𝑎 was estimated based on overall devolatilisation reaction in which the 

removal of H2, bounded surface water, as well as the structural degradation of Subcoal™ was 

executed [233]. 

The kinetic parameters obtained by KAS, ST and TA show more accurate 𝐸𝑎 results with high 𝑅2 

values when compared to those obtained from OFW method. Also, the KAS plots in pyrolysis are 

more parallel to each other than those in gasification and combustion. This explains that the reaction 

mechanism in the presence of CO2 as a gasifying agent is more complex [83]. The 𝐸𝑎 obtained by 

ST and TA methods were much closer to KAS. There are slight differences in average 𝐸𝑎 of OFW 

which are caused by the improper approximation of temperature integration. These findings are 

confirmed by Guida [237]. In all model free methods, the 𝐸𝑎  value of Subcoal™ PAF combustion is 

less than gasification and pyrolysis. The presence of O2 promotes the oxidation reaction and reduces 

the 𝐸𝑎. A series of oxidative reactions occur by O2 which leads to an increase in the gasification rate 

[268]. 

The CR method was used to assess the influence of olivine and dolomite catalysts on the kinetic 

parameters. This method evaluates 𝐸𝑎  mechanism for each reaction model at a fixed heating rate (20 

ºC/min) and low experimental error (± 2). For pyrolysis and CO2 gasification without catalyst, G14 

(Chemical reaction (n=3)) model could be the best appropriate model for this complex reaction. 

While for combustion, G16 (Chemical reaction (n=1)) model obtained a high 𝑅2 value. On the other 

hand, pyrolysis, CO2 gasification, and combustion with 15 wt.% dolomite shows G15, G14, and G14 

are the best fitting reaction models. While for pyrolysis, CO2 gasification and combustion with 15 

wt.% olivine was G14, G15 and G2. The results obtained by CR method showed lower uncertainty 

when compared with the other model-free methods and good agreement with the experimental data 

[138]. However, some models were not considered due to low 𝑅2 value [269]. The range of 𝐸𝑎 

achieved in CO2 gasification is wider than pyrolysis which indicates that the thermal stability of 

pyrolysis is higher. Therefore, the 𝐸𝑎 required by pyrolysis is found to be lower than that in CO2 

gasification [260]. The results showed that dolomite has a better performance in comparison with 

olivine in catalysing pyrolysis, CO2 gasification, and combustion reactions. In the presence of 

dolomite or olivine, the 𝐸𝑎 was significantly reduced with the increase of catalyst loadings 0, 5, 10 

and 15 wt.% [264].  While the 𝐸𝑎 for all experiments increased at 20 wt.% of olivine or dolomite. 

The main reason for catalyst ineffectiveness at 20 wt.% is an increase in carbon deposition on the 
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surface of the catalyst due to the rise in the percentage of hydrogen removal, which causes pore 

blockage, reduces surface area, and thus inhibits the work of the catalyst [117].  

The results of CR exhibited that the reaction is a chemical reaction controlled in the first stage of 

degradation (reaction extent less than 0.2). In the second stage of degradation, when the reaction 

extent is between 0.2 and 0.8, the reaction is controlled by three-dimensional diffusion and chemical 

reaction. Finally, at a reaction extent greater than 0.8, the reaction is solely controlled by the three-

dimensional diffusion mechanism [270].  

The kinetic analysis of all tested methods shows a significant variation of 𝐸𝑎  as a function of 

conversion. This illustrates that the reaction mechanism of Subcoal™ PAF is complex and it occurs 

in a multistage thermal decomposition. The higher the complexity of the dehydration mechanism, 

the greater the variation of 𝐸𝑎 [271]. The findings of the isoconversional methods state that the 𝐸𝑎 is 

dependent on conversion and measures the overall reaction. While model-fitting methods identified 

that the 𝐸𝑎 is based on each reaction model. Heating rate is an essential parameter in the estimation 

of the 𝐸𝑎 and 𝐴 using the non-isothermal TGA data. An inaccurate determination of the heating rate 

may lead to imprecise estimation of the kinetic constants. Therefore, 20 ºC/min was the optimum 

heating rate for Subcoal™ PAF and was used to evaluate the influence of the catalyst experiments. 

Miscalculation of the heating rate is one of the significant sources of error in the kinetic evaluation 

as described in Section 4.2. The assumption of the actual heating rate, or more explicitly, the 

programmed heating rates, is the main reason for the heating rate miscalculation. Other factors that 

may contribute to inaccurate determination of heating rate are self-heating/cooling, and purge gas 

cooling. The potential experimental errors can be reduced by conducting experimental repeatability 

[272].  

6.5 Summary 

In this chapter, the reaction kinetics were evaluated using model free and model-fitting methods. 

Both approaches showed kinetics analysis results with some variation of 𝐸𝑎 due to mathematical 

evaluation method and sample reaction complexity. However, the CR method is preferred over other 

methods because it does not necessitate experimental repetitions and investigates the reaction 

mechanisms with lower error (± 2) than model free methods. The influence of olivine and dolomite 

loading (0 to 20 wt.%) on the behaviour of thermal conversion of the sample was determined at a 

constant heating rate (20 ºC/min). 

The increase in the heating rate has an impact on the reaction kinetics which leads to an increased 

degradation rate. The influence of different loadings of dolomite and olivine ratio on Subcoal™ PAF 

showed a reduction in the 𝐸𝑎 from 0 to 15 wt.%. While the 𝐸𝑎 increased for both catalysts at 20 wt.% 

due to an increase in carbon deposition on the surface of the catalyst. In comparison with olivine, 

dolomite at loading 15 wt.% produces a lower 𝐸𝑎 value and makes the degradation reaction more 
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favourable. In addition, Subcoal™ with 15 wt.% dolomite shows better kinetic performance than 

olivine. These findings have been supported by some studies from the literature. It is expected that 

at catalyst loadings above 15 wt.%, no significant change in the 𝐸𝑎 may occur due to supersaturation 

conditions of the catalyst. In the comparison of the results of the model-free methods, KAS, TA, ST 

have produced a more accurate kinetics analysis than OFW method. Also, the lowest 𝐸𝑎 obtained 

was for combustion which is due to the role of O2 and sample properties. The CR method showed 

that G15 is the best appropriate model for describing the reaction of pyrolysis in the presence of 15 

wt.% dolomite. However, G14 provided the best fitting reaction model for CO2 gasification and 

combustion at 15 wt.% dolomite with high R2 values. 
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7 Chapter 7: BFBGR Results and Discussion 

7.1 Introduction 

In this chapter, the gasification of Subcoal™ pellet A and pellet B in the bubbling fluidised bed 

gasifier reactor (BFBGR) was studied. Cold and hot test runs of the fluidised bed were carried out to 

investigate the parameters in the presence and absence of the heating source under isothermal 

conditions. Also, the CO2 gasification process was carried out in the TGA at different loadings of 

sand bed material to investigate the effects of sand on Subcoal™ gasification. The effects of ER, bed 

temperature, particle size and catalysts on the air gasification process using FBGR has been 

discussed. In addition, the findings detail the characteristics of the producer gas and chemical 

reactions. The assessment of product gas quality from the FBGR includes gas composition, high 

heating value (HHV), carbon conversion efficiency (CCE), cold gas efficiency (CGE), char and dry 

gas yield (Y). The effectiveness of olivine and dolomite at various loadings (5, 10, 15, 20 wt.%) was 

identified. The findings obtained from the FBGR have been compared to TGA results concerning the 

operating temperature and catalysts concentration. Finally, material balance calculations on the 

FBGR were carried out.  

7.2 Experimental test run 

7.2.1 Cold run 

In the combustion laboratory of Cardiff School of Engineering, the cold experimental rig was built 

to study cold bubbling fluidised bed hydrodynamic parameters. The cold experiment was performed 

to investigate the hydrodynamic design parameters of fluidised bed reactor using sand at different air 

flow rates. The behaviour of the bed fluidisation and pressure across the bed were checked against 

the data reported by previous researcher Al-Farraji [138] who successfully used this setup to evaluate 

FBGR performance. The components of the rig are illustrated in Figure 7-1 below. The current rig 

comprises a regulator for air pressure, air box, diffuser plate, transparent pipe, and three rotameters 

for feeding the required flow rate to the fluidised bed column. 
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Figure 7-1 Cold bubble fluidised rig 

The fluidised bed column has a distributer plate where pressure drop was measured using a digital 

manometer (Digtron PM-20). This was linked to the section of the air-box pipe and it joins the 

manometer positive point. The second point illustrated through the use of the multi-points is situated 

at the transparent column for the fluidised bed on top of the distributor plate and it joins the 

manometer negative point. Standard fittings are also included in the cold rig to ascertain that 

connection occurs between various components using PVC tubes. As illustrated in Figure 7-1, a 

plastic acrylic diffuser plate was included that contains similar specifications to the external diameter 

of the stainless-steel metal plate used in the gasifier rig.  

The bed material was composed of 400 g of silica sand (500-600 μm particle size), with the air flow 

rate varied between 10 l/min and 40 l/min. As the compressed air moved via the distributor holes to 

the packed sand bed, sand particles moved through the free space column, forming an environment 

of fluidised bed. The air flow rate and type of the distributor determine the bed expansion size. The 

sand bubble fluidisation onset was at 1 bar pressure and 40 l/min. In the diffuser plate, smooth 

fluidisation was confirmed after adding 43 g pellet of Subcoal™ (14-27 mm). The recording of the 

pressure drop was very small across the plate in the interval of 40 l/min and neglected. The cold 

experiment is an exact representation of an actual case of experiments on hot rig gasification taking 

into account variation in gas flow velocity due to temperature change.  

7.2.2 Hot run  

The hot isothermal test was also carried out to examine the relationship between air flow rate and 

pressure, as well to determine the behaviour of pellet fluidisation under heating condition. By 

conducting hot isothermal test runs in air-sand between 500-600 μm as singled bed material of FBGR 

at 300 ᵒC, the fluidisation behavior of sand in the air flow rate range of 10 l/min to 40 l/min was 

examined. A thermal equilibrium was established between the preheater and rig furnace set to 
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experimental conditions of the temperature under investigation. An increase of air flow was provided 

until the point of detection of bed fluidisation occurred at the bottom of the gasifier. Between 30 

l/min and 40 l/min, the first observation was made for the air bubbles. The lab extraction fan was 

started after attaining a steady-state gasifier condition. The membrane pump was then activated to 

ensure that product gases were directed to the gas analyser. The vibrator feeder then started providing 

an ER = 0.2 to ascertain a consistent flow of delivery 43 g of Subcoal™ pellets (27-14mm) from the 

top of the gasifier. 

At the lower part of the gasifier, there was a stable hydrodynamic fluidisation behaviour of sand and 

pellets at 40 l/min. A thermocouple was used to measure the temperature changes at the top and 

bottom of the gasifier reactor. The thermocouple system is described in detail in Section 4.7.9. The 

gas was discharged to the gas analyser using the membrane pump after cleaning the product gas in 

the tar capturing unit. In real time, recordings were made by the gas analyser to monitor the gas 

reaction (vol%) as a function of time (5 minutes). The gas analyser calibration method is described 

in Section 4.7.12. Once the test was completed, the gasifier was shutdown and time was provided for 

cooling down to room temperature. The time taken for the cooling processes was 5 hours and the 

next test was conducted after replacing the sand. Finally, N2 was purged to the gasifier and gas 

analyser re-calibration was conducted. After each experiment, the producer gas stainless steel pipe 

and pump filter were replaced to ensure no blockages or tar content before the next run. 

7.3 Effect of sand  

The effect of various loading of silica sand on Subcoal™ PAF CO2 gasification was experimentally 

derived using TGA at a constant heating rate (20 ⁰C/min) and flow rate of 100 ml/min. The 

conversion of the decomposition reactions are plotted as a function of temperature in Figure 7-2. 

 

Figure 7-2 Effect of sand loadings on the CO2 gasification conversion curve 

Insignificant variation was observed in the conversion among the different loadings of sand. The 

degradation of Subcoal™ with different loadings of silica sand was observed at four decomposition 
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stages, based on the relationship between conversion and temperature in Figure 7-2. The conversion 

performance at the various weight of sand illustrated the same behaviors compared with the 

gasification reaction without sand. This confirms that there is no chemical interaction between the 

silica sand and Subcoal™ at various loadings. As a result, it was deemed suitable to be used as a bed 

material for gasification experiments in the FBGR. In addition, silica sand was suitable for 

gasification in the presence of catalyst and Subcoal™. 

7.4 Gas composition analysis 

7.4.1 Effect of Equivalence ratio 

The effects of ER on the gas composition, heating value, and yield of the producer gas were evaluated 

in the experiments described herein. The experiments were performed at 750 °C for an ER range of 

0.15 to 0.35 using a constant air flowrate of 40 l/min gasifying agent. Figure 7-3 shows the change 

of gas composition as a function of the ER. The volume fraction of H2 and CO decreased in the outlet 

gas as the ER increased. The produced CO and H2 were oxidised to CO2 and H2O as the ER increased 

[273]. The CO, CH4, and H2 content of the producer gas was observed to drop from 16.2 vol %, 7.2 

vol %, and 9.1 vol % at an ER of 0.15 to 10.4 vol %, 4.5 vol %, and 5.1 vol % at an ER of 0.35, 

respectively. However, the CO2 content slightly increased from 10.4 vol% at an ER of 0.15 to 14.1 

vol % at an ER of 0.35. 

With the ER increase, the char was completely oxidised to CO2 instead of CO and the H2 oxidised to 

steam according to reactions (R2.8 and R2.2). However, the decrease in the ER lead to dilution of 

product gas, hence H2 and CO concentration product according to (R2.6, R2.7, R2.9, and R2.10) 

[274-275]. However, at ER 0.3 the concentration of CO2 slightly decreased and CH4 increased in the 

producer gas. This is due to an enhancing effect of temperature on the boudouard and methanation 

reactions (R2.9 and R2.5), as reported by Upadhyay et al. [276]. The obtained optimum gasification 

parameters, gasification parameters and gas composition at different ER’s are listed in Tables E-1, 

E-2 and E-3 in the Appendix E: FBGR Parameters.  
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Figure 7-3 Effect of ER on product gas composition 

Figure 7-4 (a) displays the effects of ER on the HHV and Figure 7-4 (b) demonstrates the CCE. 

Increased ER reduced the HHV of the producer gas due to increasing the proportion of N2 in the gas 

which incombustible gas. The combustion of carbon (R2.8) and oxidation of CO (R2.2) reactions (as 

described in Section 2.8) are enhanced with oxygen amount increase leading to increasing the yield 

of CO2 that is also incombustible gas. On the other hand, the smaller the ER the higher yield of 

combustible gases such as H2, CH4, and CO [277]. However, ER increase the CCE due to increase 

of oxygen amount and elevated rate of oxidation. The increase in ER means more N2 in the producer 

gas as well as more CO2 and water due oxidation of CO and H2 to CO2 and H2O which was confirmed 

by studies in the literature [278, 279]. CCE is essential to evaluate the processing time and 

gasification performance regardless of the producer gas composition. It also reduces the need for 

recycling the unreacted solid fuel. The composition of producer gas can be manipulated by operating 

conditions and catalyst. 
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(a) 

 

(b) 

 

Figure 7-4 (a) Effect of ER on the HHV and (b) effect of ER on the CCE 

The increase in the ER lead to a reduction in the CGE as shown in Figure 7-5. The reduction in the 

CGE as ER increased can be explained by the reduction in the combustible gases in the product gas 

such as CO and H2 due to reactions R2.2 and R2.4. However, at an ER of 0.15, the CGE increases to 

33.9% due to the conversion of char by CO2 and H2O to syngas by Boudouard (R2.9) and water-gas 

shift reaction (R2.11), respectively. Similarly, the declining char rate as ER decreases is owed to 

R2.7 and R2.9 as described in Section 2.8. As the gasification energy flow is dependent on the syngas 

and methane yield in the product gas, it decreases as ER increased [280-281]. 

 

0

1

2

3

4

5

6

7

0.15 0.2 0.25 0.3 0.35

H
H

V
, 
M

J
/N

m
3

ER

0

10

20

30

40

50

60

0.15 0.2 0.25 0.3 0.35

C
C

E
, 

%

ER



   Chapter 7: 

---------------------------------------------------------------------------------------------------------------------------------- 

165 
 

 

Figure 7-5 Effect of ER on the CGE 

The volumetric yield of the dry gas per unit mass of the fuel increases with ER increase as shown in 

Figure 7-6. This finding is consistent with the combustion and oxidation reaction theory. The increase 

in the oxygen amount in the feed lead to increases in the rate of combustion and oxidation reactions, 

hence the volume of the producer gas raised. These results are in good agreement with the findings 

of wood biomass gasification reported by James, et al. [282]. However, the increase in the yield of 

gas is associated with a reduction in HHV (Figure 7-4 a). Therefore, a balance must be established 

between the gas yield and quality.  

 

Figure 7-6 Effect of ER on the dry gas yield 

7.4.2 Effect of temperature  

Temperature is a crucial parameter for the biomass gasification process that affects the rate of 

reactions based on the heat of reaction. In the present study, the bed temperature was changed from 
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on the syngas composition is presented in Figure 7-7 and Figure 7-8. The concentration of syngas 

increases with temperature due to an increase in the decomposition rate of char. For both feedstocks, 

at a temperature of 750 °C, the highest yield for all producer gases was obtained. 

The yield of CO, CO2, H2, and CH4 increases with bed temperature. The gas composition increased 

16.8 vol% CO, 10.9 vol% CO2, 9.6 vol% H2, and 7.4 vol% CH4 at the temperature of 750 °C for 

pellet A. From the experiment of the pellet B, the gas composition was found similar to pellet A with 

17.1 vol% CO, 10.7 vol% CO2, 9.6 vol% H2, and 7.4 vol% CH4 at a temperature of 750 °C. However, 

comparing pellet B with pellet A gasification reaction, pellet B exhibited a shorter reaction time than 

pellet A due to highes shredding grads. As a result, the gasification temperature of 750 °C was chosen 

as an optimum feedstock and operating temperature for FBGR experiments. 

The raise in temperature is favourable for the formation of H2 and CO. The endothermic reactions in 

Section 2.8 such as boudouard reaction (R2.9) and water-gas reaction (R2.10) are promoted as 

temperature increased [283]. However, it is noted that temperature increase may lead to some 

operational issues such as bed agglomeration and operating costs. Fuchs et al. [284] reported that the 

yield of H2 could reach 70 vol% for a temperature range between 600 and 700 °C in the gasification 

of biomass. 

 

Figure 7-7 Effect of bed temperature on the gas composition for pellet A gasification 
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Figure 7-8 Effect of bed temperature on the gas composition for pellet B gasification 

Figure 7-9 and Figure 7-10 show the change of HHV and CCE as a function of temperature for pellet 

A and pellet B. The value of HHV increased from 1.5 to 6.3 MJ/Nm3 for pellet A and pellet B as 

temperature increased from 350 to 750 °C. Enriching of producer gas with combustible gases such 

as CO and H2, according to R2.9 and R2.7, enhanced the HHV of the product gas [275, 285]. The 

CCE for both fuels increased with temperature due to the gasification rate increase according to 

reactions R2.6, R2.9, R2.10, R2.12, and R2.14 in Section 2.8 [283].  

 

Figure 7-9 Effect of temperature on HHV of pellet A and pellet B 
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Figure 7-10 Effect of temperature on CCE of pellet A and pellet B 

 

Figure 7-11 Effect of temperature on CGE of pellet A and pellet B 

In Figure 7-11, the CGE increases with the temperature of gasification due to the increasing calorific 

value of the product gas [286-287]. The CGE for pellet A and pellet B at 750 °C is about six times 

that at 350 °C. The yield of char exhibits a reduction as temperature increased from 350 to 750 °C 

that is caused by the promoted rate of char endothermic reactions (R2.9, R2.10, R2.14) at high 

temperatures [287]. The heat produced from the process consequently increases with temperature 

and heating value increases. The rise in the production of syngas leads to an increase in the yield of 

product gas to 1.3 m3/kg at 750 °C for both feedstocks, as shown in Figure 7-12.  
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Figure 7-12 Effect of temperature on dry gas yield of pellet A and pellet B 

The gasification data from the temperature effect experiment for pellet A and pellet B are listed in 

Tables E-4, E-5, E-6, E-7 and E-8 in the0Appendix E: FBGR Parameters. From Figure 7-9 to Figure 

7-12, it can be seen that insignificant variation in the results of pellet A and B were obtained. The 

pellet A and B come at almost same size and shape. The only difference is that pellet B is relatively 

a high shredded grade of Subcoal™. This may affect the packing structure in pellet B.  The 

completion time of pellet A and B gasification in FBGR was measured using a stopwatch. The 

longest and shortest pellet A gasification reaction times were about 23 and 10 minutes at 350 and 

750 °C, respectively. However, the longest and shortest pellet B reaction times were about 11.1 and 

7.9 minutes at 350 and 750 °C, respectively. The time of gasification is an influential factor in 

determining the cost of the gasification process. The longer the gasification time the higher the 

operating cost hence pellet B is preferable. 

7.4.3 Effect of catalyst on gasification  

The effect of olivine and dolomite catalysts on the producer gas composition is presented in Figure 
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catalyst type and loading %. The loading of olivine and dolomite was changed from 0 to 20 wt.% in 
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selected for the catalyst study based on economic and operational considerations from the pellet B 

gasification temperature investigations. The present experiments were repeated a minimum of three 

times with a % error of less than ±0.5 vol%. The gasification data from different catalysts loading 

are listed in Tables E-9-E-15 in the Appendix E: FBGR Parameters. 

For both catalysts, the producer gas content of H2 and CO increased with catalyst loading until 

reaching the peak at 15 wt.% catalyst loading. At 20 wt.% catalyst, the content of H2 and CO decrease 
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cracking reactions. With dolomite, the proportion of CO and H2 increased by about 2% compared to 

olivine at the same loading. This makes dolomite a desired choice over olivine. However, the 

catalysing capability could be dependent on the feedstock nature and properties [102].  

 

Figure 7-13 Effect of olivine loadings on the composition of the producer gas 

 

Figure 7-14 Effect of dolomite loadings on the composition of the producer gas 

The completion time of pellet B gasification in the presence of 15 wt.% dolomite was measured using 

a stopwatch. The time of degradation time was reduced from 7.9 to 3.5 minutes when compared with 

gasification without catalyst. At the temperature of 750 °C, the presence of olivine and dolomite 

reduce the reaction time at high temperatures, and this is confirmed by TGA results using 15 wt.% 

catalyst at 20 °C/min which provided the lowest 𝐸𝑎, which decreased the reaction time. Dolomite 

catalyses the gasification process by enhancing the hydrocarbon reformation and acting as an oxygen 

carrier from the combustion to the gasification zone [116]. Dolomite plays a positive role in water 

gas-shift (WGS) and tar cracking reactions due to the presence of iron in its structure [288]. However, 

the calcination of olivine makes a pronounced difference in catalyst performance [112]. From the 
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results of temperature and catalyst, it can be concluded that the gasification optimum temperature 

with the catalyst is 750 °C. Pellet B was chosen for catalyst investigation due to shorter residence 

and reaction time than pellet A. The effectiveness of catalysts was tested between 600 and 750 °C. 

The findings from various temperatures and ER tests show that the optimum gasification 

performance is obtained at 750 °C.  

The influence of catalysts on the gas composition is shown in Figure 7-15 and Figure 7-16. The effect 

of temperature without using a catalyst is displayed in Figure 7-17. The highest yield of product gas 

was achieved at 750 °C with 15 wt.% for both dolomite and olivine [289]. For dolomite and olivine, 

the volume fraction of H2 and CO in the dry gas increased with temperature, explaining the role of 

temperature in reaction rate kinetics and tar cracking according to R2.10, R2.14, and R2.15 in Section 

2.8. However, the CO2 yield with olivine is greater than that for dolomite as a result of the olivine 

reaction mechanism that enhances the rate of char hydrocracking reactions (R2.11 and R2.13) [290].  

The content of CO, H2 in the presence of 15 wt.% olivine increases from 11.1 and 3.8 to 18.6 and 

11.2 vol%, while CO2 and CH4 content decreased from 15.4 and 5.4 to 11.5 and 4.5 vol%, 

respectively, when the temperature is raised from 600 to 750 °C. For dolomite, the producer gas 

composition change was 12.2 to 21.4 vol% for CO, 14.2 to 8.2 vol% for CO2, 4.2 to 14.2 vol% for 

H2, and 5.1 to 2.9 vol% for CH4. Therefore, pellet B gasification with 15 wt.% dolomite was more 

effective in tar cracking than olivine.  

Comparing the dolomite experiment results with the case without catalyst, the CO and H2 increased 

by 4.3 vol% and 4.52 vol% at 750 °C. However, the change in temperature with dolomite and olivine 

makes more significant increases in the syngas in comparison with the same change of temperature 

without a catalyst. This concludes that the activity of dolomite increased as the temperature increased.  
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Figure 7-15 Effect of olivine (15 wt.%) on the gas composition of pellet B at different temperature 

 

Figure 7-16 Effect of dolomite (15 wt.%) on the gas composition of pellet B at different temperatures 

 

Figure 7-17 Effect of temperature on the gas composition of pellet B without catalyst 
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The results also exhibit that olivine has a significant impact on CO2 production rate and a slight 

influence on CH4. Corella et al. [291] pointed out that the dolomite reaction mechanism is capable 

for reducing the content of tar 1.4 times greater than olivine and enhancing the yield of syngas. It 

speeds up hydrocarbon reforming reactions such as R2.10, R2.14 and R2.15, leading to an increase 

in syngas formation. It also acts as an oxygen carrier that transfers O2 from the combustion stage to 

the partial oxidation stage which explains the CO2 yield decrease. This argument is supported by the 

findings in Figure 7-18 which compares the gas composition at 750 °C. However, in some cases such 

as high catalyst loading, the reduced effectiveness of dolomite may be attributed to coke deposited 

on the surface of the catalyst [292]. Dolomite reduces CO2 production by more than 2 vol% in the 

small scale reactor.  

 

Figure 7-18 Gas composition comparison between catalyst and no catalyst at 750 °C 

The HHV of producer gas in the presence and absence of catalyst was evaluated at a temperature 

range of 600 to 750 °C, as illustrated in Figure 7-19. The findings show that there is a slight variation 

in the HHV value between all cases. However, the HHV of the dolomite is higher than olivine and 

the case without catalyst. This might be explained by the high content of H2 and CO in the presence 

of 15 wt.% dolomite with pellet B. Another parameter is that the concentration of CO2 for olivine is 

consistently higher than that for dolomite [290].  

0

2

4

6

8

10

12

14

16

18

20

22

24

No catalyst Olivine Dolomite

G
a

s 
C

o
m

p
o

si
ti

o
n

, 
V

o
l 

%

Temperature, 750 ᵒC

CO CO2 CH4 H2



   Chapter 7: 

---------------------------------------------------------------------------------------------------------------------------------- 

174 
 

 

Figure 7-19 Effect of catalysts on HHV at various gasification temperatures 

Figure 7-20 displays the CGE for pellet B gasification with 15 wt.% olivine and dolomite and no 

catalyst at different temperatures. The results show that the CGE for olivine increased from 20.3 to 

34.8% when temperature increased from 600 to 750 °C as a result of syngas quantity increase. While 

for dolomite the CGE also increased from 20.3 to 36.9%, respectively. However, there is an 

insignificant variation in CCE and CGE in the presence of olivine and dolomite, as reported by Ma 

et al. [293]. The increase in CH4 content may affect the production rate of H2 that then affects the 

CGE value [290].  

 

Figure 7-20 Effect of catalyst on CGE at various gasification temperatures 

Figure 7-21 shows the variation of CCE with temperature and catalysts. Dolomite shows good 

effectiveness in promoting the conversion of carbon to gases over olivine at the same operating 

conditions [294]. The catalytic activity of dolomite is found to be towards tar conversion and water-

gas reactions (R2.14, R2.15, R2.10) in Section 2.8. It has been stated that the performance of olivine 

is dependent on the different oxidation states of the segregated iron at the catalyst particle surface 
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[104]. The metallic iron is the responsible element in olivine that can be extracted from the olivine 

structure by calcination under reducing conditions.  

As the carbon conversion from char increased in the presence of the catalyst, the yield of dry gas 

increases with dolomite more than that with olivine, as shown in Figure 7-22. The presence of CO2 

in high concentrations may result in the catalyst deactivation [295]. The dolomite enhanced the 

partial oxidation reaction in the combustion zone of the gasifier and tar reduction according to R2.29-

R2.31 in Section 2.10.1. The dolomite also may be responsible for enhancing the production of CO2 

through carrying the O2 to the gasifier according to R2.32 and R2.33 in Section 2.10.2. As mentioned 

earlier, temperature improved the yield of product gas by increasing the endothermic reaction rates.  

 

 

Figure 7-21 Effect of catalysts on CCE at various gasification temperatures 

 

Figure 7-22 Effect of catalysts on total dry gas yield at various gasification temperatures 

0

10

20

30

40

50

60

70

600 650 700 750

C
C

E
, 

%

Temperature, °C

No Catalyst Olivine Dolomite

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

600 650 700 750

D
ry

 g
a

s 
y

ie
ld

, 
m

3
/k

g

Temperature, °C

No Catalyst Olivine Dolomite



   Chapter 7: 

---------------------------------------------------------------------------------------------------------------------------------- 

176 
 

7.4.4 Effect of particle size 

The pellet iron is the responsible element in olivine B size was reduced to 10-6.3mm and gasification 

was performed at 750 °C. The influence of particle size on the producer gas composition at constant 

temperature is presented in Figure 7-23. As stated by Wang [296], the small particles of biomass, 

which possess a high surface-to-volume ratio, increase the consumption rate of O2 controlled by 

chemical reactions. The increased surface area of particles enhances the reaction rate between fuel 

particle and gasifying agent. However, the increase of accessible internal surface has a more 

significant effect as it is coupled with self-oxidation reaction. The fuel particle size effects the quality, 

yield, and LHV of the product gas. In large particles, the diffusion of the reacting gas is limited by 

the distance to the particle core and topography of the surface as well as the density of the chemical 

active sites. In this case, the particle size is affecting the apparent 𝐸𝑎 of biomass conversion reactions 

[297].  

 

Figure 7-23 Gas composition comparison for different particle sizes 

The smaller the particles the larger the surface-to-volume area. Therefore, a small surface area 

enhances the contact area with the gasifying agent in gasification reactions. Wang et al. [298] 

reported that as the particle size increased from 0.1 to 5 mm, the content of CO and H2 decreased in 

the producer gas. Also, small particle size obtains high burning rates and ignition front speeds. 

Mohammed et al. [299] carried out a series of experiments to determine the influence of biomass 

particle size on the gasification of empty fruit bunch to produce H2. The results showed that the 

smaller the particle size the greater the content of H2, CO, and the less CO2 in the gas product. As 

the particle size increased to 0.5 to 1 mm, the production rate of H2 and CO decreased. Similar 

findings were obtained by Xiong et al. [209]. However, this comparison is made based on an 

assumption of that the biomass particles are nominally identical.   

Table 7-1 demonstrates that all the gasification parameters at small pellet B size (10-6.3mm) shows 

higher values and better performance than bigger size (27-14). The gas yield at particle size 10-6.3 
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was 1.37 m3/kg which is slightly higher than particle size 27-14mm. According to Table 7-1, small 

pellets have a slightly higher HHV (6.53 MJ/Nm3) than larger pellets. The experiments were repeated 

a minimum three times to check the reproducibility. 

Table 7-1 comparison parameters between different Pellet B sizes gasification. 

 

 

7.5 Material balance  

Biomass gasification in the BFBGR produce two main products: volatile substances from the top, 

and solid char from the bottom, as illustrated in Figure 7-24. The volatile substances include CO, 

CO2, CH4, H2 and N2. While the solid products involve char mixed with sand, unreacted fuel particles, 

tar, ash, and fine particles of carbon. The tar in volatiles stream is also separated by a condenser and 

a tar capture unit. These streams and compounds were used to determine the mass balances in the 

gasifier based on the conversion of the Subcoal™ to gas products. 

 

Figure 7-24 Schematic drawing of the mass balance flow for FBGR in the gasification 

The overall mass balance on the system was determined according to Eq. 7.1.  

Parameters 10-6.3 mm 27-14 mm 

Temperature (°C) 750 750 

HHV (MJ/Nm3) 6.53 6.35 

Gas yield (m3/kg) 1.37 1.33 

Carbon conversion efficiency (%) 56.35 54.93 

Cold gas efficiency (%) 38.83 36.55 

Char (%) 7.00 8.50 
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[�̇�𝑎𝑖𝑟 + �̇�𝑓]
𝑖𝑛

+ 𝐺𝑒𝑛𝑒𝑟𝑔𝑎𝑡𝑖𝑜𝑛 = [�̇�𝑔𝑎𝑠 + �̇�𝑠𝑜𝑙𝑖𝑑𝑠]
𝑜𝑢𝑡

+ 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 +

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛      
(7.1) 

�̇�𝑎𝑖𝑟 = 𝑄𝑎𝑖𝑟 × 𝜌𝑎𝑖𝑟 (7.2) 

Where 𝑄𝑎𝑖𝑟 is the air volumetric flow rate in (m3/min) and 𝜌𝑎𝑖𝑟 is the density of air (1.2 kg/m3) at 

ambient temperature. As the reactor runs at a steady state and there is no material accumulation inside 

the reactor, the term accumulation has been neglected. The terms generation and consumption were 

used based on the component assigned for calculations. The consumption rate of reactant and the 

generation rate is dependent on the conversion degree of the reaction. The mass flow rates of biomass 

entering the reactor was estimated using Eq. 4.37 and the product gas yield was calculated using 

Eq.4.40 in Chapter 4.  

The initial quantity of biomass was determined using a scale in the laboratory, while the char product 

was weighed with a load cell linked to the gasifier. The individual gas product was determined using 

Eq. 7.3. 

𝑦𝑖 = 𝑌 × 𝑋𝑖 (7.3) 

Where 𝑌, 𝑦𝑖, 𝑥𝑖 are the total yield gas product in (Nm3/kg feed of biomass), the individual product 

gas yield in (Nm3/kg feed of biomass) and individual mole fraction. The composition of the gas 

product was determined using a gas analyser in volume per kg of biomass (𝑦𝑖), except for N2 that 

was estimated by difference. The fraction of the mass of each gas (𝑧𝑖) per kg of biomass is based on 

ideal gas volume at standard temperature and pressure calculated as follows [138]: 

𝑧𝑖 =
𝑦𝑖 × 𝑀𝑤𝑖

22.4
 (7.4) 

Where Mwi donates for the molecular weight of each individual gas in the product, yi is the gas yield 

of every gas product in (
Nm3

kg biomass feed
) and ṁgas is the mass flow rate of each gas in g/min: 

�̇�𝑖  =  𝑧𝑖 × �̇�𝑓 (7.5) 

So, the total mass flow rate of the product gas is given in the following expression: 

�̇�𝑔𝑎𝑠 = ∑ �̇�𝑖

𝑖=1

𝑛

 (7.6) 
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The conversion of Subcoal™ to products was evaluated in terms of carbon mass balance. An atomic 

carbon balance was carried out based on carbon in feedstock and products. In feedstock, Subcoal™ 

is the only source of carbon considered in the calculations. However, carbon exists in product gas 

and char for product side calculations. The carbon mass flow rate (�̇�𝑓) in the feedstock intel of gasifier 

was estimated from the total mass rate of fuel (�̇�𝑓) and carbon weight fraction (𝐶𝐶𝑓) in the ultimate 

analysis: 

�̇�𝑓 = 𝐶𝐶𝑓 ×  �̇�𝑓 (7.7) 

Carbon in product gas (�̇�𝑔) was estimated using a combination of Equations 7.4 and 7.5, as stated: 

�̇�𝑔 =
𝑦𝑖 × 12

22.4
× �̇�𝑓 (7.8) 

 

The content of carbon in char (solid product) (�̇�𝑐ℎ𝑎𝑟) was estimated by the following expression: 

�̇�𝑔𝑎𝑠 = ∑ �̇�𝑖 (7.9) 

�̇�𝑐ℎ𝑎𝑟 =
𝐶𝐶𝑐ℎ𝑎𝑟 ×  𝑚𝑐ℎ𝑎𝑟

𝑡
 

(7.10) 

Where, 𝐶𝐶𝑐ℎ𝑎𝑟  is the weight percentage of carbon in the char, 𝑚𝑐ℎ𝑎𝑟  is the total mass of char 

obtained from the process, and 𝑡 is the processing time. The char is assumed to be carbon due to the 

low content of ash in the solid product. This assumption was made to avoid char-sand separation. By 

combining all terms together, carbon balance on the gasification of biomass would be: 

�̇�𝑓 = �̇�𝑐ℎ𝑎𝑟 + �̇�𝑔 (7.11) 

The quantities obtained from the overall mass balance and the carbon balance in the system can be 

used to determine the experimental error [138]: 

% 𝑒𝑟𝑟𝑜𝑟 =
𝑖𝑛𝑝𝑢𝑡 − 𝑜𝑢𝑡𝑝𝑢𝑡

𝑖𝑛𝑝𝑢𝑡
 ×  100% (7.12) 

The results from the mass balance calculations are presented in Table 7-2 and Table 7-3. 
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Table 7-2 Mass balance calculations for pellet B gasification at different ER at 750 °C. 

ER 
Total mass balance (g/min) Carbon mass balance (g/min) 

Inlet Outlet Error % Inlet Outlet Error % 

0.15 92.23 77.78 15.67 19.76 18.35 7.16 

0.2 84.32 73.91 12.34 16.15 14.5 13.53 

0.25 77.32 68.19 11.81 12.91 12.11 6.17 

0.3 70.65 63.75 9.77 9.89 9.5 4.02 

0.35 66.45 60.85 8.43 7.98 7.68 3.74 

 

Table 7-3 Mass balance calculations for pellet B gasification at different temperatures. 

Temperature 

(°C) 

Total mass balance (g/min) Carbon mass balance (g/min) 

Inlet Outlet Error % Inlet Outlet Error % 

350 92.23 64.86 29.68 19.76 14.32 27.51 

450 92.23 68.35 25.89 19.76 15.16 23.26 

550 92.23 72.64 21.24 19.76 16.03 18.88 

650 92.23 76.21 17.37 19.76 17.77 10.07 

750 92.23 77.78 15.67 19.76 18.35 7.16 

This mass balance includes two calculation approaches: molecular species mass balance, and atomic 

species mass balance based on the carbon atom. The total inlet and outlet mass flow rates in g/min, 

as well as the mass balance percentage errors, were determined based on the two approaches. The 

amount of carbon in the feed was estimated according to the ultimate analysis of Subcoal™. While 

the outlet carbon was estimated by producer gas analysis. From Table 7-2, the carbon leaving the 

reactor decreased from 18.35 to 7.68 g/min with ER increase from 0.15 to 0.35. This can be explained 

by the reduction in contents of CO, H2, CH4 and increase CO2 as reported in Figure 7-3. Also, the 

total mass in the outlet increased from 60.6 to 77.8 g/min as a result of air excess with the decreasing 

ER. The results of mass balance calculations for Pulverised Subcoal™ pellet (pellet B) demonstrated 

that the total mass balance output increased with temperature and reduced the percentage error % 

that is owed to the indirect estimation of deposited char. The carbon quantity in the gasifier outlet 

increased with temperature. Moreover, the amount and composition of tar were not measured at the 

outlet which contributes to an error in the total mass and carbon mass balances. As the temperature 

increases, the tar may convert into measurable gases reducing the percentage error in the mass 

balance. Furthermore, a positive margin error percentage implies that the inlet material mass is 

greater than the outlet material mass. As a result, a negative % error margin is possible if the feeder 

unit had more biomass than was initially calculated in the reaction calculations, as this would increase 

the gas outlet.  



   Chapter 7: 

---------------------------------------------------------------------------------------------------------------------------------- 

181 
 

7.6 Summary 

The ER effect on the gas composition showed that the concentration of H2, CO decreases and CO2 

increased as the ER increased from 0.15 to 0.35. In addition, as ER increased the HHV and CGE 

decreased while CCE increased. The influence of bed temperature was evaluated from 350 to 750 °C 

at ER of 0.15 for both pellet A and pellet B. The results showed that the syngas content of producer 

gas increases and char formation decreased with temperature. The optimum gasification temperature 

for both pellet (A/B) was found to be 750 °C with the highest dry gas yield. Also, HHV, CCE and 

CGE raised to a maximum at 750 °C. However, the pellet B showed an excellent gasification 

performance with a shorter reaction time than the pellet A due to high shredding grade.  

The influence of olivine and dolomite at 15 wt.% each in the pellet B gasification has been 

investigated between 600 and 750 °C and at ER of 0.15. The findings showed that both catalysts 

reduce the reaction time required to reach the complete conversion. However, the highest yield of 

product gas has been achieved at 750 °C with dolomite. The time of complete pellet B gasification 

in the presence of dolomite reduces from 7.9 to 3.5 minutes when compare with gasification without 

catalyst at 750 °C. While complete pellet A degradation obtained at 5.5 minutes with 15 wt.% olivine. 

In terms of HHV, CCE and CGE, dolomite showed better performance than olivine in catalytic 

cracking reactions at the same operating conditions.  

The effects of pellet B size reduction on the producer gas composition was examined. The outcomes 

showed that the smaller the particle size the better syngas yield and composition. However, in terms 

of the producer gas quality, the effects of particle size were insignificant in comparison with catalyst 

and temperature. Finally, the mass balance calculations on the process were presented. The increase 

of temperature reduces the percentage error attributed to deposited char inside the equipment.  
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8 Chapter 8: Life Cycle Assessment of Solid Recovered Fuel 

Gasification in the State of Qatar 

8.1 Introduction 

In this chapter a life cycle assessment (LCA) is carried out to assess current MSW handling in Qatar 

and to propose alternatives to reduce its environmental impact. As the current practice for handling 

MSW is landfilling with composting, the scenario is environmentally unsustainable. Therefore, in 

this chapter alternatives are presented that utilise biogas capture, SRF gasification, and the use of 

solar PV with gasification technology to provide electricity from MSW processing steps. This is the 

first reported LCA for Qatar that considers SRF gasification as an alternative to landfills which has 

been published in the ChemEngineering journal [300]. The chapter also includes a theoretical 

background and detail on the LCA methodology.  

8.2 Background 

Qatar’s economy and power generation infrastructure are highly dependent on fossil fuel. It can be 

seen from Figure 8-1 that most of the output flows are accounted for exports of crude oil and natural 

gas. This Sankey diagram can be used to depict the process of any type of flow in which the width 

of each process represents the flow quantity. It is very important to show the process of complex 

information such a topic under consideration. In addition to this, electricity generation via 

thermodynamic cycles requires water-based cooling towers. Since Qatar does not have natural 

freshwater sources, it relies heavily on seawater desalination which is inherently an energy-intensive 

process. The same water, in addition to being used domestically, is used in the agricultural sector 

[301]. Therefore, the use of electricity generated by fossil fuels is at the heart of resource 

consumption.  
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Figure 8-1 Energy balance for Qatar in the form of a Sankey diagram 

Qatar created the Domestic Solid Waste Management Centre (DSWMC) facility to afford the 

treatment and supply of electricity to its grid system. The center turns the domestic waste into clean 

energy. This facility marks the first-ever to be created in the Middle East. The organic wastes are 

also be processed into other raw products to be used in other industries, for example, fertilizer. 

Approximately1000 tonnes of other wastes are estimated to be combusted within the environment, 

with less than 5% taken as landfill. To improve sustainability via the use of biogas, the Ministry of 

Municipality and Environment, in collaboration with Qatar University’s College of Engineering, 

established another project to produce biomethane gas to power vehicles. This project was aimed at 

reducing the overdependence of fossil fuels in the transport sector. Biofuel is also estimated to reduce 

the cost of operating vehicles [302].  

The growth in population and economic development of Qatar is expected to increase in the future 

[13], which will result in greater fossil fuel use unless sustainable development principles are pursued 

[32]. According to Kahramaa [303], the national body responsible for electricity, the annual 

electricity demand in Qatar increases at about 8% per year (at time of writing), which is among the 

highest growth rates globally. The total energy transmitted in 2016 was 39,667 GWh, an increase of 

2.1% over the previous year [303]. Considering that Qatar currently generates almost all of its 

electricity using indigenous natural gas, the carbon emissions and environmental impact from this 

electricity generation are important considerations for the country’s government [211]. In view of 

these challenges, the Qatar national vision 2030, as well as the national development strategy, 

highlights the sustainable use of natural resources as well as preserving the natural environment for 

future generations as key national objectives [304]. 

The environmental statistics of Qatar documents that the current major disposal route is landfilling 

with composting as a treatment being used to reduce a small amount of organic material. Table 8-1 
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shows the breakdown of the total waste in the country by type and the waste management facilities 

that process the waste. Overall, in the country the total waste arising is 5,946,811 tonnes for the year 

2018, with 77,606 tonnes treated in waste management facilities. This accounts for only 11.9% of 

the total waste generated in the country being treated, while the rest is landfilled. The largest waste 

stream in Qatar is currently from the construction sector with total arisings of 3,006,287 tonnes in 

2018. Of this, only 50,306 tonnes were processed by the different waste treatment facilities in Qatar, 

which is only 1.7% of this amount of construction waste. 

Table 8-1 Environmental statistics on waste management in Qatar from 2013 to 2018 [305]. 

 

It is therefore understandable that the Qatar government has set a target of treating 38% of the waste 

as these current practices are environmentally unsustainable and need to change [302]. The SRF 

considered within this LCA consists of wood waste, cardboard, paper, polyethylene plastic 

segregated from MSW and can be used as alternative solid fuel in gasification. The process of air 

gasification converts SRF into syngas by a thermal reduction process, which can subsequently be 

used to generate energy in a gas engine and thus reduce reliance on landfill [306].  

8.3 LCA background  

LCA is a tool that has been designed for measuring environmental impact due to human activity. It 

is a well-established analytical method that has been applied to various manufacturing industries, and 

is well suited to analyse different technological process chains and pathways. Example applications 

TABLE (249) (Unit:Metric tons)جدول رقم )249(  )الوحدة: طن متري(

201320142015201620172018مرفق إدارة النفاياتالنفايات حسب النوع
Waste management 

facility
Wastes by type

000000Umm AlOAfai (1)أم األفاعي )1(

326,960408,526482,640537,313536,050664,959Mesaieedمسيعيد

603,703639,522613,226618,156648,337DSWMCمركز إدارة النفايات الصلبة المنزلية

930,6631,048,0481,095,8661,155,4691,184,387664,959Total Domesticإجمالي النفايات المنزلية

8,893,7506,433,3723,806,7451,998,853140,4022,010Rawروضة راشد/وارد dat Rashid/Income

0539,631459,857485,657177,96950,306Rawروضة راشد/معالج dat Rashid/Treated

000000Umm AlOAfaiأم األفاعي

460,737622,978469,669548,527533,0361,058,918Mesaieedمسيعيد

0002,096,9063,418,6731,945,359Umm Thanytainأم ثنيتين

0539,631459,857485,657177,96950,306Total Construction/Treatedإجمالي نفايات البناء/المعالجة

9,354,4877,056,3504,276,4144,644,2864,092,1113,006,287Total Construction/Incomeإجمالي نفايات البناء/الواردة

000000Umm AlOAfaiأم األفاعي

1,796,3961,747,6782,048,9542,333,5672,661,5042,198,780Mesaieedمسيعيد

1,796,3961,747,6782,048,9542,333,5672,661,5042,198,780Total Bulkyإجمالي النفايات الضخمة

16,44831,60536,29737,82437,18639,406Rawروضة راشد/وارد dat Rashid/Income

018,17212,93317,73915,06227,300Rawروضة راشد/معالج dat Rashid/Treated

 019,3519,2695,621130Umm AlOAfai/Treatedأم األفاعي/معالج

8,94300000DSWMCمركز إدارة النفايات الصلبة المنزلية

037,52322,20223,36015,07527,300Total Tires/Treatedإجمالي اإلطارات/ المعالجة

25,39131,60536,29737,82437,18639,406Total Tires/Incomeإجمالي اإلطارات/ الواردة

 000000Umm AlOAfaiأم األفاعي

10,06412,540207,367213,022171,91237,379Mesaieedمسيعيد

009,46810,6259,4910DSWMCمركز إدارة النفايات الصلبة المنزلية

10,06412,540216,835223,647181,40337,379Total otherإجمالي األنواع األخرى

0577,154482,059509,017193,04477,606

12,117,0019,896,2217,674,3678,394,7938,156,5915,946,811

From 2013 Umm AlOAfai has been Closed (1))1( من عام 2013 أم األفاعي مغلقة

.Bulky waste disposed only in Umm AlOAfai and Rawdat Rashid (2))2( النفايات الضخمة يتم التخلص منها في أم األفاعي  ومسيعيد  فقط 

Source: Ministry of Municipality and Environmentالمصدر : وزارة البلدية والبيئة

Constructionنفايات البناء

)2(
Bulky (2)نفايات ضخمة 

النفايات الوارده حسب النوع ومرافق إدارة النفايات

2018 - 2013

INCOMING WASTE  BY TYPE AND WASTE MANAGEMENT FACILITY

2013- 2018

Domestic نفايات منزلية

Total/Incomeاإلجمالي/ الوارد

Tiresاإلطارات

Otherأنواع أخرى

Total/Treatedاإلجمالي/المعالج



   Chapter 8: 

---------------------------------------------------------------------------------------------------------------------------------- 

185 
 

are to the cement industry, acrylic fibre production, food products manufacturing, and buildings 

energy [307-308].  

Conducting LCA involves four steps: goal and scope definition, inventory analysis, life cycle impact 

assessment (LCIA) and interpretation. The framework for LCA is conceptually depicted in Figure 

8-2, and its procedures and principles have been standardised in ISO 14040 [307]. The double arrows 

in Figure 8-2 between the phases indicate the iterative nature of the LCA process. When conducting 

the assessment, it can become clear that certain information is missing which would require an 

improvement the inventory analysis. It may be possible that the interpretation of results is not clear 

and not straightforward to understand. This may mean expanding the goal and scope of the study so 

that the study objectives can be achieved. Therefore, in practice, LCA is not a linear process, rather 

an iterative process carried out for these four stages in order to arrive at credible results that address 

the study goal and objectives.  

 
Figure 8-2 LCA framework [307] 

LCA is typically conducted by modelling the energy and mass flows of the process that are to be 

considered. Similar to the system boundary issue, increasing rigour of the analysis is associated with 

increased challenges in data availability and accuracy, while reducing rigour is associated with many 

simplifying assumptions. Consequently, appropriate techniques are being increasingly developed 

that incorporate optimisation of engineering systems to address these challenges. As a result of its 

increasing use, different variations of the LCA methodology have been developed. For example, one 

variant is ExLCA (Exergy LCA) which incorporates the modelling of mass and energy flows in terms 

of exergy (this term can be defined as the amount of possible work that a system can produce in the 

thermodynamic equilibrium) [309-310]. While the LCA methodology was originally developed to 

act as a decision support tool for distinguishing products or product systems or services with an 

environmental impact perspective, it can be seen from the previous examples that its application has 

spun out into the areas of manufacturing, thus looking at process chains. Therefore, this is the analysis 

tool of choice and it is used in this chapter to assess the environmental impact of MSW treatment by 

SRF gasification technology. According to the ISO14040 standardised LCA methodology in Figure 

8-2, the life cycle assessment of this study is carried out in four phases, which is described in the 
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following sub-sections to confirm the validation of the ReciPe2016 model and data analysis process. 

Results produced in the current work is validated with the findings of Al-Maaded et al. [40]. 

8.3.1 Goal and scope definitions 

Defining the goal and scope is the first step of the LCA. This is a very important step that must take 

into account the objectives of the study at hand. Too big a system boundary can result in data 

requirements that would make the study unachievable. At the same time, too much of a simplified 

approach would result in loss of rigour and loss of credibility in the analysis due to the many 

assumptions that would need to be made, a point that has already been made. One of the first things 

is to define the system boundary in view of goal. Therefore, defining the study goal and the system 

boundary go hand-in-hand and may be defined in an iterative manner. In the LCA, the results are 

presented based on the 'functional unit', which is the unit of the product or process flow that forms 

the basis of the environmental impact that is to be assessed in the LCA. The functional unit is the 

performance characteristic based on which two or more products or processes can be compared. All 

data that is gathered within the phase of inventory is eventually related to the same functional unit to 

facilitate an objective comparison of the different scenarios, process, or products. Following this 

definition of the study scope and goal, the time consuming step of collecting all the data to allow the 

analysis to be conducted is performed, namely the inventory analysis [309].  

8.3.2 Inventory analysis 

This is the second and most involved stage of the LCA. At this stage, the process details and 

boundaries need to be refined in view of the data availability. Issues of data accuracy and validity 

need to be considered in order to conduct a reliable LCA. The result of this inventory phase is 

essentially input/output data that is reliable and should be referenced. Different software exists to 

facilitate this process. The most commonly used environmental databases are Ecoinvent [311] and 

GaBi Professional Database [308], This step of the life cycle includes data collection and treatment 

on the material consumption, and energy use in other phases of the life cycle. The data can be site 

specific, but it may also be more general. For example, data may be acquired for a process in general 

rather than for a specific location. This is the approach that has been taken in this chapter, where the 

energy and mass flow data for SRF gasification in general is taken, while the environmental impact 

associated with these energy and mass flows is calculated based on Qatar-specific characterisation 

factors (CF).  

8.3.3 Impact assessment  

This is the third step which comprises identifying and aggregating the burdens of environment 

quantified within the analysis of inventory to environmental impacts such as climate change. The 

shift to impact assessment from inventory analysis is a complex step in conducting LCA. The 

collection of data is the highly intensive activity for the LCA, especially when specific data is 
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required and may not be available in the literature. In many cases, data averaged from the literature 

or previous study are used. However, the problem with average data is that it may be some years old 

and may not represent the latest situation. The result of the data collection can be typically presented 

in an inventory analysis, presented succinctly, to be then interpreted as environmental impact 

categories [312].  

8.3.4 Interpretation 

Interpretation is the fourth phase of the LCA, where the results are analysed and understood regarding 

environmental impact. The procedure is systematic and it involves identification, checking and 

evaluation of the information obtained from the inventory analysis, and to present them in order to 

meet the requirements of the pre-defined study scope and goal. This may include an analysis of all 

the impact categories to judge the impacts that are the most significant. There is in line with the aim 

of interpretation, to reduce the amount of quantified data in the inventory analysis to facilitate 

decision making. After this evaluation of the process/product, conclusions are formed in view of the 

limiting assumptions. Finally, recommendations are presented towards reducing environmental 

impact. This step is important to improve the reporting and transparency of the study [307].  

8.4 Methodology 

LCA has been widely used to assess the environmental impact of biomass gasification and waste 

treatments [313]. Different LCA studies for Qatar have been previously conducted and have been 

published in the literature [30, 314-317]. The objective of reviewing previous studies is to provide 

background on the state-of-the-art of LCA in Qatar and to support this study [307] . To apply this 

process in Qatar, the environmental impact of the mass and energy flows were acquired from 

literature, government environmental statistic reports [318], and the ReCiPe2016 model database 

[319]. The environmental impact categories were obtained from ReCiPe2016 based on Qatar specific 

data and calculated using Microsoft Excel®. The theoretical framework and the study design were 

based on the ISO 14040 standard. This LCA aims to analyse the environmental impacts of SRF 

gasification on electricity generation using four scenarios: 

1. MSW landfills only with no further treatment (baseline). 

2. Biogas capture from landfill. 

3. Biogas capture and SRF gasification. 

4. Biogas capture and SRF gasification with solar technology. 

These scenarios were compared with previously published work by Al-Maaded et al. [40]. The 

research herein is the first LCA that considers SRF gasification as an alternative method to reduce 

MSW landfills and produce sustainable energy in line with Qatar’s national vision 2030. 
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This LCA methodology provides a harmonised characterisation method for calculating 

environmental impacts, known as midpoint and endpoint levels. Its predecessor (ReCiPe2008) only 

considered European characterisation factors, while this improvement included presenting the global 

scale [320]. Problem shifting is a vital issue that arises with LCA process that encompasses many 

different process stages, in that improving one stage may worsen another stage along the process 

chain. Concerning the scope and system boundary selection, the system boundary can be kept small 

to facilitate data collection, but it may introduce ‘problem shifting’ which needs to be tackled if a 

credible analysis is carried out. However, expanding the analysis boundary results in problems of 

availability of data and accuracy of the analysis [312]. The largest system boundary that could be 

considered is called ‘cradle-to-grave’ which includes the process of extracting resources from the 

earth, their transportation, manufacturing and utilisation in the process in question, and finally 

disposal again into the earth. Therefore, the challenge of data collection and availability needs to be 

considered hand-in-hand with study boundary selection to conduct a reliable LCA [321]. 

Out of the 18 midpoint impact factors, only five categories—climate change, terrestrial acidification, 

marine ecotoxicity, water depletion and fossil depletion—which had significant values relating to 

Qatar were considered. The endpoint stage was to reduce MSW landfills in Qatar by producing 

electricity from SRF gasification. In addition, the other impact categories with negligible values were 

neglected in this analysis due to an abundance of data in the literature; hence it was deemed that 

further analysis was not necessary. For this study, the midpoint impact factors are calculated based 

on medium-term (hierarchist) of 100 years impact [320]. Consequently, these impact categories are 

presented in the results, Section 8.4.2. The full list of indicators for the corresponding impact 

categories and associated reference substances is provided in Table 8-2. 

 

Table 8-2 Reference substances for impact category representation [320]. 

Impact Category CFm Unit 

Climate change Global warming potential kg CO2-eq to air 

Terrestrial acidification Terrestrial acidification potential kg SO2-eq to air 

Marine ecotoxicity Marine ecotoxicity potential kg 1,4-DCB-eq to marine water 

Water depletion Water consumption potential m3 water-eq consumed 

Fossil depletion Fossil fuel potential kg oil-eq 

In order to calculate the midpoint impact category, the following formula was used: 

𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑟𝑒𝑠𝑢𝑙𝑡𝑐𝑎𝑡𝑎𝑔𝑜𝑟𝑦 =  ∑ (𝐶𝐹 × 𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑟𝑒𝑠𝑢𝑙𝑡)
𝑠𝑢𝑏 𝑐𝑎𝑡𝑎𝑔𝑜𝑟𝑦

 (8.1) 
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The indicator result refers to the emission of a substance for any process, CF refers to the ReCiPe2016 

characterisation factor, while the inventory result is the amount of emitted substance per year. For 

example, the indicator result can be the ‘Global warming’ impact category in kg CO2-eq, the 

characterisation factors are given in Table 8-2, while the subcategory example is CO2 and CH4. 

Finally, the inventory result is the mass flow per year. Application of the above formula to each 

process, in each scenario results in calculating the impact for each ReCiPe2016 mid-point category 

per year. 

8.4.1 Goal and Scope of the Current Study 

The scope of this study is limited to the state of Qatar’s geographical boundaries. As a result, the 

environmental impact of oil and gas exports beyond this boundary is unconsidered. The functional 

unit used in this analysis is environmental impact per tonne of dry MSW processed. While this is the 

functional unit, the results are presented for one year based on the waste disposal data from 2018 in 

Table 8-1 [305]. 

The main assumptions used in this study are as follows: 

• The system boundary starts when the MSW is collected and delivered to the waste 

management plant (be it landfilling or further processing). The transport emissions from the 

city to the landfill site are not considered in all scenarios due to no relevant data available in 

the literature for Qatar. Therefore, it is more sensible to focus on the different environmental 

impacts associated with MSW processing, and as each scenario considers the transportation 

emissions will be nominally the same, so the comparison between all scenarios will be more 

reliable. 

• According to Al-Maaded et al. [40], the bulk of the MSW comprises of paper and plastic. 

Glass and metals comprise 13% of the MSW, which have not been considered in this study. 

To conduct the analysis, a comparison has to be made between different scenarios within the 

case study goal and system boundary. Therefore, the goal of this analysis is to quantify the 

reduction in environmental impact caused by the implementation of MSW treatment to 

produce SRF for gasification technology; variables other than the additional waste treatment 

are kept constant. In this way, a certain improvement upon the baseline scenario can be 

compared objectively with the baseline case. Additionally, the baseline is selected to 

represent the actual MSW treatment situation in Qatar. 

The following scenarios are defined for comparison: 

Baseline: In this scenario, MSW landfilling only with no further treatment. The wastes are buried in 

a controlled environment known as a landfill [314]. The organic fraction of wastes in the landfill 

decompose under anaerobic conditions, releasing landfill gas, also known as biogas that mainly 
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comprises 58% CH4, and 41% CO2, which has an environmental impact and is accounted for in the 

baseline scenario [315]. 

Scenario 1: In addition to the baseline, this scenario adds biogas capture to the landfill. In this case, 

about 50% of the biogas is collected, treated and burnt to generate electricity, releasing only CO2 to 

the environment. The remaining 50% is either burnt in flares or released into the atmosphere [316]. 

Scenario 2: In addition to the technologies deployed in Scenario 1, this scenario adds the production 

of SRF to generate electricity via air gasification. According to Al-Maaded et al. [40], the MSW in 

Qatar has paper and plastics that equate to 25–30% of the total waste. As a result, this MSW can be 

treated to produce SRF for gasification to generate electricity with lower environmental impact while 

reducing the need for landfill as shown in Figure 8-3. The treatment process starts with the incoming 

MSW to the primary material recovery facility (MRF), where separation and segregation of MSW 

into different categories can be performed, for example glass, plastics, paper, metals and cardboard. 

After that, the mechanical treatment unit shreds of waste to produce SRF pellets, while other trash 

that is not suitable for gasification at this stage is sent to a landfill. Then, the SRF is used as a solid 

fuel in air gasification to produce syngas and generate electricity. In addition, supply the power input 

to MSW treatment stages (primary, mechanical) and SRF air gasification unit. Finally, the organic 

residue part (70% of the MSW) is handled in the secondary MRF for further processing. 

 

Figure 8-3 Energy and mass flows diagram for Scenario 2 

 

Scenario 3: In addition to Scenario 2, here the electricity used by the MSW treatment processes in 

Figure 8-3 (power input) is supplied by solar PV with air gasification technology instead of using 

electricity from syngas combustion. It is assumed that electricity generated from the solar PV with 

gasification produces similar CO2 emissions from the thermal treatment of the SRF process in 
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Scenario 2. However, the solar plant size and Qatar climate are the significant challenges in this 

process. 

8.4.2 Inventory analysis of this study 

MSW continues to grow due to increasingly wealthy lifestyles and continuing industrial and 

commercial development globe-wise. Biodegradable MSW, such as food waste, undergoes a series 

of complex biochemical processes which happen inside the landfill, resulting to waste 

decomposition, which in turn leads to the emission of biogas and the draining of material from the 

landfill. Though there is a global embrace of MSW, its challenges have encouraged the development 

of standby strategies to convert waste to energy. Despite the availability of various ways, gasification 

has been proposed as a superior and efficient technology. The treatment process of MSW in this 

study has followed the method provided by Abduli et al. [322], and listed in Table 8-3.  

Table 8-3 Life cycle inventory for landfilling with composting for the functional unit of one tonne of 

MSW [322], (License N.: 5183000344643). 

Property Diesel 8.331 kg 

Material Consumption 

Electricity consumption 35.425 MJ/t 

Electricity recovery −196.14 MJ/t 

Electricity consumption from 

leachate treatment 
0.2436 MJ/t 

Land used 0.1283 m2/t 

Direct Emissions 

CH4 13.49 kg/t 

NOx 0.228 kg/t 

VOC 1.000111 g/t 

SOx 0.012 kg/t 

NH3 0.182 kg/t 

Metal (air) 3.00E-5 g/t 

CO2 35.749 kg/t 

HCFC 0.118 g/t 

SPM 2.1 g/t 

 

 

 

 

Direct Water Emissions 

 

COD 0.56525 kg/t 

T-N 1.4896 g/t 

T-P 2.352 g/t 

Cu 0.0621 g/t 

Cr 0.05683 g/t 
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Zn 0.19193 g/t 

Pb 0.03697 g/t 

Cd 0.005799 g/t 

Ni 0.06779 g/t 

This LCA process is mainly based on the work done previously by Al-Maaded et al. [40], Andric et 

al. [317], Huijbregts et al. [319], Cherubini et al. [315] and Abduli et al. [322]. The landfill statistics 

for 2018 were obtained from the Planning and Statistics Authority [317,305]. The MSW is treated, 

converted into compost, and a significant portion is landfilled. This landfilling is associated with 

environmental emissions from the mass and energy flows of the process [322]. These practices and 

data were taken for the baseline and MSW processing proposed in Scenarios 1–3 [322, 40]. 

The impact of depositing plastics in the Qatari context has been quantified by Al-Maaded et al. [40] 

as 8 kg CO2 eq. (GWP 100 years), 7.8 kg DCB eq. (human toxicity potential CML 2001), 0.15 kg Sb 

eq. (abiotic depletion) and 0.029 kg SO2 eq. (acidification potential CML 2001). Paper and plastic 

account for 25% of total MSW in Qatar; the MSW processing proposed in Scenarios 1–3 is based on 

this number [40]. Luz et al. [30] provide the energy and mass flow data of SRF production from 

MSW. It is important to note that while the baseline scenario is not associated with significant 

electricity usage, the alternative scenarios generate electricity that offsets grid supply. As the grid 

electricity is generated using indigenous natural gas with associated environmental impact, 

alternative scenarios to the baseline reduce these carbon emissions by offsetting this grid electricity. 

The energy and mass flow based on 1 tonne of MSW per hour have been assigned to Table 8-4. For 

the current case, the caloric value of SRF air gasification is 5.8 MJ/Nm3 and the combined cycle gas 

turbine (CCGT), 400 kg CO2 eq./MWh, are used to generate electricity [29, 323]. Qatar-specific 

impact characterisation factors are taken from the ReCipe2016 database are presented in Table 8-5, 

6 and 7. 
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Table 8-4 Energy production and consumption of MSW to SRF to electricity generation [30], (L.N.: 

5183000524754). 

Sections/Equipment 
Throughput Capacity 

(Tonne/Hr) 

Electric Power 

Consumption (kW) 

Primary Separation 16.7 176.6 

Mechanical Treatment 2.0 99.30 

Sections/Equipment Thermal Energy Generation (kW/h) 
Electric Power 

Consumption(kW) 

Gasification and Gas 

Cleaning 
1000 5.25 

Sections/Equipment Electric Power Generation (kVA/h) 
Electric Power 

Consumption(kW) 

ICE-Electric Generator 330 0 

 

Table 8-5 Qatar-specific characterisation factors from the ReCiPe2016 database. 

Acidification Potential (AP), Kg SO2-eq-kg−1 Endpoint Characterisation Factors, Species yr/kg 

Emitted Substance Emitted Substance 

NOx NH3 SO2 NOx NH3 SO2 

0.97 2.02 1.25 8.61 x 10–8 2.85 x 10–7 2.14w x 10–7 

human Health Ozone Formation 

Potentials (hofp), (kg NOx-eq/kg) 
Ecosystem Ozone Formation Potential (eofp), (kg NOx-eq/kg) 

Emitted Substance Emitted Substance - 

NOx NMVOC - NOx NMVOC - 

1.17 0.16 - 3.04 0.3 - 

 

Table 8-6 Gulf-specific characterisation factors from the ReCiPe2016 database. 

Particulate Matter Formation Potential (PMFP, Kg Primary PM2.50eq/kg 

Emitted Substance 

PM2.5 NH3 NOx SO2 

1.22 3.24 x 10–1 8.52 x 10–2 3.59 x 10–1 
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Table 8-7 Global warming potential characterisation factors [40], (L.N.: 5183000780256). 

Global Warming 

           Class 

Formula 

GWP20 GWP100 GWP1000 

Name 
kgCO2eq/kg 

Individualist 

kgCO2eq/kg 

Hierarchist 

kgCO2eq/kg 

Egalitarian 

Carbon Dioxide CO2 1 1 1 

Methane CH4 84 34 4.8 

Fossil Methane CH4 85 36 4.9 

Nitrous Oxide N2O 264 298 78.8 

8.4.3 LCIA of this study 

LCIA classifies material and energy flows based on the impact they could cause on the environment. 

To calculate each impact category, a reference substance is used [42]. For example, considering the 

climate change impact category, the environmental impact indicator chosen is infrared radiative 

forcing, causing an increase in temperature globally, which is translated to a CO2 value, used as the 

reference substance to indicate global warming potential. The full list of indicators for the 

corresponding impact categories and associated reference substances is provided from Goedkoop et 

al. [320]. 

8.5 Results 

Corresponding to the life cycle inventory, a total of five environmental impact categories were 

recorded, as described in the methodology. For the baseline case, the environmental impact is 

presented in Figure 8-4. As can be seen in Figure 8-4, clearly the environmental impact of climate 

change as a result of CO2 emission is magnitudes higher than the other four categories. The results 

show that marine ecotoxicity can be considered negligible when compared to the other categories. 

Figure 8-4, 5, 6 present results for the environmental impact categories with the three largest 

magnitudes. Clearly, a significant reduction in all these three categories is observed in Scenarios 2 

and 3 for the SRF gasification case. Terrestrial acidification however showed no change in all four 

scenarios. 
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Figure 8-4 Five environmental impact categories for which non-zero values were recorded as a 

result of the LCA 

 

Figure 8-5 Comparison of climate change impact category (global warming potential) of all the 

scenarios considered in this study 

Based on the previous work on solid waste processing in Qatar, Al-Maaded et al. [40] estimated the 

climate change impact to be 8 kg of CO2 emissions per 10 kg of plastic waste processed, while the 

results in this study translate to 5 kg of CO2 emissions per 10 kg of MSW processed, the baseline of 

this study uses general dry MSW while Al-Maaded et al. [40] only considered plastic waste. In 

addition, in the current study the updated Recipe2016 and MSW landfill data were used. These two 

reasons may justify the lower climate change impact as compared to Al-Maaded et al. [40] for the 

baseline. 

When compared to the baseline, Scenarios 1, 2 and 3 result in 4.8%, 41.3% and 42.7% reductions. It 

is clearly shown that the greatest impact on reduction is due to the introduction of SRF gasification 
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whereas biogas capture and PV have comparatively minor effects. It can be established that scenarios 

2 and 3 have the same magnitude of impact on climate change. That is, the level of CO2 emission is 

almost equally the same. 

Figure 8-6 exhibits results very similar to Figure 8-5 because the water depletion is directly linked 

to the electricity generation. This is because the electricity generated in gas power plants consumes 

a large amount of water, therefore a reduction in electricity use from fossil fuels results in indirect 

reduction of water depletion. Similar to the results for fossil depletion, alternatives to the baseline 

result in large magnitudes of reduction in this category. These are about 50 times, 100 times and 100 

times impact reduction with respect to the baseline for Scenarios 1, 2 and 3, respectively. 

 

Figure 8-6 A Comparison of water depletion of all the scenarios considered in this study 

Comparing the baseline Scenario with Scenarios 1 to 3, the results show about 6 times, 

1.0 × 1011 times, and 1.0 × 1011 times reduction in fossil fuel depletion respectively. Again, the 

main reason for the significant impacts in scenarios 2 and 3 are due to the introduction of SRF 

gasification to produce electricity. In addition, using solar PV technology with SRF gasification 

produced clean energy with similar CO2 emissions to scenario 2. One of the key elements of the arid 

Qatari climate is the impact of the high temperature and direct irradiation on solar panels [29]. 

However, some major PV challenges in Qatar reported in the literature to be considered include 

limited land, cost, lack of regulations, dust accumulation, high humidity and temperature [324- 325]. 

The use of biomass gasification with solar energy eliminates the need for a lot of capital-intensive 

equipment in the traditional biomass gasification approach, and the combination of the two will lead 

to an increase in the syngas products [28]. The large values of fossil depletion reduction arise in 

Scenarios 2 and 3 because the fossil fuel (natural gas) was used to generate electricity in the baseline 

Scenario. 

-3.0E+08

-2.0E+08

-1.0E+08

0.0E+00

1.0E+08

W
a

te
r 

d
e

p
e

le
ti

o
n

 (
m

3
)

Water depletion scenario comparison (per total MSW/year)

Baseline

Scenario 1 - Biogas capture

Scenario 2 - Biogas capture and SRF

Scenario 3



   Chapter 8: 

---------------------------------------------------------------------------------------------------------------------------------- 

197 
 

8.6 Discussion 

In this section, the results presented previously are discussed within the background of the literature 

review and the improvements achieved through the measures incorporated in the defined scenarios. 

As MSW treatment to produce SRF involves a variety of mass flows together with the use of 

electricity and generation at different steps along the supply chain, LCA is perhaps the best suited 

tool to assess the suitability of this process. However, a review of the literature concluded that there 

had been relatively few studies that have analysed waste treatment in Qatar using LCA. Al-Maaded 

et al. [40] used the life cycle approach to assess solid waste management and plastic recycling 

compared to landfilling. The authors concluded that recycling plastic reduces the global warming 

potential and soil toxicity from landfilling. Ayoub et al. [33] investigated the solid waste management 

practices and implementation of optimisation modules, but no LCA methodology was used. The 

authors herein conclude that utilising solid waste as a material to produce energy may reduce 

landfilling by 53% of total waste disposed via this method. Other LCA literature investigated the 

Qatari mass and energy flow system, namely transport, energy use in the residential sector and the 

natural gas supply chain. Therefore, the main contribution of this chapter is that this is the first LCA 

of SRF gasification within the context of Qatar. Additionally, the impact of using solar energy for 

the MSW treatment and SRF gasification process on the environment has also been quantified, where 

the results show that it makes a valuable difference to the reduction in environmental impact when 

compared to the baseline. 

A total of five environmental impact categories were assessed in this LCA, namely climate change, 

terrestrial acidification, fossil fuel depletion, water depletion and marine ecotoxicity. Previous 

studies on this topic in Qatar only included climate change and terrestrial acidification. Therefore, 

among the five environmental impacts analysed, climate change was the largest environmental 

impact as shown in Figure 8-4. This was expected as natural gas is the main energy supply to Qatar. 

However, fossil depletion, water depletion and terrestrial acidification followed climate change in 

their magnitude in decreasing order. 

Only the main four environmental impact categories were analysed and compared for the different 

scenarios. The baseline scenario represents the current MSW practice in Qatar which is simply 

landfilling only with no further treatment. Scenario 1 improves upon this analysis by including a 50% 

capture of the biogas released from the organic matter in the landfill. This measure improves climate 

change impact by 4.8% as presented in Figure 8-5. In addition, Scenario 2, which improves upon the 

50% biogas capture by including SRF gasification, significantly reduces climate change impact. A 

reduction of 41.3% for Scenario 2 can be seen in a comparison with the baseline as shown in Figure 

8-5. Finally, Scenario 3 considers the use of solar energy in MSW treatment and gasification to 

produce electricity; however, the additional impact on climate change is not deemed significant, 

calculated to be only a 4% improvement over Scenario 2. In summary, for the climate change 

category, the most significant reduction possible is for SRF gasification and production of electricity 
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using syngas to offset the local electricity requirements. Essentially this measure of MSW treatment 

and gasification-based electricity would not only reduce dependence on landfill but also reduce 

carbon emissions higher up in the supply chain by producing less electricity from natural gas. 

Considering the analysis of fossil depletion in Figure 8-7, recovering 50% of biogas has a small 

improvement over the baseline. However, the gasification scenario drastically improves this 

environmental impact category. In the baseline scenario, fossil depletion accounted for 1.06 × 107 

kg oil equivalent for the total MSW processed per year. This value reduced to −2.87 × 1018 kg oil 

equivalent emissions, resulting from offsetting the use of natural gas to produce electricity in Qatar. 

Similar to the analysis for climate change, the introduction of solar energy to the gasification process 

only resulted in a 3.5% further improvement over the gasification in Scenario 2.  

 

Figure 8-7 A comparison of fossil depletion of all four scenarios considered in this study 

A comparison of fossil depletion of all four scenarios considered in this study. The water depletion 

results present a similar situation where the baseline is calculated to result in 4.7 × 106 m3 of water 

depletion, as shown in Figure 8-6. This results in negative values for the improved three scenarios. 

As with the previous findings, the use of 50% biogas captured results in a small reduction of this 

environmental impact, while Scenario 2, which is the gasification process without solar energy, 

results in negative emissions of water depletion as a significant reduction. The use of solar energy in 

Scenario 3 further adds a 3.3% improvement over Scenario 2. 

Terrestrial acidification however remained unchanged for all four scenarios. It must be kept in mind 

that the data used in this analysis incorporated average data for SRF gasification from literature. 

Additionally, only those country-specific characterisation factors that were available in the 

ReCipe2016 database were used, while for the remaining, characterisation factors for the Gulf region 

were used, as listed in Table 8-6. 
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It can be concluded that the LCA shows that the environmental improvements found in Scenarios 1–

3 represent measurable improvements over the baseline However, some assumptions were made in 

the present study, namely, the neglection of emissions from transportation of solid wastes which may 

have a considerable impact on the environment. The most significant improvement was observed in 

Scenario 2 and 3 because this considered the produced electricity from SRF gasification. When the 

four categories in this LCA were compared, the largest reduction was obtained from climate change, 

followed by fossil depletion, water depletion and marine ecotoxicity. In view of the Qatar national 

vision 2030 where environmental impact and water use are key resources that need to be used more 

judiciously, the use of SRF in gasification technology will be an appropriate pathway. 

8.7 Summary 

In this chapter, the first LCA of SRF air gasification to produce electricity in Qatar has been 

conducted using ReCipe2016 model. LCA is a methodology that considers the various inputs and 

outputs along the supply chain or the production process to account for their environmental impact. 

A detailed general background of LCA and how it is implemented was provided. Additionally, a 

review of LCA literature was conducted with the aim of summarising the state-of-the-art in LCA of 

waste situation and gasification in Qatar. Qatar-specific characterisation factors (CF) were used from 

the ReCipe2016 database. The life cycle inventory was developed using ReCipe2016 resource 

together with information from literature and Qatari governmental reports on MSW classification. 

The LCA was performed considering four scenarios namely baseline, Biogas capture from landfill, 

Biogas capture and SRF gasification and Biogas capture and SRF gasification with solar technology. 

The MSW was evaluated using data from literature and Qatari governmental reports based on the 1 

tonne/hr treatment process.  

The LCA has been performed considering only four major environmental impact categories in Qatar. 

Four scenarios of operation have been adopted to perform the LCA, namely, the current practice in 

Qatar (baseline), capture of 50% biogas (Scenario 1), biogas capture by including SRF gasification 

(Scenario 2) and using solar energy in the gasification in addition to Scenario 2 settings (Scenario 3). 

Among the main four environmental impacts analysed, climate change was the largest environmental 

impact. This was expected as natural gas is the main supply to energy sector and economy in Qatar, 

which ultimately contributes to carbon emissions. Thus, climate change in this LCA is followed by 

fossil fuel depletion, water depletion and terrestrial acidification in their magnitude in decreasing 

order. 

At the baseline stage, the landfill gas is a mix of CO2, CH4 and other gases created by the biochemical 

processes within a landfill as they cause decomposition of organic wastes such as food and paper 

waste. In scenario 2, adding the production of SRF to generate electricity via air gasification greatly 

reduces the emission of CO2. In the case of scenario 3, it is assumed that electricity generated from 
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the solar PV with gasification produces similar CO2 emissions from the thermal treatment of the SRF 

process in scenario 2. 

The results indicated that Scenario 2 causes a large reduction in climate change at a lower cost 

compared to the other scenarios. Scenario 3, on the other hand, has the largest reduction in climate 

change. The results obtained in the present study have been compared to the study of Al-Maaded et 

al. [40] to confirm the validation. The current findings showed that on a 10 kg MSW processing 

basis, 5 kg CO2 equivalent emissions were produced for the landfilling scenario. Given these 

outcomes, it can be concluded that the incorporation of SRF gasification can significantly reduce the 

MSW landfills and contribute to the Qatar national vision 2030. In addition, it examined the 

environmental impact of using SRF instead of natural gas to generate renewable electricity.



Chapter 9: 

---------------------------------------------------------------------------------------------------------------------------------- 

201 
 

9 Chapter 9: Conclusions and Recommendations for Future 

Work 

9.1 Conclusions  

In this work, the thermochemical conversion behaviour of Subcoal™ was investigated using 

bubbling fluidised bed gasification reactor (BFBGR) and thermogravimetric analysis (TGA). In 

addition, solid waste management practices and LCA of SRF gasification in Qatar were studied. 

Since there is a global increase in the municipal solid waste (MSW,) its challenges have encouraged 

the development of standby strategies to convert waste to environmentally friendly energy. 

Gasification technology, considered the most sustainable and efficient technology, converts biomass 

or MSW to a gas mixture consisting mainly of CO, CO2, CH4, H2, O2 and N2. Gasification with air 

is the most widely used technology due to the low cost of O2 production and usage in multiple 

reactors. 

This work aimed to carry out a Life-Cycle Assessment (LCA) of SRF gasification in order to evaluate 

the main process and environmental impact, which will contribute to Qatar's national vision of 2030. 

The LCA was performed using the ReCipe2016 database and Qatari governmental reports 

considering four scenarios namely the current situation (baseline), biogas capture from landfill, 

biogas capture from SRF gasification, and biogas capture from SRF gasification with solar 

technology. The results also indicated that biogas capture from SRF gasification leads to the largest 

reduction in GHG emissions at the lowest cost compared to the other scenarios. These findings assure 

the suitability of MSW gasification as alternative environmentally friendly technology for energy 

production as well as reducing the impacts of MSW landfill in Qatar.  

It was useful to investigate the composition and characteristics of Subcoal™ as a solid fuel composed 

of non-recyclable paper and plastic wastes. The tests of Subcoal™ include proximate and ultimate 

analysis, XRF, XRD, particle size distribution, and other thermo-physical properties. The 

characterisation experiments proved that Subcoal™ is a highly acceptable solid fuel for thermal 

conversion processes, especially gasification. The content of moisture and volatile matter is in a 

suitable range for gasification technology. The particle size distribution analysis and density 

measurement showed that Subcoal™ particles lie in Group B and tend to undergo smooth fluidisation 

according to Geldart's classification. The Subcoal™ ash contains crystalline minerals and metal 

oxides which can catalyse decomposition reactions. 

In order to evaluate the impact of catalyst loading and heating rate on the kinetics of thermal 

degradation of Subcoal™ PAF, TGA was used to investigate the pyrolysis, CO2 gasification and 

combustion process. Generally, the TGA findings showed three decomposition stages: moisture 

removal, devolatilisation, and lignin decomposition. The mean degradation temperature and time 



Chapter 9: 

---------------------------------------------------------------------------------------------------------------------------------- 

202 
 

decrease with catalyst loading increases. The data of temperature, time and conversion obtained from 

TGA have been analysed using model-free and model-fitting methods to estimate kinetics 

parameters. The activation energies (𝐸𝑎) and pre-exponential factors 𝐴 of the pyrolysis, gasification 

and combustion of Subcoal™PAF were estimated in the presence and absence of catalysts. The TGA 

kinetics data of Subcoal™ thermal degradation, especially CO2 gasification, would be remarkably 

useful for Subcoal™ reactor design and optimisation. Also, it would be essential for modelling and 

simulation studies for advanced Subcoal™-to-energy processes.  

The gasification behaviour of Subcoal™ in laboratory-scale BFBGR has been examined for different 

equivalence ratios (ER), bed temperature, catalyst loading, Subcoal™ pellet shredding grades, and 

pellet particle size. The findings show that the optimum air gasification temperature and ER are 750 

°C and 0.15, respectively, in presence of dolomite at the loading of 15 wt.%. Moreover, the small 

pellet sizes of Subcoal™ (6.3-10 mm) are more favourable in gasification than the large ones (14-27 

mm). The study findings also provided an essential understanding of the quality of producer gas as 

well as the efficiency of Subcoal™ air gasification for different conditions. The data obtained are 

important for the industry to compare Subcoal™ to other biomass fuels when it comes to industrial 

gasification. 

As a part of Qatar national vision 2030 one of the aims is to have the lowest possible CO2 footprint, 

and, instead of MSW incineration or landfill, the non-recyclable paper and plastic waste can be 

utilised as a substitute fuel in waste-to-energy plant for environmentally friendly power production. 

This study also will contribute significantly to Qatar's national vision of 2030 through the sustainable 

use of natural resources in biomass gasification. It is a good substitute for fossil fuels that will help 

generate clean energy. Therefore, the present work makes a valuable contribution to global research 

of biomass gasification and clean energy technologies. In addition, Subcoal™ can be used to replace 

fossil fuels in cement and lime plants, steel blast furnaces, and power generation facilities. The N+P 

won significant contracts to supply Subcoal™ to the Uskmouth coal-fired power station in south 

Wales and Teesside plant in the United Kingdom because of its high conversion efficiency to 

renewable energy. Therefore, the global energy industry, specifically in Qatar such as QatarEnergy, 

can benefit from this research findings and reduce the dependency on natural gas or crude oil. 

Moreover, establishing facilities for MSW gasification mitigates the environmental impacts of 

landfill with non-recyclable plastic and paper waste.  

9.1.1 Feedstock characterisation 

The XRF analysis shown that Fe, Ti, Al, Ca, S, and Cl have recorded the highest content (PPM) 

among the mineral and soil elements. The XRD analysis finding of silica sand showed more 

crystalline than ash and Subcoal™ powder. Moreover, the particle size distribution has been obtained 

and discussed for silica sand bed (500-600 µm) and Subcoal™ powder< 3 mm using a Malvern 

Mastersizer 3000. The volume mean diameter for silica sand and Subcoal™ powder found as 658 
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µm and 890 µm, respectively. Subcoal™ powder have a larger volume than silica sand, owing to its 

large mixture amount of plastic paper waste. 

9.1.2 LCA 

First LCA of SRF gasification to produce renewable energy in Qatar has been performed considering 

five major environmental impact categories, namely climate change, terrestrial acidification, marine 

ecotoxicity, water depletion, and fossil depletion. Qatar-specific CFs were used from the ReCipe2016 

database. Four scenarios of operation have been evaluated namely MSW landfills (baseline), biogas 

capture 50%, biogas capture with SRF gasification and SRF gasification with PV system. The LCA 

findings indicated that Scenario 2 caused a large reduction in climate change at a lower cost compared 

to the other scenarios. Scenario 3 had the largest reduction in climate change. The study shows that 

electricity can be generated using syngas produced from SRF gasification to offset the local power 

requirements. Given these outcomes, it can be concluded that the incorporation of SRF gasification 

can significantly reduce the MSW landfills and contribute to the Qatar national vision 2030. The 

results obtained in the present study have been compared to the study of Al-Maaded et al. [15]. The 

current findings showed that on a 10 kg MSW processing basis, 5 kg CO2 equivalent emissions (or 

around 3M tonne CO2 equivalent emissions per year) were produced for the landfilling scenario. The 

main assumptions made in this study include neglecting the transport emissions from the city to the 

landfill site in all scenarios due to no relevant data available in the literature for Qatar. Also, only 

paper and plastic were considered as the constituents of MSW. 

9.1.3 TGA 

Thermal and kinetics analysis of Subcoal™ PAF in the pyrolysis, CO2 gasification, combustion in 

the presence and absence of catalyst have been determined using non-isothermal TGA. The TGA 

curve showed three degradation steps: dehydration (stage I), devolatilisation (stage II) and char/ash 

formation (stage III). The sample mass loss was measured as a function of time and temperature at 

various heating rates. The increase of heating rate shifts the TGA and DTG curve of fractional extent 

conversion to a high-temperature zone for all thermal degradation processes. Four decomposition 

stages and DTG peaks were obtained during degradation process may be attributed to Subcoal™ 

heterogeneity. The degradation of Subcoal™ in CO2 atmosphere tends to be a complex mechanism, 

as shown by the DTG graphs, while combustion results obtained excellent 𝐸𝑎  and 𝐴 values. In 

addition, the 𝐸𝑎  of Subcoal™ PAF obtained in this work for pyrolysis, CO2 gasification, and 

combustion are lower than 𝐸𝑎  of SRF/RDF obtained in the literature. This result proves that 

Subcoal™ PAF provides a faster chemical reaction time than SRF/RDF and other biomass. The 

influences of different loading of dolomite and olivine on the CO2 gasification, pyrolysis, and 

combustion of Subcoal™ have been evaluated. The finding shows that as the catalysts loading 

increased the 𝐸𝑎  decreased. Also, dolomite showed better catalytic cracking performance than 

olivine with low 𝐸𝑎  value on pyrolysis, CO2 gasification and combustion. These findings have been 
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compared with literature and found that Subcoal™ provided lower 𝐸𝑎 values than other biomass, 

RDF or SRF. 

9.1.4 BFBGR  

The isothermal air gasification of Subcoal™ pellet (pellet A) and pulverised subcoal™ pellet (pellet 

B) have been investigated using BFBGR. The influences of ER, bed temperature, particle size and 

catalysts on the producer gas have been assessed. The outcomes show that at ER=0.15 the syngas 

composition, HHV and CGE reached to highest values. Also, the content of dry gas yield, HHV, 

CGE and CCE increase with temperature increase. However, char yield reduces as the temperature 

increased. Furthermore, as pellet sizes decreased from 27-14 to 10-6.3 mm, the gas composition 

increased, particularly the H2 and CO contents. In brief, it has been found the optimum ER, bed 

temperature, and catalyst for gasification process in FBGR are 0.15, 750 ⁰C and dolomite (15 wt.%,) 

respectively. Pellet B showed an excellent performance in terms of reaction time over the pellet A. 

At 750 °C, the gasification times for pellet A and pellet B are 10 and 7.9 minutes, respectively. 

However, no significant change was observed in the properties and composition of the producer gas 

from the gasification of pellet A and pellet B. 

9.2 Recommendations for future work 

The results obtained in the present work have led to a set of recommendations and suggestions which 

can be applied in future as follows: 

• The effect of different particle sizes of Pulverised Subcoal™ Pellet gasification on gas 

composition and kinetic parameters should be further investigated in FBGR. It is anticipated 

that the smaller particle size of biomass the more rapid gasification reaction, hence higher 

syngas and lower char and tar formation. 

• In the current study of gasification, air was used as a gasifying agent. However, other 

mediums have been reported in the literature such as steam, CO2, O2 or their mixture. Steam 

should be trialed as gasifying agent for high H2 content of producer gas. Nevertheless, 

additional energy and facilities are required to generate steam as well as the increasing 

formation of tar. The performance and kinetics of gasification with other gasifying agents 

rather than air also can be investigated.  

• Examine the effect of increasing the continuous feeding rate by 80 g and the time by at least 

40 minutes to determine the maximum equilibrium bed temperature while avoiding external 

heat. 

• The effectiveness of different synthetic catalysts includes char, aluminosilicate minerals, 

alkali metals, activated alumina, and a transition metal on the kinetic parameters and air 

gasification of Subcoal™ can be evaluated using the same conditions in the TGA and FBGR. 

The activated alumina and aluminosilicate minerals are good candidates that showed an 
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excellent performance with other biomass gasification in the literature. Also, a mixture of 

two catalysts can be tested.  

• Gas chromatography (GC) is one of the widely used types of chromatography in analytical 

chemistry. This technique can separate a particular gas from a producer gas and measure its 

concentration. Therefore, the GC should be connected to TGA to analyse the gas 

composition and gasification performance. This procedure may require additional time and 

cost which is higher than the current situation. The combination of TGA and GC is well-

known in the industry as Thermogravimetric Gas Chromatography (TG-GC) which is a 

powerful tool for determining very low levels of gases in complex mixtures. The GC is 

frequently accompanied by mass spectrometry (MS) for evaluating the gas identity. The 

combination (TG-GC/MS) provides a real-time analysis of the degradation products. 

• Different biomass or waste types in Qatar should be investigated to use as feedstock for 

gasification technology and to support Qatar national vision 2030. In addition, 

decentralisation biomass facilities should be investigated to identify the effectiveness of 

operational cost and biomass challenges in Qatar. 

• The LCA of SRF gasification to generate electricity in Qatar perspective should be further 

improved by using GaBi software. GaBi Software is a global tool for LCA modelling and 

emissions evaluation. It is able to evaluate the environmental optimisation potentials of the 

chemical production process at an early stage. Also, it can determine the individual life cycle 

stage that causes the highest environmental impact. Therefore, the most efficient measures 

can be identified to reduce that impact. GaBi software, on the other hand, is not available at 

Cardiff University, and license fees are required. 

• Kinetic modelling and simulation of Subcoal™ gasification are very beneficial, considering 

fluid dynamics, mass and heat transfer, particle movement and chemical reaction. Also, 

biomass simulation of a large-scale gasification process is challenging in terms of the 

complexity of the reactions. Therefore, different tools should be used for performing a 

simulation such as UniSim and Aspen Hysys. The simulations results should be validated 

with the experimental findings obtained in the present study.  
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Appendix A: Kinetic Theory and Feedstock   

1. Health and safety precautions  

The high temperature conditions make the gasifier prone to operational risk, therefore, health and 

safety precautions were taken into consideration. Also, the biodegradable materials in the gasifier are 

flammable and combustible which puts more hazards in the process [326]. Therefore, protocols of 

storage and transportation of chemicals and pellets were followed in the laboratory. Also, personal 

protective equipment (PPE) was worn to avoid any contact with chemicals and setup. In addition, 

coronavirus (COVID-19) protocols and precautions such as social distancing and wearing masks 

were considered. 

The high temperature of the reactor and producer gas may lead to serious injury. For example, the 

product gas may cause irritation to eyes, skin, respiratory tract, or even death due to toxicity of some 

gases such as CO, CO2 and CH4. Also, some products which have a carcinogenic impact, such as tar 

should be carefully handled. Other safety considerations included excessive noise, poor ventilation, 

slip hazards, falling objects, chemical spills, and dangers posed by electricity. Therefore, laboratory 

safety induction and risk assessment were considered before starting any activity or experiments. 

Toxic gas detectors coupled with alarms were used to identify levels of harmful gases in the 

laboratory before exceeding safe concentrations. Fire and explosion hazards are among the most 

frequent accidents in industrial and research laboratories and facilities due to using combustible fuel 

and furnaces. In this case, packing the Subcoal™ was performed based on the storage protocols of 

flammable substances, in a glass container in a designated cupboard. An extraction fan was operated 

to ventilate the toxic gaseous from the laboratory.  
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Table A-1 Numerical integration constant (a) for Eq. 4.17 [327]. 
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Table A-2 Subcoal™ powder sample data obtained from XRD analysis. 

 

Table A-3 Subcoal™ ash data obtained from XRD analysis. 

 

Table A-4 Silica sand data obtained from XRD analysis. 
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Appendix B: TGA Conversion Repeatability 

The experiments were repeated three times to verify the results obtained and eliminate potential 

experimental errors. The results achieved from three TGA runs showed a high degree of agreement. 

The repeats for the heating rate experiments are shown in this section. The results include the kinetics 

curves and TGA tables.  

Table B-1 Thermal pyrolysis parameters without catalyst at different heating rates. 

β 
Run1 Run2 Run3 

Tm DTGTm Tm DTGTm Tm DTGTm 

oC/min oC wt%/min oC wt%/min oC wt%/min 

5 468.8 -0.0079 478.7 -0.0112 463.6 -0.0091 

10 476.7 -0.0107 480.2 -0.0235 482.6 -0.0220 

15 482.3 -0.0129 485.4 -0.0261 485.8 -0.0225 

20 487.9 -0.0318 487.2 -0.0392 487.1 -0.0244 

β 

oC/min 

Mean St. Deviation   

Tm DTGTm Tm DTGTm   

oC wt%/min oC wt%/min   

5 471.1 -0.0094 7.0 0.0014   

10 481.4 -0.0187 6.7 0.0057   

15 485.6 -0.0205 4.7 0.0056   

20 487.1 -0.0318 1.1 0.0060   

 

Table B-2 Thermal CO2 gasification parameters without catalyst at different heating rates. 

β 

oC/min 

Run1 Run2 Run3 

Tm DTGTm Tm DTGTm Tm DTGTm 

oC wt%/min oC wt%/min oC wt%/min 

5 464.1 -0.0079 460.9 -0.0099 473.1 -0.0112 

10 467.2 -0.0107 474.7 -0.0176 480.8 -0.0297 

15 475.6 -0.0129 481.2 -0.0258 488.0 -0.0301 

20 489.4 -0.0318 486.6 -0.0354 488.0 -0.0301 

β 

oC/min 

Mean St. Deviation   

Tm DTGTm Tm DTGTm   

oC wt%/min oC wt%/min   

5 466.1 -0.0097 5.2 0.0014   

10 474.2 -0.0193 5.5 0.0079   

15 481.6 -0.0229 5.1 0.0073   

20 488.0 -0.0324 1.1 0.0022   
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Table B-3 Thermal combustion parameters without catalyst at different heating rates. 

β 

oC/min 

Run1 Run2 Run3 

Tm DTGTm Tm DTGTm Tm DTGTm 

oC wt%/min oC wt%/min oC wt%/min 

5 313.4 -0.0080 314.5 -0.0077 322.8 -0.0059 

10 320.3 -0.0141 331.2 -0.0176 332.5 -0.0117 

15 333.2 -0.0272 338.0 -0.0268 336.6 -0.0212 

20 338.1 -0.0352 344.4 -0.0347 338.3 -0.0271 

β 

oC/min 

Mean St. Deviation   

Tm DTGTm Tm DTGTm   

oC wt%/min oC wt%/min   

5 316.9 -0.0072 4.2 0.0009   

10 328.2 -0.0145 5.5 0.0024   

15 335.9 -0.0251 2.0 0.0028   

20 340.3 -0.0323 2.9 0.0037   

 

Appendix C: Model Free Kinetic Repeatability  

OFW Method 

(a) 

 

 

(b) 

 

 

Figure C-1 OFW plots of pyrolysis for various values of degrees of conversion run 1 (a) and 2 (b) 

at different heating rates 
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Table C-1 Kinetic parameters of pyrolysis obtained by OFW at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 118.9 0.802 2.7E+09 134.2 0.975 7.6E+10 

0.3 142.5 0.995 1.6E+11 143.6 0.964 3.6E+10 

0.4 161.9 0.996 2.7E+13 126.5 0.990 2.1E+10 

0.5 71.9 0.966 6.9E+04 76.4 0.832 1.0E+10 

0.6 165.4 0.970 2.7E+11 216.3 0.945 7.3E+08 

0.7 207.2 0.857 2.4E+14 329.6 0.872 3.7E+08 

0.8 264.2 0.931 2.4E+18 491.6 0.966 2.2E+08 

Average 161.7 0.931 3.4E+17 216.9 0.935 2.1E+10 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 241.4 0.917 4.5E+20    

0.3 232.1 0.996 1.0E+20    

0.4 201.6 0.985 4.2E+19    

0.5 116.6 0.979 2.6E+18    

0.6 215.7 0.841 1.8E+17    

0.7 265.8 0.977 5.9E+16    

0.8 203.4 0.996 3.9E+16    

Average 210.9 0.956 8.6E+19    
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(a) 

 

 

(b) 

 

Figure C-2 The OFW plots of CO2 gasification for various values of degrees of conversion run 1 

(a) and 2 (b) at different heating rates 

Table C-2 Kinetic parameters of CO2 gasification obtained by OFW at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 95.9 0.951 4.5E+07 139.2 0.988 1.5E+11 

0.3 121.6 0.939 5.3E+09 216.5 0.977 6.4E+10 

0.4 140.9 1 1.4E+11 140.4 0.959 5.1E+10 

0.5 328.9 0.912 6.7E+24 139.6 0.934 4.1E+09 

0.6 243.4 0.967 2.2E+17 241.4 0.968 1.4E+09 

0.7 351.8 0.910 1.1E+25 259.5 0.967 1.1E+09 

0.8 367.7 0.973 5.3E+25 264.6 0.981 9.5E+08 

Average 235.7 0.950 1.0E+25 200.2 0.968 3.9E+10 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 264.7 0.858 2.1E+22    

0.3 280.7 0.918 4.6E+21    

0.4 173.9 0.912 1.5E+21    

0.5 135.2 0.997 4.4E+19    

0.6 283.1 0.980 3.2E+18    

0.7 384.4 1.000 1.1E+18    

0.8 453.7 0.943 5.2E+17    

Average 282.2 0.944 3.8E+21    
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(a) 

 

 

(b) 

 

 

Figure C-3 The OFW plots of combustion for various values of degrees of conversion for run1 (a) 

and 2 (b) at different heating rates 

Table C-3 Kinetic parameters of combustion obtained by OFW at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 57.4 0.992 1.5E+04 76.7 0.924 5.6E+05 

0.3 64.5 0.992 1.4E+04 72.0 0.701 2.1E+05 

0.4 70.3 0.996 1.4E+04 64.5 0.619 4.1E+04 

0.5 68.0 0.929 1.4E+04 24.1 0.264 4.8E+00 

0.6 72.3 0.896 8.7E+03 18.9 0.113 1.4E+00 

0.7 115.7 0.789 4.1E+03 25.2 0.096 6.3E+00 

0.8 119.5 0.901 3.8E+03 44.3 0.252 5.0E+02 

Average 81.1 0.928 1.0E+04 46.5 0.424 1.2E+05 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 84.6 0.993 2.7E+06    

0.3 86.8 0.993 2.2E+06    

0.4 80.0 0.957 2.2E+06    

0.5 52.8 0.981 2.0E+06    

0.6 54.2 0.951 1.0E+06    

0.7 81.1 0.934 4.6E+05    

0.8 97.7 0.991 3.5E+05    

Average 76.7 0.971 1.6E+06    
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KAS method 

(a) 

 

 

(b) 

 

 

Figure C-4 The KAS plots of pyrolysis for various values of degrees of conversion run 1 (a) and 2 (b) at 

different heating rates 

Table C-4 Kinetic parameters of pyrolysis obtained by KAS at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 103.2 0.771 1.8E+08 117.9 0.971 1.7E+07 

0.3 125.3 0.994 1.9E+10 126.4 0.959 6.9E+07 

0.4 143.9 0.996 9.8E+11 109.8 0.988 4.3E+06 

0.5 57.1 0.951 9.4E+03 61.3 0.777 1.1E+03 

0.6 145.3 0.965 1.3E+12 193.7 0.938 4.7E+12 

0.7 184.8 0.840 4.9E+15 301.2 0.862 1.9E+20 

0.8 238.8 0.924 3.7E+20 455.1 0.964 1.2E+31 

Average 142.6 0.920 5.3E+19 195.1 0.923 1.8E+30 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 219.7 0.909 3.8E+14    

0.3 210.6 0.995 8.4E+13    

0.4 181.3 0.983 6.8E+11    

0.5 99.5 0.973 8.0E+05    

0.6 193.2 0.824 4.8E+12    

0.7 240.5 0.974 1.2E+16    

0.8 180.9 0.996 6.3E+11    

Average 189.4 0.951 1.7E+15    
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(a) 

 

 

(b) 

 

 

Figure C-5 The KAS plots of CO2 gasification for various values of degrees of conversion run 1 (a) and 3 (b) 

at different heating rates 

Table C-5 Kinetic parameters of CO2 gasification obtained by KAS at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 81.6 0.939 1.9E+06 122.5 0.986 4.8E+07 

0.3 105.5 0.927 3.0E+08 195.8 0.974 1.1E+13 

0.4 123.8 1 1.4E+10 122.9 0.952 5.2E+07 

0.5 301.3 0.905 1.5E+26 121.2 0.922 3.8E+07 

0.6 219.6 0.963 6.8E+18 217.5 0.964 3.9E+14 

0.7 322.4 0.903 1.2E+28 234.5 0.963 6.6E+15 

0.8 337.2 0.971 2.6E+29 239.2 0.979 1.4E+16 

Average 213.1 0.944 3.9E+28 179.1 0.963 3.1E+15 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 241.7 0.850 1.4E+16    

0.3 256.6 0.912 1.5E+17    

0.4 154.7 0.900 8.3E+09    

0.5 116.9 0.997 1.5E+07    

0.6 257.0 0.978 1.7E+17    

0.7 353.2 1.000 1.1E+24    

0.8 418.8 0.940 4.7E+28    

Average 256.9 0.939 6.8E+27    
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Figure C-6 The KAS plots of combustion for various values of degrees of conversion run 1 (a) and 

2 (b) at different heating rates 

Table C-6 Kinetic parameters of combustion obtained by KAS at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 46.9 0.957 9.9E+02 70.4 0.880 1.5E+05 

0.3 53.6 0.958 4.3E+03 71.9 0.902 2.0E+05 

0.4 59.3 0.977 1.5E+04 69.3 0.946 1.2E+05 

0.5 57.6 0.918 1.1E+04 33.4 0.895 4.3E+01 

0.6 62.5 0.914 3.0E+04 45.7 0.953 6.7E+02 

0.7 107.9 0.856 4.9E+08 69.6 0.906 1.2E+05 

0.8 109.3 0.927 6.8E+08 70.5 0.922 1.5E+05 

Average 71.0 0.925 1.7E+08 61.6 0.915 1.1E+05 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 70.8 0.991 1.1E+05    

0.3 72.5 0.991 1.5E+05    

0.4 65.8 0.943 3.7E+04    

0.5 39.3 0.967 1.2E+02    

0.6 40.1 0.919 1.4E+02    

0.7 65.2 0.909 3.2E+04    

0.8 80.6 0.988 8.4E+05    

Average 62.1 0.958 1.7E+05    
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ST Method 

(a) 

 

 

(b) 

 

 

Figure C-7 The ST plots of pyrolysis for various values of degrees of conversion run 1 (a) and 2 (b) 

at different heating rates 

Table C-7 Kinetic parameters of pyrolysis obtained by ST at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 103.6 0.772 2.0E+08 118.3 0.971 1.8E+07 

0.3 125.7 0.994 2.1E+10 126.8 0.959 7.5E+07 

0.4 144.4 0.996 1.1E+12 110.2 0.988 4.6E+06 

0.5 57.6 0.952 1.0E+04 61.7 0.780 1.2E+03 

0.6 145.8 0.966 1.4E+12 194.2 0.939 5.0E+12 

0.7 185.2 0.841 5.4E+15 301.7 0.863 2.1E+20 

0.8 239.3 0.924 4.1E+20 455.6 0.964 1.3E+31 

Average 143.1 0.921 5.8E+19 195.5 0.923 1.9E+30 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 220.1 0.910 4.0E+14    

0.3 210.9 0.995 9.0E+13    

0.4 181.7 0.983 7.3E+11    

0.5 99.9 0.974 8.7E+05    

0.6 193.7 0.825 5.2E+12    

0.7 241.0 0.974 1.3E+16    

0.8 181.4 0.996 6.9E+11    

Average 189.8 0.951 1.9E+15    
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 (a) 
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Figure C-8 The ST plots of CO2 gasification for various values of degrees of conversion run 1 (a) 

and 2 (b) at different heating rates 

Table C-8 Kinetic parameters of CO2 gasification obtained by ST at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 82.0 0.939 2.0E+06 122.9 0.986 5.2E+07 

0.3 105.9 0.928 3.3E+08 196.2 0.974 1.1E+13 

0.4 124.2 1.000 1.5E+10 123.3 0.952 5.6E+07 

0.5 301.8 0.906 1.7E+26 121.6 0.922 4.2E+07 

0.6 220.1 0.964 7.6E+18 217.9 0.964 4.3E+14 

0.7 322.9 0.904 1.3E+28 234.9 0.963 7.2E+15 

0.8 337.7 0.971 2.9E+29 239.7 0.979 1.6E+16 

Average 213.5 0.944 4.3E+28 179.5 0.963 3.3E+15 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 242.1 0.850 1.5E+16    

0.3 257.0 0.912 1.7E+17    

0.4 155.1 0.901 8.9E+09    

0.5 117.4 0.997 1.6E+07    

0.6 257.5 0.978 1.9E+17    

0.7 353.7 1.000 1.2E+24    

0.8 419.3 0.940 5.1E+28    

Average 257.4 0.939 7.4E+27    
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(b) 

 

 

Figure C-9 ST plot of combustion for various values of degrees of conversion for run 1 (a) and 2 

(b) at different heating rates 

Table C-9 Kinetic parameters of combustion obtained by ST at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 47.3 0.958 1.1E+03 70.8 0.881 1.6E+05 

0.3 53.9 0.959 4.7E+03 72.3 0.903 2.2E+05 

0.4 59.7 0.977 1.7E+04 69.7 0.947 1.3E+05 

0.5 58.0 0.919 1.1E+04 33.9 0.897 4.8E+01 

0.6 62.9 0.915 3.3E+04 46.1 0.954 7.5E+02 

0.7 108.4 0.827 5.5E+08 70.1 0.907 1.4E+05 

0.8 109.8 0.927 7.5E+08 71.0 0.923 1.7E+05 

Average 71.4 0.926 1.9E+08 61.9 0.916 1.2E+05 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 71.2 0.992 1.1E+05    

0.3 72.9 0.991 1.7E+05    

0.4 66.3 0.943 4.0E+04    

0.5 39.7 0.968 1.3E+02    

0.6 40.6 0.921 1.6E+02    

0.7 65.6 0.910 3.5E+04    

0.8 81.2 0.988 9.4E+05    

Average 62.5 0.959 1.8E+05    



 

239 
 

TA Method 

(a) 

 

 

(b) 

 

 

Figure C-10 TA plots of pyrolysis for various values of degrees of conversion run 1 (a) and 2 (b) at 

different heating rates 

Table C-10 Kinetic parameters of pyrolysis obtained by TA at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 102.7 0.871 1.6E+08 118.4 0.972 1.8E+07 

0.3 116.5 0.881 3.0E+09 126.9 0.959 7.6E+07 

0.4 126.6 0.909 2.6E+10 110.4 0.988 4.7E+06 

0.5 121.9 0.948 9.6E+09 61.9 0.781 1.2E+03 

0.6 135.5 0.849 1.7E+11 194.3 0.939 5.2E+12 

0.7 212.6 0.691 1.6E+18 301.8 0.863 2.1E+20 

0.8 230.4 0.855 6.5E+19 455.7 0.964 1.4E+31 

Average 149.5 0.858 9.5E+18 195.6 0.923 1.9E+30 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 220.2 0.910 4.1E+14    

0.3 211.1 0.995 9.2E+13    

0.4 181.9 0.983 7.4E+11    

0.5 100.1 0.974 8.9E+05    

0.6 193.8 0.825 5.4E+12    

0.7 241.2 0.974 1.3E+16    

0.8 181.5 0.996 7.1E+11    

Average 189.9 0.951 1.9E+15    
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Figure C-11 TA plots of CO2 gasification for various values of degrees of conversion run 1 (a) and 

2 (b) at different heating rates 

Table C-11 Kinetic parameters of CO2 gasification obtained by TA at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 103.7 0.773 2.1E+08 123.0 0.986 5.3E+07 

0.3 125.8 0.994 2.2E+10 196.3 0.974 1.2E+13 

0.4 144.5 0.996 1.1E+12 123.5 0.952 5.7E+07 

0.5 57.7 0.952 1.1E+04 121.8 0.922 4.3E+07 

0.6 145.9 0.966 1.5E+12 218.1 0.964 4.4E+14 

0.7 185.4 0.841 5.6E+15 235.1 0.963 7.4E+15 

0.8 239.5 0.924 4.2E+20 239.8 0.979 1.6E+16 

Average 143.2 0.921 6.0E+19 179.7 0.963 3.4E+15 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 242.3 0.849 1.5E+16    

0.3 257.1 0.912 1.7E+17    

0.4 155.3 0.901 9.1E+09    

0.5 117.5 0.997 1.7E+07    

0.6 257.7 0.978 1.9E+17    

0.7 353.8 1.000 1.2E+24    

0.8 419.5 0.940 5.3E+28    

Average 257.6 0.940 7.5E+27    
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Figure C-12 TA plots of combustion for various values of degrees of conversion run 1 (a) and 2 (b) 

at different heating rates 

Table C-12 Kinetic parameters of combustion obtained by TA at different heating rates. 

Run 1 Run 2 

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1) 

0.2 47.4 0.958 1.1E+03 70.9 0.881 1.6E+05 

0.3 54.1 0.959 4.8E+03 72.4 0.903 2.2E+05 

0.4 59.9 0.977 1.7E+04 69.9 0.947 1.3E+05 

0.5 58.2 0.919 1.2E+04 34.0 0.898 4.9E+01 

0.6 63.1 0.916 3.4E+04 46.3 0.954 7.7E+02 

0.7 108.5 0.827 5.7E+08 70.2 0.907 1.4E+05 

0.8 109.9 0.927 7.7E+08 71.2 0.924 1.7E+05 

Average 71.6 0.926 1.9E+08 62.1 0.916 1.2E+05 

Run 3    

X 𝐸𝑎(kJ/mol) 𝑅2 𝐴(min-1)    

0.2 71.3 0.992 1.2E+05    

0.3 73.1 0.991 1.7E+05    

0.4 66.4 0.944 4.1E+04    

0.5 39.9 0.968 1.4E+02    

0.6 40.7 0.922 1.6E+02    

0.7 65.8 0.910 3.6E+04    

0.8 81.3 0.988 9.7E+05    

Average 62.6 0.959 1.9E+05    
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Appendix D: CR Method Kinetic Parameters 

Effect of dolomite on kinetic parameters 

Table D-1 Kinetic parameters obtained by CR for pyrolysis of SubcoalTM PAF at different dolomite 

loadings. 

0 wt.%          5 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 68.9 1.3E+04 0.896 48.2 3.1E+02 0.834 

G2 76.3 5.7E+04 0.918 53.9 1.5E+05 0.860 

G6 98.9 6.9E+06 0.955 66.9 7.9E+03 0.898 

G7 43.2 2.9E+02 0.943 28.1 7.4E+00 0.855 

G8 43.2 1.9E+02 0.943 28.1 4.9E+00 0.855 

G9 43.2 1.4E+02 0.943 28.1 3.7E+00 0.855 

G10 134.9 1.9E+09 0.833 123.0 2.6E+06 0.992 

G14 98.1 2.9E+07 0.992 53.3 5.4E+03 0.914 

G15 67.2 8.1E+04 0.980 39.7 2.4E+02 0.902 

G16 44.2 5.7E+02 0.943 28.1 1.5E+01 0.855 

10 wt.% 15 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 45.0 1.8E+02 0.865 36.4 6.2E+01 0.895 

G2 51.2 3.0E+02 0.885 40.8 8.9E+01 0.909 

G6 62.9 3.1E+03 0.911 48.5 6.1E+02 0.922 

G7 26.1 4.4E+00 0.872 21.9 1.8E+00 0.881 

G8 26.1 2.9E+00 0.872 21.9 1.2E+00 0.881 

G9 26.1 2.2E+00 0.872 21.9 9.0E-01 0.881 

G10 99.8 2.9E+10 0.999 88.7 2.5E+20 0.952 

G14 48.5 1.8E+03 0.901 34.0 3.3E+02 0.880 

G15 36.5 1.1E+02 0.900 26.3 3.1E+01 0.976 

G16 26.1 8.7E+00 0.872 21.9 3.6E+00 0.932 

20 wt.%    

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2    

G1 39.9 6.7E+01 0.893    

G2 45.9 1.4E+02 0.926    

G6 60.6 2.9E+02 0.973    

G7 24.8 4.0E+00 0.909    

G8 24.9 9.0E+03 0.909    

G9 24.9 8.1E+00 0.921    

G10 92.5 3.0E+06 0.912    

G14 42.6 6.5E+02 0.930    

G15 30.3 6.1E+01 0.932    

G16 24.9 8.4E+00 0.909    
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Table D-2 Kinetic parameters obtained by CR for CO2 gasification of SubcoalTM PAF at different 

dolomite loadings. 

0 wt.% 5 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴 (min-1) 𝑅2 

G1 83.9 1.3E+04 0.896 46.9 2.9E+02 0.883 

G2 93.3 5.7E+04 0.918 52.2 5.2E+02 0.891 

G6 112.9 6.9E+06 0.955 63.9 5.5E+03 0.911 

G7 59.2 2.9E+02 0.943 26.9 6.4E+00 0.883 

G8 56.2 1.9E+02 0.943 26.9 4.3E+00 0.882 

G9 43.3 1.4E+02 0.943 27.9 3.2E+00 0.881 

G14 103.9 2.9E+07 0.992 50.1 3.4E+03 0.941 

G15 74.2 8.1E+04 0.980 37.6 1.8E+02 0.923 

G16 62.2 5.7E+02 0.943 26.9 1.3E+01 0.881 

10 wt.% 15 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 43.4 1.1E+02 0.862 41.7 7.2E+01 0.899 

G2 48.2 1.8E+02 0.829 46.1 1.1E+02 0.858 

G6 58.6 1.4E+03 0.852 55.5 6.6E+02 0.874 

G7 24.2 2.98 0.798 22.6 1.98 0.888 

G8 24.2 1.99 0.798 22.6 1.32 0.898 

G9 25.2 1.49 0.798 23.6 9.9E-01 0.928 

G11 - - - 15.4 2.8E-01 0.911 

G12 - - - 13.5 1.6E-01 0.871 

G13 - - - 13.5 1.2E-01 0.861 

G14 44.8 8.9E+02 0.890 41.1 3.7E+02 0.964 

G15 33.7 6.4E+01 0.855 31.2 3.5E+01 0.949 

G16 24.2 5.96 0.798 22.6 3.96 0.928 

20 wt.%    

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2    

G1 43.2 1.7E+01 0.903    

G2 49.4 2.8E+01 0.910    

G6 57.6 3.3E+02 0.908    

G7 24.1 1.2E+00 0.936    

G8 24.3 8.3E+02 0.942    

G9 25.1 6.4E+01 0.924    

G14 43.5 5.8E+01 0.965    

G15 33.3 2.8E+01 0.913    

G16 24.1 6.7E+01 0.922    
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Table D-3 Kinetic parameters obtained by CR for combustion of SubcoalTM PAF at different dolomite 

loadings. 

0 wt.% 5 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 63.9 1.3E+04 0.896 46.9 2.5E+02 0.852 

G2 73.3 5.7E+04 0.918 52.4 4.6E+02 0.841 

G6 96.9 6.9E+06 0.955 64.4 5.0E+03 0.865 

G7 43.2 2.9E+02 0.943 27.1 6.03 0.821 

G8 43.2 1.9E+02 0.943 27.1 4.02 0.821 

G9 43.2 1.4E+02 0.943 27.1 3.02 0.821 

G10 124.9 1.9E+09 0.833 - - - 

G14 92.1 2.9E+07 0.942 43.9 3.4E+03 0.906 

G15 65.2 8.1E+04 0.980 33.1 1.7E+02 0.874 

G16 43.2 5.7E+02 0.993 27.1 1.2E+01 0.821 

10 wt.% 15 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 39.4 6.5E+01 0.888 31.5 2.1E+01 0.892 

G2 44.9 9.6E+01 0.834 37.3 2.6E+01 0.920 

G6 53.5 6.3E+02 0.855 42.2 1.2E+02 0.939 

G11 - - - 12.7 1.3E-01 0.802 

G12 - - - 13.7 9.3E-02 0.802 

G13 - - - 13.7 6.9E-02 0.802 

G14 39.6 4.0E+02 0.893 36.6 8.0E+01 0.999 

G15 29.4 3.5E+01 0.858 23.2 1.0E+01 0.962 

20 wt.%    

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2    

G1 39.4 6.5E+01 0.888    

G2 44.9 9.6E+01 0.834    

G6 53.5 6.3E+02 0.855    

G14 39.6 4.0E+02 0.893    

G15 29.4 3.5E+01 0.858    
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Effect of olivine on kinetic parameters 

Table D-4 Kinetic parameters obtained by CR for pyrolysis of SubcoalTM PAF at different olivine 

loadings. 

0 wt.% 5 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 68.9 1.3E+04 0.896 52.4 1.2E+03 0.929 

G2 76.3 5.7E+04 0.918 54.4 3.0E+03 0.947 

G6 98.9 6.9E+06 0.955 75.9 9.0E+04 0.967 

G7 43.2 2.9E+02 0.943 32.9 2.9E+01 0.961 

G8 43.2 1.9E+02 0.943 32.9 2.0E+01 0.961 

G9 43.2 1.4E+02 0.943 32.9 1.5E+01 0.961 

G10 134.9 1.9E+09 0.833 - - - 

G14 98.1 2.9E+07 0.992 66.9 1.5E+05 0.995 

G15 67.2 8.1E+04 0.980 48.4 2.2E+03 0.987 

G16 44.2 5.7E+02 0.943 32.9 5.9E+01 0.961 

10 wt.% 15 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 47.9 1.9E+02 0.861 40.5 2.1E+01 0.892 

G2 52.0 3.3E+02 0.843 44.3 2.6E+01 0.880 

G6 63.3 3.1E+03 0.872 54.2 1.2E+02 0.839 

G7 26.0 4.62 0.824 - - - 

G8 27.0 3.08 0.822 - - - 

G9 27.6 2.31 0.825 - - - 

G14 49.3 1.9E+03 0.902 40.6 8.0E+01 0.946 

G15 36.4 1.2E+02 0.871 30.2 1.0E+01 0.892 

G16 26.0 9.25 0.823 - - - 

20 wt.%    

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2    

G1 45.8 4.9E+01 0.913    

G2 49.4 9.9E+01 0.910    

G6 59.4 1.8E+02 0.969    

G14 51.3 9.5E+01 0.955    

G15 36.0 1.5E+02 0.894    
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Table D-5 Kinetic parameters obtained by CR for CO2 gasification of SubcoalTM PAF at different 

olivine loadings. 

0 wt.% 5 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 83.9 1.3E+04 0.896 54.9 2.1E+03 0.904 

G2 93.3 5.7E+04 0.918 63.4 7.3E+03 0.927 

G6 112.9 6.9E+06 0.955 84.3 5.4E+05 0.963 

G7 59.2 2.9E+02 0.943 36.9 7.2E+01 0.950 

G8 56.2 1.9E+02 0.943 38.9 4.8E+01 0.950 

G9 43.3 1.4E+02 0.943 37.9 3.6E+01 0.950 

G14 103.1 2.9E+07 0.992 80.9 2.6E+06 0.993 

G15 74.2 8.1E+04 0.980 56.4 1.3E+04 0.984 

G16 62.2 5.7E+02 0.943 36.9 1.4E+02 0.950 

10 wt.% 15 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 54.8 2.0E+03 0.926 52.9 2.7E+03 0.949 

G2 62.9 6.4E+03 0.945 61.4 9.3E+03 0.965 

G6 83.2 4.1E+05 0.975 82.6 6.8E+05 0.976 

G7 36.3 6.2E+01 0.965 35.9 8.2E+01 0.981 

G8 37.3 4.1E+01 0.965 36.9 5.4E+01 0.981 

G9 36.4 3.1E+01 0.965 35.9 4.1E+01 0.981 

G11 23.0 1.8E+00 0.886 22.0 2.21 0.921 

G12 23.9 1.2E+00 0.886 21.0 1.47 0.921 

G13 21.9 9.1E-01 0.886 21.0 1.10 0.921 

G14 80.1 1.5E+06 0.990 77.5 2.7E+06 0.977 

G15 56.1 9.4E+03 0.989 55.6 1.4E+04 0.992 

G16 36.3 1.2E+02 0.965 35.2 1.6E+02 0.981 

G17 23.0 3.7E+00 0.886 22.0 4.4E+00 0.921 

20 wt.%    

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2    

G1 54.3 2.3E+01 0.899    

G2 62.1 3.4E+01 0.925    

G6 83.6 8.8E+01 0.882    

G7 38.8 3.2E+00 0.863    

G8 37.9 2.2E+01 0.942    

G9 37.2 5.5E+01 0.923    

G14 80.0 6.5E+01 0.968    

G15 57.2 2.5E+02 0.932    

G16 36.3 4.3E+01 0.891    
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Table D-6 Kinetic parameters obtained by CR for combustion of SubcoalTM PAF at different olivine 

loadings. 

0 wt.% 5 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 63.9 1.3E+04 0.896 53.1 1.0E+02 0.876 

G2 73.3 5.7E+04 0.918 47.8 1.6E+02 0.894 

G6 96.9 6.9E+06 0.955 58.5 1.3E+03 0.915 

G7 43.2 2.9E+02 0.943 23.9 2.8E+00 0.871 

G8 43.2 1.9E+02 0.943 23.9 1.8E+00 0.871 

G9 43.2 1.4E+02 0.943 23.8 1.4E+00 0.871 

G10 124.9 1.9E+09 0.833 - - - 

G14 92.1 2.9E+07 0.942 62.9 7.4E+02 0.892 

G15 65.2 8.1E+04 0.980 38.2 5.6E+01 0.896 

G16 43.2 5.7E+02 0.993 23.9 5.5E+00 0.871 

10 wt.% 15 wt.% 

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2 

G1 41.9 4.5E+01 0.885 37.5 2.4E+01 0.890 

G2 45.2 6.4E+01 0.896 41.5 3.2E+01 0.961 

G6 55.8 4.2E+02 0.904 50.4 1.8E+02 0.893 

G14 48.6 2.5E+02 0.848 44.4 1.1E+02 0.855 

G15 31.9 2.4E+01 0.863 27.5 1.3E+01 0.898 

G16 - - - 19.7 1.8E+00 0.847 

20 wt.%    

Model 𝐸𝑎(kJ/mol) 𝐴(min-1) 𝑅2    

G1 39.9 4.4E+01 0.894    

G2 44.4 8.3E+01 0.927    

G6 53.8 2.7E+00 0.967    

G14 47.9 1.2E+02 0.931    

G15 29.3 3.9E+01 0.897    
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Appendix E: FBGR Parameters 

Gasification parameters 

Table E-1 Operating parameters for ER experiments. 

Effect of ER 

Operating Parameters Unit 
ER 

0.15 0.2 0.25 0.3 0.35 

Airflow rate l/min 40 40 40 40 40 

Reaction bed temperature T2 ᵒC 750 750 750 750 750 

Bed material (sand) particle 

size 
μm 500-600 500-600 500-600 500-600 500-600 

Pellet / Pellet B Pellet B Pellet B Pellet B Pellet B 

Static bed height (Hs) cm 6.225 6.225 6.225 6.225 6.225 

Mass rate of biomass 

feeding 
g/min 43.2 32.4 25.9 21.6 18.5 

(MAFR) stoichiometric / 8.33 8.33 8.33 8.33 8.33 

Air superficial velocity Uo m/s 0.89 0.89 0.89 0.89 0.89 

 

Table E-2 Gasification parameters at different ER at 750 °C. 

Experiments 1 2 3 4 5 

Equivalence ratio 0.15 0.2 0.25 0.3 0.35 

Higher heating value (MJ/Nm3) 6.10 5.95 5.76 4.56 3.78 

Producer gas yield (Nm3/kg) 1.11 1.19 1.25 1.25 1.28 

Carbon conversion efficiency (%) 37.98 44.61 47.12 49.456 52.98 

Cold gas efficiency (%) 33.94 31.88 29.29 23.45 18.21 

Char yield (g/min) 8.50 7.50 7.00 5.00 4.00 

 

Table E-3 Producer gas composition (vol%) of pellet B with different ER. 

ER CO CO2 CH4 H2 N2 

0.15 16.24 10.42 7.24 9.14 56.96 

0.2 15.23 10.65 7.78 8.04 58.3 

0.25 14.62 11.64 7.19 8.22 58.33 

0.3 12.31 13.98 5.42 6.65 61.64 

0.35 10.42 14.19 4.54 5.12 65.73 
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Table E-4 Operating parameters for different temperature experiments. 

Effect of the Bed Temperature 

Operating Parameters Unit Pellet A/B 

Bed temperature  °C 350 450 550 650 750 

Airflow rate  l/min (kg/hr) 40 40 40 40 40 

Equivalence ratio (ER) / 0.15 0.15 0.15 0.15 0.15 

Bed (sand) particle size μm 500-600 500-600 500-600 500-600 500-600 

Static bed height (Hs) cm 6.225 6.225 6.225 6.225 6.225 

Mass rate of biomass 

feeding 
g/min 43 43 43 43 43 

(MAFR) stoichiometric  / 8.33 8.33 8.33 8.33 8.33 

Air superficial velocity Uo m/s 0.89 0.89 0.89 0.89 0.89 

 

Table E-5 Gasification parameters of pellet A at different temperatures. 

Experiments 1 2 3 4 5 

Temperature (°C) 350 450 550 650 750 

Higher heating value (MJ/Nm3) 1.54 2.74 5.50 6.05 6.32 

Producer gas yield (m3/kg) 0.87 0.98 1.23 1.28 1.33 

Carbon conversion efficiency (%) 14.47 25.03 49.49 50.43 54.69 

Cold gas efficiency (%) 5.79 11.59 29.44 33.61 36.30 

Char yield (g/min) 11.00 10.00 9.50 9.00 8.50 

 

Table E-6 Gasification parameters of pellet B at different temperatures. 

Experiments 1 2 3 4 5 

Temperature (°C) 350 450 550 650 750 

Higher heating value (MJ/Nm3) 1.55 2.89 5.60 6.11 6.35 

Producer gas yield (m3/kg) 0.87 0.99 1.25 1.29 1.33 

Carbon conversion efficiency (%) 14.56 25.79 50.34 51.09 54.93 

Cold gas efficiency (%) 5.83 12.37 30.31 34.06 36.55 

Char yield (g/min) 11.00 10.00 9.50 9.00 8.50 
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Table E-7 Producer gas composition (vol%) of pellet A with different temperatures. 

Temperature (°C) CO CO2 CH4 H2 N2 

350 5.21 7.24 1.83 1.22 84.5 

450 8.62 10.14 3.14 3.15 74.95 

550 12.14 14.22 7.86 6.56 59.22 

650 14.32 11.62 7.63 9.41 57.02 

750 16.82 10.95 7.45 9.62 55.16 

 

Table E-8 Producer gas composition (vol%) of pellet B with different temperatures. 

Temperature (°C) CO CO2 CH4 H2 N2 

350 5.36 7.18 1.81 1.22 84.43 

450 8.75 10.24 3.31 3.65 74.05 

550 12.28 14.21 7.95 6.96 58.6 

650 14.12 11.88 7.92 9.21 56.87 

750 17.14 10.75 7.4 9.68 55.03 

 

Table E-9 Operating parameters for olivine and dolomite experiments. 

Olivine/Dolomite 

Operating Parameters unit Pellet B 

Catalyst ratio Wt.% 15 15 15 15 

ER 0.15 0.15 0.15 0.15 0.15 

Airflow rate l/min 40 40 40 40 

Reaction bed temperature (T) °C 600 650 700 750 

Bed material (sand) particle size μm 500-600 500-600 500-600 500-600 

Static bed height (Hs) cm 6.225 6.225 6.225 6.225 

Mass rate of biomass feeding g/min 43 43 43 43 

(MAFR) stoichiometric  8.33 8.33 8.33 8.33 

Air superficial velocity Uo m/s 0.89 0.89 0.89 0.89 
 

Table E-10 Gasification parameters of pellet B without catalyst. 

Experiments No Catalyst 

Temperature (°C) 600 650 700 750 

Higher heating value (MJ/Nm3) 3.63 6.04 6.16 6.18 

Producer gas yield (m3/kg) 1.06 1.18 1.31 1.32 

Carbon conversion efficiency (%) 40.34 43.09 50.27 52.93 

Cold gas efficiency (%) 18.81 20.06 26.25 33.55 
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Table E-11 Gasification parameters of pellet B in the presence of olivine. 

Experiments Olivine 15 wt.% 

Temperature (°C) 600 650 700 750 

Higher heating value (MJ/Nm3) 4.05 6.16 6.28 6.38 

Producer gas yield (m3/kg) 1.14 1.20 1.32 1.35 

Carbon conversion efficiency (%) 42.67 45.67 53.73 54.97 

Cold gas efficiency (%) 20.02 23.45 28.76 34.76 

 

Table E-12 Gasification parameters of pellet B in the presence of dolomite 

Experiments Dolomite 15 wt.% 

Temperature (°C) 600 650 700 750 

Higher heating value (MJ/Nm3) 4.12 6.25 6.37 6.45 

Producer gas yield (m3/kg) 1.14 1.21 1.34 1.40 

Carbon conversion efficiency (%) 43.06 45.97 54.44 55.20 

Cold gas efficiency (%) 20.34 24.52 29.45 36.97 

 

Table E-13 Producer gas composition (vol%) of pellet B without catalyst at different temperatures. 

Temperature (°C) CO CO2 CH4 H2 N2 

600 11.36 15.72 8.15 5.25 59.52 

650 14.12 11.88 7.92 9.21 56.87 

700 15.32 11.68 7.2 9.53 56.27 

750 17.14 10.75 7.4 9.68 55.03 

 

Table E-14 Producer gas composition (vol%) of pellet B with olivine 15 wt.% at different 

temperatures. 

Temperature (°C) CO CO2 CH4 H2 N2 

600 11.12 15.43 5.42 3.85 64.18 

650 13.14 14.29 5.12 6.41 61.04 

700 16.82 13.68 4.84 8.32 56.34 

750 18.62 11.55 4.54 11.21 54.08 
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Table E-15 Producer gas composition (vol%) of pellet B with dolomite 15 wt.% at different 

temperatures. 

Temperature (°C) CO CO2 CH4 H2 N2 

600 12.23 14.2 5.11 4.24 64.22 

650 14.57 12.78 4.55 7.89 60.21 

700 17.9 11.14 4.24 10.21 56.51 

750 21.44 8.25 2.93 14.21 53.17 

 

E-16 MATLAB code 

Conversion curves  

clc 
clear 
[data_a, data_b, alldata_received]=xlsread('G:\PhD writing 
Cardiff\Experiments\ahmed TGA\Matlab001\Exctra Copy of Dolomite 
0%.Air.20C.Run2.Kinetic.xlsx',20,'A6:AL6456'); 
 
figure(1) 
X=data_a(:,1:2:8); 
Y=data_a(:,2:2:8); 
plot(X(:,1),Y(:,1),'g') 
ylabel('Conversion X') 
xlabel('Temperature, (^oC)') 
 
hold on 
plot(X(:,2),Y(:,2),'r') 
plot(X(:,3),Y(:,3),'b') 
plot(X(:,4),Y(:,4),'k') 
 
hold off 
legend('boxon') 
legend({'5 ^oC/min','10 ^oC/min','15 ^oC/min','20 
^oC/min'},'Location','southwest','FontSize',2) 
 

Kinetic model free curves  

clear 
[data_a, data_b, alldata_received]=xlsread('G:\PhD writing 
Cardiff\Experiments\matlab\Ln(B dadT).xlsx','A1:N6'); 
y1=xlsread('Ln(B dadT).xlsx','Sheet20','A3:A6'); 
x1=xlsread('Ln(B dadT).xlsx','Sheet20', 'B3:B6'); 
 
y2=xlsread('Ln(B dadT).xlsx','Sheet20','C3:C6'); 
x2=xlsread('Ln(B dadT).xlsx','Sheet20', 'D3:D6'); 
 
y3=xlsread('Ln(B dadT).xlsx','Sheet20','E3:E6'); 
x3=xlsread('Ln(B dadT).xlsx','Sheet20', 'F3:F6'); 
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y4=xlsread('Ln(B dadT).xlsx','Sheet20', 'G3:G6'); 
x4=xlsread('Ln(B dadT).xlsx','Sheet20', 'H3:H6'); 
 
y5=xlsread('Ln(B dadT).xlsx','Sheet20', 'I3:I6'); 
x5=xlsread('Ln(B dadT).xlsx','Sheet20', 'J3:J6'); 
 
y6=xlsread('Ln(B dadT).xlsx','Sheet20', 'K3:K6'); 
x6=xlsread('Ln(B dadT).xlsx','Sheet20', 'L3:L6'); 
 
y7=xlsread('Ln(B dadT).xlsx','Sheet20', 'M3:M6'); 
x7=xlsread('Ln(B dadT).xlsx','Sheet20', 'N3:N6'); 
 
figure(1); 
hold on 
axis([0.0013,0.002,-5,-1]); 
p1 = polyfit(x1, y1, 1); 
v1 = polyval(p1,x1); 
plot(x1,y1,'r*',x1,v1,'r-','LineWidth',2.0); 
 
p2 = polyfit(x2, y2, 1); 
v2 = polyval(p2,x2); 
plot(x2,y2,'mo',x2,v2,'m-','LineWidth',2.0); 
 
p3 = polyfit(x3, y3, 1); 
v3 = polyval(p3,x3); 
plot(x3,y3,'bs',x3,v3,'b-','LineWidth',2.0); 
 
p4 = polyfit(x4, y4, 1); 
v4 = polyval(p4,x4); 
plot(x4,y4,'gh',x4,v4,'g-','LineWidth',2.0); 
 
p5 = polyfit(x5, y5, 1); 
v5 = polyval(p5,x5); 
plot(x5,y5,'y<',x5,v5,'y-','LineWidth',2.0); 
 
p6 = polyfit(x6, y6, 1); 
v6 = polyval(p6,x6); 
plot(x6,y6,'cd',x6,v6,'c-','LineWidth',2.0); 
 
 
p7 = polyfit(x7, y7, 1); 
v7 = polyval(p7,x7); 
plot(x7,y7,'k+',x7,v7,'k-','LineWidth',2.0); 
 
legend('0.2', '', '0.3', '', '0.4', '', '0.5', '', '0.6', '', '0.7', '', 
'0.8',''); 
hold off 
 
ylabel('Ln (B/Ti^1.894661)'); 
xlabel('1/T, K^-1'); 
 
 


