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Abstract 

The use of fossil fuel to generate energy has contributed to the emission of greenhouse gases, 

which is a leading factor in the depletion of the ozone layer. This effect of fossil fuel on the 

atmosphere has led to the push for a renewable source of energy with less environmental 

problems. Gasification of excavated landfill waste residue (EWR) is one of the promising 

alternatives of generating environmentally friendly energy. Steam gasification has proven to 

be the most favorable method among the various methods of converting waste to energy. This 

method enhances the quality and heating value of the produce gas. 

This study examines the energy potential of converting EWR into useful gases by steam 

gasification. This study evaluates the effects of factors such as temperature, reaction time, 

and steam to feedstock ratio on the steam gasification. Optimization of the gasification 

process and the interaction effect of these factors on the gasification products were also 

investigated using the response surface methodology (RSM) based on Box Behnken 

experimental design. In addition, analysis of variance (ANOVA) was conducted to determine 

the level of confidence of the quadratic model derived from the Box Behnken method. 

The products obtained during the steam gasification process include  hydrogen (H2), 

carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), and tar.  The optimum process 

conditions for the steam gasification are 1000 0C, a reaction time of 45 minutes, and a steam 

to feedstock ratio of 0.5. The ANOVA results show that temperature and reaction time 

significantly influence the steam gasification process compared to the steam to feedstock 

ratio.  

The results also show that product gas yield increases with temperature. As the 

gasification temperature increases from 800 0C to 1000 0C, the product gas yield increases by 

230% while the tar yield decreases by 73%, at a constant reaction time of 45 minutes, and a 

steam to feedstock ratio of 0.5. To obtain maximum product gas output, the steam-to-

feedstock ratio and the reaction time was kept within the optimum value.  

Finally, the lower heating value (LHV) of the product gas, the carbon gasification 

efficiency, and the cold gas efficiency of the steam gasification process all increase with 
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increasing gasification temperature and reaction time. The LHV increased by 450% as the 

temperature increased from 800 0C to 1000 0C and the reaction time from 15 to 45 minutes, 

with a steam to feedstock ratio of 0.5. Under the same condition, the carbon gasification 

efficiency and cold gas efficiency also increased by about 7% and 10%, respectively. 
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Chapter 1  

Introduction 

1.1 Background  

The use of fossil fuel since the industrial revolution has contributed to climate change and led 

to a strong push for renewable energy sources [1]. Reducing air pollution and greenhouse gas 

(GHG) emissions result from fossil fuel combustion is the primary driving force of renewable 

energy sources (RES) [1][2]. In addition, air emissions from fossil fuel combustion contribute 

to the depletion of the ozone layer [3][4]. GHGs such as carbon dioxide (CO2), methane 

(CH4) and nitrous oxide (N2O) have contributed to global warming for about 60%, 15% and 

5%, respectively [4]. As a result, there is a need for renewable resources that can reduce these 

GHG emissions.  

It is estimated that more than half of the global GHG emissions are from the G7 countries 

(Canada, France, Germany, Italy, Japan, the United Kingdom, and the USA) and the BRICS 

economies (Brazil, Russia, India, China, and South Africa) [5]. As shown in Figure 1.1, in 

2018, China and the United States accounted for 25 and 12% of global emissions of GHGs, 

respectively. Canada's GHG emissions rank relatively low, accounting for less than 2% of 

global emissions. 
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Figure 1.1. Global and Canada GHG emissions in 2018 [6] 

Renewable energy is considered clean for its significantly low environmental impact [7]. 

In the choice of renewable resources, it is imperative to consider a wide range of factors, such 

as cost, cleanness, efficiency, stability, and environmental impact. Solar, wind, geothermal, 

hydropower, tidal, and biomass are the major resources for renewable energy production. 

They can also be converted into other forms of energy career, such as electricity, gas, and 

biofuels [8].  

Municipal solid waste (MSW) is one type of biomass, which is the collection of urban wastes 

such as household wastes, business wastes, and waste originating from public agencies [9]. 

The MSW is mainly composed of wastepaper, food, wood, garden waste, cotton, and leather. 

It can also include plastic and fabrics. Table 1.1 summarizes the global generation of MSW. 

In 2016, it was 2.01 billion tons, and it is estimated to rise to 2.59 and 3.40 billion tons by 

2030 and 2050, respectively [5]. Nevertheless, high-income regions like North America and 

Europe account for 34% of the global MSW generation, while rapid development in lower- 

and middle-income regions such as Sub-Saharan Africa, the Middle East, and Central Asia 

contribute to more than half of the total global MSW by 2050 [5]. 
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Table 1.1. Global waste generation and projection by geographical region [5] 

Geographical region Waste 

generation in 

2016 (millions 

of tons/year) 

Projected waste 

generation in 2030 

(millions of 

tons/year) 

Projected waste 

generation in 2050 

(millions of tons/year) 

Middle East and North 

Africa 

129 177 255 

Sub-Saharan Africa 174 269 516 

Latin America and 

Caribbean 

231 290 369 

North America 289 342 396 

South Asia 334 466 661 

Europe and Central Asia 392 440 490 

East Asia and Pacific 468 602 714 

 

Landfill and open dumps have been the primary means of disposing MSW around the 

world [10]. The percentages of MSW landfilled in the USA, Brazil, Saudi Arabia, Malaysia, 

and China are 52.6% [10], 59.1% [11], 85% [12], 94.5% [13], and 79% [14], respectively. In 

Venezuela, 32% of the MSW goes to sanitary landfills, controlled disposal accounts for 43%, 

and non-controlled disposals or open dumps take 24% of the MSW [15]. In Mexico, 65% 

goes to sanitary landfills and 30% to open dumps [16]. In Thailand, 27% of MSW goes to 

landfill [17], [18]. Studies comparing the various waste management (WM) methods 

(landfilling, incineration, composting, etc.) show that sanitary landfilling or open dumping is 

the most popular option in most countries because of their low technical requirement and 

relatively low cost [17]. 

Meanwhile, technologies are available to transform solid biomass into energy careers for 

the protection of the environment because waste-based fuels have slightly smaller carbon 

footprints than fossil fuels do [19]. These technologies include hydrothermal liquefaction 

[21], pyrolysis [22], and gasification [23]. However, it is not clear whether it is technically 

and economically feasible to convert MSW into energy resources.  
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1.2 Motivation and Challenges of the Thesis Research 

The primary method of disposing of MSW in North America is landfilling for low costs and 

available land. About 75% of the MSW generated in Canada is landfilled [20]. On the other 

hand, fugitive emissions from landfill sites are one of the largest anthropogenic sources of 

atmospheric methane (CH4) in developed countries. In Canada, for example, approximately 

25% of anthropogenic CH4
 
emissions are from landfills [20]. However, CH4 is also an energy 

resource [21].  

Recently, landfill space has become a challenge in Canada, particularly in urban centers 

like Calgary, Alberta. As a result, municipalities are examining the ways to maximize the use 

of available landfill space, while exploring the potential of converting landfill waste into 

energy resources [22]. One option is to convert the dry-tomb landfill site into a bioreactor, 

which expedites the biodegradation of organic compounds in the MSW by increasing 

microbial activity and cycling nutrients [22]. Calgary Bio-cell located in the City of Calgary 

is an example of this type of fully functional bioreactor [20]. 

Figure 1.2 shows the operation of the Calgary Bio-cell. In the first stage, the cell is 

operated as an anaerobic bioreactor to enhance landfill gas production. In the second stage, 

the bio-cell is operated in an aerobic mode to produce compost or materials that can be 

converted into refuse derived fuel (RDF). In the final stage, the wastes are mined, and the 

land space is reclaimed, ensuring the sustainable operation of the Biocell. The recovered 

space in the mined area can be utilized for a variety of purposes, including the creation of 

another bio-cell [22].  
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Figure 1.2.  Phases of bio-cell operation with example durations [23] 

On a larger scale, Enhanced Landfill Mining (ELFM) is gaining societal interest as a 

viable alternative to conventional remediation technique for landfill mining [24]. The ELFM 

involves the integration of landfill excavation, advanced materials sorting and processing, 

and thermo-conversion processes to recover materials and energy resources for reuse. 

Accordingly, the motivation of this thesis work is to investigate the energy potential of the 

EWR from the Calgary Bio-cell using the ELFM technique.  

1.3 Research Objectives 

The main objective of this research is to evaluate the energy value of the excavated waste 

residue (EWR) from City of Calgary Bio-cell. To achieve this main objective, this thesis  

• characterizes the residual waste of the Bio-cell. 

• develops a system to carry out steam gasification of the excavated landfill waste. 

• evaluates the chemical composition of the gaseous product and its energy intensity 

• optimizes and studies the interaction of the independent variables of the steam 

gasification process  

Year 1

Anaerobic

Year 2

Anaerobic

Year 3

Anaerobic

Year 4

Anaerobic

Year 5

Aerobic

Year 6

Mining and 
space 

recovery
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• evaluates the effects of gasification temperature, steam to feedstock ratio, and 

residence time on product gas yield. 

The residual landfill waste was excavated from the Calgary Bio-cell that has been 

operated for about fifteen years.  

1.4 Thesis Structure 

The thesis is organized into five chapters. Chapter 1, this chapter, presents the background, 

motivation, and objectives of the thesis work. Chapter 2 reviews recent advances in waste 

management and the technologies for waste conversion into energy resources. Chapter 3 

presents the design of the experimental apparatus and the methodology used in this study. 

The methodology includes the description of the waste samples, sample preparation, sample 

analyses, and the product gas characterization. Chapter 4 presents the results and discussion, 

and Chapter 5 summarizes the conclusions of the study and recommendations for future 

studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

7 

Chapter 2  

Literature Review 

2.1 Waste Management 

Waste is any substance that is discarded for disposal or has been required to be discarded by 

the holder [25]. With increasing population and urbanization, the amount of waste generate 

globally has been steadily increasing [26]. Various wastes originate from manufacturing 

processes, industries, and municipal solid wastes (MSW) [26]. Improper management of the 

wastes poses a long-term environmental impact, including pollution of the air, soil, and 

ground waters, as a well as decrease in land space because of landfilling processes [27]. A 

global perspective on resource management emphasizes the importance of education and 

awareness in waste and waste management [26]. 

Waste management is the process of collecting, transporting, processing, recycling, or 

disposing of waste [26]. The waste management practices differ between developed and 

developing countries, as well as between urban and rural areas and between residential and 

industrial sources [28]. The goal of proper waste management is to encourage the reuse of 

materials in society and provide sanitary living conditions while reducing the amount of 

waste[26]. 

Waste management helps achieve the following goals [28]: 

• Reduction the total amount of waste  

• Recycling and reintroduction of suitable substances into production cycles as 

secondary raw materials or energy sources 

• Re-introduction of biodegradable wastes into the natural cycle 

• Reducing the amount of residual waste disposed of on landfills 

• Flexibility regarding the fluctuations in waste quantities and composition 
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2.2 Waste Management System 

As shown in Table 2.1, a waste management system consists of four major elements: (1) 

generation, i.e., how waste is generated, (2) collection and transport, i.e., collection systems 

and how waste are being transported, (3) treatment, i.e., how waste is converted into useful 

products, (4) final disposal, i.e., recycling of waste materials or landfilling of such materials. 

The waste management system encompasses all the activities associated with handling, 

treatment, disposal, and recycling of waste materials [29]. 

Table 2.1. Components of waste management systems [26] 

 

2.3 Waste Management Methods  

Most developed countries have strict regulations regarding the management of waste, which 

make the remediation of waste sites an important issue, from both a safety and a site 

preparation perspective (e.g construction) [30]. 

Main component Sub-parts 

Production of waste 

materials 

Waste source 

Source separation 

Internal collection 

Production rate 

Waste types 

Collection and transport Collection 

Transport 

Transfer 

Treatment Physical reprocessing: Shredding, sorting, compacting 

Thermal reprocessing: incineration, gasification 

Biological reprocessing: Anaerobic digestion, aerobic 

composting 

Final disposal Recycling 

Landfilling 
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Waste management methods may be divided into the following categories: 

• Recycling – It refers to the process of recovering materials from products after they 

have been used. 

• Composting - This is a type of biological method of degrading biodegradable 

materials. 

• Sewage treatment – This involves the treatment of sewage to produce a non-toxic 

liquid effluent that is discharged into rivers or sea, and as a semi-solid sludge it can 

either be used for soil improvement or incinerated or disposed in landfills. 

• Incineration – This is a means of reclaiming energy from waste while minimizing the 

volume of waste to be disposed. 

• Landfilling – This is a special area for the disposal of waste, which consists of pre-

constructed enclosure lining with an impermeable layer (natural or artificial) with 

controls to minimize the emissions. 

2.3.1 Recycling 

Recycling refers to the process of separating, collecting, processing, and reusing of a material 

that might otherwise be discarded [31]. Recycling as one of the strategies of minimizing 

waste, offers three advantages: (i) it decreases the demand for new resources, (ii) it reduces 

the cost of transportation and production energy, and (iii) it reuses waste materials that would 

otherwise be disposed into landfill sites [32]. 

2.3.2 Composting 

The process of composting is defined as the biological breakdown of organic materials by 

microorganisms [33]. It is a natural process to stabilize organic waste products that can result 

to the development of highly nutritive materials, popularly known as compost or humus, 

depending on the sources of the organic waste materials [34]. For example, Bundela et al. 

[35] reported a process as one of the most cost-effective and sustainable options in municipal 

solid waste management, surpassing the traditional methods like landfilling and burning. It 

allows recycling of potential plant nutrients, which constitute the bulk of waste in most 

developing countries. The by-product of composting, which is either a compost or humus, 

can be used as agricultural productions, horticulture, and land reclamations, particularly those 
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relating to the reclamation of burrows pits and other areas of land depressions [36]. The 

sustainability of composting technologies is therefore a major driving force behind a more 

efficient and economically viable way to utilize related technologies, which contribute to the 

sustainability of both agricultural and social systems [37]. 

2.3.3 Incineration 

Incineration refers to the process of oxidizing combustible waste to produce heat and air 

pollutants [38]. Incineration and other methods of treating waste at high temperatures are 

sometimes referred to as "thermal treatment". Despite considerable public opposition to 

incineration due to the emissions of pollutants, such as carbon monoxide, hydrogen fluoride, 

sulphur dioxide, volatile organic carbon, dioxins and furans, and heavy metals, into the air, it 

is often the only practical means of disposing hazardous but highly flammable, volatile, toxic, 

and infectious wastes. For example, clinical wastes cannot be disposed of in landfills in the 

United States due to their potential health risks, and any recycling and reusing must be done 

after sterilization [39]. On the other hand, there are problems of waste incineration, including 

construction and the start-up of the facilities, which may be too expensive for developing 

countries. 

2.3.4 Landfilling  

A landfill is a designated terrestrial burial site, which is usually located outside a 

municipality's suburban areas, for the disposal of biodegradable and non-biodegradable 

wastes [40]. In many countries, landfilling has been the most lucrative waste disposal 

method. For example, there are about 150,000 to 500,000 landfill sites in the European 

Union, which serve as a repository for the massive amount of municipal solid waste 

generated throughout Europe [41]. It is estimated that the United State and Canada have over 

2000 active landfill sites to dispose of their municipal solid waste [42]. According to Giroux 

[42], nearly 97% of residual solid wastes in Canada are landfilled after diversion, i.e. 

recycling, composting, and energy recovery.  

Landfilling is a more effective way to dispose municipal solid waste than incineration and 

recycling because of its cost-effectiveness and modest labor requirement. In addition, 

landfills can generate revenues by energy production from landfill gases. With the 
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implementation of efficient, integrated technologies as shown in Figure 2.1, these waste 

stores can be transformed from waste stores into clean energy source [40]. 

 

Figure 2.1. Conventional municipal solid waste landfilling system [40] 

Government authorities around the world are responsible for the regulation of landfill to 

avoid dumping of infectious biomedical wastes from healthcare clinics, hospital, and toxic 

industrial residue into landfill sites [44]. Examples of developed nations that have strict 

landfill regulations include United States (i.e., US Environmental Protection Agency, 

USEPA), Scotland (i.e., Scottish Environmental Protection Agency), the United Kingdom 

(i.e., Landfill Allowance Trading Scheme), the European Union (i.e., Landfill Directive), 

Northern Ireland (i.e., Northern Ireland Environmental Agency), and Canada (i.e., Canadian 

Environmental Protection Act, CEPA) 

Landfills may be classified according to the type of refuse disposed:  

• Class 1: landfill use for soil disposal 

• Class 2: landfill use for minerals, construction, and demolition waste disposal 

• Class 3: landfill use for municipal solid waste disposal 

• Class 4: landfill use for commercial and industrial waste disposal 

• Class 5: landfill use for hazardous waste disposal [43].  

The various classes of landfills can also be categorized into four basic types: open dumps, 

semi-controlled dumps, sanitary landfill, and bioreactor landfill [44].  
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The open dump landfill refers to a land area where municipal solid wastes are disposed of 

in an open environment with outdoor air circulation [43]. This type of landfill is often found 

in developing countries; municipal solid waste refuses in these landfill sites are disposed of 

indiscriminately in open areas with low ground levels. Poor management of these landfills 

provides a habitat for scavengers such as falcons, eagles, vultures, crows, and other birds as 

well as flies, mosquitoes, pests, worms, rodents, and pathogenic microorganisms [44]. The 

smell of persistent stench emanating from open dump landfill areas is a common problem 

with the type of landfill. Numerous developed countries consider open dumping as a 

violation of their regulatory laws and it has been banned in those countries. 

Semi-controlled dump landfill is a type of landfills that is operated in designated dump 

location, where the municipal solid waste is sorted, shredded, and compacted before disposal. 

Piles of thrash are crushed and leveled and then covered with a layer of topsoil to prevent the 

breeding of scavenging birds, animals, pests and microorganisms. Despite the relatively less 

foul smell of the semi-controlled landfills due to topsoil cover, they are not designed to 

manage landfill gas emission and leachate discharge [44]. 

A sanitary landfill shown Figure 2.2 is a more advanced type of semi-controlled landfill. 

In addition to sorting, segregating, reducing the size of the waste, densifying and topsoil 

covering, the sanitary landfills have designed facilities to collect liquid leachate and landfill 

gas emissions. Sanitary landfills are typically located outside a regional boundary, away from 

residences, and they are characterized with the placement of cover soil on top of a freshly 

disposed waste to minimize odor, disease vectors, fires, and waste scavenging [40]. This type 

of landfill is common in developed countries where facilities for intercepting and treating the 

leachate are available.  
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Figure 2.2. A typical sanitary landfill [40] 

Even though this type of landfill minimizes groundwater contamination and the emission 

of landfill gas, the following residual problems still exist: 

• This method is not sustainable because there is always a need to build new landfills 

every few years after the existing one is saturated. 

• There is a long-term liability issue related to the landfill. The biodegradation process 

in this type of landfill is extremely slow, and it will take a long time for the waste to 

stabilize. In general, it may be necessary to monitor the potential environmental 

impacts of the landfill for a long period of time, until the waste has been fully 

stabilized. 

• This type of landfill does not explicitly address the issue of landfill gas [45]. 

Recent research on sanitary landfills indicates that the operation of landfills as bioreactors 

may be feasible [40][40], [45]. As shown in Figure 2.3, a bioreactor landfill is an 

advancement in the design of sanitary landfill to enhance the degradation of the 

biodegradable fraction of the waste by micro-organisms, leading to faster mineralization and 

stabilization. A conventional sanitary landfill hinders the biodegradation by reducing the 

moisture content in the landfill, whereas a bioreactor expedite the biodegradation process by 

controlled moisture input in the landfill, leachate recirculation and increasing cycling of 

nutrients and bacterial populations.  
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Figure 2.3. Operational features of a bioreactor landfill system [46] 

Compared to the conventional sanitary landfill, the bioreactor landfill has several 

advantages as follows. [46] 

• Improved leachate quality 

• Leachate storage and treatment 

• High productivity and yield of landfill gases 

• Accelerated waste stabilization 

• Increased biodegradation rate of the waste 

• Increased possibility of converting waste to energy  

Despite these advantages, the bioreactor landfill fails to address one of the most critical 

issues related to conventional sanitary landfills, that is, lack of space and the need to 

continuously locate new landfills. To address these problems, a bioreactor variation is 

proposed, termed "Sustainable Biocell" or "Biocell" [45].  
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A Biocell entails the operation of a waste cell in three stages. In the first stage, the cell 

operates under anaerobic conditions with leachate recirculation to maximize the recovery of 

the energy potential from the waste. In the second stage, the Biocell is operated aerobically, 

and compost is produced. In the third or final stage, the Biocell is mined to recover resources 

[45]. The process of extracting the remains of disposed materials, and possible energy 

resources from a landfill is called landfill mining [47]. The incorporation of landfill 

excavation, advanced materials sorting and processing, and thermal conversion processes for 

the recovery of materials and energy resources for reuse in society is the start-of-art in 

landfill mining, and it is called “Enhanced Landfill Mining (ELFM)” [48]. 

2.4 Enhanced Landfill Mining (ELFM) 

The concept of ELFM is beneficial to both old and new landfills. This makes landfills the 

future mines for materials that are yet viable for recycling economically or have a potential of 

being recycled effectively with the current technologies. In fact, incineration process 

eliminates the possibility of reusing certain waste streams. To ensure more materials being 

recycled or transformed to other useful forms rather than being burned or buried, the concept 

of ELFM becomes valuable [48]. Enhanced landfill mining (ELFM) is driven by the value-

added nature of the waste materials. 

Generally, there are two types of recovery processes in which valuable resources can be 

recovered from excavated landfills. These recovery processes include: (i) Waste to Material 

(WtM), a process creating new materials depending on the characteristics of the excavated 

landfill, and (ii) Waste to Energy (WtE), a process of extracting energy from excavated waste 

as an alternative to fossil fuels. ELFM prevents the emissions of carbon dioxide and other 

pollutants during material valorization. [49].  

The rest of this section overviews the WtE technologies using excavated landfill waste 

(usually MSW) as feedstock. 
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2.5 Municipal Solid Waste (MSW) as Energy Feedstock for WtE 

There are two broad categories of waste in the MSW stream: inorganic and organic [50]. The 

organic fraction includes food waste, yard waste, paper, wood, and process residues, while 

the inorganic fraction includes plastic, textile, leather, rubber, and metals [51].  

There are numerous technologies available for treating MSW; however, knowing the exact 

compositions of the MSW is important to determining the most appropriate and effective 

technology for the treatment of MSW [51]. The characteristics of MSW feedstock depend on 

many factors, such as storage method (the humidity influence), maturity (age of the 

excavated landfill waste), and sorting procedure (varies from country to country) [52]. To 

emphasize, the successful implementation of WtE technologies in the concept of ELFM 

depends on the efficiencies of the WtE processes, which fundamentally depend on the 

feedstock quality. To meet the WtE input requirements, the MSW excavated from landfills 

(possibly processed into RDF) fulfill the WtE process requirement. 

Table 2.2 shows the composition of MSW and RDF in the Phyllis database [53]. The 

mean value and range of values of different types of MSW and RDF are given in the Phyllis 

database. The range of values of MSW and RDF on the Phyllis database is shown in 

paratheses. The data indicate that the content and calorific value can vary widely. For 

example, in an experimental study performed on excavated municipal solid waste MSW) 

from a landfill in Belgium [54], the MSW was processed into RDF using conventional pre-

treatment techniques, including shredding, screening, sorting, drying, and pelletizing. The 

result of the processed RDF listed shows that the waste composition of the processed RDF 

from the Belgium landfill is within the range of values found in the Phyllis database. 

 

 

 

 



 

 

 

 

 

 

 

 

17 

Table 2.2. Composition of MSW and RDF: mean values, and [min – max] value [53] 

Content Unit MSW by (Phyllis, 

2011) 

RDF by (Phyllis, 

2011) 

RDF processed 

from Belgium 

landfill 

Moisture content wt% wet 32.4 [31.0 – 38.5] 10.8 [2.9 – 38.7] 14.4  

Volatiles wt% dafa 87.1 [87.1] 88.5 [74.6 – 99.4] 80.4 

Ash wt% dry 33.4 [16.6 – 44.2] 15.8 [7.8 – 34.5] 27.1 

NCVb MJ/Kg 18.7 [12.1 – 22.5] 22.6 [16.1 – 29.3] 22.0 

C wt% daf 49.50 [33.9 – 56.8] 54.60 [42.5 – 68.7] 54.9 

H wt% daf 5.60 [1.72 – 8.46] 8.37 [5.84 – 15.16] 7.38 

O wt% daf 32.40 [22.4 – 38.5] 34.40 [15.8 –15.16] NAc 

N wt% daf 1.33 [ 0.7 – 1.95] 0.91 [0.22 -2.37] 2.03 

S wt% daf 0.51 [0.22 – 1.40] 0.41 [0.01 – 1.27] 0.36 

C: Carbon, H: Hydrogen, O: Oxygen, N: Nitrogen, S: Sulphur 

a: dry ash free, b: Net calorific value, c: Not available 

2.6 Methods of Converting Landfill Waste to Energy 

Waste-to-energy involves recovering energy from waste in the form of electricity or heat 

[54]. Due to its heterogeneity, MSW is composed of materials of varying sizes, shapes, and 

compositions. If MSW is fed into the WtE processes as “excavated” it may result in unstable 

operating conditions, leading to quality variations in the product. As a result, refuse derived 

fuel (RDF), a processed form of the MSW, is often used in WtE systems. MSW is generally 

converted to RDF by shredding, screening, sorting, drying and/or palletisation to improve the 

handling characteristics and homogeneity of the waste. There are several advantages to 

converting MSW to RDF, including enhanced calorific value, improved homogeneous 

physical and chemical compositions, reduced pollutant emissions, reduced ash content, 

improved ease of storage, handling, and transportation [53]. 

As shown in Figure 2.4, the available technologies of converting landfill waste to energy 

can be categorized into biochemical or thermochemical processes. The biochemical process 

includes anaerobic digestion, and the thermochemical process includes incineration, 

pyrolysis, and gasification [55]. They are introduced as follows.  
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Figure 2.4. Landfill waste-to-energy technologies [53] 

2.6.1 Biochemical Conversion of Landfill Waste to Energy 

Biochemical conversion of landfill waste to energy is the biological decomposing of landfill 

waste into useful energy carriers. The process consists of different metabolic reactions such 

as hydrolysis, acidogenesis, and methanogenesis [56]. As an example, anaerobic digestion is 

described as follows. 

In anaerobic digestion, the feedstock (usually MSW or biomass) is decomposed by 

bacteria in the absence of oxygen. It is typically a fermentation process, in which the major 

gas products are methane and carbon dioxide [57]. Anaerobic digestion is a useful technology 

from an environmental point of view. As described by Ward et al. [58], this process provides 

two distinct benefits for reducing environmental pollution:  

• The process of decomposition is contained within a sealed environment, thus 

preventing potentially methane from entering the atmosphere.  
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• The use of methane separated from the landfill gas can help reduce the emissions of 

greenhouse gases. 

2.6.2 Thermochemical Conversion of Landfill Waste to Energy 

Table 2.3 shows the characteristics of the thermochemical process conversion of landfill 

waste. Thermochemical conversion of landfill waste to energy is carried out at high 

temperatures (usually above 200 0C) to produce useful gaseous products. The advantage of 

this process includes reduction of waste volume and weight, recovery landfill space, and 

reduction of landfill gas emissions. The major types of this waste to energy conversion 

process are incineration, pyrolysis, and gasification [5]. 

The term incineration refers to the combustion of waste materials in excess air or oxygen 

without material recovery [59]. MSW incineration has become popular because it requires 

little processing before it is incinerated or directly burned. The heat from this process can be 

used to produce high pressured steam, which can then be used to run a steam turbine power 

plant to generate electricity. One of the major environmental drawbacks of this process is the 

generation of ash from the boiler's grate and these ashes are usually disposed in landfills. A 

variety of other emerging incineration technologies are also capable of obtaining energy from 

waste and generating controlled levels of emissions. As a result, such advanced technologies 

should be more publicly accepted than conventional incineration processes. 

Pyrolysis refers to the thermal decomposition process that take place in the absence of 

oxygen to transform a feedstock (usually MSW or biomass) into carbon rich solid (biochar), 

liquid (pyrolysis oil) and a mixture of combustible gases [60]. The pyrolysis process usually 

occurs in three stages. The first stage occurs between 120 to 200°C, and this stage is called 

the pre-pyrolysis stage where bond breakage occurs, free radicals appear and carbonyl groups 

are formed, resulting in the release of water (H2O), carbon monoxide (CO) and carbon 

dioxide (CO2). The second stage is the main pyrolysis process (2000C to 9000C), where the 

thermal decomposition results in significant weight loss. In the last stage, the char produced 

from the second stage is devolatilized by the further breakdown of C-H and C-O bonds [61]. 

Pyrolysis can be classified based on the reaction temperature, heating rate, and residence 
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time. They are slow pyrolysis (convectional pyrolysis), fast pyrolysis, and flash pyrolysis 

[60]. 

Table 2.3. Characteristics of the thermochemical process conversion of landfill waste 

technologies [62] 

 Incineration Pyrolysis Gasification 

Aim Maximize waste 

conversion into high 

temperature flue gas 

Maximize thermal 

decomposition of solid into 

coke, gases, and condense 

phases 

Maximize waste 

conversion into high 

calorific gases 

Temperature (0C) 800 – 1450 250 – 900 500 - 1800 

Pressure (bar) 1 1 1 - 45 

Atmosphere Air Inert Gasifying agent: O2, 

air, H2O 

Stoichiometric > 1 0 < 1 

Products from the 

process: 

   

Gas phase CO2, H2O, O2, N2 H2, CO, H2O, N2, 

hydrocarbons 

H2, CO, CO2, CH4 

Solid phase Ash Ash, coke Ash, slag 

Liquid phase    - Pyrolysis oil, water        - 

 

As shown in Figure 2.5, gasification is a thermochemical process that involves the 

conversion of energy in carbon-based feedstock into gaseous fuel rich product called syngas 

[5][63]. The conversion process is achieved by partial oxidation of the feedstock at a high 

temperature (500 – 18000C) in an inert atmosphere [62]. As shown in Table 2.3, the syngas or 

synthesis gas produce majorly contains hydrogen (H2), carbon monoxide (CO), carbon 

dioxide (CO2), and methane (CH4). Trace amount of higher hydrocarbons, inert gases due to 

the gasifying agent and various types of contaminants such as char residues can also be found 

in the gasification product [64]. The syngas produced can be used as feedstock for chemical 
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industry (through certain reforming procedure); it can also be used to produce power and 

energy [65].   

 

Figure 2.5. Schematic diagram of gasification process [66] 

Table 2.4 compares different types of gasifying agents, including oxygen, air, steam, or 

mixtures of these agents. The simplicity of air gasification and its low cost make it an 

attractive alternative to oxygen. As a result, air is the most popular gasifying agent for the 

gasification process. However, because of nitrogen dilution, it has a major disadvantage of 

yielding a gas with low calorific value (4 - 7MJNm-3). Another popular gasifying agent is 

steam, which is usually employed if the main purpose is to product H2 and CO-enriched 

product gas [62]. Steam gasification also enhances the quality of the gas and significantly 

increases its heating value. According to the experiment conducted by Wu et al. [67], for 

example, adding steam to a two-stage gasification of plastic increased product gas yields 

while reducing solid and oil yields. The increase in product gas is due to the improvement of 

thermal cracking of large molecules. 
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Table 2.4. Comparison of different types of gasifying agents [62] 

Gasifying 

agent 

Advantages Limitation Product gas 

Oxygen Higher calorific value and 

cleaner product than air, 

enhances combustion 

reactions in gasification, 

and reduces cost of 

preheating the reactor 

Generation of pure 

oxygen is capital 

and energy intensive 

Enhances formation 

of combustible 

gases 

while reducing N2 

content in the 

syngas 

Air Simplicity and low cost Diluted syngas, low 

calorific value gas, 

possibility of NOx 

formation 

Significant amount 

of N2 in the product 

gas 

Carbon dioxide Direct conversion of 

greenhouse gas (CO2), 

reduces cost of carbon 

capture and storage, 

enhances adjustment of 

H2/CO ratio for various 

applications 

Requires external 

heating and catalytic 

tar reforming 

CO-enriched syngas 

Steam Enhancement of gas 

quality and heating value. 

Improvement of 

reforming and 

Water gas shift reactions 

Requires external 

heating and steam 

generation plant. 

Therefore, may be 

energy intensive. 

Higher tar formation 

than air and oxygen 

Syngas with 

enhanced H2 and 

CO concentrations 

In order to understand the gasification process, it is necessary to understand the basic 

chemical reactions that take place during the different phases of the gasification process. The 

reaction is either endothermic or exothermic in nature and their rate depends on the 

temperature, pressure and the gasifying agent employed [68]. The gasifier is divided into 
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different zones: drying, pyrolysis, combustion, and reduction zones. The process and 

chemical reactions that takes place in each zone are presented in Equations (2-1) – (2-8) [66]. 

• Drying zone:  

Table 2.5 shows the moisture contents of different types of feedstocks [69]. A feedstock with 

a moisture content between 10% and 20% is generally recommended for producing syngas 

with a high calorific value [70]. Therefore, the quality of the gasification product is largely 

determined by the feedstock. Prior to gasification, feedstock with high moisture content is 

dried in the drying zone of the gasifier. However, feedstock with high moisture content 

results in energy loss and degrades product gas quality [71][72].  

Table 2.5. Moisture content of different types of feedstocks [69] 

Feedstock Moisture content on wet basis (%) 

Wheat straw 8 - 20 

Rice straw 50 - 80 

Corn stalks 40 – 60 

MSW 15 - 60 

Saw dust 25- 55 

Wood bark 30 - 60 

Rice husk 7 – 10 

 

• Pyrolysis zone: 

This zone is characterized by the reduction of large molecular groups into smaller 

hydrocarbons to form biochar, liquids, and gaseous molecules [73] . The cellulose present in 

feedstock decomposes by forming tar, char, and gaseous products. In other words, pyrolysis 

temperature has the great impact on the selectivity of products in pyrolysis. Above 773 K, 

little tar is formed, and a large proportion of biodiesel and bio-oil are produced [74]. 

Feedstock pyrolysis usually occur at temperatures between 398 and 773 K, resulting in 

different types of products according to the temperature selected [69]. 
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• Combustion zone: 

The combustion zone is characterized by exothermic chemical reactions, by increasing the 

temperature to the range of 1373 - 1773 K [72]. The final product in this zone are carbon 

monoxide, carbon dioxide, and water as presented in Eqs. (2-1) to (2-3) [75]. 

C + 
1

2
O2  → CO                             -110 

MJ
Kmol⁄                       0-1 

CO + 
1

2
O2  → CO2                          -282 

MJ
Kmol⁄                      0-2 

H2  +  
1

2
O2  →  H2O                        - 241 

MJ
Kmol⁄                      0-3 

• Reduction zone: 

As the name implies, the reduction zone reduces the content of tar particles in the product gas 

by bringing them to a high temperature of about 1273 K [76]. The major problem caused by 

gasification process is the generation of tar. Excessive amount of tar in the product gas will 

decrease the overall efficiency of feedstock and increase the overall separation cost of the 

product gas [77]. There are two methods of tar reduction: (1) in situ tar reduction (Primary 

Process) and (2) ex situ tar reduction (Secondary Process) [78]. The in situ process involves 

the removal of tar through optimization and designing the gasifier to alter the temperature 

and pressure conditions of the gasification process and incorporating catalysts into the 

process. The ex situ process employs post-gasification equipment such as wet scrubbers, wet 

electrostatic precipitators, and filters [69]. The chemical reactions that take place during in 

situ process are presented in Eqs. (2-4) to (2-6). 

• Boudouard reaction: 

C + CO2  → 2CO                        +171 
MJ

Kmol⁄                             0-4 

• Water-gas shift reaction: 
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C + H2O → CO +  H2               +130 
MJ

Kmol⁄                             0-5 

• Methanation reaction: 

C + 2H2  →  CH4                           -75 
MJ

Kmol⁄                              0-6 

The product gas composition of the gasification process is affected by several operation 

factors. Among these factors are temperature, pressure, type of feedstock, catalyst, residence 

or reaction time, and gasifying agent used. These factors must be considered when deciding 

the desired product gas composition and applications. The factors affecting the gasification 

process are discussed below: 

The gasification temperature is one of the most important factors to be considered in the 

gasification process because the main reactions are endothermic in nature. Zaini et al. [24] 

reported their steam gasification of landfill experiment. BIncreasing the temperature of the 

gasifier from 8000C to 10000C increases the product gas yield from 0.73 to 0.78 g/g-fuel, and 

the H2 content of the syngas also increases linearly with temperature from 0.029 g/g-fuel at 

8000C to 0.046 g/g-fuel at 10000C. The yield of CH4 gas also increases linearly with the 

increase in temperature. They also carried out steam co-gasification of landfill waste with 35 

wt% biomass. There was about 45% tar reduction when the gasification temperature 

increased from 8000C to 9000C. Tar compounds are cracked down into smaller non-

condensable gases or molecules at higher temperatures [79].  

Residence time is the time it takes the feedstock to completely breakdown in the reactor 

[80]. The residence time can be regulated by varying the feed rate or product discharge time. 

An increase in the residence time results in more reactions, which promotes the formation of 

char and other stable products. Nanda et al., found that at 6500C, the total syngas yield 

increases from 10.2 mol/kg at 15 min residence time to 14.1 mol/kg at 45 min residence time. 

Chen et al. [81] also confirms that longer reaction times favor thermal cracking reactions, 

which in turn increases the product gas yield. 

A steam to feedstock ratio refers to the amount of steam that is introduced into a gasifier 

in relation to the feedstock input [1]. According to Li et al., [82] the optimum steam to 

feedstock ratio was 1.33 during their steam gasification of palm oil waste. They found that 
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the introduction of steam increased the yield of H2 gas and total product gas by steam 

reforming reaction in the gasifier. When the quantity of steam introduced into the system was 

more than the optimum ratio, they notice a decrease in syngas and H2 yields due to excess 

steam in the system, which lowers the reaction temperature. Therefore, it is important to 

determine the optimum steam to feedstock ratio in order to get the maximum output of 

product gas. 

A catalyst is used to amplify the chemical reactions in the gasification process and to 

enhance the quality of the product gas. This is because catalytic cracking occurs at a much 

faster rate, and it requires less energy compared to the conventional thermal cracking. The 

catalyst used in the gasification process can be classified in two different types according to 

phase in which they are used. A homogeneous catalyst is the catalyst that is in the same phase 

as a reaction feedstock, e.g. sodium hydroxide and potassium hydroxide; heterogeneous 

catalysts are usually in different phase as the feedstock, e.g. zirconium dioxide [83]. For 

example, Nanda et., [81] found that, at a temperature of 6500C, 45 min residence time and 

3% potassium hydroxide (KOH), the total syngas yield was 44% higher than non-catalytic 

gasification of timothy grass. 

2.6.3 Types of gasifiers 

Gasifiers are classified into fixed or moving bed gasifiers, fluidized bed gasifers, and 

entrained flow gasifiers, depending on how the gas and fuel interact in the gasifier. The 

gasification process can be divided into different zones: drying, pyrolysis, combustion or 

oxidation, and reduction regardless of the type of gasifier. The type of gasifier employed is 

determined by several factors, including product demand, moisture content, and fuel 

availability. 

2.6.3.1 Fixed bed gasifier 

The fixed bed gasifier is the most frequently used gasifier in industry due to its simplicity and 

ease of operation. These gasifiers are also called moving bed gasifiers because the fuel moves 

downward in the gasifiers in form of a plug. A fixed bed gasifier operates within the pressure 

range of 1-70 bars. Fixed/moving bed gasifiers may be classified as up-draft, down-draft and 
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cross-draft gasifier depending on the nature of contact between the gasifying agent and the 

feedstock [84]. 

• Up-draft gasifier 

As shown Figure 2.6, the feedstock enters the up-draft gasifier through the top while the 

gasifying agent enters through the bottom of the gasifier, hereby making it appear as a 

counter flow movement. As a result, up-draft gasifiers are also referred to as counter-flow 

gasifiers. There is a combustion zone in the lower portion of the gasifier, where the gas 

products are formed because of drying and pyrolysis. These raise the temperature of the 

combustion zone and the product gas to about 1000 K [73]. The hot gases from the 

combustion are immediately reduced in the reduction zone to facilitate feedstock drying and 

steam generation. These types of gasifiers have the highest thermal efficiencies because the 

product gases exit the gasifiers at low temperatures [85]. This type of gasifier is also 

susceptible to several limitations, including sensitivity to tar and moisture content of 

feedstock, low syngas production, long engine start-up time, and poor response capability 

[86]. 
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Figure 2.6. Schematic diagram of up-draft gasifier [1] 

• Down-draft gasifiers 

In contrast to updraft gasifiers, the gasifying agent in a down-draft gasifier is fed to the 

combustion zone through the mid-section of the gasifier; see Figure 2.7. The feedstock is fed 

through the top into the drying section where it is dried and further moved to the pyrolysis 

zone, where it is transformed into char and gases. All the decomposition products are then 

forced to pass through the combustion zone for thermal cracking of volatile compounds to 

produce the high-quality product gas with less tar content [87]. The interaction of the 

gasifying agent and the feedstock occur in the downward direction results in the ash and 

product gas to flow in the same direction. Therefore, the down-draft gasifiers are also 

referred to as co-current gasifiers [61]. 
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Figure 2.7. Schematic diagram of down-draft gasifier [1] 

• Cross-draft gasifier 

The cross-draft gasifier is one of the simplest gasifiers in which the gasifying agent is 

supplied through the side nozzles, while the feedstock enters through the top nozzle as shown 

in Figure 2.8. A cross-draft gasifier, however, has a separate ash bin and reduction zone, thus 

reducing the amount of fuel needed for its operation. Additionally, it produces less ash in the 

product gas [88]. This type of gasifier is also known as side-draft gasifiers [89].  Table 2.6 

compares the advantages and disadvantages of the up-draft, down-draft and cross-draft 

gasifiers. 
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Figure 2.8. Schematic diagram of cross-draft gasifier [1] 
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Table 2.6. Advantages and disadvantages of different types fixed bed gasifiers [90][91][92] 

Type of gasifier Advantages Disadvantages 

Up-draft gasifier •   good thermal efficiency 

•   Utilizes heat of combustion 

effectively because of counter-flow 

operation 

•   Less pressure drop 

•   Little tendency towards slag 

formation 

• Not suitable for high volatility 

feedstock 

• Low production of syngas 

• Ideal only for scale uses 

• Poor reaction capability 

• It takes long time to start up 

• High tar yield 

  

Down-draft 

gasifier 

• Low sensitivity to tar, and dust in 

feedstock 

• Low tar yield compared to updraft 

gasifiers 

• Less time to ignite 

• Low thermal efficiency due to 

high temperature outlet of 

product gas 

• High particulate matter content 

Cross-draft 

gasifier 

• Low tar yield 

• fast response time 

• Flexible product gas yield 

 

• High pressure-drop 

• High sensitivity to formation of 

slag 

 

2.6.3.2 Fluidized gasifiers 

Fluidized gasifiers are gasifiers that gasify feedstocks in a bed of small particles such as sand, 

silica, and dolomite with the gasifying agents. A fluidizing gas is used to make the bed of the 

gasifier behave like a fluid. The process is characterized by high output, improved gas and 

solid reactions with enhanced heat and mass transfer, longer reaction time, better char 

conversion, and high calorific value of the product gas. Thus, fluidized beds are an effective 

option for gasifying plastic wastes due to their excellent gas solid mixing and uniform 

temperature distribution. Typically, fluidized bed gasifiers are operated at temperature 

ranging between 923 and 1223 K [93] and at pressures ranging between 0 and 70 bar [94]. 
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There are two main categories of fluidized bed gasifiers based on the velocity of the gasifying 

medium: (1) bubbling bed gasifier and (2) circulating bed gasifier [69]. 

• Bubbling bed gasifier 

Bubbling bed gasifiers are the oldest type of fluidized bed gasifier [96]. As shown in Figure 

2.9, the bubbling bed gasifier consists primarily of inert particles such as sand and silica. 

Wheeldon et al. [95] observed in their experiment that the tar conversion rate of the bubbling 

bed gasifier was significantly enhanced when the bed material was imparted with catalytic 

activity. Particles of the feedstock reaching the top of the bed experience increased cross-

sectional area, decreasing their velocities (usually 1 m/s) [69]. This promotes the formation of 

particulate matter. As a result, the bubbling bed gasifier requires a network of cyclone 

separators at the gasifier's exit [96]. Feedstocks with high ash contents may be converted by 

bubbling bed gasifier due to their flexibility in fuel processing and loading. The downside of 

these gasifiers is their conversion efficiencies lower than those of circulating bed reactors 

[97]. 

 

Figure 2.9. Schematic diagram of a bubbling bed gasifier [1] 
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• Circulating fluidized bed gasifier 

As shown in Figure 2.10, the feedstock into a circulating bed gasifier flows outside the 

gasifier followed by recycling back into the gasifier to increase the conversion efficiency. 

Circulating bed gasifiers become more attractive due to the extended reaction time they offer. 

The fluidization velocity (3.5 – 5.5 ms-1) of this type of gasifier is much higher than that of a 

bubbling bed gasifier [85]. The circulating bed gasifier can provide high gas yields and 

higher calorific value of product gas. Additionally, circulating bed gasifier have several 

advantages over other types of gasifiers, including the ability to process a large volume of 

feedstock, a low tar yield, a greater efficiency of carbon conversion, and an optimal residence 

time [97]. However, the initial and operating cost of this system is expensive. The main 

application of this type of gasifier can be found in the power sector, cement industry, and 

paper industry [69][76].  

 

Figure 2.10. Schematic diagram of circular bed gasifier [1] 

2.6.3.3 Entrained flow gasifier 

In an entrained flow gasifier, the feedstock (usually < 1 mm) and the gasifying agent are fed 

into the gasifier in a co-current; see Figure 2.11. This type of gasifier operates at a pressure of 
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23 to 30 bar and at a temperature of 1273 K, which makes them suitable for tar cracking [98]. 

They are usually employed in coal and mixed plastic waste gasification [70]. This type of 

gasifiers has a carbon conversion efficiency of almost 100%, which makes them appropriate 

for large-scale applications. Although these gasifiers operate at high temperatures, they still 

pose difficulties in terms of material selection and ash melting [99]. 

 

Figure 2.11. Schematic diagram of entrained gasifier [1] 

2.7 Syngas Utilization and Cleanup 

2.7.1 Syngas utilization 

The syngas can be used in several ways, either in an external or internal combustion engine. 

There are several thermodynamic systems that can utilize the syngas such as gas engines, gas 

turbines, or heating system such as steam turbines, and absorption chillers. 

2.7.2 Syngas cleanup 

Syngas cleanup is the process of removing pollutants or pollutant-forming traces from the 

syngas. A variety of pollutants are produced during the gasification process, and the 

pollutants produced are determined by the operational parameters of the gasifier (e.g., 

temperature, gasifying agent, and particle size) as well as the composition of the feedstock. 



 

 

 

 

 

 

 

 

35 

The pollutants include phenol, heavy tars, sub-micron particulate matter, cresol, ammonia 

(NH3), sulfides, and hydrochloric acid (HCl). If not managed properly, these compounds can 

reform to produce dioxins and furans [66]. These pollutants maybe controlled by applying the 

following methods: 

• By excluding PVC and Teflon from the feedstock is one of the strategies to control 

chlorine and fluorine. 

• By drying high moisture content waste before gasifying to lower the tar yield. 

• Catalytic conversion of phenols, cresols, ammonias, and heavy tars into light gases 

under anoxic conditions (the scrubber must be heated to over 400°C). 

• Fine dusts are removed from the syngas through light compression and cooling in a 

liquid. 

2.8 Comparison of Methods of Converting Landfill Waste to Energy 

Figure 2.12 illustrates the WtE technologies that are available for treating MSW and RDF 

[53]. The main advantages and disadvantages of the three main types of thermochemical 

technologies (i.e. incineration, pyrolysis, and gasification) for MSW and/or RDF (Refuse 

derived fuel) are discussed below. The discussion emphasizes the possibilities these 

technologies offer in WtE valorization route - which is essential in ELFM. 
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Figure 2.12. Thermochemical WtE technologies for MSW and RDF [53] 

It is possible to recover energy from wastes through incineration. MSW incinerators offer 

a great deal of potential as a source of heat/electricity. As shown in Figure 2.13, using steam 

turbines to generate electricity is one of the WtE possibilities for MSW incineration. 

However, the flue gas from steam turbines does not meet the required quality standard for gas 

turbines; gas engines that are more efficient than steam turbines in producing electricity. 

Although solid waste incinerators can reduce the volume of waste significantly to about 90%, 

a high volume of the residues must still be disposed of on landfills [100]. 

Incinerator bottom ash is composed of slag, ferrous and non-ferrous metals, ceramics, 

glass, and other non-combustibles and residual organic matter in a highly heterogeneous 

mixture. This composition of a bottom ash is closely dependent on the composition of waste 

being incinerated. There are multiple sources of various elements in MSW, and these 

elements influence the bottom ash characteristics [100]. As a result of the potential risk of 
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heavy metal leaching, bottom ash is largely disposed in landfills and not suitable for reuse. 

MSW incinerator bottom ash needs to be treated with advanced thermal technology to make 

eco-friendly products. Therefore, MSW incinerators can generate a considerable amount of 

WtE, but not so much suitable for WtM. 

 

Figure 2.13. WtE – from MSW to electricity (heat) through incineration [53] (APC= Air 

Pollution Control) 

Depending on the process design, pyrolysis may produce a combustible gas, a solid 

product, or a liquid product. As shown Figure 2.14, the gaseous stream of the pyrolysis 

process is mainly CO and H2, which can be used in gas turbines, gas engines, and even useful 

in fuel cells after purification. Although pyrolysis has been proven to be viable for specific 

feedstock (e.g. tires, electronics waste), it is not a perfect replacement for MSW incineration. 

The main reason is that it needs pre- and after-treatment of feedstock. Pyrolysis products 

could become useless, or at less useful if pollutants are present, making additional treatment 

steps necessary. For example, the residual solid (char) from pyrolysis of MSW is usually 

disposed in landfills, and this become a major environmental issue [59]. Excavated landfill 

waste (usually MSW) is a highly heterogeneous material, and processing it into a stream that 

meets the stringent pyrolysis process requirements may reduce the process commercial 

viability. 
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Figure 2.14. WtE – from MSW to electricity (and heat) through pyrolysis [53] 

Comparing to incineration of MSW, gasification offers a number of advantages. The 

oxygen requirement is much lower when compared to incineration. As a result, the formation 

of dioxins, SO2, and NOx is limited, and the volume of process gas is less, resulting in less 

expensive equipment for gas cleaning. In addition, gasification produces combustible gases 

that can be utilized in combination with combined cycle turbines, gas engines, and potentially 

fuel cells for electric (and heat) generation [101]. Since the tar generated in the gasification 

process is burned in the combustion zone, then extensive gas cleaning equipment is not 

needed, which will significantly reduce the capital costs. Figure 2.15 presents the WtE 

gasification process schematic with MSW as feedstock. 
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Figure 2.15. WtE – from MSW to electricity (and heat) through gasification [53] 

Table 2.7 lists the key findings of the comparison among the available technologies of 

converting landfill waste to energy. 

Table 2.7. Comparison of the three main thermochemical waste treatment technologies [53] 

Waste treatment 

technology 

Suitable for 

MSW/RDF (incl. 

excavated landfill 

waste) 

WtE potential Commercially 

proven 

Incineration ++ - + 

Pyrolysis -- - - 

Gasification ++ + + 

 

2.9 Economic Comparison of Methods of Converting Landfill Waste to Energy 

As shown in Table 2.8, an economic analysis of waste to energy thermal processes was 

performed [59] for three thermal processes (i.e., incineration, pyrolysis, and gasification). 

They estimated the economic effects of a facility with a capacity of 500 tons of MSW per 
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day. Table 2.8 shows that incineration requires the highest capital expenditure of about $116 

million, followed by pyrolysis and then gasification, which is only about 80 million. Even 

though incineration requires the most capital for investment, it is the least preferred 

technology because it shows a net negative annual revenue (before taxes), while pyrolysis 

and gasification process has a net positive annual revenue (before taxes). Gasification has the 

highest net positive annual revenue.  

Among the three thermochemical processes converting wastes to energy, gasification has 

been the most efficient with a production of about 685 kWh/ton of MSW [59]. Based on the 

characteristics of waste to energy technologies, incineration produces the largest amount of 

ash as by-product, which is environmentally unfriendly. Among various gasifying agents 

available, steam has proven to be the most efficient and commercially available. As a result, 

it can be concluded that steam gasification is the most attractive process to convert waste to 

energy due to the following characteristics: 

• High thermal efficiency 

• Enhanced product gas quality and heating value 

• Various syngas for energy sources 

• Eco-friendly products 

Thus, the motivation of this thesis work is to investigate the energy potential of the 

Calgary Bio-cell waste residue through steam gasification process. 
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Table 2.8. Parameter for economic assessment of waste to energy thermal processes [59] 

Parameters Incineration Pyrolysis Gasification 

Investment @6% for 

20 years 

$116,000,000 $87,000,000 $80,338,000 

MSW capacity 

(tons/days) 

500 500 500 

Power generation 

(kWh/ton) 

545 570 685 

Operation and 

maintenance 

$8,217,000 $7,194,000 $6,872,000 

MSW tipping fee 

($/ton) 

$35 $35 $35 

Green tags $0.02/kWh $0.02/kWh $0.02kWh 

Energy sales $0.065/kWh $0.065/kWh $0.065/kWh 

By-products $0.2 $0.2 $0.2 

Residue (tons/ton 

MSW) 

Ash Ash and char Ash and slag 
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Chapter 3  

Methodology 

This chapter describes the experimental methods and materials, including waste sample, 

waste characterization, and apparatus, used to carry out the steam gasification tests. The 

methods used for the product gas characterization and evaluation of the gasification 

performance are also discussed in this chapter. 

3.1 Waste Sample  

Figure 3.1 shows the excavated waste residue (EWR) sample collected from the Calgary 

Bio-cell located in Shepard landfill site in Calgary, Alberta, Canada. The excavated waste 

residue was stored in the Calgary Bio-cell for about 15 years between 2006 and 2020 [22]. 

The EWR was collected in October 2020 from the Calgary Bio-cell by borehole drilling 

using grab sampling method. Three pilot boreholes were drilled by Earth Drilling Co. Ltd. 

using a track-mount R-45 LS MiniSonic drill rig equipped with a sonic corer (180 millimeter 

outside diameter) at three spatially distributed points on the Calgary Bio-cell surface. Based 

on the maximum depth available at each point, boreholes were drilled to depths ranging from 

9 m to 10.6 m. In total, 8 containers of 10 litres of EWR samples were collected from all the 

three locations selected. Each point of the sample collection was identified as P1-1, P1-2, and 

so on. The Calgary Bio-cell was built with three waste lifts and each lift was divided with a 

500 mm thick intermediate cover layer. The topmost layer was named lift 1 and the bottom 

layer lift 3.  

Table 3.1 shows the name, point number and depth of the boreholes for the excavation of 

the EWR sample. Point 1 elevation in the Calgary Bio-cell is 9 m deep, while point 2 and 3 

were 10. 6 m each. However, since point 1 has the smallest total depth, only two sample were 

collected from point 1. This excavation process was carried out by the research team at the 

university of Calgary and their written procedure for the sample collection was used as a 

guide in writing this section. The EWR sample collected from each of the three locations 

were chosen to collect EWR data that represent the total waste deposited in the Calgary Bio-

cell. The EWR sample collected was shipped to Energy Research Center (ERC), Room 2006, 

University of Waterloo for gasification experiment. 
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Figure 3.1. Excavated Waste Residue (EWR) from Calgary Bio-cell 

Table 3.1. Name, point number and depth of each EWR sample 

Name Point # Depth (m) 

P1-1 1 0 - 6 

P1-2 1 6 - 9.1 

P2-1 2 0 – 4.5 

P2-2 2 4.5 – 7.6 

P2-3 2 7.6 - 10.6 

P3-1 3 0 – 4.5 

P3-2 3 4.5 – 7.6 

P3-3 3 7.6 – 10.6 

 

3.2 Physical Characterization of EWR Sample 

As shown in Figure 3.2, the physical characterization of the EWR sample was carried out by 

hand sorting the waste sample into different categories. The same sorting method was used 

by Lopez et al. [102] during their characterization of excavated landfill waste after ballistic 

separation to evaluate material and energy recovery potential of the waste. After the manual 

hand sorting, the EWR sample was then categorized into the 11 different categories which 
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includes: wood, paper, textile, plastic 2D, plastic 3D, glass, ferrous metals, non-ferrous 

metals, inert, soil, and others. The percentages of each category were calculated and 

recorded. There is no category for organic waste (e.g. food waste) because they were not 

distinguishable from the soil. It is likely that the organic materials have decomposed to soil-

like material [102], [103]. After the categorization, the glass, ferrous metals, non-ferrous 

metals, and inert materials were removed from the EWR sample because they cannot be 

gasified.  

 

Figure 3.2. Different categories in EWR samples 

 

3.3 Chemical Characterization of the EWR Sample 

The chemical characterization of the EWR sample was conducted by NERSIC International 

Laboratory, Waterloo, Ontario Canada to determine the elemental chemical composition and 

properties of the sample. It is important to conduct these analyses, i.e., quantitative 

(elemental chemical composition) and qualitative (moisture content, ash content, volatile 

matter, and calorific value) analyses on the EWR sample because it helps to determine the 

energy recovery potential of the waste [104]. According to Kaartinen et al. [105] in their 

sampling, processing, and characterization of landfill waste experiment, the moisture content 

in excavated waste did not hinder the processing of the waste, but it reduces the processing 

efficiency. Quaghebeur et al. [106] also observed that to assess the efficiency of waste to 
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energy (WtE) process, the characteristics such as calorific value, ash content, chemical 

composition such as of carbon, nitrogen, hydrogen, oxygen, and sulfur content of the waste 

sample must be determined. These values quantify the energy that can be recovered from the 

waste and the residue that can be produced [107]. The results of the quantitative and 

qualitative analyses of the EWR sample used in this study are discussed in Chapter 4. 

3.4 Steam Gasification Experiment 

3.4.1 Sample preparation for steam gasification  

Enhanced landfill mining (ELFM) technique was used in this study to prepare the waste 

samples. This technique involves the integration of landfill excavation, advanced materials 

sorting and processing, and thermochemical conversion processes to recover energy 

resources from waste. The main purpose of ELFM technique is to recover high quality 

materials and fuels from the heterogenous EWR samples. The heterogeneity of the EWR 

from landfill requires the waste to be separated and treated to enable the production of 

valuable materials [106].  

 

There are various treatment and separation methods available for the treatment of 

heterogeneous waste. Many of these methods employ a combination of dry and wet 

mechanical separation techniques, including milling, crushing, sieving, magnetic separation, 

and eddy current separation. The EWR samples used in this study were first reduced in size 

using a mechanical blender (model: BC701CCO, Ninja), then the sample was screened to a 

particle size of about 3 mm using an aluminum sieve. After that, the samples were dried in a 

1100 0C Box furnace (model BF51800 series from Thermo Scientific, Canada) at 105 0C for 

24 hours. This treatment enhances the surface area and homogeneity of the EWR sample for 

better reaction and reduces its moisture content. As a result, the EWR sample is transformed 

into refuse derived fuel (RDF) i.e., processed form of excavated waste, which is often used in 

WtE systems. There are several advantages of converting excavated waste to RDF, this 

includes higher calorific value, more homogeneous of physical and chemical compositions, 

less pollutant emissions, less ash content, easier storage, and easier transportation [53]. 
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3.4.2 Experimental setup 

Figure 3.3 shows the schematic of the experimental setup used for steam gasification. This 

setup consists of a horizontal lab-scale tube reactor, a gas control system, a steam generation 

system, a gas cooling system, and a gas storage system.  

 

Figure 3.3. Schematic diagram of horizontal lab-scale reactor used for steam gasification 

experiment 

 

The horizontal lab-scale reactor (model OTF-1200X-S-UL from MTI corporation USA) 

consists of a horizontal furnace body, alumina crucible of 50 x 20 x 20 mm, and a 1000 mm 

long quartz tube with an inner diameter of 44 mm, which is heated using a uniformly 

arranged resistance wire (Fe-Cr-Al alloy) in the heating area of the reactor. The reactor is 

rated with a maximum heating rate of 20 0C/min with a maximum temperature of 1200oC and 

a maximum pressure of 3 PSI. 

 The nitrogen gas (Grade: 4.8, Purity: 99.99%) used for this experiment was purchased 

from Praxair; the flow meters used for measuring the flow rate of nitrogen (model: OF-

03217-12) and steam (model: OF-03217-00) were purchased from Cole Parmer, Canada. The 

steam used in this experiment was generated by heating deionized water in a beaker. Some 

nitrogen gas from the nitrogen gas cylinder passed through the steam bottle to increase the 

steam pressure. The heater used for heating the deionized water is Barstead/Thermolyne 

Cimarec 3 (model SP47235) magnetic hot plate (America Laboratory, ATL Inc. USA). The 

cooling bath used was prepared in a plastic drum by putting pure ice cubes in salt water to 
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attain a temperature of -15 0C. The temperature of the cooling bath was monitored using a 

thermometer (range: -50 to 1000C) from the Chem Store at the University of Waterloo, 

Canada. Gas sample bags (model: OF-01410-14, Cole Parmer, Canada; size: 20 liters) were 

used to collect and store the product gases. 

3.4.3 Steam gasification procedure 

For each test, the furnace was heated to the target temperature (800, 900, or 1000) with a 

constant nitrogen flow rate of 160 ml/min to purge the reactor [24], [108]. After the furnace 

has reached the targeted temperature, preheated steam was metered into the reactor to control 

the steam-to-feedstock ratio, with the aid of a flow meter [109]. After that, 4 g of the 

pretreated EWR sample contained in an alumina crucible, which was originally kept in the 

cooling zone [24], [110] during the heating of the furnace, was pushed into the heating zone 

for gasification. The gasification process was maintained at this condition for 15, 30, or 45 

minutes.  

During the gasification process, the gas generated is cooled at -15oC by passing through 

series of impingers filled with acetone placed in a cooling bath to trap its tar content (see 

Figure 3.3). After gasification, the steam flow was shut off, and the nitrogen flow rate 

increased to 320 ml/min for 30 minutes to ensure all the product gas generated were collected 

[24] into the 20-litre gas sample bag. The waste residue after gasification was weighted using 

an electronic balance and recorded for further analysis. 

3.5 Statistical Design of Experiments 

3.5.1 Response surface method 

Response surface methodology (RSM) based on Box Behnken statistical experimental design 

was used to study the influence of three factors on the output response, i.e., product gas yield 

(g/g of dry feedstock). RSM is a statistical tool for multiple regression analysis to determine 

the relationship between process variables and its response [111]. The major objective of 

RSM is to optimize this response. RSM based on Box Behnken statistical experimental 

design was used because it can help observe the nonlinear effects and interactions between 

the independent variables, and it also requires less runs than the Central Composite Design 

(CCD) and full factorial design [112]. 
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The variable conditions considered in RMS based on Box Behnken design using Minitab 

software are temperature (X1), steam to feedstock ratio (X2), and reaction time (X3) with 

three levels of factors. After identifying the optimal conditions for the temperature, steam to 

feedstock ratio, and reaction time of the gasification process, the effects of these independent 

variables on the steam gasification product were also investigated under the optimal 

condition [3].  

The temperature for this experiment was set within the range of 800-1000 0C. This 

temperature range was selected based on the steam co-gasification of excavated landfill waste 

experiment carried out by zaini et al. [24], who found that an increase in gasification 

temperature led to an increase in product gas yield. In their experiment, increasing the 

gasification temperature from 8000C to 10000C increased the product gas yield by 58.6% or 

so. In order to achieve a high carbon gasification efficiency, Saidi et al. [113] recommended 

that the reactor should be operated at a temperature above 13500C and a pressure of 0.5MPa. 

However, due to the limitation of the reactor and quartz tube used in this experiment, the 

maximum recommended temperature was 10000C and a pressure of 0.02 MPa.  

The steam to feedstock ratio for this experiment was in the range of 0.5 – 2.6 according to 

Xiao et al. [114]. They observed that the highest product gas and H2 gas yields occur at a 

steam to feedstock ratio of 1.33 with a reactor temperature of 800 0C, and that a steam to 

biomass ratio of 2.67 under the same condition resulted in a lower yield of product gas and 

H2 gas because excess steam lowered the reaction temperature. The reaction time ranged 

from 15 min to 45 min, according to Nanda et al. [115].  

Table 3.1 shows the experimental factor levels used for the design of experiment. The 

factors considered in this study includes three independent continuous variables: temperature, 

steam to feedstock ratio and reaction time, which are coded X1, X2 and X3, respectively. 

Three level factors were considered in this experimental design to help determine any 

curvature in the response variable. The highest level is termed (+1) and the lowest is (-1) 

while the centre point is (0). 
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Table 3.2. Experimental factor levels used for design of experiment 

Independent variable Factors Coded levels 

-1 0 +1 

Temperature (0C) X1 800 900 1000 

Reaction time (min) X2 15 30 45 

Steam to feedstock ratio X3 0.5 1.55 2.6 

 

 Table 3.2 shows the experimental design output based on Box Behnken method; the 

output is used for the steam gasification experiment in this research work. The design 

approach generated 15 experiments that comprises of 3 centre points or replicates. This 

centre points help optimise the results based on the experimental output of response 

variables. To understand the interaction effect among the three factors considered, the 

polynomial of the second order is the best method to fit the surface response model as shown 

in Equation (3-1). Several one-at-a-time experimental tests were also carried out to better 

understand the interactions among the variables. Analysis of variance (ANOVA) was also 

performed on the experimental output of the response variables to verify the significance of 

the model. 

𝑌 =  𝛽0 + ∑ 𝛽𝑖𝑋𝑖
𝑝
𝑖=1 +  ∑ ∑ 𝛽𝑖𝑖𝑋𝑖𝑋𝑗

𝑝
𝑗=1

𝑝
𝑖=1 + ∑ 𝛽𝑖𝑖𝑋𝑖

2𝑝
𝑖=1                         (0-1) 

where i≠j 

Y is the response variable 

𝛽0 is the overall mean response 

𝛽𝑖 is the main effects for each factor (i=1, 2 …., p) 

𝛽𝑖𝑗 is the two-way interaction between the ith and jth factors 

𝛽𝑖𝑖 is the quadratic effect for the ith factor [112].  
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Table 3.3. Experimental design 

Number 

of Test 

(X1) Temperature 

(0C) 

(X2) Steam/feedstock 

ratio 

(X3)   Reaction Time 

(min) 

1 900 1.55 30 

2 900 0.5 45 

3 900 1.55 30 

4 800 0.5 30 

5 1000 1.55 15 

6 1000 2.6 30 

7 900 0.5 15 

8 800 1.55 15 

9 1000 1.55 45 

10 1000 0.5 30 

11 900 2.6 45 

12 800 1.55 45 

13 900 1.55 30 

14 800 2.6 30 

15 900 2.6 15 

 

3.6 Product gas Characterization 

3.6.1 Analysis of the product gas 

Agilent 6890 gas-chromatograph (GC) was used to analyse the composition of the product 

gases, which is typically composed of H2, CO, CO2 and CH4 gases [24], [82], [116]. The GC 

is equipped with two columns. The two columns installed in the GC includes the following: 

• Packed column: Carboxen 1000 with dimension 15ft x 1/8 in x 2.1 mm and part 

number 141624 from Sigma Aldrich 

• Capillary column: GS-CARBONPLOT with dimension 30m x 0.320 mm x 3.0 m, 

serial number USC410821H and part number 113-3133 from Agilent technologies 

inc. 

The GC is also equipped with Flame Ionization Detector (FID) and Thermal Conductivity 

Detector (TCD). The FID was used to detect CH4 while TCD to detect CO, CO2, and H2. The 

product gas from steam gasification of other landfill waste is mainly composed of hydrogen 

(H2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4) and traces of 



 

 

 

 

 

 

 

 

51 

hydrocarbon gas [109]. Thus, only H2, CO, CO2, and CH4 were analyzed for the product gas 

[109]. The volume of the generated gas was also measured.  

The gas yield was calculated as the molar amount of each gas generated per gram of 

feedstock. The total gas yield was calculated by adding up the mole fraction of each product 

gas generated per gram of the feedstock. The lower heating value (LHV) of the product gas 

was calculated using Equation (3-2) [3], [115]. 

𝐿𝐻𝑉 (𝐾𝐽
𝑚3⁄ ) = [(25.7 × 𝑛𝐻2

) + (30 ×  𝑛𝐶𝑂) + (85.4 ×  𝑛𝐶𝐻4
] ×  4.2         (3-2) 

 

where 𝑛𝐻2
, 𝑛𝐶𝑂, and 𝑛𝐶𝐻4

 are the moles H2, CO and CH4 gas respectively. 

3.6.2 Analysis of the solid phase 

An acetone solution was used to trap the ash content and impinge the product gas. The 

acetone solution was filtered using a filter paper (retention size: 8 -10 um) and the filtered 

solution was evaporated at 40 0C for 12 hours following the procedure as described in the 

literature [24]. The tar yield of the gasification process was determined by adding the weight 

of the tar yield during the filtration process and that of the evaporation process. 

3.7 Evaluation of Steam Gasification Performance 

3.7.1 Carbon gasification efficiency 

The carbon gasification efficiency (CGE) is defined as the ratio of the amount of carbon 

leaving the reactor through the product gas to that of carbon fed into the reactor as fuel [117]. 

It is estimated as the total moles of carbon in gas yield per total mole of carbon in the 

feedstock [11], [13]. 

CGE (%) = (
∑ 𝑀𝑖 𝑖    × 𝐶𝑔𝑎𝑠,𝑖

𝑀𝑓 × 𝐶𝑓
) × 100                               (0-3) 

where 𝐶𝑔𝑎𝑠,𝑖 is the carbon content of the ith gas component (mol), 𝑀𝑓  is the mass of the 

feedstock (kg), 𝐶𝑓 is the carbon content of the feedstock (mol), and 𝑀𝑖 is the mass of the ith 

gas component (kg). 

3.7.2 Cold gas efficiency 

The cold gas efficiency (𝜂𝐶𝐺) is defined as the chemical energy in the product gas in relation 

to the chemical energy in the feedstock [117]. It is estimated as the ratio of the total Lower 

Heating value (LHV) of the product gas to the total LHV of the feedstock: 
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𝜂𝐶𝐺(%) =  
𝑉𝑃𝐺 .𝐿𝐻𝑉𝑃𝐺

𝑀𝑓 .  𝐿𝐻𝑉𝑓
 ×  100                                                          (0-4) 

 

where 𝑉𝑃𝐺 is the volume of the product gas (Nm-3), 𝐿𝐻𝑉𝑃𝐺 is the lower heating value of the 

product gas (MJNm-3), 𝑀𝑓 is the mass of the feedstock fed into the reactor (kg), and 𝐿𝐻𝑉𝑓 is 

the lower heating value of the feedstock (MJ.kg-1). 
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Chapter 4  

Results and Discussions 

This chapter presents the results of the physical and chemical characterization of the 

excavated waste residue (EWR) and the produce gas. The effects of temperature, reaction 

time and steam to biomass ratio on the gasification process are also discussed. In addition, the 

steam gasification performance, efficiency, and the optimization of the gasification process is 

also discussed. 

4.1 Physical Characterization of Excavated Waste Residue (EWR) 

Table 4.1 shows the physical characteristics of the EWR from Calgary Bio-cell. The EWR 

was classified according to the material type and its weight fraction in the total sample. The 

largest weigh fraction is soil (25%); this may be due to impurities in the EWR, which appears 

as soil. This may also be because of the organic materials (food waste, yard waste, etc.) in the 

waste residue that has decomposed into soil like materials due to the operation of the 

bioreactor under anaerobic condition to enhance the biodegradation of the waste. The second 

largest fraction is the 2D plastic (16%), followed by 3D plastic materials (14%). According to 

literature, the level of income of a country determines the composition of waste generated in 

such a country [5]. The lowest fraction is non-ferrous metals (1%), followed by the ferrous 

metals (2%); this may be due to the type of waste the deposited the bioreactor is designed to 

take. The bioreactor was design to take municipal solid waste such as household waste and 

agricultural waste. Therefore, wastes such as ferrous and non-ferrous metals are expected to 

be of low quantity. 
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Table 4.1. Classification of excavated waste residue (EWR) from Calgary Bioreactor 

Category Material Type % Weight 

1 Wood All types of wood 5 

2 Paper Paper, cardboard, 10 

3 Textile All type of textile 8 

4 Plastic 2D Bags, Foils 16 

5 Plastic 3D PET, PCV 14 

6 Glass Colorless glass, 

green glass, etc. 

3 

7 Fe metals Ferrous metals: 

iron 

2 

8 NFe metals Non-ferrous 

metals: copper, 

aluminum, etc. 

1 

9 Inert Stones, ceramics 5 

10 Soil Soil-like materials 25 

11 Others Foam, rubber, 

sandpaper, 

composite, 

11 

 

4.2 Chemical Characterization of Excavated Waste Residue EWR 

Table 4.2 shows the results of the elemental composition and chemical properties of the EWR 

samples. The lower heating value (LHV) of the EWR sample is 6650 BTU, which is 

15.5MJ/kg; this is quite low when compared to the 22.9 MJ/kg of similar sample that was not 

subjected to enhanced biodegradation [24]. This means that part of the useful energy in the 

waste sample deposited in the bioreactor has been withdrawn during the enhanced 

biodegradation stage of the bioreactor.  

The moisture content of the EWR sample is 42.4 % wt, this amount is high when 

compared to other types of waste like coconut shell and timothy grass, which are 5.7 and 6.2 

%wt, respectively [82][115]. This high moisture content reduces the gasification efficiency.  
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The volatile matter and ash content of the EWR sample are 46.7 and 41.4 % wt, 

respectively. These values are considered high and may be due to the high amount of plastics 

and impurities in the waste samples. High amount of impurities in the feedstock tends to 

reduce the gasification performance by lowering the thermal output and increasing the 

formation of ash clinker [118]. It has also been demonstrated by Zaini et al. [119] that the 

presence of impurities significantly reduced the reactivity of the feedstock during steam 

gasification of excavated landfill waste. A fuel with ash content above 40% wt is considered 

as a low quality fuel [120]. 

The fixed carbon content of the EWR sample is 11.9 % wt. This value is quite low when 

compared to the raw biomass (beech wood), which is 15 % wt [24]. This might be due to the 

high amount of plastics in the EWR sample: according to Zhou et al. [121] landfilled plastics 

contains less fixed carbon and higher ash contents than fresh plastic waste, and the magnitude 

of theses difference increases with the age the landfill.[24] This low amount of fixed carbon 

in the EWR sample is the reason for its low calorific value because a fuel with high 

concentration of fixed carbon should have a higher calorific value [24]. 

Table 4.2. Chemical composition of EWR sample 

Composition Unit Result 

Fixed carbon (C) %, OD basis 11.9 

Carbon (C) %, OD basis 37.4 

Hydrogen (H) %, OD basis 4.46 

Nitrogen (N) %, OD basis 1.09 

Sulfur (S) mg/kg, OD basis 4050 

Oxygen (O) %, OD basis 15.2 

Moisture content %, as recvd 42.4 

Calorific value (LHV) BTU/lb, OD basis 6650 

Volatile matter %, OD basis 46.7 

Ash content at 5750C %, OD basis 41.4 

OD = oven dried 

as-recvd = As received 

LHV = lower heating value 



 

 

 

 

 

 

 

 

56 

4.3 Product Gas Characterization 

4.3.1 Product gas composition 

Table 4.3 shows the product gas composition and the product gas yield from the EWR steam 

gasification. The two detectors installed in the GC are thermal conductivity detector (TCD) 

and flame ionization detector (FID). The thermal conductivity detector (TCD) was used to 

identify inorganic elements such as the hydrogen, carbon dioxide, carbon monoxide and 

Nitrogen in the gas sample. The flame ionization detector (FID) was used to identify 

hydrocarbons in the gas sample. 

The gaseous product detected by the TCD are hydrogen (H2), carbon monoxide (CO), and 

carbon dioxide (CO2) while the FID detects methane (CH4). According to Zhai et al. [109],  

the product gas from steam gasification of landfill waste is mainly composed of hydrogen 

(H2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4) and a traces of 

hydrocarbon gas such as acetylene (C2H2), ethene (C2H4), and ethane (C2H6). Therefore, the 

GC was calibrated to analyse only H2, CO, CO2, and CH4 gases in this study. 
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Table 4.3. Steam gasification result with product gas yield composition and the total product 

gas yield 

Test (X1) 

Tempera

ture (0C) 

(X2)   

Reaction 

Time 

(min) 

(X3) 

Steam/feed

stock ratio 

H2 yield 

(mol/kg) 

CO yield 

(mol/kg) 

CO2 

yield 

(mol/kg) 

CH4 

yield 

(mol/

kg) 

Total 

product

gas yield 

(mol/kg) 

1 900 30 1.55 0.39 3.49 5.63 2.12 11.64 

2 900 45 0.5 0.60 3.16 5.77 7.20 16.72 

3 900 30 1.55 0.55 3.37 5.21 2.39 11.53 

4 800 30 0.5 0.21 0.14 4.81 2.52 7.68 

5 1000 15 1.55 0.51 2.45 2.05 4.76 9.77 

6 1000 30 2.6 1.39 3.24 4.17 6.81 15.60 

7 900 15 0.5 0.26 1.66 2.73 3.79 8.44 

8 800 15 1.55 0.19 1.99 3.60 4.31 10.09 

9 1000 45 1.55 3.37 8.04 7.37 11.70 30.48 

10 1000 30 0.5 1.65 4.13 3.90 7.30 16.98 

11 900 45 2.6 0.46 1.95 4.33 4.66 11.39 

12 800 45 1.55 0.29 1.85 5.01 3.12 10.26 

13 900 30 1.55 0.44 2.68 3.49 3.08 9.68 

14 800 30 2.6 0.22 1.47 4.43 4.14 10.26 

15 900 15 2.6 0.34 1.85 3.16 2.75 8.10 

16 1000 45 2.6 1.14 4.56 6.31 4.83 16.83 

17 800 45 0.5 0.24 1.05 4.06 1.95 7.29 

18 900 45 1.55 1.54 5.32 5.81 9.33 22.00 

19 800 45 2.6 0.20 1.18 2.96 0.44 4.78 

20 1000 45 0.5 2.36 6.34 5.37 10.45 24.52 

21 1000 30 1.55 0.60 5.95 3.19 5.06 14.80 

22 1000 15 0.5 0.60 1.7116 1.45 3.17 6.93 

 

4.3.2 Analysis of the product gas yield results  

Table 4.4 shows the experimental design with the response variable. The independent 

variables considered for the experimental design are temperature (0C), reaction time (min), 

and steam to feedstock ratio while the response variable is the product gas yield.  

 

 

 



 

 

 

 

 

 

 

 

58 

Table 4.4. Box Behnken experimental design and product gas yield results 

Test (X1) 

Temperature 

(0C) 

(X2)   

Reaction 

Time (min) 

(X3) 

Steam/feedstock 

ratio 

 Product gas yield 

(mol/kg) 

1 900 30 1.55 11.64 

2 900 45 0.5 16.72 

3 900 30 1.55 11.53 

4 800 30 0.5 7.68 

5 1000 15 1.55 9.77 

6 1000 30 2.6 15.60 

7 900 15 0.5 8.44 

8 800 15 1.55 10.09 

9 1000 45 1.55 30.48 

10 1000 30 0.5 16.98 

11 900 45 2.6 11.39 

12 800 45 1.55 10.26 

13 900 30 1.55 9.68 

14 800 30 2.6 10.26 

15 900 15 2.6 8.10 

Table 4.5 shows the analysis of variance (ANOVA) result of the total product gas yield for 

the response surface methodology (RSM) based on Box Behnken model. The level of 

significance of this model can be determined by the F-value and p-value with confidence 

level of 95%. The F-value is determined by the ratio of variation between the variables (i.e., 

temperature, reaction time, and steam to feedstock ratio) and the variation within these same 

variables. The higher the F-value, the more the difference between the variables than the 

difference within the same variables. The F-value of the overall model is observed to be 

10.83 in the ANOVA result, and this indicates that there is more variation between the 

considered variables than within the variables itself.  

The p-value is defined as the probability of getting results that are closer to an actual 

experimental data. In the study, p-value (p  0.05) signifies that the RSM model is significant 

with a confidence level of 95%. The p-value of the overall model is observed to be 0.009 and 

this indicates that our model is significant. The “lack of fit” for this model has a p-value of 

0.155, which is considered statistically insignificant because its p-value is greater than 0.05. 

Therefore, there is no visible lack of fit between the RSM model and our experimental data 

for the total product gas produce during the steam gasification process.  
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In addition, this study also examined the significance of each variable and their 

interactions. The results of the p-value of 0.002 and the corresponding F-value of 32.94 of 

temperature shown in Table 4.5 indicate that temperature is the most significant variable 

influencing the yield of product gas in the steam gasification process. Another significant 

variable influencing the yield of product gas is the reaction time with a p-value of 0.003 with 

an F-value of 29.10. The steam to feedstock ratio is not a significant factor influencing the 

yield of product gas because it has a p-value of 0.392 with an F-value of 0.55. Similarly, the 

significant model interaction variables influencing the yield of product gas is temperature and 

reaction time with a p-value of 0.005 and a corresponding F-value of 23.29. 

The regression coefficient (R2) and adjusted regression coefficient (Adj-R2) are also used 

to evaluate the precision of the RSM model in relation the experimental data. The regression 

coefficient is usually within the range of (0 to 1). The closer the regression coefficient value 

is to (1), the better the accuracy of the model’s prediction for the output response. The value 

of R2 increases as the number of variables increases. The Adj-R2, on the other hand, offers 

more appropriate results than R2 because it decreases as insignificant variables are added to 

the model fit [122]. The regression coefficient (R2) observed is 0.95, this value indicates that 

the RMS model can be fitted to our experimental results with an acceptable degree of 

precision. Also, the value of Adj-R2 which is 0.86 agrees with the value of R2. 

Equation (4-1) shows the final model equation in terms of the independent variables 

considered for product gas yield in the steam gasification experiment. This equation 

represents the second order degree polynomial regression equation. 

𝑠𝑦𝑛𝑔𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 (
𝑚𝑜𝑙

𝑘𝑔
) = 273 − 0.56𝑋1 − 3.05𝑋2 + 13.55𝑋3 + 0.00028𝑋1

2 + 0.0061𝑋2
2 −

1.05𝑋3
2 + 0.0032𝑋1𝑋2 − 0.0094𝑋1𝑋3 − 0.079𝑋2𝑋3                                        (0-1) 

where X1 = Temperature (0C),  

           X2 = reaction time (min), 

           X3 = Steam to feedstock ratio. 
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Table 4.5. ANOVA results of total gas yield for RSM model 

Response 

variable 

Degree of 

freedom 

Sum of 

squares 

Mean 

squares 

F-value P-value 

Model 9 441.44 49.05 10.83 0.009 

X1 1 149.16 149.16 32.94 0.002 

X2 1 131.77 131.77 29.10 0.003 

X3 1 2.49 2.49 0.55 0.392 

X1
2 1 29.67 29.67 6.55 0.051 

X2
2 1 6.90 6.90 1.52 0.272 

X3
2 1 4.92 4.92 1.09 0.345 

X1X2 1 105.46 105.46 23.29 0.005 

X1X3 1 3.90 3.90 0.86 0.396 

X2X3 1 6.20 6.20 1.37 0.295 

Error 5 22.64 4.53   

Lack of fit 3 20.24 6.75 5.61 0.155 

Total 14 464.08    

R2  0.95    

Adj R2  0.86    

X1 = Temperature, X2 = reaction time, X3 = Steam to feedstock ratio 

Another important contribution of the analysis of variance (ANOVA) is to study the 

interaction of two independent variables towards the output response. The interaction of two 

variables was carried out using three-dimensional plots by means of surface response. This 

graphical information can be further used to interpolate these interactions to intermediate 

points, which have not been studied experimentally. 

Figure 4.1 shows the three-dimensional surface plot of the total gas yield vs temperature, 

and reaction time. This three-dimensional surface plot is used to visualize the interaction 

between the two independent variables (temperature and reaction time) on a specific output 

response (total gas yield). Based on the result from the ANOVA, there are two variables that 

has significant influence on the product gas yield. These variables are temperature and 

reaction time. 
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The interaction of temperature and reaction time on product gas yield was investigated at 

steam to feedstock ratio of 1.55 as shown in Figure 4.1. When the temperature increased from 

800 0C to 1000 0C at a constant reaction time of 45 min, the total product gas yield increases 

by about 66%. Similarly, when the reaction time increases from 15 min to 45 min, at a 

constant temperature of 1000 0C, the total product gas yield increases by about 67%. This 

might be due to that the tar compounds present in the product gas were broken down at 

temperature into smaller hydrocarbon molecules or non-condensable gases [24]. At a high 

temperature, a longer reaction time favors thermal cracking reactions, which result in a higher 

product gas yield [115]. 

  

Figure 4.1. Surface plot of representing the combine effect of temperature (0C) and reaction 

time (min) on the total gas yield (mol/kg) during steam gasification process 

4.3.3 Optimization of the steam gasification process 

The ANOVA analysis indicates the quadratic model that best fit the experimental results 

based on the p-value, F-value, and lack of fit as regression coefficients. After the best fitting 

of the model, the optimum operating conditions based on operating parameters considered for 

the steam gasification process based was determined. The optimization process was carried 

out using Minitab software. 

Table 4.6 shows the optimum operating conditions based on the operating parameters 

considered. The optimum operating variable condition for the steam to feedstock ratio is 0.5 

at temperature of 1000 0C, reaction time of 45 min, and steam to feedstock ratio of 0.5. 
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Table 4.6. Optimum operating parameter values 

Parameters Optimum value 

Temperature (0C) 1000 

Reaction time (min) 45 

Steam to feedstock ratio 0.5 

 

A comparison was made between the experimental result at the optimum conditions and 

the optimal values predicted by the model. The total product gas yield at the optimum 

condition during the experimental run is 24.52 mol/kg, while the total product gas yield 

predicted by the model is 30.30 mol/kg. The difference between the predicted value and our 

experimental value is 5.78 mol/kg. This value is known as residual error, and it might be 

because of errors within the experimental setup during the gasification process.  

4.4 Effects of Temperature on Gasification Product 

4.4.1  Effect of temperature on product gas product composition 

In Figure 4.2, the gasification temperature was plotted against the product gas product 

composition at the constant steam to feedstock ratio of 0.5 and the reaction time of 45 

minutes. The steam to feedstock ratio and reaction time were held constant at these values 

because the optimal conditions predicted by the optimization model in this study are reaction 

time of 45 min and steam to feedstock ratio of 0.5. The gas products (H2, CO, CO2, and CH4) 

are represented in Figure 4.2 by different hatch patterns.  

As shown in Figure 4.2, the highest product gas product yield observed is CH4 (10.45 

mol/kg) at a temperature of 1000 0C. An increase in the gasification temperature from 800 to 

1000 0C increases CH4 yield from 1.94 mol/kg to 10.45 mol/kg. This might be because of the 

high amount of 2D and 3D plastic content in the feedstock (see Table 4.1). According to the 

literature [123], thermal cracking of plastics typically contains heavy hydrocarbons such as 

CH4 along with smaller amount of H2, CO and CO2. The amount of H2 and CO also increases 

from 0.24 to 2.35 mol/kg and 1.1 to 6.34 mol/kg respectively as the temperature increase. 

This might be due to high temperature favoring H2 yield from the waster-gas shift (WGS) 

reaction [3]. The WGS is the reaction between CO and water vapor to form CO2 and H2 (see 

equation 2-5). However, a different trend was observed for CO2. At a temperature of 800 0C, 
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the highest product gas yield is CO2 (4.1 mol/kg). The yield increase by about 40% from 4.1 

to 5.77 mol/kg as the temperature increases from 800 0C to 900 0C, but later it decreases by 

6.9% from 5.77 to 5.37 mol/kg as the temperature further increase from 900 0C to 1000 0C.  

 

Figure 4.2. Effect on temperature on product gas product composition at reaction time 45 

min and steam to feedstock ratio of 0.5 

4.4.2 Effect of temperature on product gas yield and tar yield 

Figure 4.3 shows the effects of temperature on the product gas yield and tar yield during 

steam gasification process. The gasification temperature was plotted against the product gas 

yield and tar yield at constant steam to feedstock ratio of 0.5 and reaction time of 45 minutes.  

As shown in figure 4.3, the total product gas yield, which is the summation of all the 

product gas product yield for each experimental test, increases as the gasification temperature 

increases. The total product gas yield increase by about 230% from 7.3 mol/kg to 24.52 

mol/kg as the gasification temperature increases from 800 to 1000 0C. This might be due to 

the high temperature and longer reaction time favoring thermal cracking reactions, resulting 

in higher product gas yields [115]. This result agrees with the data reported by Zaini et al. 
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[24], who investigated the effects of temperature on product gas yield from excavated landfill 

waste through steam co-gasification of biochar. They observed that product gas yield 

increases with temperature. 

However, the tar yield decreases as the temperature increases. The tar yield decreases by 

73% from 18.9 to 5.03 g/kg as the temperature increases from 800 to 1000 0C. At a higher 

temperature, tar compounds are broken down into smaller non-condensable gases, increasing 

the product gas yield [24].  

 

Figure 4.3. Effects of temperature on product gas yield and tar yield at a reaction time of 45 

min and steam to feedstock ratio of 0.5 

4.4.3 Effect of temperature on lower heating value (LHV) 

Figure 4.4 shows the effects of temperature on the lower heating value (LHV) of the steam 

gasification process. The gasification temperature was plotted against the lower heating value 

at a constant steam to feedstock ratio of 0.5 and a reaction time of 45 minutes. Table 4.7 also 

shows the lower heating value, carbon gasification efficiency, cold gas efficiency and tar 
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yield of the steam gasification. The lower heating value increases by about 450% from 2.06 

to 11.53 KJ/Nm3 as the gasification temperature increases from 800 to 1000 0C. This is 

because the lower heating value of the product gas is calculated from the mole fraction of the 

combustible gases such as H2, CO and CH4 in the product gas yield. Therefore, the lower 

heating value follows the same trend as H2, CO and CH4. In this study, the yield of H2, CO 

and CH4 increases as the gasification temperature increases (see 4.4.1). This result agrees 

with that reported by Saebea et al. [124]. Their result showed that increasing the gasifier 

temperature from 650 to 1100 0C increased the mole fraction of the product gas product 

yield. 

 

Figure 4.4. Effect of temperature on the heating value of steam gasification at reaction time 

45 min and steam to feedstock ratio of 0.5 
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Table 4.7. Steam gasification results 

Test (X1) 

Temperat

ure (0C) 

(X2)   

Reaction 

Time (min) 

(X3) 

Steam/feedst

ock ratio 

LHV 

(KJ/Nm3) 

Carbon 

gasification 

efficiency 

(%) 

Cold 

gas 

efficien

cy (%) 

Tar 

yield 

(g/kg) 

1 900 30 1.55 2.98 5.40 2.31 6.95 

2 900 45 0.5 7.30 7.74 8.48 11.48 

3 900 30 1.55 3.22 5.27 2.49 7.10 

4 800 30 0.5 2.26 3.59 1.75 20.15 

5 1000 15 1.55 4.97 4.44 1.92 8.98 

6 1000 30 2.6 7.20 6.83 5.57 11.45 

7 900 15 0.5 3.83 3.93 1.48 3.38 

8 800 15 1.55 4.36 4.75 1.69 3.20 

9 1000 45 1.55 13.38 13.01 15.54 2.25 

10 1000 30 0.5 7.96 7.36 6.16 5.98 

11 900 45 2.6 4.72 5.25 5.48 0.73 

12 800 45 1.55 3.32 4.79 3.85 1.73 

13 900 30 1.55 3.57 4.44 2.70 7.23 

14 800 30 2.6 4.06 4.82 3.15 27.00 

15 900 15 2.6 3.01 3.72 1.17 14.53 

16 1000 45 2.6 5.83 7.53 6.77 9.45 

17 800 45 0.5 2.05 3.39 2.38 18.90 

18 900 45 1.55 10.04 9.82 11.66 8.93 

19 800 45 2.6 0.79 2.20 0.91 24.23 

20 1000 45 0.5 11.53 10.64 13.38 5.03 

21 1000 30 1.55 6.31 6.81 4.89 6.48 

22 1000 15 0.5 3.40 3.04 1.32 6.73 
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4.4.4 Effect of temperature on carbon gasification efficiency and cold gas efficiency 

Figure 4.5 shows the effects of temperature on carbon gasification efficiency and cold gas 

efficiency. The gasification temperature was plotted against the carbon gasification efficiency 

and the cold gas efficiency at a constant steam to feedstock ratio of 0.5 and a reaction time of 

45 minutes. The carbon gasification efficiency and the cold gas efficiency increase as the 

gasification temperature increases. The carbon gasification efficiency increases from 3.39 to 

10.6 % (see Table 4.7), while the cold gas efficiency increases from 2.39% to 13.38% as the 

gasification temperature increases from 800 to 1000 0C.  

The carbon gasification efficiency and cold gas efficiency in this study are lower than 

those reported by others. For example, Zaini et al. [24] used biochar to enhance the 

gasification performance of excavated landfill waste through steam co-gasification. The 

carbon gasification efficiency and cold gas conversion efficiency reported were 

approximately 44% and 69%, respectively [24]. Since landfill wastes are known to contain 

high amounts of silica [125], the low carbon conversion and cold gas efficiencies reported in 

this study might be because of high amount of silica in the EWR. As reported in the 

literature, the presence of inorganic elements such as silicon (Si) could slow down the 

reactivity of the feedstock during steam gasification [126][125]. 
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Figure 4.5. Effect of temperature on carbon gasification efficiency and cold gas efficiency at 

a reaction time of 45 min and steam to feedstock ratio of 0.5 

4.5 Effects of Reaction time on Gasification Product 

4.5.1 Effect of reaction time on product gas product composition  

Figure 4.6 shows the effects of reaction time on product gas product composition. The 

gasification reaction time was plotted against the product gas yield at a constant temperature 

of 1000 0C and a steam to feedstock ratio of 0.5. The steam to feedstock ratio and reaction 

time were held constant at these values because the optimal conditions determined for this 

steam gasification process was the temperature of 1000 0C, the reaction time of 45 min and 

the steam to feedstock ratio of 0.5. The gas products (H2, CO, CO2, and CH4) are represented 

by different hatch patterns on the graph.   

As shown in Figure 4.6, the highest product gas product yield is CH4 (10.45 mol/kg) at the 

reaction time of 45 min. The gas products (i.e., H2, CO, CO2, and CH4) increases as the 

gasification reaction time increases from 15 min to 45 min. The hydrogen (H2) yield 

increases by about 290 % from 0.60 to 2.36 mol/kg, while carbon monoxide (CO) and carbon 
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dioxide (CO2) increases by 270 and 260 %, respectively. The highest product gas yield, 

which is for CH4, increases by about 220 % as the reaction time increases from 15 to 45 

minutes. This might be because a longer reaction time improves the gasification yield by 

favoring thermal cracking reactions at a higher temperature [3]. High temperatures and long 

reaction times favors methanation and water-gas shift reaction (see Equations 2-5 and 2-6) 

[3]. 

 

Figure 4.6. Effect of reaction time on product gas product composition at a temperature 1000 

0C and steam to feedstock ratio of 0.5 

4.5.2 Effect of reaction time on product gas yield and tar yield 

Figure 4.7 shows the effects of reaction time on product gas and tar yield on steam 

gasification product. The gasification reaction time was plotted against the product gas and 

tar yield at constant temperature of 1000 0C and steam to feedstock ratio of 0.5. 

All the product gas products (i.e., H2, CO, CO2, and CH4) increase as the gasification 

reaction time increases from 15 to 45 minutes. The total product gas yield also follows 
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similar trend as it increases by about 230 % from 7.29 to 24.52 mol/kg as the reaction time 

under the same condition. However, the tar yield decreases as the gasification reaction time 

increases. The tar yield decreases by about 25 % from 6.73 to 5.03 g/kg as the reaction time 

increases from 15 to 45 minutes. This might be due to tar compounds been broken down into 

smaller non-condensable gases at high temperature and longer reaction time which results in 

an increase in the product gas yield [24]. 

 

Figure 4.7. Effect of reaction time on product gas yield and tar yield on steam gasification 

product at a temperature of 1000 0C and steam to feedstock ratio of 0.5 

4.5.3 Effect of reaction time on lower heating value 

Figure 4.8 shows the effects of reaction time on lower heating value on steam gasification 

product with the gasification reaction time plotted against the lower heating value at constant 

temperature of 1000 0C and steam to feedstock ratio of 0.5. The lower heating value of the 

product gas increases as the reaction time increases. The lower heating value increases by 

about 220 % from 3.40 to 11.53 KJ/Nm3 as the reaction time increases from 15 to 45 min. 
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This is because all the product gas products (H2, CO, CO2, and CH4) increase with longer 

reaction time (see 4.4.1), and the lower heating value of the product gas is determined from 

the composition of the combustible gases such as H2, CO and CH4 in the product gas product.  

 

Figure 4.8. Effect of reaction time lower heating value on steam gasification product at a 

temperature of 1000 0C, and steam to feedstock ratio of 0.5 

4.5.4 Effects of reaction time on carbon gasification efficiency and cold gas efficiency 

Figure 4.9 shows the effect of reaction time on carbon gasification efficiency and cold gas 

efficiency on the steam gasification product. The gasification reaction time was plotted 

against the carbon gasification efficiency and the cold gas efficiency at constant temperature 

of 1000 0C, and steam to feedstock ratio of 0.5. The carbon gasification efficiency and the 

cold gas efficiency increases as the gasification reaction time increases. The carbon 

gasification efficiency increases by from 3.04 to 10.64 %, while the cold gas efficiency 

increases from 1.32% to 13.38% as the gasification reaction time increases from 15 to 45 

min. In comparison with the literature [24], our data agree with that of the literature that 



 

 

 

 

 

 

 

 

72 

carbon gasification and cold gas efficiency increases as the reaction time of the steam 

gasification increases. 

 

Figure 4.9. Effect of reaction time on carbon gasification efficiency and cold gas efficiency 

on steam gasification as a temperature of 1000 0C, and steam to feedstock ratio of 0.5 

4.6 Effect of Steam to Feedstock Ratio on Gasification Product 

4.6.1 Effect of steam to feedstock ratio on product gas yield 

Figure 4.10 shows the effect of steam to feedstock ratio on product gas yield. The steam to 

feedstock ratio was plotted against the product gas yield at constant temperature of 1000 0C 

and reaction time of 45 minutes. The steam to feedstock ratio and reaction time was held 

constant at these values because the optimal conditions determined for this steam gasification 

process is temperature (1000 0C), and reaction time (45 min). The product gas products (H2, 

CO, CO2, and CH4) are represented by different hatch patterns.   

As shown in Figure 4.10, the highest product gas product yield is CH4 (11.70 mol/kg) at a 

steam to feedstock ratio of 1.55. The product gas highest product yield (CH4) increases by 11 
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% from 10.45 to 11.70 mol/kg as the steam to feedstock ratio increases from 0.5 to 1.55. 

After that, a sharp decrease of about 58 % was observed as the steam to feedstock ratio 

increases from 1.55 to 2.6. The yield of H2, CO and CO2 yield also increases by 42 %, 26 %, 

and 37 % respectively under the same condition. But later decreases to about 66 %, 43 %, 

and 14 % respectively as the steam to feedstock ratio increases from 1.55 to 2.6. This might 

be because excess steam quantity lowers the reaction temperature, which results to reduction 

in the quality of the product gas [82]. At a steam to feedstock ratio of 2.6, CO2 (6.31mol/kg) 

yield was observed to be highest yield. This result agrees with the results from the literature 

[82]. 

The highest product gas yield (30.48 mol/kg) was observed at steam to feedstock ratio of 

1.55. But, during the optimization of the steam gasification process, the optimal steam to 

feedstock is 0.5. The experimental results observed for the optimum condition for product gas 

yield is 24.52 mol/kg and the optimization model prediction result for the product gas yield is 

30.30 mol/kg. The optimization process was carryout to achieve the best design for the steam 

gasification process in terms of temperature, steam to feedstock ratio, reaction time and the 

product gas yield. Since excess steam lowers the product gas yield and product gas grade, 

since steam production come at a cost, then optimal steam to feedstock ratio is an important 

factor in steam gasification process. 
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Figure 4.10. Effect of steam to feedstock ratio on gasification product composition on steam 

gasification at a temperature of 1000 0C, and reaction time of 45 minutes 

4.6.2 Effect of steam to feedstock ratio on product gas yield and tar yield 

Figure 4.11 shows the effect of steam to feedstock ratio on product gas and tar yield on steam 

gasification. The steam to feedstock ratio was plotted against the product gas and tar yield at 

constant temperature of 1000 0C and reaction time of 45 minutes. 

The product gas yield increases as the steam to feedstock increase from 0.5 to 1.55 but 

later decrease sharply as the steam to feedstock ratio further increase to 2.6. The total product 

gas yield for the steam gasification process also follows the same trend since it is determined 

by the summation of all the product gas yield. The total product gas yield increases by about 

24 % from 24.52 to 30.48 mol/kg as the steam to feedstock ratio increase from 0.5 to 1.55 

and later decrease by about 44 % from 30.48 to 16.83 mol/kg when the steam to feedstock 

ratio further increase to 2.6.  

As shown in Figure 4.11, the tar yield reduces by about 55 % from 5.03 to 2.25 g/kg as the 

steam to feedstock ratio increases from 0.5 to 1.55 but later increases to about 300 % from 
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2.25 to 9.45 g/kg as the steam to feedstock increases from 1.55 to 2.6. This might be because 

excess steam lowers the reaction temperature, and this results in low quality of product gas 

yield. 

 

Figure 4.11. Effect of steam to feedstock ratio product gas yield and tar yield on steam 

gasification at a temperature of 1000 0C, and reaction time of 45 minutes 

4.6.3 Effect steam to feedstock ratio on lower heating value 

Figure 4.12 show the effect of steam to feedstock ratio of lower heating value on steam 

gasification yield. The steam to feedstock ratio was plotted against lower heating value at 

constant temperature of 1000 0C and reaction time of 45 minutes. The product gas products 

(H2, CO, CO2, and CH4) yield increases as the steam to feedstock ratio increases from 0.5 to 

1.55 and decreases as the steam to feedstock ratio further increase from 1.55 to 2.6 (see 

4.6.2). The lower heating value also follow the same trend as it increases by about 16 % from 

11.53 to 13.38 KJ/Nm3 as the steam to feedstock ratio increases from 0.5 to 1.55, but later 

decrease sharply by 56 % from 13.38 to 5.83 KJ/Nm3 as the steam to feedstock further 

increase to 2.6. This is because the lower heating value of the product gas is determined from 

the composition of the combustible gases such as H2, CO and CH4 in the product gas product. 
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Also, excess steam lowers the reaction temperature, and this results in low quality of product 

gas yield. 

 

Figure 4.12. Effect of steam to feedstock ratio on the lower heating value of steam 

gasification at a temperature of 1000 0C, and reaction time of 45 minutes 

4.6.4 Effect of steam to feedstock ratio on carbon gasification efficiency and cold gas 

efficiency 

Figure 4.13 shows the effect of steam to feedstock ratio on carbon gasification and cold gas 

efficiency on steam gasification. The steam to feedstock ratio was plotted against the carbon 

gasification efficiency and the cold gas efficiency at constant temperature of 1000 0C, and 

reaction time of 45 minutes. The carbon gasification efficiency increases from 10.64 to 13.01 

% as steam to feedstock ratio from 0.5 to 1.55 and later decreases from 13.01 to 7.53 % as the 

steam to feedstock further increases from 1.55 to 2.6. The cold gas efficiency increases from 

13.38 to 15.54 % as the steam to feedstock increases from 0.5 to 1.55 and later decrease from 

15.54 to 6.77 % as the steam to feedstock further increases from 1.55 to 2.6. This is because 

high temperature and longer reaction time promotes the breakdown of tar formed during the 

steam gasification. This condition improves the carbon conversion and cold gasification 
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efficiency of gasification process. However, higher steam to feedstock ratio can lower the 

gasification temperature, resulting into loss of chemical energy in form of tar [24]. 

 

Figure 4.13. Effect of steam to feedstock ratio on carbon conversion and cold gas efficiency 

on steam gasification at a temperature of 1000 0C and reaction time 45 minutes 
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Chapter 5  

Conclusions, Original Contributions, and Recommendations 

5.1 Conclusions 

This thesis reports the energy potential of excavated waste residue (EWR) from the City of 

Calgary Bio-cell. Based on the experimental results, the conclusions are drawn as follows:  

The largest weight fraction of the EWR sample is soil, constituting about 25 % of the total 

EWR from the Calgary Bio-cell. The lower heating value of the EWR is 15.5 MJ/kg, 

moisture content is 42.4% wt, volatile matter is 46.7 % wt, and ash content is 41.4% wt.  

The optimum conditions observed for product gas yield through steam gasification of the 

EWR sample are temperature 1000 0C, steam to feedstock ratio 0.5, and reaction time 45 

minutes. Based on the analysis of variance (ANOVA), temperature and reaction time were 

the most significant factors affecting product gas production. 

The product gas yield increases with an increase in the gasification temperature, while the 

tar yield decreases with an increase in the gasification temperature. The tar yield of the steam 

gasification process also decreases with gasification reaction time (i.e., tar yield decreases as 

the gasification reaction time increases). 

The product gas yield increases with an increase in the steam to feedstock ratio at the 

initial stage but later decrease with further increase in the steam to feedstock ratio.  The tar 

yield of the steam gasification process also follows similar trend under the same condition.  

The lower heating value (LHV) for the product gas product at the optimum condition is 

11.53 KJ/Nm3 while the carbon gasification efficiency and cold gas efficiency are 10.64% 

and 11.38% respectively. 

5.2 Original Contributions  

This thesis makes two significant contributions to the field of waste to energy (WtE). The 

contribution to knowledge of this thesis is specific to Calgary Bio-cell and this limit the 
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findings to only bioreactors operated under the similar processes and cold climate conditions 

as that of Calgary Bio-cell. The contributions to knowledge are as follows: 

• The research method used in this thesis is one of the major contributions to the field 

of waste to energy because the ANOVA result was able to help end users determine 

the temperature and reaction time that are the most important to be considered in 

steam gasification of EWR 

• The EWR from the city of Calgary Bio-cell is a low-quality fuel and as such 

gasification might not be an economically viable option of generating energy from 

EWR 

5.3 Recommendation for Future Work 

The following recommendation are suggested for future research based on the study of this 

thesis: 

Co-gasification of EWR: Co-gasification is known to enhance the quality of the product gas 

as well as to improve the gasification performance. However, this thesis only focused on the 

gasification of the EWR sample alone. The EWR sample was not co-gasified with any other 

type of fuel due to the limited time of a master’s research. Thus, future work can investigate 

the effect of co-gasification of the EWR sample with other types of fuel such as raw biomass, 

biochar, etc., to enhance the quality of product gas product and improve the gasification 

performance 

Higher temperature and other factors affecting the gasification performance: The 

factors affecting the gasification process includes temperature, pressure, feedstock size, 

reaction time, steam to feedstock ratio, and type of gasifier used. However, the factors 

considered in the thesis research were temperature, reaction time and steam to feedstock ratio 

due to our laboratory facility. The highest temperature considered in the study is 1000 0C due 

to the limitation of the horizontal lab-scale reactor used in this research work. Thus, future 

work can investigate the effects of other factors such pressure, type of gasifier, feedstock 

size, and higher temperature on the gasification performance. 
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Other value-added product potential of the EWR sample: This research work only 

focused on the thermochemical conversion of the EWR into energy. The char residue of the 

gasification process could be a source of valuable material due to its carbonaceous nature. 

Therefore, future work can investigate the potential of the char residue of the gasification 

process by converting other into other valuable products. 
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Appendix A  

Calibration of gas Chromatography   

The gas chromatography was calibrated with similar composition of the gaseous mixture 

produce during the steam gasification process. The calibration mixture was ordered from Air 

Liquid Canada Inc based on the concentration and composition of the gasification product. 

The calibration mixture ordered from Air Liquid Canada Inc are Carbon monoxide (CO) 

30%, Carbon dioxide (CO2) 10%, Hydrogen (H2)10%, Methane (CH4) 20% and Nitrogen 

(N2) was used to balance the concentration. Nitrogen was used to balance the calibration 

mixture because N2 was only used to purge the gasification system before and after the 

gasification process.  

The calibration curve was derived by correlating the peak area of the GC output from the 

calibration mixture and the peak area of the GC output from the steam gasification test. 

Figure A.1 (a) and (b) shows the GC output for the thermal conductivity detector (TCD), and 

the flame ionization detector for the calibration gas mixture. For the TCD (a), H2 was the first 

gas to be identified followed by N2, CO, CH4 and CO2 gas. For the FID (b), CH4 was the only 

gas identified. 
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(b) 

Figure A.1 (a) GC output for thermal conductivity detector (TCD), (b) GC output for flame 

ionization detector for the gas mixture. 

Figure A.2 shows the calibration curve CO, CO2, H2, and CH4. The GC output for the 

steam gasification test is linearly correlated with the GC output for the calibration mixture. 

The regression equation from the calibration curve was used to determine the concentration 

of the gaseous product of the steam gasification. 
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(b) 

 

(c) 

 

(d) 

Figure A.2 (a) Calibration curve for CO, (b) Calibration curve for CO2, (c) Calibration curve 

for H2, (d) Calibration curve for CH4. 
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