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Abstract 

EVALUATION AND PREDICTION OF ENERGY POTENTIAL OF LANDFILL 

MINED SOLID WASTE 

                                                      Rakib Ahmed 

The University of Texas at Arlington, 2019 

Supervising Professor: MD. Sahadat Hossain 

 

Landfilling is the most popular waste disposal system worldwide; however, with 

increasing scarcity of materials, increases in land values, and the presence of non-

engineered landfill sites in both the developing and developed world, landfill 

mining has been the recipient of special interest in today’s waste management 

practices. Therefore, the motivation of the current study was to evaluate the energy 

potential of mined landfill waste and develop a statistically significant 

mathematical model to predict its energy potential (calorific value). The current 

study was conducted by using the municipal solid waste (MSW) samples collected 

from the City of Denton landfill and the City of Irving landfill Texas. Mined waste 

was collected from conventional cell (cell 0) and ELR operated cell (cell 2) from 

City of Denton Landfill, and the calorific value of the collected MSW was 

investigated, using an oxygen bomb calorimeter. The fine/degraded fraction made 

up 48% of the mined waste at the City of Denton landfill. The average calorific 

value of mined waste was found to be 3586.97 Btu/lb. The calorific value was also 
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determined for fresh MSW collected from the working phase of the landfill.  Based 

on the results, 52% of the energy value is still available in the mined waste 

compared with the energy potential of fresh waste. Different parameters, such as 

depth, landfill operation, moisture content, volatile solid, age of waste, 

precipitation, and fine fraction were analyzed to understand the behavior of mined 

solid waste. It was observed that the fine fraction had a decreasing trend, and the 

volatile solid had an increasing trend with the increase of calorific value. Moisture 

content and depth of the landfill did not exhibit any significant correlation with the 

calorific value. Based on the degradation nature of the solid waste components, a 

universal energy index, based on the composition of the waste, was introduced and 

found to be a very good predictor the for calorific value of MSW. Proximate 

analysis (Volatile solid determination) and elemental analysis 2343 determined by 

a muffle furnace and an elemental analyzer, respectively. Carbon was found to be 

the most significant element for energy value.                

                               Three simple linear regression (SLR) models, based on three 

different analyses (physical composition, proximate analysis, and elemental 

analysis), were developed to predict calorific value, using the statistical tool R. The 

physical model, which used the energy index, was validated with mined solid waste 

collected from the City of Irving landfill, and showed excellent agreement between 

the predicted calorific value and the measured calorific value of the MSW collected 

from the landfills. The model-based elemental analysis was in good agreement with 
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the experimental values found in literature. Overall, this study will enhance the 

understanding of the physical characteristics and energy potential of landfill mined 

waste and will provide two universal mathematical models for better predictions of 

calorific value from any waste composition.
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1  Chapter: Introduction 
 

1.1 Background  

TheaUnitedaStatesaEnvironmentalaProtectionaAgency (EPA) has four waste 

management components, which are listed inaorderaofapreference:aSource 

reduction,arecycling,acombustion with energy recovery, and disposal through 

landfilling in the waste management hierarchy. One of the approaches, however, 

may not be suitable for managing universal waste management problems around 

the world. In 2015, about 262 million tons of municipal solid waste (MSW) were 

generated in the US, among which 52.5% was sent to landfills, 34.7% was recycled, 

and 12.8% was combusted for energy recovery Landfills have long been considered 

the most economical waste management system, (Krook et al., 2012), but at present, 

the global increased competition for raw materials, which has destroyed natural 

reservoirs with valuable resources and increased environmental problems, is 

making the concept of material extraction from alternative sources a practical 

option (Kapur, 2006; Halada, 2009; and Krook et al., 2012). Finding suitable and 

available space is another major challenge for landfill operations, especially in 

densely populated urban areas (Zhao et al., 2007).  Such issues change the current 

applicability of landfills as a final destination for waste, and make it important to 

form new perspectives of landfills. Therefore, landfill mining for material recovery 



2 
 

and as a resource for energy provide a sustainable solution. Krook et al. (2012) 

defined landfill mining as “a process for extracting materials or other solid natural 

resources from waste materials that previously have been disposed of by burying 

them in the ground.” 

Although most of the mining research has been confined to conceptual discussions 

and pilot-scale studies of landfill mining projects, a limited numberaofastudies have 

beenaconductedaon the composition of excavated waste. Energy potential has been 

determined as a part of the chemical characteristics, along with waste composition 

in some studies. The experimental energy values, measured by an oxygen bomb 

calorimeter, were reported in previous studies: 1461.74-3740.33 Btu/lb., Italy, 

(Cossu et al.,1995); 2966.47-3396.39 Btu/lb., Fiborna Landfill, Sweden, (Hogland 

et al.,2003); 2579.54-5588.99 Btu/lb., Germany, (Brammer et al., 1995); 3084 

Btu/lb., and Pennsylvania landfill, USA (Forster G,1995).  Kaartinen et al. (2013) 

found the valorization potential of 40-45% (weight basis) by hand sorting, and 

approximately 30% (weight basis) by the mechanical sorting process. Quaghebeur 

et al. (2012) found the energy potential to be 23-50% (w/w) in the REMO landfill, 

in Belgium. Mined waste was used as part of a mixture of fuel and fresh waste in 

incinerators (Forster, 1994; Salerni, 1997). Salerni (1997) used a 50/50amixtureaof 

mined waste and fresh waste, whereas Forster (1994) used a mixture of 1:4. Hence, 

different landfill sites have different valorization/energy potentials from both the 

perspectives of landfill mining potential and end use. Different factors, such as the 
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landfill age, type of operation, weather and hydrological conditions, and the 

location of the landfill might affect the degradation and energy potential of stored 

waste inside the landfill (Prechthai et al., 2008).  

In addition to the oxygen bomb calorimeter method, two other methods, elemental 

analysis and proximate analysis, were also used to assess the energy potential of 

mined solid waste. These methods addressed the important factors of energy 

potential, such as moisture content and volatile and fixed carbons (Shi et al., 2015). 

Carbon was found to be a major contributor of calorific value (Komillis et al., 

2011). 

The process of measuring the energy potential of MSW, followed by developing a 

prediction model, has been carried out, using fresh waste in different countries in 

the world like Malaysia (Kathirvale et al., 2003), Canada (Shi et al., 2015), Greece 

(Komilis et al., 2011), and Taiwan (Liu et al., 1996). The composition and heating 

value of fresh municipal solid waste was determined comprehensively in New York 

. (Chin and Franconeri, 1980). A high portion of the waste in the Rio Grande Valley 

in Texas is plastic and paper, which is a potential source of energy (Chang and 

Davilla, 2007). A prediction model based on the physical composition of fresh 

waste was developed for the Lower Rio Grande Valley.  

1.2 Problem Statement  

The energy potential of fresh municipal solid waste is important for waste-to-

energy facilities, as it appears to be one of the important parameters in the design 
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of incinerators (Shi et al., 2015). Due to the heterogeneity of solid waste, along with 

the climatic conditions and types of operation, MSW in closed landfills may not 

experience equal degradation levels (Hull et al., 2005). The number of active 

landfills decreased significantly in the early 1990’s due to the amendment of the 

Subtitle D landfill regulations of the Resource Conservation and Recovery Act 

(RCRA, 1991). Hence the closed landfills could become a potential source for 

energy that could be extracted through landfill mining. 

Energy recovery from landfill mined waste, airspace recovery, and 

recycling from non-degraded waste are the three drivers for landfill mining; 

however, high-level contamination makes it difficult to use materials that are 

recycled from excavated waste (Hull et al., 2005; Quaghebeur et al., 2012). The 

energy potential depends on the age of the waste, type of landfill, meteorological 

conditions, environmental conditions (temperature and moisture content), and the 

degree of degradation that takes place over time inside the landfill (volatile solids) 

(Hull et al., 2005). The energy potential from mined waste was measured in 

landfills in Pennsylvania (Forster, 1995) and New Jersey (Hull et al., 2005). Hull 

et al. (2005) determined the energy potential of excavated waste, using a 

mathematical formula rather than the experimental method (calorimeter). Texas has 

more than 4000 closed landfills, according to the Texas Commission on 

Environmental Quality (TCEQ); therefore, a comprehensive study on a Texas 
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landfill was deemed necessary to evaluate the energy potential for both fresh and 

mined landfill waste. 

The waste composition of excavated material is the most studied work in landfill 

mining (Kaartinen et al., 2013, Cossu et al., 1995; Hogland et al., 2003; Hull et al., 

2005; Quaghebeur et al., 2012). Due to heterogeneity of waste, an exploration or 

trend of energy from solid waste is still unexplored in the literature, hence a detailed 

and depth-wise study of waste composition from different boreholes, along with 

numerous physical and chemical characteristics, needs to be performed. 

                   The calorific value (energy potential) of solid waste is measured 

accurately by using a calorimeter. Due to the complexity of the equipment and the 

need for skilled technicians (Kathirvale et al., 2003), proximate analysis is used 

widely as an alternative method for assessing the energy potential. However, it does 

not promise to always provide the correct calorific value (energy value) (Ozyuguran 

and Yaman, 2016); instead, it explains the quality of the overall combustion process 

(Avelar et al., 2016). 

                  To overcome this problem, elemental analysis has been used to assess 

the energy potential of solid waste with greater accuracy, even though the widely 

used experimental elemental analysis values are not contemporary (Komillis et. al., 

2011). Therefore, a comprehensive elemental analysis of mined waste was deemed 

necessary to evaluate the energy potential with greater accuracy. 



6 
 

                                      Very few statistical analyses are performed on landfill-

mined data. The most common prediction model for the calorific value currently 

being used was developed by Dulong (Kathiravale et al., 2003), but the model used 

data from coal, and may not predict municipal solid waste accurately (Shi et. al., 

2015) because the prediction of energy potential of MSW is best suited in its own 

area (Kathirvale et al., 2003). Therefore, it is important to investigate 

comprehensive analyses of energy potential of landfill mined waste by different 

analytical methods, and develop a statistically sound prediction model to predict 

the energy potential of mined waste.  

1.3 Objective of the study  

The main objective of this research is to evaluate the energy potential of mined 

MSW from landfill. As a part of the study, different predictive model to evaluate 

the energy potential of mined MSW will also be developed. The specific tasks of 

the current study are outlined as: 

1. To determine Waste composition and Physical Characteristics of fresh 

waste and mined waste  

2. To evaluate of Energy Value of Municipal Solid waste by Oxygen Bomb 

Calorimeter  

3. To evaluate of Thermochemical characteristics of mined solid waste by 

proximate analysis  
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4. To assess the elemental composition of Mined waste by Elemental Analysis  

5. To develop mathematical model to predict energy potential of Mined solid 

waste.  

1.4 Dissertation Framework 

This idissertation iis ifolded iinto isix ichapters ias isummarized ibelow: 

• Chapter i1 iprovides ian iintroduction iand iindicates ithe iproblem istatement iand 

iobjectives iof ithe istudy. 

• Chapter i2 ipresents ia iliterature ireview ion iphysical i& ichemical 

icharacteristics iof ifresh i& imined imunicipal isolid iwaste, ienergy ivalue iof 

ifresh i& imined isolid iwaste, ielemental icomposition iof isolid iwaste iand 

ipredictive iempirical imodel iof ienergy ivalue. 

• Chapter i3 idescribes ithe idetail iexperimental iprocedures ifollowed ito icollect 

iand isort iMSW isamples, ito imeasure ienergy ivalue, ielemental icomposition 

ifrom ithe ifresh iand imined iwaste 

• Chapter i4 ipresents ithe iexperimental iresults ifollowed iby ithe idiscussion ion 

ithe iresults, iand icomparison iof ithe iresults iwith iexisting iliterature. 

• Chapter i5 ipresents ithree istatistical imodeling iusing isimple ilinear iregression 

ianalysis ibased ion ithe iphysical icomposition, iproximate i& ielemental 

ianalysis 
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• Chapter i6 isummarizes ithe imain iconclusions ifrom ithe icurrent istudy iand 

iprovides irecommendations ifor ifuture iwork.
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2 Chapter: Literature Review 

2.1 Landfill 

A landfill is an engineering method of final disposal of waste into land that has 

layers of soil and waste. Krook et al., (2012) defined a landfill as a large area of 

land or an excavated site that was designed to receive wastes. Landfilling has been 

the common way to store waste at minimum cost in many regions of the world, 

including the United States. According to Danthurebandara (2015), a modern 

landfill is an engineered method for waste disposal into protected or specially 

constructed land surfaces, or in excavations into a land surface. The landfill 

location, design, operation, and monitoring are designed to ensure compliance 

with federal regulations (USEPA). Although the recycling rate of waste has 

increased significantly during past decades in United States, landfilling is still the 

most popular and most practiced waste management method. The US Air Quality 

Bureau (2010) defined a closed landfill as a landfill that stopped accepting 

municipal solid waste. At present, there are 97 Type 1 municipal solid waste 

landfills in Texas (TCEQ Report, 2018). 

2.1.1 Classification of Landfill  

 

According ito ithe iUS iEnvironmental iProtection iAgency i(EPA), ia imodern ilandfill 

iis ia iwell-engineered ifacility ithat iis idesigned ifor ireceiving ispecific itypes iof iwastes: 

imunicipal isolid iwaste i(MSW), iconstruction iand idemolition idebris i(C&D), iand 
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ihazardous iwaste. iThe ilandfills iare iclassified iaccording ito ithe iregulation iprincipal 

iof ithe iResource iConservation iand iRecovery iAct i(40 iCFR iPart i258 iin iFederal 

iregulations i1991). iSubtitle iD ilandfills iinclude ithe ifollowing. 

• Municipal isolid iwaste ilandfills i(MSWLFs) ithat iare ispecifically idesigned 

ito ireceive ihousehold iwaste, ias iwell ias iother itypes iof inonhazardous iwastes; 

i 

• Bioreactor ilandfills ithat iare ia itype iof iMSWLF ithat ioperates ito irapidly 

itransform iand idegrade iorganic iwaste; i 

• Industrial iwaste ilandfills ithat iare idesigned ito icollect icommercial iand 

iinstitutional i(i.e., iindustrial) iwaste, iwhich iis ioften ia isignificant iportion iof 

isolid iwaste, ieven iin ismall icities iand isuburbs; 

• Construction iand idemolition i(C&D) idebris ilandfills ithat iare ia itype iof 

iindustrial iwaste ilandfills ithat iis idesigned iexclusively ifor iconstruction iand 

idemolition imaterials, iwhich iconsist iof ithe idebris igenerated iduring ithe 

iconstruction, irenovation, iand idemolition iof ibuildings, iroads, iand ibridges. 

iC&D imaterials ioften icontain ibulky, iheavy, imaterials, isuch ias iconcrete, 

iwood, imetals, iglass, iand isalvaged ibuilding icomponents. i 

• Coal icombustion iresidual i(CCR) ilandfills ithat iare iindustrial iwaste 

ilandfills ithat iare iused ito imanage iand idispose iof icoal icombustion iresiduals 

i(CCRs ior icoal iash); 
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• Hazardous waste landfills that are used specifically for the disposal of 

hazardous waste. These landfills are not used for the disposal of solid 

waste. 

2.2 Landfill mining  

In most of the world, landfills have long been seen as the cheapest way to dispose 

of waste permanently (Krook et al., 2012). This dependence on landfilling has 

created a chain of long-term economic, social, and environmental impacts. Apart 

from material and energy wastage, landfill deposits generate methane emissions 

that are due to organic degradation (Mor et al., 2006; Sormunen et al., 2008) and 

contribute to local pollution, due to leaching of hazardous substances if not 

properly contained (Flyhammar, 1997). The lack of space is another constraint for 

landfill operations, especially in densely populated areas (Zhao et al., 2007). Over 

the years, most regions have accumulated a huge number of closed landfills that 

contain significant amounts of old materials, some of which are valuable (Lifset 

et al., 2002; Zhao et al., 2007). Present worldwide situations, such as rapidly 

increasing competition for materials, prices, depletion of valuable natural 

resources, and increasing environmental problems make resource recovery from 

different sources a pragmatic option (Kapur, 2006; Halada, 2009, Krook et al., 

2012). Such possibilities challenge the practice of landfilling as a permanent 

destination for waste, and demand a new perspective. iLandfill imining iis iprimarily 

idefined ias ia ivaluable imaterial iextraction iand ienergy iresource irecovery istrategy 
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i(Krook iet ial., i2012). Cossu et al. (1996) defined it as “the excavation and 

treatment of waste from an active or inactive landfill for one or more of the 

following purposes: conservation of landfill space, reduction in landfill area, 

elimination of a potential contamination source, mitigation of an existing 

contamination source, energy recovery from excavated waste, reuse of recovered 

materials, reduction in waste management system costs and site re-development.” 

Krook et al. (2012) defined landfill mining as “a process for extracting materials 

or other solid natural resources from waste materials that previously have been 

disposed of by burying them in the ground.”   

2.2.1 History of Landfill Mining  

Savage et al. (1993) reported that landfill mining started in Tel Aviv, Israel in 1953 

to explore ways to make fertilizer for orchards. It remained as the only reported 

landfill mining project for several decades (Krook et al., 2012). The US 

considered further mining projects as a strategy for regaining the airspace, due to 

the imminent concern of a shortage of landfill space (Kruse, 2015). The landfill 

project started in Naples, Florida (1986-1992) and Edinburgh, New York (1988), 

with both of the projects aimed at avoiding and reducing landfill closure costs 

(US-EPA, 1997). The project in Naples included a wide range of resource 

recovery strategies, along with the traditional concepts of landfill mining (Kruse, 

2015): 
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• recover and reuse fine degraded material as a landfill daily cover,  

• use excavated combustible waste in the waste-to-energy facility, and 

• recover recyclable materials like metal and glass. 

However, the project was only able to recover the cover materials, and the 

excavated material failed to qualify as a fuel for a waste-to-energy facility. 

The first European pilot project of landfill mining was conducted in Germany in 

1993 (Rettenberger et al., 1995) for the purpose of evaluating the technical and 

economic feasibility of such a project. Numerous mining projects started right after 

the pilot project, even though the purpose was to prevent hazard materials (Hölzle, 

2010). 

In 1994, Italy (Sardinia) and Sweden (Filbona) had their first landfill mining 

projects. The motive of the projects was to regain airspace for growing cities and 

prevent risks that occurred in the landfills. (Cossu et al., 1996) Despite numerous 

pilot projects around the world, mining projects did not gain popularity as 

commercial projects on a large scale until recently. 

Many pilot applications have been reported in the literature, but full-scale projects 

are fewer, as the environmental legislation for them tends to be stricter, 

(Gaitanarou et al., 2014). The pilot projects are located mainly in Germany 

(Hogland 2002), the Netherlands (Van der Zee et al. 2004), and Finland (Kaartinen 

et al. 2013). Some pilot-scale projects in the United Kingdom (Hayward-Higham 

2008 ) did not prosper, and were finally abandoned (Gaitanarou et al., 2014). Little 
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information is available on the landfill mining projects. Numerous studies and 

LFM projects have been carried out worldwide, mainly in Asia. Most of them are 

located in India (Joseph et al. 2007; Hogland et al. 2004) and China (Zhao et al. 

2007; Lou et al. 2009 cited in Gaitanarou et al., 2014), as their vast population has 

created issues related to landfilling (Gaitanarou et al., 2014). Landfill mining 

projects were implemented iat ithe iNon iKhaem iLandfill iin iBangkok, iThailand, iand 

iat ithe iNanjido iLandfill iin iSeoul, iKorea i(Strange i2008). i 

There are several reasons for adopting LFM, but nearly every project was 

motivated by the need to prevent pollution & hazardous conditions. Resource 

extraction from mined projects was a rare motivation in the past; however, it has 

become an important attraction recently (Kruse, 2015). Relocation of excavated 

waste without exploring resource recovery is prohibited in Germany by a law 

passed in 2015. 

A public support scheme in Bavaria, Germany explored the exploration of closed 

landfills and stored material. These policies and incentives expedited the interest in 

landfill mining activities in 2007 and 2008 (Bockreis and Knapp, 2011).  

The following are some of the reasons for adopting LFM (Reno Sam, 2009):  

• Life extension of a landfill by increasing the storage capacity, 

• Reduction of the source of contamination and pollution, 

• Prevention of pollution and mitigation of existing sources of 

contamination,  

http://www.enviroalternatives.com/landfill.html
http://www.enviroalternatives.com/landfill.html
http://www.enviroalternatives.com/landfill.html
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• Recovery of resources by recycling and energy 

• Reduction of landfill closure cost  

• Redevelopment of the existing site.   

LFM has been revolutionized to the point where resource recovery is the primary 

goal of mining, and has been redefined as enhanced landfill mining (ELFM). 

According to Jones et al., (2013), “In our novel ELFM vision, the goal is not to 

stabilise the materials but rather to valorize the various waste streams either as 

material or as energy.” ELFM has gained popularity in Flanders, Belgium, where 

research and pilot studies led to a series of publications (Geysen et al., 2009; Jones 

et al. 2012; Bosmans et al., 2013; Quaghebeur, et al., 2013; Van Passel et al., 2013). 

2.2.2 Landfill Mining Initiative in USA 

In the US, the interest in landfill mining increased suddenly during the 1990’s, due 

to stricter environmental regulations, which put the active landfills in a tough 

situation.  If they closed down, they had to comply with the regulations on final 

close/post closure and long-term imonitoring iof ipollutants i(Spencer, i1990; iRichard 

iet ial., i1996a; i1996b). Landfilling was still the most popular and economic waste 

disposal system in the country, but the strict environmental requirements and 

public opposition made it more difficult to develop a new landfill. The excavation 

of landfills, along with the recovery of excavated waste, was identified as an 

effective strategy for solving the scarcity of landfill airspace. Eventually, the 
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requirements and costs of post-closure were postponed for landfills that were 

almost at capacity (Dickinson, 1995; Reeves and Murray, 1997). Moreover, there 

was a potential source of additional revenue from recovered material. 

 The scenario was similar in Europe and Asia, as those regions had an urgent need 

for landfill airspace due to rapid urbanization, and the old landfills were hampering 

the urban city development. Therefore, the overall interest in landfill mining was 

growing at that time (Cossu et al., 1996; Hogland et al., 1996). 

Around the beginning of the new millennium (2000), research on landfill mining 

suddenly decreased, and only erratic efforts were reported in scientific literature. 

This could have been the reason for the economic recession. The world realized 

that there were more sophisticated waste treatment options and highly effective 

recycling programs, and the advancement of these options diverted some of the 

attention from landfill mining. One of the findings from the 1990’s landfill mining 

projects affected the whole mining movement, however. The excavated waste did 

not contain high quality and uncontaminated recyclable materials for the recycle 

market (Savage et al., 1993; Krogmann and Qu, 1997), which eventually prevented 

landfills from regaining lost ground, and reinitiated the need for final closure. The 

inability to sell the excavated materials caused new waste management problems 

in terms of revenue. Hull iet ial. i(2005) iargued ithat ilandfill imining iis ionly 

ieconomically iviable iunder icertain iconditions: ias ian ialternative ioption ifor 

iremediation, ipreferably ico-financed iwith iclean-up ifunds; ifor iremoval iof ideposits 
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ihampering iurban idevelopment; ifor iextraction iof isupplementary iwaste ifuel iin iorder 

ito isecure ifull iworking iloads iat iwaste iincinerators; ior ifor icreating inew ilandfill ispace 

iby iusing iexisting isites iand iinfrastructures, ithereby ialso ifacilitating ithe ipermitting 

iprocess i(Krook iet ial., i2012).  

2.3 Physical Characteristics of Landfill mined waste 

AccordingatoatheaUSaEPA, municipal solid waste (MSW) is collected by 

communityasanitationaservices. It is denoted asatrashaoragarbage, which is 

discarded every day after use, such as, food residuals, clothing, newspapers, 

bottles, paint, product packaging, furniture, appliances, grass clippings, and 

batteries generated from households, institutions like schools, hospitals, and 

businesses. The MSW can be waste components of different categories, including 

ipaper iproducts, iglass, imetal, iplastics, irubber iand ileather, itextiles, iwood, ifood 

iwastes, iyard itrimmings, iand imiscellaneous iinorganic iwastes (Alam. Z., 2016). 

Municipal solid waste which was disposed of earlier is defined as landfilled waste. 

The characteristics of landfilled wastes depend on the location, community, type 

of landfill, depth of filling, age of waste, moisture content, etc. Many studies have 

been conducted to determine the waste characteristics of MSW because it is 

difficult to determine them, due to the following reasons given by Samir (2011) 

and Manassero et.al (1997). 
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• It is difficult to obtain a representative sample of a large quantity in the in-

situ condition. 

• There is no manual that provides guidelines for sampling procedures of 

waste materials. 

• The properties of waste materials fluctuate because of their heterogeneity. 

• The training program and education of the landfill operating officials may 

not be adequate for dealing with crucial situations scientifically.  

• Solid waste is heterogeneous by nature, and varies significantly in 

differentageographicalalocations. 

2.3.1 Mined Waste Composition  

The physicalacompositionaof solid waste determines (on a weight basis) the types 

and percentages of the waste components presentainatheatotal waste stream. A 

wasteacompositionastudy is the single mostaimportantatool for a waste 

management operation, and the various procedures that can be used to determine 

the waste composition are listed below. 

• Input Method - The physical composition can be estimated by using the 

published national level data.  

•  Hand Sorting  

• Photogrammetry Method - The waste composition is determined by 

analyzing a photograph of the representative portion. 
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Mined waste compositions have been reported in literature around the world. 

Some of them are summarized below.  

Hogland et al. (2004) determined the physical and chemical properties of 

excavated waste in Sweden. The age of the excavated waste was 17-22 years and 

23-25 years, respectively. The composition was determined at four different 

depths in the Masalycke landfill and two depths in the Gladsax landfill (Table 2-

1). 

Gomes et al. (2005)aconductedaa studyatoacharacterize the buried waste in the 

San Tirso landfill in Portugal. Three different sections were selected for evaluating 

three different ages. Section A was still in operation, but Sections B and C were 

closed. The excavated waste from Section C was from an old dumpsite. The waste 

of Section B was disposed of between 1998 and 1999. 
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Table 2-1 Weight composition (%) of unsorted waste excavated from different 

depths (Hogland et al., 2004) 

 

Physical and chemical characteristics of the excavated waste were determined, 

including classification of wastes, determination volumetric weight, moisture 

content and organic content. The strength parameter (shear strength) and 

compressibility characteristics were also determined. The field monitoring 

program included determination of the displacement, deformation, porewater 

pressure, and horizontal pressure. Table 2.2 indicates the mined waste composition 

of profile B (closed zone) collected from 1998-1999. 
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Table 2-2 Waste component from San Tirso landfill, Portugal (Gomes et al., 

2005) 

 

                              Gabr and Valero (1994) determined the geo-environmental 

properties of two different landfills. The excavated waste from both of the landfills 

was about fifty years old. The samples were collected, usingaanaaugerarigaand 

freshasamplesawereacollectedafrom the surface. Table 2.3 shows the composition 

of the both type of waste. 

Table 2-3 Composition between fresh and mined waste (Gabr and Valero, 1994) 

 

  Percentageaofatotalaweight (Dry Basis)  

Category  Fresh Waste  Aged Waste 

Papera 29 0 

Plastic a 7 13 

Food Waste a 23 0 

Wood a 10 9 

Textiles a 5 23 

Metal a 1 10 

Glass and Ceramic a 8 10 

Ash a 17 19 

Miscellaneous a 0 14 
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Suthatip et al. (2006) evaluated theabiodegradabilityaofafood,awood,aandapaper, 

as well as the excavated MSW samples that were approximately 20 years old. The 

physical composition of the excavated waste is presented in Figure 2.1. 

 

Figure 2-1 Excavated waste composition from a Japanese landfill (Suthatip et 

al., 2006) 

 

Hull iet ial., i(2005) iconducted ia ithorough iresearch ion iwaste icomposition iand 

icharacteristics iof imined imaterials irecovered ifrom ia iNew iJersey ilandfill ithat iwas 

ioperated ifrom i1989-1999. iThe imean icompositionaofatheamaterials iisashownain 

iTable i2.4. 
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Table 2-4 Mined waste composition from a New Jersey landfill, USA (Hull et 

al., 2005) 

 

Quaghebeur et al., (2012) evaluated the valorization potential of excavated waste 

from the REMO landfill in Belgium. The waste was deposited from 1980-2000. 

Table 2-5 indicates the mean compositionaofathe fresh wasteacollectedafromathe 

Flemish region of Belgium (1993-2001) and excavated waste of the REMO landfill. 

No trend was observed in the waste composition with increasing depths of the 

landfills 
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Table 2-5 Mean composition of fresh waste collected from flemish region of 

Belgium (1993-2001) (Quaghebeur et al., 2012) 

 

Quaghebeur et al., (2012) also compared the mined waste composition 

with other landfill mining studies shown in Table 2-6  

Table 2-6 Comparison of mined waste composition from different landfills 

(Quaghebeur et al., 2012) 

 

Forster (1995) conducted a comprehensive study of a landfill reclamation project 

in Pennsylvania’s Lancaster County Solid Waste Management Authority 

(LCSWMA), where the excavated waste was from one to five years old. 

Combustible imaterials, isuch ias isuch ias ipaper, icloth, iwood, icardboard, ihousehold 

irefuse, iplastics, iroofing, iand iinsulation were found to amount to approximately 
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67% of the total waste (Figure 2-2). Noncombustible material, such as soil and 

rocks amounted to about 30%, and the remaining 3% was metal, aluminum, and 

steel. 

 

 

Figure 2-2 Composition of recovered waste from Lancaster County landfill 

(Forster, 1995) 

2.3.2 Fine Material 

Krook et al., (2012) indicated that the fine/degraded materials comprised between 

50 – 60% of the weight of the excavated waste, but according to the literature, other 

researchers are not in agreement about the size of the fine materials.  

Hull et al., (2005) identified the fine fraction as < 25.4 mm, whereas Quaghebeur 

et al., (2012), Kaartinen et al., (2013) and Hogland et al., (2003) defined the fine 
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fraction as <10 mm, <20 mm, and <18 mm, respectively. Kurian et al., 2003 

compiled a soil-to-waste ratio, based on various mining projects shown in Table 2-

7, in which the soil was degraded fine particles. 

Table 2-7 Soil (degraded fine particle) to waste ratio from different mining 

project. (Kurian et al., 2003) 

 

2.3.3 Moisture Content  

Moisture content indicates the environmental conditions in landfills. It is the first 

item on the checklist for processing the excavated waste. Biological or thermal 

treatment highly depends on moisture content. There are some interrelated factors 

that affect the moisture, such as waste composition, waste fraction type, physical 

and chemical properties, climatic conditions, method of landfill operation, leachate 
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and gas collection, iand iwater iconsumption idue ito ibiological iprocesses i(Qian iet ial. 

i2002). 

Hull et al., (2005) reported the average moisture content of the excavated waste of 

the New Jersey landfill as 28.3% by weight, with individual ranges from 18.8% to 

41.6%. The average moisture content of the mined waste in this project supported 

the previous literature for conventional landfills of similar age: 24% (Bäumler et 

al. 2001), 21.9% (Zornberg et al. 1999), 23.9% (Zanetti et al. 1997), and 35.3% 

(Ham et al. 1993) 

Excavated material absorbs more water from infiltration of rainfall and from 

organic materials, such as food and yard wastes. Therefore, mined waste tends to 

have a higher moisture content, and is in the 40-70% range of moisture 

recommended for optimum microbial activity inalandfillsa(Barlazaet al.a1990). 

According to Hogland et al., (2003) mixed unsorted waste has almost constant 

values of moisture at a different depth in the Måsalycke Landfill in Sweden. The 

moisture content of the mixed, unsorted waste was found to be 29 - 30% at 0.6 - 

7m depth. Quaghebeur et al., (2012) found that the average moisture content of the 

mined waste collected in one location at the REMO landfill was between 48% - 

66% and was observed fluctuating during the excavation due to the impervious 

layers in the landfill. Some layers were found saturated with water, while some 

layers were unusually dry. Due to the heterogeneity of the waste, the water balance 

scenario inside landfills vary significantly. Moisture profiles inside the waste must 
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be taken into consideration before evaluating the valorization and treatment of 

mined waste. 

Hull et al., (2005) found that the moisture content of the excavated waste can be 

predicted by the moisture content of the fine fraction, as shown in Figure 2-3. No 

correlation was observed between the moisture content and depth in the landfill, 

except for some individual gas extraction well borings.  

 

 

Figure 2-3 Effect of fine fraction on moisture content of total sample (Hull et 

al., 2005) 

An excavated waste composition study from San Tirso landfill was reported in 

Gomes et al. (2005) They determined the moisture content as 61% on surface, 

(fresh waste) and increased toa117% ata11madepth (3-yearaoldawaste). 
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Decomposed wasteahas a higherapercentageaof fines, resulting in higher 

moistureacontent of the total mixed waste. 

AccordingatoaLandvaa&aClark, (1990), the moistureacontent has a positive 

correlation with organicacontent. The moisture content was found up to 120% (dry 

weight) and 65% (wet weight). 

Gabr andaValero (1995)aconductedaa comparative study betweenafresh and 

landfilled samples. The average moistureacontent was determined to be 20% on 

aadry weightabasis for fresh waste, whereas it was found to be froma60% toa150% 

onaa dryaweight basis for mined waste. There was not any significant correlation 

betweenadepth of waste and moistureacontent. 

 Xiang-rong et al. (2002) revealed a decreasing trend of moisture content with 

increasing depth. The average moisture content was found 30%.  

Hossain et al. (2008) reported the increase of moisture contentafrom 55% toa 

64.7% for a simulatedaELR landfill after complete degradation. 

Carboo et al.a(2005)aconducted a detailed study, including physico-chemicala 

analysesaof municipalasolidawaste, in the AccraametropolisaofaGhana. The 

collection efficiency was found to be only 55% of the total generation. The 

sampling location was selected in three different zones, based ion ithe iincome ilevel 

iand idensity iof ithe ipopulation iof ithe iresidents. iZone iA ihad ia ihigh iincome 

ipopulation iwith ilow idensity, iZone iB ihad ia imiddle iincome ipopulation iwith imedium 

idensity, iand iZone iC ihad ia ilow iincome ipopulation iwith ihigh idensity. iTen 
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ihouseholds iin each zone was randomly selected for sample collection every other 

day, for two months. Moisture content is one of the most important parameters to 

measure when assessing valorization potential. It will take longer time for waste 

burn.The moistureacontentsafromadifferentazonesaare presented in Figure 2-4 

 

Figure 2-4 Moisture content of fresh waste  in the Accra, Ghana (Carboo et al., 

2005) 

The data showed that the moisture content decreases with the income of the region. 

High-incomeaareasaresidentsaare morealikelyatoadisposeaof waste that contains 

energy-rich bonds, including paper, which primarily consists of an H-bond that is 

attracted to water and results in higherawateracontentainahigheraenergyarich bond 

compounds. The waste becomes heterogeneous in the low income zone, resulting 

in a decrease of bond energy.  
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2.3.4 Unit Weight/Bulk Density 

The unit weight of solid waste depends on the size of the waste particles in the 

landfill. If the waste particles are finer, the unit weight becomes higher due to the 

smaller void space. The particles’ size becomes smaller with the degradation, 

resulting in an increase in the unit weight. 

Landva & Clark (1990) conducted a thorough study on the classification of 

municipalasolidawaste.aAccordingato their study, theainasituaunitaweightaof 

MSW was froma6.8atoa16.2aKN/m3. Theaunit weightaofatheacoverasoil was 

separated from the MSW, and was measuredaseparately. 

Zhu Xiang-rong et al. (2002) measuredatheageotechnicalabehavioraof the 13-year 

old mined waste from the Tianziling landfill, in China. The study found that the 

compressibility of the solid waste was high. The increaseainanormalastress,afilling 

depthaandatime resulted in higher shear strength of solid waste. The density of 

MSW was found froma8 KN/m3 toa16.8aKN/m3. 

Hossain et al. (2010) determined that the dynamicapropertiesaofaMSWainaa 

bioreactoralandfill, considering degradation, volatile organic content, methane 

yield, and pH, could be used to assess the state of the degradation. The geotechnical 

properties of waste were determined, using the remolded sample from the 

bioreactor landfill. The fine materials were 10% of the total waste 

afteratheafirstastage, which eventually increased toa39%aatatheaend of the 
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fourthastage. The unit weight increased with the degradation, from 8.5-9.1 KN/m3 

inaPhaseaI toa10.7-11.2aKN/m3 foraPhaseaIV.  

Chen et al. (2009) conducted a thorough study of the compressibility of waste from 

the Qizhishanalandfillain Suzhou, China.aThe study discovered the inaccuracy of 

the settlement prediction model, using the single compressibility value. The 

fillaage andaembeddingadepth ofatheaMSW were the compressibility-measuring 

parameters. A total of 31 borehole samples were collected by drilling. Based on 

the test results, the compressible components of the MSW decreased with the fill 

age, resulting in a decreased void ratio with depth. On the other hand, 

incompressibleacomponentsaincreasedawithathe fill age. The unit weight, from 5 

to 15 KN/m3, gradually increasedawithatheaincreaseaof depth. 

Chiemchaisriaet al.a(2007) found the density of the waste as 240 kg/m3 at the top 

of the landfill; it increased toa1260 kg/m3 at the bottom. 

The bulk density of excavated waste is rarely reported in literature. Hull et al., 

(2005) found that the bulk density of the excavated waste from New Jersey (Table 

2-8) was similar to the bulk density from the Moriah landfill in New York (Reis 

1995). 
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Table 2-8 Comparison of bulk density between New Jersey and Moriah landfill 

Hull et al., (2005) 

 

Moreover, i(Hull iet ial., i2005) idetermined ithat ithe ibulk idensity iof ithe ifine ifraction iof 

iexcavated imaterials iranged ibetween i370 iand i1,206 ikg/m3, iwith ia imedian iof i742 

ikg/m3, which was  lower than the values of previous landfill reclamation studies 

(Forster 1994; Reis 1995). The basic difference between Hull’s study and other 

cited studies was the use of the waste characterization method. This study 

considered hand sorting, whereas other studies used a trommel screen to sort the 

fine fractions. This might be the cause of the discrepancy in the bulk density of the 

fine fraction of excavated waste. 

2.3.5 Temperature 

There is very limited research regarding the temperature of excavated waste. Hull 

et al, (2005) determined the temperature of excavated waste from the New Jersey 

landfill. At a depth of 3.1 m, a temperature of 22.2 °C was recorded for a sample; 

at the greater depth of 27.4 m, 68.3 °C was recorded. With the increase of 1 m, the 
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temperature increased 1 °C (Figure 2-5). This finding is supported by other 

research (Zornberg et al. 1999, Attal et al. 1992, and Gurijala and Sulfita 1993). 

 

Figure 2-5 Temperature of excavated waste from New Jersey landfill (Hull et 

al.,2005) 

 

Zanetti et al. (1997) and Attal et al. (1992) discovered a depth, at the top of the 

landfill, where the temperatures started decreasing due the heat loss to the subsoil. 

The temperature profile inside the landfill was modeled by El-Fadel (1991). 

2.4 Energy from Municipal Solid waste 

Thermochemical and biochemical processes produce energy from biomass/solid 

waste (Vargas-Moreno et al., 2012). During biochemical conversion, the entire 

process undergoes aerobic or anaerobic conditions. Microorganisms break the solid 

waste particles into ismaller imolecules iunder iaerobic ior ianaerobic iconditions, iusing 

iminimal ienergy iinput. iThis iprocess iis isuitable ifor biodegradable waste, but is 

slower than the thermochemical process. (Shi et al., 2015) 
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In the thermochemical conversion, waste undergoes a destructive process that 

consumes a lot of energy. Easier continuous operation, less need for water, and a 

short production cycle make the thermochemical conversion more efficient than 

the biochemical process. There are three broad types of thermochemical 

conversion: 

• Incineration,  

• Pyrolysis & Torre faction, and 

• Gasification (Shi et al., 2015). 

The determination of the energy content or calorific value (CV) of the solid waste 

is very important for evaluating the feasibility of energy recovery (Abu-Qudais and 

Abu-Qdais, 1999).  The heating value, or calorific value, defines the fuel’s energy 

capacity (Shi et al., 2015). 

2.4.1 Calorific Value 

According to Majumder et al., 2008. ‘’Calorific value is defined as the amount of 

heat evolved when a unit weight of the coal/MSW is burnt completely and the 

combustion products cooled to a standard temperature of 298◦K.” In literature, 

different units, such as Btu/lb., KJ/kg, and kcal/kg are used to report the energy 

content. 

There are two types of calorific value:  

• Net heating value/lower heating value (LHV), and 
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• Gross heating value/higher heating value (HHV). 

‘’The lower heating value is obtained when the water evaporated from the 

combustion remains as steam and does not condense back to liquid water after 

combustion’’ (Komilis, 2013). The lower heating value (LHV) is a function of the 

higher heating value (HHV) and the moisture content. ‘’HHV is obtained when the 

evaporated water condenses back to liquid water’’ (Komilis, 2013). Therefore, the 

value of the higher heating value is always greater than the value of the lower 

heating value (LHV). The latent heat of water is roughly equivalent to the 

difference between the LHV and HHV. Experimentally, the higher heating value 

(HHV) is usually measured by a bomb calorimeter. There are numerous 

mathematical models available that calculate the calorific value. 

The “Methodology for Allocating Municipal Solid Waste to Biogenic and Non-

Biogenic Energy” by the US Department of Energy determined the calorific value 

of different waste compositions. Table 2-9 shows the values of different 

components. 

Table 2-9 Calorific value of different components (Lariviere, 2007) 

Waste Component Btu/lb 

PET(Plastic) 10250 

HDPE(Plastic) 19000 

PVC(Plastic) 8250 

LDPE/LLDPE(Plastic) 12050 
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2.4.2 Factors affecting Calorific Value of Excavated Waste 

2.4.2.1 Waste Composition 

Waste composition plays a vital role in determining the energy potential of mined 

waste. Excavated waste that has an increased proportion of high energy content, 

like plastic and wood, is equivalent to raw waste in terms of fuel capacity. (Hull et 

al., 2005). 

Hogland et al., 2003 concluded that it is possible to incinerate the excavated 

fraction without additional fuel, as the fractions >50 mm consist mainly of paper, 

wood, and plastic. 

Polypropylene (Plastic) 19000 

Polystyrene (Plastic) 17800 

Other (Plastic) 10250 

Rubber 13450 

Leather 7200 

Textile 6900 

Wood 5000 

Food 2600 

Yard Trimming 3000 

Newspaper 8000 

Cardboard 8250 

Mixed Paper 3350 
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2.4.2.2 Storage time of the excavated waste 

Due to the heterogeneity of waste, the standard deviation of any individual fraction 

is high. Some fractions keep changing over time, with or without maintaining a 

significant trend. These changes can be explained by the decomposition of the 

waste over time, which subsequently affects the calorific value of the excavated 

waste. The initial composition of fresh waste affects the storage of the waste, and 

resulting from differences in waste management procedures, change of consumer 

behavior during a specific period or concerning legislation (Quaghebeur et al., 

2013).Forster (1995) conducted a comprehensive study on landfill mining in 

Pennsylvania and developed a graph that correlates the calorific value of the waste 

with the age of the waste (Figure 2-6). 
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Figure 2-6 Correlation between calorific value and age of the waste (Forster, 

1995) 

2.4.2.3 Moisture Content  

Excavated material absorbs more water ifrom iprecipitation, infiltration iand iorganic 

imaterials, isuch ias ifood iand iwood iwastes. Therefore, it tends to have a higher 

moisture content from the time of disposal (Hull et al., 2005). Majumder et al. 

(2008) reported that moisture has a negative effect on the calorific value. Chang 

and Davilla (2007) implied the benefit of an incineration having low moisture 

content and slightly higher paper content. Drying is one of the procedures that 

increases the calorific value. Kommilis et al. (2012) emphasized that the lower 

moisture content results in a higher calorific value.  
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2.4.2.4 Volatile Solid 

Organic matter is one of the important properties in waste, and is directly related 

to degradation and energy values. Organic fractions (paper, plastic, food, food 

waste, and textiles) are supposed to be degraded according to age and soil type, but 

degradation does not take in this way in an anaerobic condition (landfill). Five to 

ten percent (5-10%) of cellulose is degraded in nature under anaerobic conditions 

(Bosmans et. al., 2014). Volatile solids assess the potential degradability of 

excavated waste from a landfill, and subsequently indicate the energy potential of 

the mined waste. 

2.4.2.5 Rain fall 

Forster (1995) indicated the continuous daily observation of ithe imoisture icontent 

iand ithe iage iof ithe iwaste ithroughout 1992 and 1993. Monthly rainfall was also 

tracked at the landfill, and no significant correlation was found between ithe iHHV 

iof imined iwaste iand irainfall iat ithe itime iof iwaste iexcavation. iiThere iiwas ino ieffect iof 

irainfall ion ithe iHHV iof ithe imined iwaste iat ithe itime ithat ithe iwaste iwas iinitially 

ilandfilled. iThese irelationships iare iplotted iin iFigures i2-7 iand i2-8. 
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Figure 2-7 Effect of rainfall on calorific value (Forster, 1995) 

 

Figure 2-8 Effect of rainfall (during excavation) on calorific value (Forster, 

1995)  
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2.5 Energy potential from Fresh Municipal Solid waste  

Incineration iis icommonly iused ito itreat imunicipal isolid iwastes i(MSW), ias ithe 

irecovery iof ienergy iand ireduction iof ivolume iand imass iare ithe imain igoals iof 

iincineration. iThis iwaste imanagement isystem iis ipreferred iwhere ithere iis ia ilack iof 

ispace iand ithe iland ivalue iis ihigh i(Komillis iet ial., i2013). 

According ito idirective i2008/98/ECi(European iParliament. iCouncil iof ithe iEuropean 

iUnion, i2008), Disposal and energy recovery is two alternate options from MSW 

incineration. Energy recovery completely depends on the efficiency of the 

incinerator. R 1 formula is a popular way to measure energy efficiency of the 

incinerator. Calorific value is an input parameter in R1 formula 

iAlthough imeasurement iby ia icalorimeter iis ialways ipreferred, ia irapid iassessment iis 

ineeded ito igain ian iidea iof ienergy icontent iand ithe iself-sustained icombustibility iof 

ithe iwaste istream. iThese icalculation idetermines ithe ieconomic ifeasibility iof ithe 

iincineration iproject. iFor iexample, ithe iabsence iof icombustible material ireduces 

ioverall ienergy iefficiency iof ithe iincineration iplant, ibecause iof ithe iuse iof ian iexternal 

ifuel i(a iparameter ithat iis iaccounted ifor iin ithe iR1 iformula) i(Komilis iet ial., i2013). 

iThe icalorific ivalues i(higher iheating ivalues/gross iheating ivalues) iof imixed iwaste 

iand iindividual icomponents iof iwaste iaround ithe iworld iare ilisted iin iTable i2-10, iwith 

iproper ireference. 
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Table 2-10 Calorific value of fresh municipal solid waste in the literature 

Waste Type 

Average 

Calorific value 

(Btu) 

Location Reference 

Mixed MSW 4941.293 Jordan 
Abu-Qudais iand iAbu-

Qdais,1999 

Paper and 

cardboard 
4982.666 Jordan 

Abu-Qudais iand iAbu-

Qdais,1999 

Food Waste 1966.084 Jordan 
Abu-Qudais iand iAbu-

Qdais,1999 

Plastic 11983.58 Jordan 
Abu-Qudais iand iAbu-

Qdais,1999 

Mixed Waste 3433.902 Pakistan Korai et al.,2015 

Mixed Waste 
2698.194-

4676.87 
China  Chunming et al.,2013 

Mixed Waste 5159.07 Tanzania Omanri et al.,2014 

Mixed Waste 7407.5666 Nigeria Amber et al.,2012 

Paper and 

cardboard 
6018.92 Italy Giugliano et.al. (2008). 

Wood 7738.61 Italy Giugliano et.al. (2008). 

Plastic 11607.9 Italy Giugliano et.al. (2008). 

Organic Fraction 3009.46 Italy Giugliano et.al. (2008). 

Fine 859.845 Italy Giu  gliano et.al. (2008). 

Paper and 

cardboard 
3869.3 Taiwan Chang et al. (2008). 

Wood 3869.3 Taiwan Chang et al. (2008). 

Plastic 9458.3 Taiwan Chang et al. (2008). 

Textile 4299.23 Taiwan Chang et al. (2008). 

Organic Fraction 859.845 Taiwan Chang et al. (2008). 

Leather and 

Rubber 
6018.92 Taiwan Chang et al. (2008). 

Paper and 

cardboard 
2149.61 Spain Montejo et al. (2011). 

Wood 7738.61 Spain Montejo et al. (2011). 

Plastic 12467.8 Spain Montejo et al. (2011). 

Textile 4170.25 Spain Montejo et al. (2011). 
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Organic Fraction 1719.69 Spain Montejo et al. (2011). 

Non-recycled 

paper 
6698.1943 Canada Shi et al.,2015 

Wood/yard waste 7919.1745 Canada Shi et al.,2015 

Plastic-rigid 15356.836 Canada Shi et al.,2015 

Plastic-film and 

Styrofoam 
18254.514 Canada Shi et al.,2015 

Rubber 8959.5873 Canada Shi et al.,2015 

Plastic-Textile 8916.595 Canada Shi et al.,2015 

Mixed Waste 4472 
New York, 

USA 

Chin and 

Franconeri,1980 

MSW 5576 
National 

Average 
GAA,1997 

MSW 8186.322 Texas, USA Change and Davila,2007 

MSW 5159.07 India Mboowa et al.,2017 

MSW 
2698.194- 

4676.87 
Malaysia Kathirvale et al.,2003 
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2.6 Energy potential from landfill mined waste 

Hogland iet ial., i2003 iconducted ia idetailed istudy ion ithe iMåsalycke iand iGladsax 

ilandfills ifor imunicipal isolid iwaste i(MSW) iin iSweden. iThe imined iwaste iin ithese 

itwo ilandfills iwas i17 i- i22 iand i23 i- i25 iyears iold, irespectively. iThe imajor ipart iof ithe 

iMåsalycke ilandfill iwas  not found idegraded that much iand ino isubstantial iamount 

iof ibiogas iwas idetected iduring iexcavations. iAfter iscreening, ithree isizes iof ifractions 

iwere iobtained: i<18mm, i18–50mm, iand i>50mm. iThe idistribution iof ithe iparticles 

iare ishown iin iTable i2-11. 

Table 2-11 Particle size of excavated waste (Hogland et al., 2003) 

 

The coarse fraction >50mm contained large amounts of paper (29%) and wood 

(19%). The calorific value will be high if the material is dry. The dry matte 

concentration iat ithe iMåsalycke ilandfill iwas i70% i- i80%, iwhile ithe iash icontent iwas 

iabout i90% i- i95% iin ithe itwo ifiner ifractions. iThe icalorific ivalue iwas ivery ilow iin 

ithese itwo ifractions, iranging ifrom i0 ito i1MJ/kg. iThe ifine ifraction iseemed iunsuitable 

ifor ifurther ibiological ior ithermal itreatment. iThe ifraction i> i50mm iconsisted imainly 

iof ipaper, iwood, iand iplastic, iand itherefore ihad ia ihigher icalorific ivalue i(7MJ/kg ior 
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imore). However, 70 - 90% of the plastic, 80 - 95% of the ferrous metal, and 85 - 

90% of the soil from excavated waste can be recovered through a proper screening 

process (Savage et al., 1993), 

Cossu et al., 1995 found the energy value of mined waste in Italy to be between 

3.4 and 8.7MJ/kg (mean 4.5MJ/kg). The value was found 6.9 - 7.9 MJ/kg in the 

light fraction, and less than 2 MJ/kg in the fine fraction from the Filborna landfill 

in Sweden. For unsorted light fractions, Obermeier and Saure (1995) determined a 

value of 11MJ/kg, and Cossu et al. (1995), Rettenberger (1995), and Schillinger et 

al. (1994) found values up to 20 MJ/kg. 

Brammer et al. (1995) presented a project in which 15-year old lysimeter material 

was studied in Germany. The energy values of the various fractions were from 6 

to 13 MJ/kg. Hogland et al., 2003 concluded by indicating the clear feasibility of 

incinerating some fractions without any additional fuel. 

Hull et al., 2005 conducted comprehensive research on the composition of 

material excavated from the Burlington County landfill in New Jersey, followed 

by the physical iand ichemical icharacteristics iof ithe iexcavated iwaste. iExcavated 

iwaste iwas icollected iand ihand isorted iinto i14 ifractions iand ifines i<2.54 icm ithat ifell 

ithrough ithe iscreen. iAt ileast i50%, iby iweight, iof ithe imaterial iwas ifines. iDuring idata 

ianalysis, ithe ilandfill iage iwas idivided iinto ithree iperiods: iAge iA, iFebruary i1989 

ithrough iMarch i1993; iAge iB, iApril i1993 ithrough iMarch i1997; iand iAge iC, iApril i i 

i1997 ithrough iNovember i1999. 
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The calorific value calculated for the paper, cardboard, plastics, and wood fractions 

from the Burlington Landfill were lower than the values from raw MSW 

(Tchobanoglous et al., 1993) as shown in Table 2-12. 

Table 2-12 Calorific value of paper, cardboard, plastics, and wood fractions 

from Burlington landfill (Hull et al., 2005) 

 

The icalorific value iof ifood iand iyard iwaste iwas ifound iapproximately iequal ito ithe 

icalorific value iof ifood iand iyard iwaste iin ithe iraw iMSW. iThe iprobable icause iwas 

ithe ilower imoisture icontent iof ithe ifood iand iyard iwaste, icompared ito ithe iraw iwaste, 

iwhen iexcavated ifrom ithe ilandfill i(Hull iet ial., i2005). i 

With the greater number of the higher caloric fractions, such as plastic, and less 

amount of lower caloric fractions, such as food and yard waste, the calorific value 

became closer to the calorific value of the raw municipal solid waste (Salerni et al., 

1997). Salerni (1997) determined the calorific value 13100 KJ/kg using a 50/50 

mixture of mined waste and fresh waste, which is almost close to energy of 100% 

fresh waste 
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Forster i(1994) ireported ithe isuccessful, ifull-scale iuse iof iexcavated imaterial 

ias ipart iof ia ifuel imixture iwith ifresh iMSW iin ian iMSW iincinerator iin 

iLancaster iCounty, iPennsylvania. iForster iused ia imixture iof ifresh iwaste 

icomponents i(MSW, itire ichips, iwood ichips, iand iselected iresidual iwastes) 

iand imined iwaste iin ia i4:1 iratio, iwhich ihad iapproximately isimilar ienergy 

ivalue ias iraw iMSW However, some of the issues like ash generation, emissions 

were found higher during the mixing processing of fresh and mined waste. 

Collins’s 2001 study (as cited in Hull et al.,2005) suggested composting to 

dry the mined waste before thermal processing to improve the screening efficiency 

of the removal of fines and reduce adhering solids, thereby reducing the ash 

generation during thermal processing. 

Quaghebeur et al., (2012) evaluated the valorization potential of excavated solid 

waste from the REMO landfill, Belgium, which has ibeen iactive isince ithe istart iof 

ithe i1970s. iThe iaverage icalorific ivalue iand ithe iaverage itotal iorganic icontent i(TOC) 

icontent iof ithe iwaste imined iat ithe ifour ilocations iwere icalculated iby iusing ithe 

iindividual imaterial ifractions i(<10 imm, iplastic, ipaper/cardboard, iwood, itextile, 

iglass/ceramic, imetal, iand istone) iat ieach ilocation. iFor iglass/ceramic, imetal, iand 

istone, ithe icalorific ivalue iand ithe iTOC icontent iwere iignored. The iamount iof 

icombustibles iin ithe imined iwaste ivaried ibetween i23 iand i50% i(w/w), iwith ia 

icalorific ivalue iof iaround i18 iMJ/kg, iand iconfirms ithe ienormous ipotential iof iwaste-

to-energy ifrom ilandfill imining. From Fig. 2-9, the calorific value and the TOC 
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concentrations in the MSW decreased, respectively, from 11.8 to 6.7 MJ/kg and 28 

to 19% (w/w), with increasing storage time in the landfill. Decomposition of C-

rich material into landfill gas over time is the most likely reason behind the 

decrease of calorific value.  

    

Figure 2-9 Change of calorific value and TOC with time (Quaghebeur et al., 2012) 

                            Quaghebeur et al., (2012) found the finer fraction (<10mm) 

major in both MSW and IW (institutional waste), which is composed of all the 

waste materials that pass through a sieve with a mesh size of 10 mm. The calorific 

value for the soil, like MSW, was higher (2.2-4.8 MJ/kg) than that of the fine 

fraction IW. In addition, the calorific value decreased with increasing storage time 

of the MSW. In iSweden, ilower icalorific ivalues i(0.4-0.9 iMJ/kg) iwere ireported ifor 
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ifines iscreened ifrom iwaste ithat ihad ibeen ilandfilled ifor ia iperiod iof i14 iyears 

i(Hogland iet ial., i2004). 

The recovered plastic in the REMO landfill was found to have a lower calorific 

value (19-28 MJ/kg), which was comparable, according to Quaghebeur et al. 

(2012), to a mixed plastic stream (35 Mj/kg) (Phyllis Database). Since the plastics 

were separated from the waste by handpicking, without ifurther iwashing ior 

itreatment, iit iis ilikely ithat isome idust ior isand iparticles istuck ito ithe iplastics iand 

iinfluenced ithe imeasurements. No indication was found that the calorific value of 

the iplastic iwaste iwas iinfluenced iby idegradation iof ithe iplastic iduring istorage, isince 

ino ichange iin icalorific ivalue iwith iincreasing istorage itime iof ithe iplastic iwaste iwas 

iobserved. iIt iis iknown ithat iplastics iare ivery idurable iand idegrade ilittle iduring 

ilandfilling i(Shah iet ial., i2008). iThe inet icalorific ivalue i(lower iheating ivalue) iwas 

ibetween 6.7 and 12 MJ.kg, which is slightly lower than the caloric value reported 

for mixed paper streams (15 MJ kg) (Quaghebeur et al., 2012). 

Kaartinen et al. (2013) conducted a detailed study on sampling, processing, 

and characterization of the landfill mined waste from a 10-year-old Finish landfill. 

By manual sorting, the study found that 40-45% (w/w) of the possible fuel fraction 

in the landfilled waste had a net calorific value of approximately 20 MJ/kg. The 

excavated waste was considered as Class 1 solid recovered fuel, according to the 

standard EN (CEN, 2011) and based on the calorific value (Table 2-13). No 

difference was found between the calorific values of the manually sorted and 
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prepared calorific fractions of the >20 mm M-samples and the light wind sieve 

fraction of the P-samples. The fuel potential was found in the 20-70 mm fractions. 

The calorific value of the manually sorted waste averaged approximately 40-45% 

(w/w) of all of the waste. 

Table 2-13 Calorific value of excavated waste from a finish landfill (Kaartinen 

et al., 2013) 

 

Kaartinen et al., (2013) found little potential benefit from further refining of the 

fine ifraction, ie.g., ifor iproduction iof ifuel. iRelatively ilow iproportions iof iplastics, 

ipaper/cardboard, itextiles, iand iwood iwere iindicative iof ithe ipoor ipotential iheating 

ivalue iin iMSW ifines. 

Forster (1995) calculated the HHV of the total Lancaster County Solid Waste 

Management Authority (LCSWMA) fuel mixture (5121 BTU per pound) and for 

the LCSWMA reclaimed waste stream (3,084 BTU per pound).  
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The calorific value of the mixed waste and individual components of waste around 

the world are listed in Table 2-14, with proper reference. 

Table 2-14 Calorific value of mined waste in the literature 

Waste Type 

Average 

Calorific 

value(Btu) 

Range (Btu) Location Reference 

Paper 3439.381 
2665.52-

4385.2107 

Burlington 

County 

Landfill, New 

Jersey, USA 

Hull et 

al.,2005 

Cardboard 3525.365 
3181.427-

3912.296 

Food and 

yard waste 
2450.559 

1977.644-

2966.466 

Other plastic 7136.7154 
1289.768-

13757.524 

Wood 3826.311 
2837.489-

5202.0636 

Plastic 18564.058 
17924.058-

19204.058 

Yingchun 

landfill,Centr

al China 

Zhou et 

al.,2014 

Municipal 

Solid waste 

(Fine<10 

mm) 

1771.281 
1031.81- 

2450.56 

REMO 

Landfill,Belgi

um 

Quaghebeur 

et al.,2012 
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Industrial 

Waste 

(Fine<10 

mm) 

945.83 
902.837- 

988.822 

REMO 

Landfill,Belgi

um 

Quaghebeur 

et al.,2012 

Municipal 

Solid waste 
10210.662 

8168.53-

12037.8 

REMO 

Landfill,Belgi

um 

Quaghebeur 

et al.,2012 

Industrial 

Waste 
10748.1 

9458.3-

12037.8 

REMO 

Landfill,Belgi

um 

Quaghebeur 

et al.,2012 

Municipal 

Solid waste 

(Fine<18 

mm) 

 0- 429.923 

Masalycke 

and Gladsax 

Lnadfill,Swe

den 

Hogland et 

al.,2003 

Municipal 

Solid waste 

(>50 mm) 

 3009.46 

Masalycke 

and Gladsax 

Lnadfill,Swe

den 

Hogland et 

al.,2003 

Excavated 

Waste 
1934.65 

1461.74-

3740.33 
Italy 

Cossu et 

al.,1995 

Excavated 

Waste(Fine) 
< 859.845  

Fiborna 

Landfill,Swe

den 

Hogland et 

al.,2003 

Excavated 

Waste(Fine) 
 

2966.47-

3396.39 

Fiborna 

Landfill,Swe

den 

Hogland et 

al.,2003 

 4729.15   

Obermeier 

and 

Saure,1995 
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2579.54-

5588.99 
Germany 

Brammer et 

al.,1995 

 
Up to 

8598.45 
  

Cossu et 

al.,1995 

Rottenberger 

G(19950 

Excavated 

waste >20 

mm 

10318.1  
Kuopio,Finla

nd 

Kaartinen et 

al.,2013 

Excavated 

waste >70 

mm 

10103.18 
9028.37- 

11178 

Kuopio,Finla

nd 

Kaartinen et 

al.,2013 

Waste 3084  

Lancaster 

County, 

Pennsylvania,

USA 

Forster 

G,1995 

2.7 Proximate Analysis 

2.7.1 Importance of Proximate Analysis 

Currently, the calorific value of MSW samples is determined by either 

experimentally using a calorimeter, or by a developed mathematical model 

(Kathiravale et al., 2003). The sample size used for a calorimeter is around 1 g, 

which is inadequate for addressing the heterogeneity of waste composition; 

therefore, a relatively bigger sample size is preferred.  Furthermore, the 

experimental method is tedious, and requires technical skills in handling the 

equipment and the combustion byproducts (Kathiravale et al., 2003).  On the other 

hand, the fuel quality of solid waste can easily be assessed by proximate analysis, 
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using a muffle furnace. A simple muffle furnace, which is less expensive than a 

bomb calorimeter, can be operated by a moderately-trained chemist (Majumder et 

al., 2008). Volatile solids (VS), ash (A), and fixed carbons (FC) are determined 

easily by proximate analysis. A thermogravimetric analyzer (TGA) can also be 

used to accomplish proximate analyses (Shi et al., 2015). 

Organic matter, measured as volatile solid, is one of the important properties in 

waste. It is directly related to degradation and the energy value. Organic fractions 

(paper, plastic, food, food waste, and textiles) are supposed to degrade with age in 

soil type fractions, but degradation does not take place in this way in anaerobic 

conditions such as landfills. Only 5-10% of cellulose is degraded in nature under 

anaerobic conditions (Bosmans et. al., 2014). The presence of higher volatile solids 

indicates the good quality of the solid waste in terms of combustibility, whereas a 

low fixed carbon content, such as the high ash yield, confirms the poor fuel quality 

of solid waste (Ozyuguran and Yaman, 2016; (Komilis et al., 2012). 

 

2.7.2 Proximate Analysis from Landfill mined waste 

Kelly et al. (2006) conducted a study on the samples of different ages (From 

Fresh to 12 years old) which were excavated/collected from twelve different 

landfills. Different tests like volatile solid, BMP (Biological methane potential), 

lignin, cellulose was investigated to assess the biodegradability.aTheamain 

objectiveaofatheastudyawasatoadetermineawhichamethodsaaccuratelyapredicta
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theabiodegradableaoraorganicafractionsaofawasteaandatheapointawhere 

theaadegradationaofawasteabecomesastable.aTheadegradationaphenomenonaw

as differentaforaindividualalandfillsabecauseaof the heterogeneityaof wasteaand 

theauniquealandfillaconditions.aThearesearchersaplottedatheaVS,acellulose, 

BMPa and ligninaof the samplesawithathe age of the waste.aIt was observed that 

mostasamples hadaless than 5% celluloseaafter 5 yearsain the landfill.aFrom the 

data,ait was observed that the bioreactor landfillsawere more degradedaand the 

valuesaof VS,acellulose,aligninaand BMPawerealoweraforaELRalandfills. 

Kellyaetaal.adevelopedacorrelationsabetweenacelluloseaand VS, lignin and VS, 

BMPaand VSaandacellulose + lignin and VS.aThe celluloseaversusaVS showed 

aastrongeracorrelationawithaVSathanathealigninaandaBMPaasaillustrateda in 

Figure 2-10.aTheaauthorsacommentedathatacelluloseacouldabea reasonably 

predicted from VS. 

 Gomes et al. (2005) conductedaa study toacharacterize the solid waste 

beingadisposed of at the San Tirsoalandfill. Threeaprofiles wereaselected for the 

different ages of waste. The organicacontent at the surfacearangedafrom 43% -

a63% forarecentawastesaand 56% for 3-year-oldawaste.  

              Kavazanjian et al. (2010) collectedalandfilled samples from the Tri-

Cities landfill. For the sample groups A3, C6, and C3, the organicacontentawas 

estimatedato be 13% - 23%, 11% - 13%, and 17% - 27%, respectively. A3 waste 

was 15 years old, and wasaretrievedafrom a depthaof 25.6- 26.2am; C3 was 2 
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years old and was retrievedafromadepthaof 3.5-4.5maand the C6agroupasamples 

were less than 1 year old at the time of drilling and were retrievedafromadepth 

ofa7.6- 9.6am. 

 

 

Figure 2-10 Correlation  between volatile solids and (a) Cellulose, (b) Lignin, 

(c) BMP and (d) Cellulose + Lignin (Kelly et al. 2006) 

Townsendaet al.a(1996) conducted a study on converting an active conventional 

landfillato leachatearecirculated landfill considering the recirculation of exiting 

leachate.aTheatotalasample ofavolatile solids,abiodegradableaorganic fractions, 
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(BDOF)avolatileasolids aand BDOFaultimateamethaneayieldawere plotted with 

theaestimatedaage of the samples, asapresented in Figure 2-11. 

 

 

Figure 2-11 Correlation between age and (a) Total volatile solids, (b) BDOF 

volatile solids and (c) Ultimate methane yield BDOF  

Bosmans et al., 2014 conducted research on the pyrolysis characteristics of the 

landfill-mined waste from the REMO landfill, Belgium and the processes used 

to convert it to refuse-derived fuel (RDF). Thermogravimetric analyses were 

performed on RDF fractions, which are the combustible fractions of the mined 

waste stream that are ineligible for material recovery or recycling. For better 

understanding of the thermal degradation behavior, two waste fractions 
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(municipal and industrial waste) were analyzed separately, and combined with 

municipal solid waste (59%) and industrial waste (41%). The volatile solids and 

ash content are shown in Table 2-15. 

Table 2-15 Pyrolysis characteristics of landfill mined waste from REMO 

landfill. (Bosmans et al., 2014) 

Proximate 

Parameters 

Landfill mined waste 

59%MSW+41%IW MSW IW 

Volatile Solid 69.3% 72.2% 71.7 

Ash 22.1% 17 17.8 

Fixed Carbon 8.6% 10.8 10.5 

Zhou et al., 2014 studied the recovery potential of mined plastic from the 

Yingchun landfill, China. A total of 22 samples, each weighing approximately 

50 kg, were collected from different landfill layers. The first layer was comprised 

of 9 samples that were taken at 0-6 m; the second layer was comprised of 7 

samples that were taken at 6-12 m; the third layer was comprised of 4 samples 

that were taken at 12-18 m, and the fourth layer was comprised of 2 samples that 

were taken at 18-24 m.  According to the historical   data of the landfill, the first 

to the fourth layers of the solid waste were generated from waste disposed of in 

the years of 2001-2004, 1997-2000, 1993-1996, and 1989-1992, respectively. 

The detailed results are shown in Table 2-16. 
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Table 2-16 Pyrolysis characteristics of landfill mined plastic (Zhou et al., 2014) 

 

Hull et al., 2005 conducted a detailed study on the excavated waste composition 

of the New Jersey landfill. The individual waste fractions of volatile solids were 

measured at different ages (Table 2-17). The volatile solids of cardboard, food, 

and yard waste fractions decreased with the age of the waste. The same trend 

followed for the paper, wood, and fines fractions, although it was not statistically 

significant. Organic matter is one of the waste properties that might influence 

the field capacity of waste to hold water (Zornberg et al. 1999); therefore, higher 

moisture contents would be expected with an increase in organic matter. No 

correlation was found between moisture content and organic matter measured as 

VS, except for the fines fraction. 

Table 2-17 Volatile solid was measured of individual waste fractions at different 

age (Hull et al., 2005) 
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2.8 Elemental Analysis 

2.8.1 Importance of elemental Analysis 

Historically, proximate analysis has received little attention due to the greater 

accuracy of elemental analysis (Vargas-Moreno et al., 2012). High volatile solids 

do not guarantee a high calorific value, due to the formation of volatile solids 

from non-combustible gases such as CO2 and H2O (Ozyuguran and Yaman, 

2016). Therefore, both volatile solids and fixed carbons contain elemental 

carbon. The amount of fixed carbon and volatile solids indicates the overall 

combustion process, or the quality of combustion (Averal et al., 2016). 

The main components of solid biosolids are carbon, hydrogen, and oxygen. The 

concentration of carbon (C) positively affects the calorific value (Vargas-

Moreno et al., 2012). Hydrogen plays a vital role in all fuel combustion systems. 

The calorific value increases with the increase of the ratio of H+ (C/O). 

The elemental composition (commonly the content of carbon, hydrogen, 

nitrogen, oxygen) of municipal solid waste significantly varies among countries, 

regions, and cities. The widely used elemental components found in the literature 

are partly based on original research performed more than 30 years ago. 

Therefore an update of elemental composition of solid waste is deemed 

necessary (Komilis et al., 2011).  
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2.8.2 Elemental composition of Landfill mined waste 

Quaghebeur et al., (2012) evaluated the valorization potential of excavated solid 

waste from the REMO landfill, Belgium, which has been in operation since the 

start of the 1970s. The average calorific value and the average total organic 

content (TOC) of the waste excavated at the four locations were calculated using 

the calorific value of individual material fractions (<10 mm, plastic, 

paper/cardboard, wood, textile, glass/ceramic, metal, and stone) at each location. 

For glass/ceramics, metal, and stone, the calorific value and the TOC content 

were neglected. The calorific value and the TOC concentration for the soil, like 

MSW, seemed higher than those for the fine fraction IW. The total organic 

carbon (TOC) concentration (7.6-12% (w/w)) decreased with increasing storage 

time of the MSW (Figure 2-12). A large portion of the organic carbon in the soil-

like fraction was converted and recovered as landfill gas during storage in the 

REMO landfill.  
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Figure 2-12 Change of total organic carbon (TOC) with age (Quaghebeur et al., 

2012) 

The TOC concentration of the plastic fractions separated from IW, versus MSW, 

was found same in the study. The amount of TOC compared well with the values 

reported for plastics in MSW in the Netherlands (59%, w/w) (Agentschap N.L., 

2010). The average characteristics of paper/cardboard are shown in Table 2-18. 

 



64 
 

Table 2-18 The average characteristics of paper/cardboard from REMO landfill 

(Quaghebeur et al., 2012) 

 

Due to the unknown and heterogeneous nature of the material, the fine; soil type 

fraction (<10 mm) was analyzed in detail. The results of the properties relevant 

for energy recovery and material valorization are presented in Table 2-19 

Table 2-19 The average characteristics of fine fraction from REMO landfill 

(Quaghebeur et al., 2012) 

 

Kaartinen et al., (2013) conducted a detailed study on sampling, processing, and 

characterization of the landfill mined waste from a 10-year-old Finish landfill. The 

study found 40-45% (w/w) of the possible fuel fraction in the landfilled waste 
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through manual sorting. The TOC was found as 5.8% for the middle layers and 

4.7% for the bottom layer, based on the analysis of the fine materials (<20mm). 

Hogland et al., 2003 determined the elemental components of the mined waste, and 

the results are presented in Table 2-20. 

Table 2-20 Elemental component of the mined waste (Hogland et al., 2003) 

Depth Fraction Carbon Nitrogen Hydrogen 

2-4 m <18 mm 6.6 .3 .9 

2-4 m 18-50 mm 32.2 .5 4.3 

6-8 m <18 mm 19.2 .5 1.3 

6-8 m 18-50 mm 38 .5 5 

 

                         Komilis et al., 2011 conducted a detailed and comprehensive study 

of the elemental analysis of organic fractions of municipal solid waste. (Table 2-

21). Newsprint had the highest C content (43.7% dw), and magazines had the 

lowest C content (33.5% dw) among paper wastes. Newsprint, kitchen paper and 

toilet paper had C contents close to 44%, which is the C content of cellulose 

(C6H10O5), a primary constituent of paper. Office paper, cardboard, and 

magazines had C contents far lower than 44% (dw. Yard wastes had carbon 

contents between 40% and 45% (dw). Plastics had some of the highest C contents 

among all components, except in the case of PETE and PVC. PVC had one of the 

lowest carbon contents (35.6% dw) among all of the plastic products. This is 
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probably attributed to the high chlorine content of the material (Alter et al., 1974), 

although no chlorine measurements were performed. 

Table 2-21 Elemental analysis of organic fraction of municipal solid waste 

(Komilis et al., 2011) 

 

Researchers still seek a correlation between total carbon (measured by elemental 

analysis) and organic matter (measured as volatile solids) (Komilis et al., 2011). 

Such a ratio would be desirable, since the measurement of organic matter is much 

less tedious than carbon (elemental) analysis. Therefore, if a constant ratio existed, 

the carbon content could easily be estimated, using the relatively simpler process 

to perform organic matter measurements. C/OM ratios are shown in Figure 2-13, 

based on 26 MSW materials and 18 organic composts mentioned in Komilis and 

Tziouvaras (2009) and Komilis et al. (2011). No uniform C/OM ratio was found 
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for MSW organic components. The C/OM ratios varied widely for the organic 

waste measured by Komilis and Tziouvaras (2009) and Komilis et al. (2011). In 

Komilis and Tziouvaras (2009), in particular, the C/OM ratios were found to range 

from 0.46 to 0.69 for six composts. Komilis et al. (2011) found that the C/OM 

ratios of 12 organic composts ranged from 0.48 to 0.99, with an average of 0.68 ± 

22% (Figure 2-13) 

 

Figure 2-13  Ratio between total carbon and organic carbon (Komilis et al. 

2011) 

 

 

 

2.9 Statistical Models of Energy Potential 

Currently, the energy potential of municipal solid waste is measured either 

experimentally, or by using the mathematical models (Kathiravale et al., 2003), 



68 
 

presented in Table 2-22. The sample size (1 g) required for experimental 

determination by calorimeter is inadequate to accommodate the heterogeneity of 

waste. Furthermore, the experimental method is lengthy, cost intensive, and 

requires technical skills for handling the equipment. The statistical model is very 

useful for avoiding over reliance on lengthy experimental techniques; however, the 

prediction is best suited in its own area of study. The three types of mathematical 

models to predict energy potential of solid waste are physical composition, 

proximate analysis, and elemental analysis (Liu et al., 1996). 

Kathiravale et al., 2003 developed several prediction models of energy values of 

Malaysia waste, using three different analyses that were based on 30 samples 

(Table 2-23). A multiple linear regression analysis was performed for building 

these models. Plastic has weightage of around 20% in equations, followed by paper 

and food waste. The R2 values of the equations were .625 to.779. The model was 

compared with the traditional models found in the literature. Volatile solid waste 

found as the main predictor for the calorific value in the proximate equation. 

Carbon, hydrogen, and nitrogen had positive impacts on the prediction models, 

based on elemental analysis, whereas hydrogen had a negative impact.  
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Table 2-22 Mathematical models to predict calorific value in the literature 

(Kathiravale et al., 2003). 

 

Table 2-23 Mathematical models to predict calorific value in Malaysia 

(Kathiravale et al., 2003). 
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Liu et al., 1996 developed a couple of equations (Table 2-24) to predict the calorific 

values of a landfill in Taiwan, using multiple linear regression, and based on 34 

samples (physical composition) and 40 samples (elemental analysis). The model 

based on physical composition was found superior to the conventional equation 

found in the literature. The modelling based on proximate analysis was 

unsuccessful. 

Table 2-24 Mathematical models to predict calorific value in Taiwan (Liu et al., 

1996) 

Hn=2229.92+28.16R+7.90P+4.87G-

37.28W (Physical Composition) 

Hn=Net Calorific value(Kcal/kg) 

R=Plastic (% by weight) 

P=Paper (% by weight) 

G=Garbage (Food waste, textile, 

garden waste) (% by weight) 

W=Moisture Content (%) 

 

Hn=1558.80+19.96C+44.3O-671.82S-

19.92W 

C=Carbon (% by weight) 

O=Oxygen (% by weight) 

S=Sulphur (% by weight) 

W=Moisture Content (%) 
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Chang and Davila, 2007 developed a prediction model based on physical 

composition of waste in the Lower Rio Grande Valley, Texas. Multiple linear 

regression analyses were used to determine the relationship between energy 

content and waste composition. The derived model was LHV=4809.5Plastic-

568.4Paper-2205.9Food+3510.7 Kcal/kg.   

Shi et al., 2015 developed a prediction model based on elemental analyses 

of municipal solid waste from the city of Red Deer, Alberta, Canada. A total 193 

experimental data (mostly collected from literature) were used to develop the 

prediction model: 161 data were used for model derivation, and 32 data were used 

for model validation. The derived model was HHV (MJ/kg) =.350C+1.01H-

.0826O, where   C=carbon (% by weight), O=oxygen (% by weight), and 

H=hydrogen (% by weight). 

Komilis et al., 2011 developed a prediction model based on an elemental analysis 

of the organic fraction of municipal solid waste. The data set was 26. Multiple 

linear regression analysis was used to derive the model. Carbon was found as the 

highest relative contributor to predicting the calorific value, followed by hydrogen 

and oxygen. The reduced derived model was CV=81.8(6.99) C+304.2(43.9) H-

35.8(3.18) O, where C=carbon (% by weight), O=oxygen (% by weight), and 

H=hydrogen (% by weight). 
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2.10 Summary 

For past few years, there have been numerous studies on screening, waste 

composition, contamination assessment, and valorization potential of landfill 

mined waste. Several studies emphasized the recovery potential of plastic waste 

from landfill mining. However, there were major limitations in the previous 

studies, as listed below.  

1. Very few studies focused on the technical aspects of landfill mining. Most 

of the research emphasized the conceptual design, and financial and 

legislative aspects of landfill mining. 

2. Numerous studies were conducted on the waste composition of landfill 

mined waste; however, none of them addressed the correlations of the 

variations of the energy potential of mined waste with the waste 

composition. 

3. No systematic and comprehensive study has been conducted that focuses 

on the energy potential of mined waste, including all of the affecting factors 

according to the different depths. 

4. Several prediction models for energy potential are available 

in the literature. However, the dataset is based on fresh waste composition 

data of a specific area/location. No prediction model has been developed 

that considers the mined waste composition data of the US 
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3 Chapter: Methodology 

3.1 Introduction  

Inathisachapter, investigation program of the study isapresented atathe beginning, 

followedaby theaselection of theastudy area. The methodologyaforacollection of 

sampleaand storage is presented along with the testaproceduresafollowed for 

determining the physical characteristics of municipal solid waste. The experimental 

method, oxygenabombacalorimeterawas used toadetermine the energy potential 

Therefore, aadetail descriptionaof the bomb calorimeter is presentedain this 

chapter. In addition, elemental analyzer was used toadetermine theaelemental 

composition of the solid waste. A detailadescription ofathe equipment is also 

presented later in this chapter. Finally, development of three different mathematical 

model is discussed for the energy potential of municipal solid waste. 

3.2 Investigation Program 

The investigation program includes the field activities and laboratory experiment 

on energy potential of solid waste. The field activities consist of sample collection 

from old and active phase of landfill. The solid waste samples were collected to 

determine physical characteristics. The laboratory investigation program includes 

the calorimeter test for determining the Higher Heating value/gross heating value 

as discussed in section. Tests were conducted in presence of oxygen and nitrogen 

gas according to the principal of calorimetry. The experimental programs also 
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include the proximate analysis to determine volatile solid and elemental analysis to 

determine the elemental composition Figure 3.1 summarize an overview of the 

investigation program of the study. 

 

Figure 3-1  Overall investigation program of the study. 

 

3.3 Selection of Study Area 

3.3.1 City of Denton Landfill 

This Landfill is locatedaonatheasouthaeastasideaof Denton, Texas. The aerialaview 

of the City of Denton Landfill is shown in Figure 3.2 
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Figure 3-2 City of Denton landfill 

The landfill is owned and operated by the city of Denton. It opened in 1984 under 

permit 1590 which was pre subtitle D. The landfill started with 32 acres and in 1998 

and then expanded the landfill 252 acres, which covers 152 acres for waste and 100 

acres for office, compost area, buffer zone and extra rented land. Currently, there 

are six cells in the landfill and the former cell is considered as cell zero or cell 1590. 

It follows operational rules given in the 30 TAC 330 subchapters D, which is 

provided by the Texas Administration Code.  
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The city of Denton Landfill is a type 1 landfill that means it receives Municipal 

Solid Waste (MSW). There are 20 groundwater monitoring wells and 20 gas 

monitoring wells. Cell 0 is pre-subtitle D landfill and the rest of the landfill is sub-

title D landfill with a liner system which protects the groundwater from pollution. 

The waste in the landfills decomposes very slowly due to lack of oxygen. Adding 

oxygen to the waste increases the rate of decomposition and the waste decomposes 

faster.  

In 2008, the city of Denton landfill installed a landfill gas collection system to 

collect and use landfill gas energy as a green energy source. The electric power 

generator on site takes the collected gas. The capacity of the electric generator is 

1.6 megawatts, which is equivalent to powering 1,200 homes per year. The electric 

power station was designed to expand as methane gas production increases.  

For the present study, sample waste was collected from seven boreholes (BH-D to 

BH-G and BH-05 to BH-07) at different depths of Cell 0 for the conventional cells 

and six boreholes (BH-A to BH-C and BH- 3A, 3B, 3C) from Cell 2 and Cell 3 for 

the ELR cells. The fresh waste was collected from the active Cell in five bags (F1 

to F5). Figure 3-3 gives a demonstration of the positions of the boreholes. 
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Figure 3-3 Positions of the boreholes in City of Denton landfill 

3.3.2 City of Irving Landfill 

The City of Irving Landfill is located on the south side of Irving, Texas, and is 

owned and operated by the City of Irving. The permit was approved in 1981, and 

waste was first accepted in the following year, 1982. Currently, this landfill accepts 

550 tons/day. Figure 3-4 shows the current layout and borehole position of the only 

active cell of the landfill. For the current study, samples were collected from three 

boreholes (X, Y & Z). Borehole X was from the initial landfill location, which 

accepted waste from 1982 - 1992. The cell was extended later to the current cell 

layout, which was divided into two sections: Phase 2 (north) and Phase 2 (south). 

Boreholes Y & Z were selected from the two sections, respectively.   
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Figure 3-4 Positions of the boreholes in City of Irving landfill 

3.4 Sample collection & storage 

Municipal Solidawasteasamplesawereacollectedafromathe city of Dentonalandfill 

inaNovember 2010.AnaAF130aHydraulicaDrillaRigawasausedaforadrilling which 

has a 3 ftadiameterabucketaaugur, as shown in Figure 3.5. 2aboreholesa(B70aand 

B72) were dug at site. Solid waste was collected from these 2aboreholes. The 

boreholesawere dug on Cella1590 of this landfill. This section of the landfill 

contained solidawaste as old as 25 years. The datedanewspapersaandamagazines of 

theacollectedasamples were used to estimate the age of the waste. Sixasamples 

wereacollectedafromaeachaboreholeastarting at 10 ftadepth and then at everya10 ft 
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interval up to 60 ft. Itawasaobserved thatathe requiredaMSW sampleaweight for 

characterizationais 25 to 30 lbs fromaprevious researchawork conducted by Taufiq 

(2010), Therefore, 25 to 30 lbs of MSW wasacollected for eachasample. 

  (a) (b) 

 

(c) 

 

 

 

 

 

 

 

Figure 3-5 a) AF 130 Hydraulic drill rig, (b) 3-ft diameter bucket augur (c) 

Sample collection 
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Lidded plastic buckets were used to collect samples and they were broughtato the 

laboratory. All the samples in the buckets wereastoredaandapreserved at 

approximatelya38°F (below 4°C) in anaenvironmental growthachamber to avoid 

the loss of moisture. Figures 3.6 shows the environmental growth chamber. 

  

(a) (b) 

Figure 3-6 (a) Environmental growth chamber (b) Storage of sample  in 

environmental growth chamber 

3.5 Experimental Program for Physical Composition 

Anaextensiveaexperimentalaprogram wasadeveloped for theacurrent study. The 

experimentalaprogram is presentedain Table 3.1. 
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Table 3-1 Experimental program for physical characteristics 

Test Type 

Fresh Sample 

from City of 

Denton 

Landfill 

Mined Sample 

from City of 

Irving Landfill 

No of Test 

Physical 

Composition 

18 Bag 22 Bag 40 

Moisture 

Content 

18 Bag 22 Bag 40 

Volatile Solid 18 Bag 22 Bag 40 

The methodologies adopted for determination of the physical characteristics and 

hydraulic characteristics are described in the following subsections. 

3.5.1  Physical Composition 

Theaphysicalacompositionaof the samplesawas determined, by pouring waste from 

each bucket ontoaa largeaplasticasheet andamanually separating them intoathe 

followingacategories: paper,aplastic, leather & textile, food waste,awood &ayard 

waste, glass, metals, styro-foam & sponge,aothers (soil & fines)aand construction 

debris, asashown in Figure 3.7 
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Figure 3-7 Physical composition of waste 

Theapaperacategory comprises ofaallakinds of papers like cardboardapackaging, 

newspaper,amagazines,aoffice papers, etc.aAll plastic category comprises of 

polythene bags,acontainers, foodawrappers and plasticabottles. Rubberawasaalso 

considered under plastic.aAll leathers, clothes,afabrics, etc., andatheaconstruction 

insulation materials thrownaafterademolition were also categorizedaasaleather & 

textile. Garden waste, and also broken pieces of wood i.e construction & demolition 

waste was categorized asawoodaandayard waste.aAll cutlery, metalacans and food 

containers wereaplacedaunderametalacategory. Lime, bricksaand stoneachips, 
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broken tiles etc were considered as construction debris. Anyaportionaof theasolid 

wasteathat couldanot be placed underaany of the aboveamentioned categories such 

as lumps ofamud and objectsatoo small toaseparate were categorized as others. 

Alsoathe other components were separatedaintoadegradedaportionaandasoilsalater.  

Allathe samples were sorted manually and wereathenaindividually weighed and 

these weightsawere presentedaas a percentage of totalaweight.aThe total weight in 

paper, leather & textile, food waste, and wood & yard waste were considered as 

degradableaandathe restaof the totalaweight as non-degradable.aThe percentages 

of non-degradableaandadegradableaportionsawere also determined. 

3.5.2 Moisture Content 

Foradeterminationaof moistureacontent,athreeatypes ofaspecimensacan be used:  

1. Specimens sampled beforeasorting.  

2. Takingaeachacomponent proportionately accordingatoaphysicalacomposition 

after sorting  

3. Takingastandardaproctoracompacted samples (proportionalatoacomposition)  

For this study,amethod 1awasaused foramoistureacontentadetermination. Moisture 

contentaof theasamples wereadeterminedaaccording to standards set by ASTMaD 

2974 – 00 andaAPHA 2540 – B (Kelly, 2002). A minimuma2 lbsaof waste was 

taken for each test, soathataitawouldabe morearepresentative of the originalaMSW. 
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To determine the moisture loss the samples wereadried ata105°C in theaovenafor 

24 hours. The percentage lossawasadeterminedaon bothadry and wetaweightabasis. 

Equations 3.1aand 3.2awere used toadetermine moistureacontent onawet weight 

basis andadry weight basis respectively.aFigure 3.7 shows sampleabeing dried in 

the oven for theadetermination of moisture content.aThe wet weightamoisture 

content isaexpressed as follows: 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡, %(𝑤𝑒𝑡 𝑤𝑡 𝑏𝑎𝑠𝑖𝑠) =
𝑎 − 𝑏

𝑎
  𝑋 100 − − − − − − − (3.1) 

Where, a = initialaweightaof the sample asadelivered; and  

b = weightaof theasample afteradrying.  

Moistureacontentsacan alsoabe determinedabased onathe followingarelationship  

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡, %(𝑤𝑒𝑡 𝑤𝑡 𝑏𝑎𝑠𝑖𝑠) =
𝑎 − 𝑏

𝑏
  𝑋 100 − − − − − − − −(3.2) 

Where, a = initialaweightaofathe sample as delivered; and  

b = weightaof theasampleaafteradrying. 
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Figure 3-8 Moisture content determination by oven 

3.5.3 Volatile Solid 

Theavolatileasolids method followedaa modifiedaversion ofaStandardaMethods 

APHAaMethoda2440-E.aSamples wereadried onceaagain ata105°C to aaconstant 

weight and held in aadesiccator. Approximatelya50 gmaof dried MSWawere 

placed inapre-weighedaporcelain crucibles andainserted into aamuffle furnace at 

550°C for 2 h.aEquation 3.4 illustratesahow toacalculate volatileasolids of solid 
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waste.aFigure 3.9 illustrates theasample preparationafor volatileasolids 

determination 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑆𝑜𝑙𝑖𝑑 , % =
𝑎 − 𝑏

𝑎
  𝑋 100 − − − − − − − − − − − (3.3) 

Where, a = initialaweight of dried sample (50 gm) and  

b = weight of theasample after the test. 

 

Figure 3-9  (a) Sample after drying (b) Muffle furnace set at 550℃ (c) Grinded 

sample before the test (d) Burnt sample after the test 

 



87 
 

3.6 Experimental program for Calorific value Determination  

Anaextensiveaexperimentalaprogramawasadevelopedaforatheacurrentastudy and 

is presented in Table 3.2. 
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Table 3-2 Experimental program for calorific value determination 

 

3.6.1 Oxygen Bomb Calorimeter 

 

Calorimetry iis ithe iscience iof imeasuring iquantities iof iheat, ias idistinct ifrom 

i”temperature”. iThe iinstruments iused ifor isuch imeasurements iare iknown ias 

icalorimeters. iIn ithis istudy, iwe iare iconcerned ionly iwith ioxygen ibomb icalorimeters, 

iwhich iare ithe istandard iinstruments ifor imeasuring icalorific ivalues iof isolid iand 

iliquid icombustible isamples. 
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Figure 3-10 Components of oxygen bomb calorimeter 

The calorific value (heat of combustion) of a sample may be broadly defined as the 

number iof iheat iunits iliberated iby ia iunit imass iof ia isample iwhen iburned iwith ioxygen 

iin ian ienclosure iof iconstant ivolume. iIn ithis ireaction ithe isample iand ithe ioxygen iare 

iinitially iat ithe isame itemperature iand ithe iproducts iof icombustion iare icooled ito 

iwithin ia ifew idegrees iof ithe iinitial itemperature; ialso ithe iwater ivapor iformed iby ithe 

icombustion iis icondensed ito ithe iliquid istate. iA imore iexact idefinition iwould ispecify 

ithe itemperature iat iwhich ithe ireaction ibegins iand iends. iHowever, ithe ichange iin ithe 

iheat iof icombustion iwith ipossible ivariations iin ithe iinitial itemperature iis iso ismall 

ithat ithis ispecification iis inot inecessary. iAlso, ithe iinitial iand ifinal itemperatures iare 

inot ithe isame i– idiffering iby ithe iamount iof itemperature irise iin ithe icalorimeter i– ibut 
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ithe ieffect iof ithis idifference iis ismall iand iusually iit iis ineglected. iThus ithe iterm 

icalorific ivalue i(or iheat iof icombustion) ias imeasured iin ia ibomb icalorimeter idenotes 

ithe iheat iliberated iby ithe icombustion iof iall icarbon iand ihydrogen iwith ioxygen ito 

iform icarbon idioxide iand iwater, iincluding ithe iheat iliberated iby ithe ioxidation iof 

iother ielements isuch ias isulfur iwhich imay ibe ipresent iin ithe isample.The following 

sections regarding the bomb calorimeter is based on the manual ‘’Introduction to 

Bomb Calorimetry’’ by Parr Instrument Company. 

Characteristics of Bomb Calorimeters  

Heats iof icombustion ias idetermined iin ian ioxygen ibomb icalorimeter iare imeasured iby 

ia isubstitution iprocedure iin iwhich ithe iheat iobtained ifrom ithe isample iis icompared 

iwith ithe iheat iobtained ifrom icombustion iof ia isimilar iamount iof ibenzoic iacid ior 

iother istandardizing imaterial iwhose icalorific ivalue iis iknown. iThese imeasurements 

iare iobtained iby iburning ia irepresentative isample iin ia ihigh-pressure ioxygen 

iatmosphere iwithin ia imetal ipressure ivessel ior i“bomb”. iThe ienergy ireleased iby ithis 

icombustion iis iabsorbed iwithin ithe icalorimeter iand ithe iresulting itemperature 

ichange iwithin ithe iabsorbing imedium iis inoted. iThe iheat iof icombustion iof ithe 

isample iis ithen icalculated iby imultiplying ithe itemperature irise iin ithe icalorimeter iby 

ia ipreviously idetermined ienergy iequivalent ior iheat icapacity idetermined ifrom iprevi-

ous itests iwith ia istandardizing imaterial. iCorrections imust ibe iapplied ito iadjust ithese 

ivalues ifor iany iheat itransfer ioccurring iin ithe icalorimeter, ias iwell ias ifor iany iside 

ireactions iwhich iare iunique ito ithe ibomb icombustion iprocess. i 
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Four iessential iparts iare irequired iin iany ibomb icalorimeter: i 

1. A ibomb ior ivessel iin iwhich ithe icombustible icharges ican ibe iburned. i 

2. A ibucket ior icontainer ifor iholding ithe ibomb iin ia imeasured iquantity iof 

iwater, itogether iwith ia istirring imechanism. i 

3. An iinsulating ijacket ito iprotect ithe ibucket ifrom itransient ithermal istresses 

iduring ithe icombustion iprocess. i 

4. A ithermometer ior iother isensor ifor imeasuring itemperature ichanges iwithin 

ithe ibucket. 

 

For ibest iprecision, ithe itemperature iof ithe icalorimeter ijacket imust ibe iclosely 

icontrolled. iThis iusually irequires ia iwater-filled ijacket iequipped iwith ia imeans ifor 

iadjusting ithe ijacket itemperature, ieither iby ian iimmersion iheater ior iby ihot iand icold 

iwater iinjections. iWith ia itemperature icontrolled ijacket ithe icalorimeter ican ibe 

ioperated ieither iin ian iadiabatic ior iisoperibol imode. iIn ian iadiabatic isystem ithe ijacket 

itemperature iis iadjusted icontinuously iduring ia itest ito ikeep iit iequal iat iall itimes ito ithe 

itemperature iin ithe ibucket. iThus, iby imaintaining ia izero idifferential ibetween ithe 

ijacket iand ibucket, ithere iwill ibe ino iheat itransfer ibetween ithe ijacket iand ibucket, 

ithere iwill ibe ino iheat itransfer ibetween ithese icomponents iand ithe icalculations iand 

icorrections irequired ifor ian iuncontrolled ior iisoperibol isystem ican ibe ieliminated. 

iThis itype iof ijacketing iwas ithe idominate imethod ifor ibomb icalorimetry isince iParr 

iintroduced ithe ifirst ipractical iadiabatic ijacket inearly i100 iyears iago. iWith ithe 
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iintroduction iof imicroprocessorbased icalorimeter icontrollers, iisoperibol ioperation 

ihas ibecome ian iextremely iattractive ioption. iIn ithis itype iof isystem ithe ijacket 

itemperature iis icontrolled iand iheld iconstant ithroughout ithe idetermination iwhile ithe 

ibucket itemperature iis irising. iWith itheir iless idemanding irequirements ifor iexternally 

isupplied iheating iand icooling imediums, iisoperibol isystems ioffer iopportunities ifor 

isignificant isavings iin ienergy iand iinstalled iaccessory iequipment. iIsoperibol 

icalorimeters iwith imicroprocessor icontrol iare ialso ithe ipreferred ichoice ifor 

ilaboratories iin iwhich ilarge inumbers iof isamples iare itested idaily ion ia iroutine ibasis, 

igiving ithe iuser ithe iability ito icomplete ias imany ias i7 itests iper ihour iwith iexcellent 

irepeatability.  

3.6.2 Test methodology for calorific value 

 

The isteps ifor ito imeasure icalorific ivalue iare ilisted ibelow 

• The isamples iwere igrinded ito i60 imesh. iLarge iparticles imay inot iburn 

icompletely iand ismall iparticles iare ieasily iswept iout iof ithe icapsule iby 

iturbulent igases iduring irapid icombustion 

• Prepare iand iweigh ithe isample ito i0.0001g. iThe isample iof ithe iweight iwas 

iwithin i1 ig. 

• Carefully iplace ithe icapsule iinto ithe icapsule iholder. iA icotton ithread 

i(845DD2) iis iused ias ian iauxiliary ifuse ito iignite ithe isample. iThe iignition 



93 
 

ithread ishould inot ibe iburied iin ia ipowder ior igranulated isample. iRemove iany 

imoisture ifrom ithe iheating iwire iprior ito iattaching ithe icotton ithread. 

• Load ithe ihead iinto ithe icalorimeter. iPlace ithe ihead iinto ithe icylinder. iRotate 

ithe ihandle iclockwise ito ilock ithe ihead iinto iposition iClose iand ilatch ithe ilid. 

• Initially ithe icalorimeter iwas icalibrated iwith ione igram ibenzoic iacid ipallet. 

iThe iParr ibenzoic iacid ihas ibeen icalibrated iagainst iNIST ibenzoic iacid. 

iAdditional ibenzoic iacid ipellets ican ibe iobtained ifrom 

• Choose iStandardization i(calibration) ior iDetermination i(unknown isamples) 

ifor iOperating iMode. 

• Press iStart iInput ithe iSample iID iInput ithe iBomb iID iInput ithe iSample iweight 

iInput ithe iSpike iweight i(if ispiking iis iturned ion) 

• The itest iwill iautomatically iproceed ithrough ithe ifollowing isteps: 

• Fill iCycle iPreperiod iCycle iFire ithe isample iPost iPeriod iCycle iExhaust ithe 

ibomb iCool/Rinse iCycle 

• Once ithe icalorimeter iis ifinished iwith ithe icool/rinse icycle ithe iresults iwill 

iprint iout ion ithe iprinter ior idisplay ion ithe itouch iscreen 

The i6400 iCalorimeter iwill iautomatically imake iall iof ithe icalculations inecessary ito 

iproduce ia igross iheat iof icombustion ifor ithe isample. iHowever, iit iis iimportant ithat ithe 

iuser iunderstands ithese icalculations ito iensure ithe iinstrument iis iset iup iso ithe 

icalculations imatch ithe iprocedures iand ithe iunits iare iconsistent ithroughout ithe 

iprocess. 
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Figure 3-11 a)  Grindig the sample b) Weighing the sample c) Putting Ingition 

thread d) Loading the sample e) Ongoing experiment f) Taking out the sample 

after the test g) Result display 

 

            a)                                     b)                                    c)  

            d)                                                                   e)         

                 f)                                                                   g)         
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The 6400 Calorimeter will automatically make all of the calculations necessary to 

produce a gross heat of combustion for the sample. However, it is important that 

the user understands these calculations to ensure the instrument is set up so the 

calculations match the procedures and the units are consistent throughout the 

process. 

The calculation for the gross heat of combustion is done by: 

 

Hc  Gross iheat iof icombustion. i 

T  Observed itemperature irise. i 

W  Energy iequivalent iof ithe icalorimeter ibeing iused. i 

e1  Heat iproduced iby iburning ithe initrogen iportion iof ithe iair itrapped iin 

ithe ibomb ito iform initric iacid. i 

e2  The iheat iproduced iby ithe iformation iof isulfuric iacid ifrom ithe 

ireaction iof isulfur idioxide, iwater iand ioxygen. i 

e3  Heat iproduced iby ithe iheating iwire iand icotton ithread. i 

m  Mass iof ithe isample. i 
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3.7 Experimental Program for Elemental Analysis 

Anaextensiveaexperimentalaprogramawasadevelopedafor theacurrentastudy, and 

is presented in Table 3.3 

Table 3-3 Experimental program for elemental analysis 

 

 

3.7.1 Elemental Analyzer 

The iCHN imode iis ithe imost iwidely iused iof ithe ianalysis imodes. iA irange iof ireagents 

iand ithe iability ito ioptimize ithe icombustion iparameters ioffer iflexibility ifor ianalyzing 

ivirtually iany isample itypes. iInterfering ielements isuch ias ihalogens iand isulfur iare 

iremoved ibefore idetection. The principal and the methodology are based on the 



97 
 

product note from PerkinElmer Instrument. The components of an elemental 

analyzer are shown iiin Figure 3-12 

 

Figure 3-12 Components of elemental analyzer 

The i2400 iSeries iII isystem iis icomprised iof ifour imajor izones: i 

• iCombustion iZone i 

• iGas iControl iZone i 

• iSeparation iZone i 

• iDetection iZone 
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Figure 3-13 Principal of operation in elemental analyzer (Perkin Elmer Manual) 

 

In the Combustion Zone, samples encapsulated in tin or aluminum vials are inserted 

automatically from the integral 60-position autosampler, or manually, using a 

single-sample auto injector. 

In ithe iCombustion iZone, isamples iencapsulated iin itin ior ialuminum ivials iare iinserted 

iautomatically ifrom ithe iintegral i60-position iautosampler ior imanually iusing ia 

isingle-sample iauto iinjector. 

In ithe ipresence iof iexcess ioxygen iand icombustion ireagents, isamples iare icombusted 

icompletely iand ireduced ito ithe ielemental igases iCO2, iH2O, iN2 iand iSO2. iUsers ihave 

ithe iflexibility iof ioptimizing istatic iand idynamic icombustion iconditions ito imeet ithe 
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ispecific isampling ineed iof itheir ilaboratory. iThe icombustion iproducts iare ithen 

ipassed ito ithe iGas iControl iZone iof ithe i2400 iSeries iII. i 

Gases iare icaptured iin ithe imixing ichamber iof ithe iGas iControl iZone. iHere, igases iare 

irapidly imixed iand iprecisely imaintained iat icontrolled iconditions iof ipressure, 

itemperature iand ivolume. iBy icontrolling ithe iproduct igases ifrom 

icombustion/pyrolysis ito ithe isame iexact iconditions i(pressure, ivolume iand 

itemperature) ifor ievery irun, ioutside iinfluences i(barometric ipressure ichanges, 

ialtitude) iare ieliminated. iThe icombustion iprocess iis iseparated ifrom ithe icolumn iand 

idetector iwhich igives ithe iflexibility iof ivarying icombustion iconditions iin ithe isame 

iseries iof iruns iwithout iinfluencing iseparation iand idetection iand ithe igases iare 

imechanically ihomogenized itherefore iproviding iprecision iand iaccuracy. i 

After ihomogenization iof iproduct igases, ithe imixing ichamber iis idepressurized 

ithrough ia icolumn iin ithe iSeparation iZone iof ithe iinstrument. iThe iseparation 

iapproach iused iis ia itechnique iknown ias iFrontal iChromatography. i 

As ithe igases ielute, iillustrated iin iFigure i2, ithey iare imeasured iby ia ithermal 

iconductivity idetector iin ithe iDetection iZone iof ithe ianalyzer. iSince imeasurements iin 

ithis idesign iare imade ias istepwise ichanges ifrom ithe icarrier igas ibaseline, ithe 

ivariations iassociated iwith ithe iquantification iof ipeak isignals iin iother iCHNS/O 

ianalyzers iis ieliminated. 



100 
 

3.7.2 Test methodology for Elemental Analysis. 

 

 C, iN, iH icontents iwere imeasured ivia ian ielemental ianalyzer i(iCHNS/O Analyzer, 

iModel 2400 Series II, iPerkinElmer Instrument, Connecticut, USA) iaccording ito ithe 

ifollowing iprocedure: i1–6 img iof ithe idried iand iground isamples iwere iplaced iin itin 

icapsules iduring ithe iC, iN, iH analysesi. During isample ianalyses i(n i= i5), 

imeasurements iwere ialways ikept iwithin the icalibration ilimits i(i.e., ifive itin ior isilver 

icapsules iper isubstrate). iC, iN, iH   iwere imeasured iconcurrently iupon iinsertion iof ione 

isample. iElectrolytic icopper iand icopper ioxide iwere iused ias ithe icatalysts iduring iC, 

iN, iH analyses iand ithe ireaction ichamber itemperature iwas ikept iat i1000 degree 

celsius. Helium iflow iwas imaintained iat i120 iml/ imin iand ioxygen iinjection ilasted i60 

is. iPurity iof iO2 iused iduring iquantification iof iC, iN, iH iwas i99.9999%.iThe 

ichromatographic icolumn iwas ia i2 im iTeflon iPQSW ipacked icolumn. iThe iGC ioven 

itemperature iwas ikept isteadily iat i60 degree Celsius. C, iH, iS iwere iquantified ias iCO2, 

iN2, iH2O iand iSO2, irespectively, iusing ia ithermal iconductivity idetector i(TCD). 
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Figure 3-14 Output from elemental analysis 

 

 

 

Figure 3-15 Sample preparation for elemental analysis
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4 Chapter: Results and Discussion 
 

4.1 Introduction 

In this chapter, the results obtained from the waste composition and the 

experimental study are presented in detail. Both fresh waste and mined waste 

samples were collected from the City of Denton landfill, and brought to the 

laboratory for testing. The physical characteristics of the fresh and mined waste 

were found before evaluating the energy potential of the waste. The energy 

potential of solid waste (fresh and mined) in the landfill is greatly influenced by the 

waste composition. In addition, different physical characteristics like moisture 

content and volatile solids, are good indicators for assessing the energy potential, 

which is the single most important factor to consider before designing any waste-

to-energy plant or incinerator. The waste is heterogeneous material because of the 

many types of waste components. The current study focuses on the energy potential 

of different components of solid waste. Factors affecting the energy potential have 

been studied as a part of a research. An alternative experimental method, elemental 

analysis, was performed to provide a different view of assessing the energy 

potential. The experimental results are presented and discussed in this chapter, 

which is divided into three sections. The first section includes the characteristics of 

municipal solid waste components (moisture content, physical composition, and 

volatile solids) from two different cells. The second section provides details of the 
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energy potential of different components of solid waste and mixed waste. Elemental 

analysis of solid waste was covered in Section 3. The model equations developed 

in this study to predict energy potential are presented and discussed in Chapter 5. 

4.2 Physical Characteristics 

4.2.1 Waste composition 

4.2.1.1 Fresh waste composition from City of Denton Landfill 

The physical composition of the fresh waste samples was determined by manual 

sorting 22 fresh waste bags that were collected from 4 different months from 2016-

2018. The physical composition results are listed in Tables 4-1 to 4-4. The samples 

are also identified as degradable and non-degradable and are listed in Table 4-5.
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Table 4-1 Physical Composition (% by Weight) of MSW of March 2016 

Samples 

Sample No. 

Physical Composition (% by Weight) 

Paper Plastic 
Food 

waste 

Textile 

and 

Leathe

r 

Yard 

Waste 

and 

Wood 

Metals Glass 

Styrofo

am and 

Sponge 

C & D 

Debris 

Others 

(Soils 

and 

Fines) 

A-1 58.13 8.16 3.37 6.98 15.30 0.32 0.08 2.20 3.28 8.57 

A-2 20.94 24.18 20.39 1.64 14.85 6.10 3.51 2.57 0.00 4.83 

A-3 42.98 15.46 5.76 2.49 17.02 1.45 0.15 1.11 8.07 4.46 

A-4 19.99 13.21 10.95 26.45 6.74 1.95 2.82 5.55 8.19 2.67 

A-5 25.90 18.63 17.41 10.61 1.25 3.63 1.98 2.00 1.34 17.1 

A-6 36.33 27.00 19.93 0.055 0.00 3.92 1.44 1.14 0.06 7.41 

Average 34.05 17.77 12.97 8.04 9.19 2.90 1.66 2.43 3.49 7.51 

Standard 

Deviation 
14.84 7.01 7.37 9.82 7.54 2.07 1.39 1.64 3.79 5.16 

Maximum 58.13 27.00 20.39 26.45 17.02 6.1 3.51 5.55 8.19 17.1 

Minimum 19.99 8.16 3.37 0.055 0.00 0.32 0.08 1.11 0.00 2.67 

 

Table 4-2 Physical Composition (% by Weight) of MSW of November 2016 

Samples 

Sample No. 

Physical Composition (% by Weight) 

Paper Plastic 
Food 

waste 

Textile 

and 

Leathe

r 

Yard 

Waste 

and 

Wood 

Metals Glass 

Styrofo

am and 

Sponge 

C & D 

Debris 

Others 

(Soils 

and 

Fines) 

N-1 33.8 17.83 38.60 0.00 6.54 0.00 0.11 1.09 2.03 0.00 

N-2 31.90 24.56 8.21 1.57 12.88 8.65 4.45 1.39 0.00 6.29 

N-3 63.4 15.99 6.74 6.70 3.16 0.00 1.01 0.36 0.00 2.64 

N-4 50.10 15.70 8.97 0.00 15.85 8.09 0.00 1.19 0.00 0.00 

N-5 35.62 15.46 6.25 0.00 25.09 0.00 12.01 3.95 0.00 1.61 

Average 43.00 17.91 13.76 1.65 12.70 3.35 3.52 1.60 0.41 2.11 

Standard 

Deviation 
13.49 3.83 13.93 2.90 8.55 4.59 5.08 1.37 0.91 2.59 

Maximum 63.40 24.56 38.60 6.70 25.09 8.65 12.01 3.95 2.03 6.29 

Minimum 31.98 15.46 6.25 0.00 3.16 0.00 0.00 0.36 0.00 0.00 
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Table 4-3 Physical Composition (% by Weight) of MSW of May 2017 Sample 

Sample No. 

Physical Composition (% by Weight) 

Paper Plastic 
Food 

waste 

Textile 

& 

Leather 

Yard 

Waste 

and 

Wood 

Metals Glass 

Styrofo

am and 

Sponge 

C & D 

Debris 

Others 

(Soils 

and 

Fines) 

M-1 
32.55 26.67 17.25 3.92 0.00 3.92 8.63 0.78 0.00 6.27 

M-2 
28.34 26.51 5.54 3.73 24.37 6.45 0.00 5.07 0.00 0.00 

M-3 
35.99 25.68 10.02 7.69 11.31 6.70 1.43 1.19 0.00 0.00 

M-4 
39.60 23.17 1.79 4.04 25.20 0.88 2.77 2.54 0.00 0.00 

M-5 
29.91 25.19 19.55 6.30 3.11 4.17 11.21 0.56 0.00 0.00 

Average 
33.28 25.44 10.83 5.14 12.80 4.42 4.81 2.03 0.00 1.25 

Standard 

Deviation 

4.57 1.41 7.54 1.77 11.70 2.35 4.85 1.87 0.00 2.80 

Maximum 
39.60 26.67 19.55 7.69 25.20 6.70 11.21 5.07 0.00 6.27 

Minimum 
28.34 23.17 1.79 3.73 0.00 0.88 0.00 0.56 0.00 0.00 

 

Table 4-4 Physical Composition (% by Weight) of MSW of February 2018 

Samples 

Sample No. 

Physical Composition (% by Weight) 

Paper Plastic 
Food 

waste 

Textile 

and 

Leathe

r 

Yard 

Waste 

and 

Wood 

Metals Glass 

Styrofo

am and 

Sponge 

C & D 

Debris 

Others 

(Soils 

and 

Fines) 

D-4-1 40.12 22.09 0.00 6.13 9.68 4.42 2.86 0.40 0.00 14.29 

D-4-2 28.84 27.26 0.21 0.13 15.29 16.90 0.36 0.55 0.70 9.75 

D-4-3 46.85 28.75 0.35 1.62 7.72 1.78 0.00 0.92 0.00 12.00 

D-4-4 41.71 34.96 2.77 2.19 10.65 1.32 0.00 2.75 0.00 3.65 

D-4-5 39.87 23.49 0.55 1.11 11.68 17.62 0.00 0.94 0.00 4.74 

D-4-6 53.49 25.94 1.46 9.79 0.31 2.59 0.00 0.21 0.32 5.89 

Average 41.81 27.08 0.89 3.50 9.22 7.44 0.54 0.96 0.17 8.39 

Standard 

Deviation 
8.21 4.56 1.05 3.71 5.04 7.68 1.15 0.92 0.29 4.29 

Maximum 53.49 34.96 2.77 9.79 15.29 17.62 2.86 2.75 0.70 14.29 

Minimum 28.84 22.09 0.00 0.13 0.31 1.32 0.00 0.21 0.00 3.65 
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Table 4-5 Degradable and non-degradable composition of Fresh MSW 

Bag No 

Physical Composition, % (By 

Degradability) 

Degradable Non-Degradable 

A-1 83.78 16.22 

A-2 57.82 42.18 

A-3 68.25 31.75 

A-4 64.13 35.87 

A-5 55.17 44.83 

A-6 56.32 43.69 

N-1 78.95 21.05 

N-2 54.64 45.36 

N-3 80.00 20.00 

N-4 75.01 24.99 

N-5 66.96 33.04 

M-1 53.72 46.28 

M-2 61.98 38.02 

M-3 65.01 34.99 

M-4 70.63 29.37 

M-5 58.87 41.13 

D-4-1 55.93 44.07 

D-4-2 44.47 55.53 

D-4-3 56.54 43.46 

D-4-4 57.32 42.68 

D-4-5 53.21 46.79 

D-4-6 65.05 34.95 

Average 62.90 37.10 

Standard Deviation 9.77 9.77 

Maximum 83.78 55.53 

Minimum 44.47 16.22 
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From the physical composition results, paper was found as the major waste fraction 

(approximately 38%) in the fresh waste. Plastic contributed 22.09% to the waste 

stream; however, it is lightweight, dueatoahavingalessawater-holdingacapacity 

thanapaper. Foodawasteais readily degradable and was found as 9.37% on average. 

Another major componentaofatheawaste was the “others” group (5.1% on average), 

which distinguished the basic waste characterization between fresh and mined 

waste. It consisted mainlyaofabroken-down piecesathatawereatoo small toabe 

sortedamanually. Degradable wood and yardawaste represented10.82% of the total 

waste. Altogether, the biodegradable fraction was found as 62.90% in the fresh 

waste. The averageacompositionaof MSWais given inaFigure 4-1. The average 

physicalacompositionaof the samplesacollected from different times is given in 

Figure 4-2. 

 

Figure 4-1 Average physical composition of fresh waste by weight 
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Figure 4-2 Physical composition of fresh waste by weight by collection time 

 

4.2.1.2 Mined Waste Composition from City of Denton Landfill 

 

Samir,2010 and Koganti,2015 determined the mined waste composition from City 

of Denton landfill. For the relevance of our study, the results are discussed again. 

Mined waste from the City of Denton landfill was collected from two different cells 

in three different years. The samplesawereacollected from cell 0 by two boreholes 

(BH-70, BH-72) in 2010, which were operated conventionally. Fouraboreholes 

(BH-Dato BH-G) in 2014 and three boreholes (BH-05 toaBH-07) in 2015 were 

drilled to collect the samples from cell 0. Excavated samplesawere also collected 

from the ELR-operated landfill (Cell 2) by three boreholesa(BH-Aato BH-C) in 
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in Table 4-6.  Sonia et al., 2010 and Koganti et al., 2015 determined the physical 

compositions of the samples collected from the above-mentioned boreholes that are 

presented here. 

Table 4-6 Mined sample collection depth from City of Denton landfill 

Year (Cell 

no) 
Boring 

Number 

of 

Samples 

Sampling Depth 

2010 

(Cell 0-

Conventinal) 

BH-70 6 Every 10 feet up to 60 feet depth 

BH-72 6 Every 10 feet up to 60 feet depth 

2014 

(Cell 0-

Conventinal) 

BH-D 1 90 feet depth 

BH-E 6 
Every 10 feet depth starting from 40 feet 

depth up to 90 feet depth 

BH-F 2 50 feet depthaanda60 feet depth 

BH-G 7 Everya10 feet up to 77 depth 

2014 

(Cell 2-ELR) 

BH-A 8 Every 10afeet up to 80 feet depth 

BH-B 4 
Sampleacollectedafrom 20 ft,a30 ft,a60 

ft,a70 ft 

BH-C 8 Every 10 feet up to 80 feet depth 

2015 

(Cell 0-

Conventinal) 

BH-05 7 Every 10 feet up to 65 feet depth 

BH-06 6 Every 15 feet depth from 15 ft to 88 ft 

BH-07 8 Every 10 feet up to 80 feet depth 

The mined samples were expected toabeamoreadegradedawith age/depth of the 

borehole. However, none of the excavated waste from any of the boreholes 



110 
 

exhibited any significant trends, rather expressed the true heterogeneity nature of 

solid waste, as illustrated from Figures 4-3 to 4-10. Moisture is the single most 

important parameter that contributes to degradation of the waste. The absence of a 

properly engineered final cover leads to the unanticipated infiltration of moisture 

into waste. In general, lack of moisture inside the landfill prohibits the regular 

decomposition process of waste, even though the waste composition varies at 

different depths. 

As expected, no food waste was found in boringaB-70 depicted inaFigure 4-3, 

theapaperacontentadecreasedaat 20 ft.aand 30 ft.adepth, where theadegradation 

was higher, and increased after 30 ft. depth. Based on the visual inspection, it 

appeared that the paper had not degraded.  

The averageacomposition of B-70,  presentedainaFigure 4-3, indicated paper as 

44%, plastic as 8%, textile + leather as 2%a yard andawoodawaste as 8%, metals 

as 1%, glass as 2%, Styrofoam and as sponge 2%, C & D debris as 2%, degraded 

particles as 7%, and soil as 24%. The degradation level was low in this borehole, 

indicating a higher percentage of paper, and yard and wood waste. 

Fromatheacompositionaillustrated in Figure 4-4, it can be observedathatapaper and 

plastic were found as 29.1% and 28.28% ata40 ft., respectively, in boringaE. The 

largest was fines (78.62%) at 60 feet; however, paper and wood waste increased 

hugely at 70 feet depth. At a greater depth (after 80 feet), most of the samples were 

degraded/fine. 
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The average composition of Borehole E was found as 18% paper, 11%aplastic, 3% 

textile +aleather, 13% yard andawood waste, 4% metals, 0% glass, 2% Styrofoam 

and sponge, 2% C & D debris, and 47% fine/degraded 

 

Figure 4-3 Waste composition at different depth in borehole 70 

  

Figure 4-4 Waste composition at different depth in borehole E 
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Fromatheacompositionaillustrated in Figure 4-5, it can be seen that a high fine 

fraction (84.21%) was found at 10 ftadepth in boring G. Paper and wooda(48.37% 

and 22.4%,arespectively) were dominant at a depth of 20 feet. Fine particles were 

found 50-90% between 30 ft. and 60 ft. At 77aft., a high fraction of paperawas 

collected (70.37%). 

The average composition of Borehole G was found as 22% paper, 8% plastic, 2% 

textile + leather, 7% yard and wood waste, 2% metals, 1% Styrofoam and sponge, 

3% C & D debris, and 55% fine/degraded.  

 

Figure 4-5 Waste composition at different depth in borehole G 

 

As this borehole was from Cell 2 (ELR operated), the decomposition rate was 

expected to be higher. The plastic component was prominent in Borehole A. In 50 
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feet depth, the fine particles amounted to more than 75%, resulting in a lower 

percentage of paper. Surprisingly, the percentage of paper was found around 70% 

at a greater depth of 77 feet. 

The averageacompositionaof BoringaA, asapresented inaFigure 4-6, was paper 

(11%), plastica(19%), textile + leathera(6%), yard and wood wastea(14%), 

metalsa(3%), glassa(1%), Styrofoam and spongea(1%), C & D debrisa(3%), and 

othersa(mixed other objects and fines)a(42 %). 

 

Figure 4-6 Waste composition at different depth in borehole A 

Fromatheacompositionaillustrated in Figure 4-7, it can be observedathat theapaper 

contentawas 37.7% at 20 ft.adepth foraBoring B, which is pretty high in an ELR- 

operated landfill. Foodawasteawas presentain only 20 ft.adepth, and 36.39 % 

plastic was recovered at 60 ft. depth. The paper content decreased after 20 feet, 
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resulting in a higher content of fine materials. The degradation was a function of 

moisture availability; uneven distribution of moisture determines the different 

states of decomposition inside the landfill. Borehole B seemed to be more saturated 

than Borehole A.  

The average composition of Boring B was found as paper 11%,aplastic 

19%,atextile + leather 6%,ayard and wood waste 14%,ametals 3%,aglass 

1%,aStyrofoam and sponge 1%,aC & D debris 3% and othersa(mixedaother objects 

andafines) 42 %.  

 

Figure 4-7 Waste composition at different depth in borehole B 

Fromatheacompositionaillustrated in Figure 4-8, it can be observedathat 50.32% 

paperawas found at 10 ft.adepth for BoringaC. Plasticaand fines,a39.16% and 

39.38%, respectively, were observed at 20 feet depth. The percentageaof plastic 

decreasedafrom 30 ft. to 70 ft. butaincreased to the highestaamount at 80 ft. Paper 

was completely degraded in 80 feet depth. 
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The average composition of Boring C was found as paper 15%, plastic 24%, textile 

+ leather 3%,ayard and wood waste 9%,ametals 6%,aStyrofoam and sponge 1%,aC 

& D debris 4%aand othersa(mixed other objects and fines) 38 %. 

 

Figure 4-8 Waste composition at different depth in borehole C 

The average composition of BH-05, as presented in Figure 4-9, was paper 

24%,aplastic 7%,atextile + leather 2%,ayard and wood waste 7%,ametals 

7%,aglass 2%,aStyrofoam and sponge 1%,aC & D debris 4%aand others (mixed 

otheraobjectsaand fines) 46%. 
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Figure 4-9 Waste composition at different depth in borehole 05 

 

The fine fraction was prominent in all depths in Borehole 07, except at 45 feet, 

where the yard & wood waste amounted to more than 50%, resulting in a lower 

percentage of fine material. 

The average composition of BH-07, as presented in Figure 4-10, was 9% paper, 9% 

plastic, 1% textile + leather, 13% yard and wood waste, 3%, metals, 1% glass, 1% 

Styrofoam and sponge, 4% C & D debris, and 61% others (mixed other objects and 

fines). 
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Figure 4-10 Waste composition at different depth in borehole 07 

The average waste composition of each borehole is listed in Table 4-7. The 

averageacomposition of the threeaboringsapresented inaFigure 4-11 illustrates that 

the percentageaof non-degradable components was muchahigherathan the 

percentage of degradableacomponents. The non-degradableacomponents, andasoil 

and fineapercentage wereaapproximately 73% of theacomposition. The results 

indicatedathat a majoraportion of the wasteawas soil and degradedafines (48%). 

From theacombined average foralandfilled MSW samples, the mainacomponents 

of waste,aother than soils and degraded finesawere   paper (17%), plastics (13%) 

wood waste (8%)a and metal 5%. 
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Table 4-7 Average waste composition of all boreholes in City of Denton 

Landfill 

 Bore Hole Paper Plastic Food  Textile wood  Metals Glass Styrofoam C&D Others/Fine 

BH-70 43.87 7.69 0.00 2.43 8.32 1.49 1.68 1.62 2.05 31.00 

BH-72 13.2 10.32 0.00 1.06 7.15 3.84 0.61 1.05 6.99 55.83 

BH-D 3.20 25.00 0.00 0.96 2.85 3.44 0.72 1.80 3.66 58.30 

BH-E 17.9 10.60 0.00 2.89 13.2 4.44 0.44 1.44 1.83 47.00 

BH-F 5.43 10.00 0.00 3.39 7.01 22.50 0.73 1.95 1.02 47.80 

BH-G 22.10 8.17 0.00 2.12 6.54 2.07 0.42 0.57 2.49 55.40 

BH-5 23.90 7.50 0.00 2.48 6.52 6.55 1.86 1.02 3.68 46.40 

BH-6 21.40 11.20 0.00  2.62 4.61 4.32 1.46 2.14 2.53 49.50 

BH-7 8.73 8.69 0.00 1.01 13.00 3.12 0.98 0.85 2.68 60.90 

BH-A 11.17 18.48 0.00 6.13 14.33 2.89 0.35 1.25 3.11 42.29 

BH-B 11.29 18.54  0.00 4.11 8.98 6.13 0.39 2.06 5.10 43.16 

BH-C 15.24 23.94  0.00 2.77 8.71 5.85 0.24 1.51 3.93 37.80 

Average  16.45 13.34 0.00 2.66 8.44 5.55 0.82 1.44 3.26 47.95 

Std 

Deviation 
10.36 6.11 0.00 1.39 3.36 5.33 0.53 0.48 1.53 8.38 

Maximum  43.87 25 0.00 6.13 14.33 22.50 1.86 2.14 6.99 60.9 

Minimum 3.2 7.5 0.00 0.96 2.85 1.49 0.24 0.57 1.02 31.00 

 

Figure 4-11 Average waste composition of mined waste from City of Denton 

landfill. 



119 
 

4.2.1.3 Mined Waste Composition from City of Irving Landfill  

The degradable fraction was higher in the first 30 feet. From a visual inspection, 

the excavated waste appeared to relatively fresh, as it was disposed of 1-2 years ago 

in a cell that was 25-35 years old. The paper fraction gradually deceased from 25.34 

% to 5.20% up to 40 feet. The plastic fraction was  22.63% in 20 feet depth, which 

is higher than average; the fine fraction varied between 37 - 54%. 

The average composition of BH-X, as presented in Figure 4-12, was 14% paper, 

11% plastic, 13% textile + leather, 8% yard and wood waste, 3% metals, 1% glass, 

1% Styrofoam and sponge, 2% C & D debris, and 46% others (mixed other objects 

and fines). 

 

Figure 4-12 Waste composition at different depth in borehole X 
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The degradation level was high in borehole Y. The fine fraction was found as 57-

93%, and paper was found as 29% at a depth of 70 feet. The moisture content was 

found very low in this borehole; therefore, it can be summarized that the 

degradation level was highest in this borehole, leaving the remaining environment 

very dry and unsuitable for further degradation. 

The average composition of BH-Y, as presented in Figure 4-13, illustrates paper as 

14%, plastic 6%, textile + leather 2 %, yard and wood waste 4%, metals 3%, glass 

1%, C & D debris 1%, and others (mixed other objects and fines) 73%. 

 

Figure 4-13 Waste composition at different depth in borehole Y 
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and yard waste were found as 42 % in 20 feet depth. The main source of wood was 

from the housing industry, and was in a good shape. 

The average composition of BH-Z, as presented in Figure 4-14, was 6% paper, 11% 

plastics, 2% textile + leather, 15% yard and wood waste, 1% metals, 1% glass, and 

64% others (mixed other objects and fines). 

 

Figure 4-14 Waste composition at different depth in borehole Z 

The average waste composition of each borehole is listed in Table 4-8. The average 

composition of the threeaboringsapresented in Figure 4-15 illustrates that the 
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combinedaaverage foralandfilled MSW samples, the mainacomponents of waste, 

otherathan soils andadegraded fines, wereapaper (11%), plastics (11%), wood 

waste (9 %), and metal 2%. 

Table 4-8 Average waste composition of all boreholes in City of Denton Landfill 

Bore Hole. 

Physical Composition (% by Weight) 

Paper Plastic 
Food 

waste 

Textile 

and 

Leathe

r 

Yard 

Waste 

and 

Wood 

Metals Glass 

Styrofo

am and 

Sponge 

C & D 

Debris 

Others 

(Soils 

and 

Fines) 

BH-X 14.41 11.08 3.29 12.62 7.69 2.81 0.50 0.00 1.65 45.94 

BH-Y 13.71 5.54 0.00 1.70 4.32 0.99 0.24 0.00 0.86 72.63 

BH-Z 5.64 11.41 0.00 2.43 15.20 1.36 0.00 1.01 0.25 63.90 

Average 11.25 9.34 1.10 5.58 9.07 1.72 0.25 0.34 0.92 60.82 

Standard 
Deviation 

3.98 2.69 1.55 4.99 4.55 0.79 0.20 0.48 0.57 11.11 

Maximum 14.41 11.41 3.29 12.62 15.20 2.81 0.50 1.01 1.65 72.63 

Minimum 5.64 5.54 0.00 1.70 4.32 0.99 0.00 0.00 0.25 45.94 

 

 

Figure 4-15 Average waste composition of mined waste from City of Irving 

landfill.
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4.2.1.4 Comparison between Fresh and Mined Waste 

The average composition of mined and fresh waste from two different landfills 

was compared, and the results are listed in Table 4-9.  

Table 4-9 Comparison between fresh and mined solid waste 

Waste 

Fractions 

Waste Composition (%) (Weight Basis) 

Mined Waste 

(City of Denton 

Landfill) 

2010-2015 

Mined Waste 

(City of Irving 

Landfill) 

2019 

Fresh Waste (City 

of Denton 

Landfill) 

2016-2018 

Paper 16.45 11.25 38.02 

Plastic 13.34 9.34 22.09 

Food Waste 0.00 0.00 9.37 

Textile+ 

Leather 
2.66 5.58 4.69 

Yard+ Wood 8.44 9.07 10.82 

Metals 5.33 1.72 4.58 

Glass 0.53 0.25 2.49 

Styrofoam 0.48 0.34 1.75 

C&D 3.26 0.92 1.09 

Others/Fine 47.95 60.82 5.1 

 

Figure 4-16 shows the comparison of all waste component between mined and 

fresh solid waste  

Waste gradually degrades with time and the presence of moisture. Most (75%) of 

the boreholes in this study were from Cell 0 in the City of Denton landfill, which 

was operated conventionally. Twenty-five (25%) of the boreholes were from Cell 
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2, which was operated by an ELR operation. Cell 0 was 10-30 years old, whereas 

Cell 2 was 9-15 years old. The City of Irving landfill has only one conventional 

cell, which was 10-30 years old. 

The main difference between the mined and fresh waste was the paper and fine 

fractions. The paper fraction was 16.45% and 11.25 % at the City of Denton and 

City of Irving landfills, respectively. The amount of mined paper was significantly 

less than that of fresh paper (38.02%). Most of the paper (60 - 70%) experienced 

degradation with time. Plastic was found in 22% of the fresh waste, whereas the 

mined waste contained 9-13%. The use of plastic was not as common from 1980 – 

1990 as it is now; however, the plastic percentage might have increased due to the 

degradation of the other materials. Food waste was degraded completely, as 

expected, in the mined waste. No differences were exhibited between mined and 

fresh waste for yard waste, metal, glass, etc. The fine/degraded fraction was found 

to be 48 % and 61 % for the City of Denton landfill and the City of Irving landfill, 

respectively, and was an indicator of the level of degradation. Based on Table 4-9, 

the waste at the City of Irving landfill experienced more degradation than that at 

the City of Denton landfill. 
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Figure 4-16 Comparison of waste component between mined and fresh waste 

 

4.2.1.5 Comparison with previous studies 

Numerousastudiesahave beenaconducted to determine the composition of 

excavated waste, and someaof the more importantaones were featured in Chapter 

2. The current study was compared with three different mining projects from three 

continents, and the results are presented in Table 4-10.  
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Table 4-10 Comparison of mined waste composition between current study and 

literature. 

 

Chen et  

al.,2010 in 

China 

Hogland 

et 

al.,2004 

in 

Sweden 

Gabr and 

Valero, 1995 

USA 

Samir et 

al.,2010 

Koganti et 

al.,2015 

(City of 

Denton) 

Present 

Study (City 

of Irving) 

Age (Year) 10 17-22 15-30 Years 10-30 10-30 

Paper 0 9.72 0 16.45 11.25 

Plastic 7.02 4.94 13 13.34 9.34 

Food Waste  1.9  0 0 

Textile+ 

Leather 
1.98 2.85 9 2.66 5.58 

Yard+ 

Wood 
13.85 11 23 8.44 9.07 

Metals  1.73 10 5.33 1.72 

Glass 

12.08(Stone 

/Glass 

Tile) 

.28 10 0.53 0.25 

Styrofoam    0.48 0.34 

C&D  13.7  3.26 0.92 

Others/Fine 75.48 54.5 33 47.95 60.82 
 

From the comparison with literature, it is evident that fine/degradation materials 

consist mostly of mined material. The soil fraction was found higher (75%) in 

developing countries, like China, due to the high presence of the organic fraction. 

Paper was found lower in the literature, compared with the current mined waste. 

Plastic was found lower in excavated waste outside the USA, and yard and wood 

waste, and glass had higher contributions in the literature.  

Itashouldaalso be notedathat atadifferent timesaof the year, the materials inathe 

waste vary. The year ofadepositionaalso plays aavery importantarole in the 
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compositionaof the landfill. Hence, the freshawasteacomposition of 2016 - 2018 

mightabe differentathan theainitialacompositionaof thealandfilled waste in 1985. 

Therefore,athe changesaof wasteacomposition due toadegradation mayanot be 

reflectedawhen compared toathe fresh waste collected ina2009-2010, but the 

compared dataaprovides a goodaunderstanding ofachanges in theacomposition of 

waste withadepth,aage andadegradationaof MSW. 

4.2.2 Moisture Content  

4.2.2.1 Moisture Content of Fresh Waste from City of Denton Landfill 

 

The moisture content of fresh waste from the City of Denton Landfill is presented 

in Table 4-11. The average moisture content was 26.35% (wet weight basis) and 

37.93 % (dry weight basis). Twenty-two bags of samples were collected at different 

times of the year, with the majority of them being collected in the summer.  

Table 4-11 Moisture content of fresh waste from City of Denton landfill. 

Sampling 

Time 

Moisture Content (%) (Wet 

Wt. Basis) 

Moisture Content (%) (Dry 

Wt. Basis) 

March 2016 27.22 37.93 

November 

2016 

37.09 60.31 

May 2017 21.79 28.65 

February 

2018 

19.28 24.83 

Average 26.35 37.93 
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4.2.2.2 Moisture Content of Mined Waste from City of Denton Landfill 

The average moisture content of mined waste from the City of Denton Landfill was 

found to be 19.12 % (wet weight basis) and 24.82 % (dry weight basis) (Table 4-

12.)  It varied from 11-42% (wet basis). However, the samples were collected from 

both conventional and ELR-operated cells. The average moisture content from the 

conventional cell and ELR-operated cell was 19.65 % and 17.56 % (wet weight 

basis), respectively. The moisture content was expected to be higher in the ELR- 

operated landfill, due to the addition of moisture. Moisture content was found to be 

similar for both of the cells. 

Table 4-12 Moisture content of mined waste from City of Denton landfill. 

Bore Hole 
Moisture Content (Wet 

Basis) 
Moisture Content (Dry Basis) 

BH-70 28.82 42.56 

BH-72 20.27 26.15 

BH-Da  20.70a 26.1 

BH-Ea  18.60a  23.14a 

BH-Fa  15.09a  17.94a 

 BH-Ga  16.38a 19.85 

      BH-5 22.08 30.1 

BH-6 19.06 23.77 

BH-7 15.81 19.26 

 BH-Aa  16.14a  21.11a 

 BH-Ba  16.14a  21.11a 

 BH-Ca  20.39a  26.74a 

Averagea 19.12 24.82 

Std Deviation 3.66 6.35 

Maximum 28.82 42.56 

Minimuma  15.09a  17.94a 
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The moisture content of all of the borings from the City of Denton landfill, with 

variations of depth, are presented in Figures 4-17 and 4-18. Waste wasaanticipated 

toabe degradedawithathe increaseaof depth. Accordingato Landvaaand Clark 

(1990), the presenceaof highaorganicacontent in MSWaincreases the moisture 

contentaof the waste. Therefore,awith degradation, the moistureacontent mightabe 

reduced; however, no significant trend was found in this landfill that supported that 

idea.  
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(e) (f) 

 

Figure 4-17 Depth wise moisture content profile in a) BH-70 b) BH-E c) BH-G 

d) BH-A 

  

(a) (b) 

 

 

Figure 4-18 Depth wise moisture content profile in a) BH-5 b) BH-6 

4.2.2.3 Moisture Content of Mined Waste from City of Irving Landfill 

The average moisture content of mined waste from the City of Irving landfill was 

25.32 % (wet weight basis) and 35.13% (dry weight basis), as presented in Table 

4-13. It varied from 8-39% (wet basis). Based on visual inspection, the samples 
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from BH-Y were dry (17% wet basis). The moisture content ranged from 8-25%, 

as shown in Table 4-13. 

Table 4-13 Moisture content of mined waste from City of Irving landfill. 

 Bore Hole 
Moisture Content (Wet 

Basis)  

Moisture Content (Dry 

Basis) 

BH-X 28.43 39.90 

BH-Y 17.38 21.63 

BH-Z 30.15 43.86 

Average  25.32 35.13 

Std 

Deviation 
5.66 9.68 

Maximum 30.15 43.86 

Minimum 17.38 21.63 

The moisture content of boring X was 28.43% (wet weight basis) and 39.9% (dry 

weight basis). The moisture content of boring Y averaged 17.38% (wet weight 

basis) and 21.63% (dry weight basis). The moisture content of boring Z averaged 

30.15% (wet weight basis) and 43.86% (dry weight basis). Like the City of Denton 

landfill, the City of Irving’s mined waste did not follow any trend of moisture 

increasing with depth. 



132 
 

  

(a) (b) 

 

(c) 

 

Figure 4-19 Depth wise moisture content profile in a) BH-X b) BH-Y c) BH-Z 

4.2.2.4 Comparison of Moisture Content between Fresh and Mined Waste  

Based on our study, the average moisture content from the City of Denton’s mined 

waste was 19.12 % (wet basis) and 24.84 % (dry basis). The moisture content of 
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the City of Irving landfill’s excavated waste was 25.32 % (wet basis) and 35.13% 

(dry basis). The moisture of the fresh waste from the City of Denton landfill was 

26.35% (wet basis) and 37.93% (dry basis). A comparison of the results of this 

study is shown in Figure 4-20. 

 

Figure 4-20 Comparison between fresh and mined moisture content 

 

4.2.2.5 Comparison with previous studies  

Table 4-14 shows a comparison of the moisture content from this study and that 

discussed in the literature.  
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Table 4-14 Comparison of moisture content with literature 

Source 
Moisture 

Content (%) 
Condition Remarks 

Hull et al.2005 28.3%  9-11 years  USA 

Zanetti et al.1997 23.9%    

Zornberg et al.1999 21.9%   

Baumler et al.2004 24%    

This Study  25.32% 10-30 years  USA 

Samir,2010 & Koganti 

,2015 
19.12% 10-30 years  USA 

Hogland et al., 2004 29.3%  17-22 years  Sweden 

Zekkos et al.,2006 10-50  1-6 years Portugal 

 

4.2.3 Volatile Solid (Proximate Analysis) 

4.2.3.1 Volatile Solid Fresh Waste from City of Denton Landfill 

Volatile test results revealed the degradation level of the waste mass. The volatile 

solid results of fresh waste from the City of Denton landfill are presented in Table 

4-15 and Figure 4-19. The average volatile solid was found as 63.87% in the fresh 

waste. The samples were collected from different times of the year. The highest 

volatile solid (84.58%) was found in February 2018.
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Table 4-15 Volatile solid results from fresh waste of City of Denton landfill. 

March 2016 November 2016 May 2017 February 2018 

Sample 

No. 

Volatile 

Solids 

(%) 

Sample No. 

Volatile 

Solids 

(%) 

Sample No. 

Volatile 

Solids 

(%) 

Sample 

No. 

Volatile 

Solids 

(%) 

A-1 58.51 N1 20 M-1 - D-4-1 90.96 

A-2 - N2 30.7 M-2 91.49 D-4-2 91.25 

A-3 71.77 N3 44.1 M-3 55.78 D-4-3 71.25 

A-4 78.70 N4 48.6 M-4 40.54 D-4-4 92.17 

A-5 - N5 34.42 M-5 74.93 D-4-5 85.71 

A-6 -     D-4-6 76.12 

Average 69.66 Average 35.56 Average 65.69 Average 84.58 

Standard 

Deviation 
10.26 

Standard 

Deviation 
11.29 

Standard 

Deviation 
22.23 

Standard 

Deviation 
8.87 

Maximu

m 
78.70 Maximum 48.6 Maximum 91.49 Maximum 92.17 

Minimu

m 
58.51 Minimum 20 Minimum 40.54 Minimum 71.25 

 



136 
 

 

Figure 4-21 Average volatile solid of fresh waste from city of Denton landfill 

 

4.2.3.2 Volatile Solid of Mined Waste from City of Denton Landfill 

The average volatile solid from the City of Denton landfill was 33.34% and varied 

from 8 – 86%, as presented in Table 4-16. The samples were collected from both 

conventional and ELR-operated cells. The average volatile solids from the 

conventional cell and ELR-operated cell were 35.61% and 31%, respectively. The 

volatiles were expected to be lower in the ELR-operated landfill, due to earlier 

degradation. There were volatile solids in the ELR landfill (31%) than in the 

conventional landfill (36%), indicating higher degradation due to the addition of 

moisture.
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Table 4-16 Volatile solid of mined waste from City of Denton landfill 

 Bore Hole Volatile Solid (%) 

BH-70 72.29 

BH-72 61.44 

BH-D 17.71 

BH-G 20.53 

BH-5 25.17 

BH-6 29.44 

BH-7 22.71 

BH-A 28.5 

BH-B 29.44 

BH-C 25.14 

Average  33.237 

Std Deviation 17.37 

Maximum 72.29 

Minimum 17.71 

As shown in Figure 4-22, the volatile solids in the mined waste did not follow any 

significant trend.  

 

Figure 4-22 Volatile solid (%) from City of Denton landfill with depth 
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4.2.3.3 Volatile Solid of Mined Waste from City of Irving Landfill 

The average volatile of mined waste from the City of Irving Landfill was found to 

be 32.56%, as presented in Table 4-17. It varied from 15-61%, as presented in 

Figure 4-23. 

Table 4-17 Volatile solid of mined waste from City of Irving landfill 

 Bore Hole Volatile Solid (%) 

BH-X 32.53 

BH-Y 29.91 

BH-Z 35.24 

Average  32.56 

Std Deviation 2.17 

Maximum 35.24 

Minimum 29.91 

 

 

Figure 4-23 Volatile solid (%) from City of Irving landfill with depth 
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4.2.3.4 Comparison of Volatile solid between Fresh and Mined Waste  

Based on our study, the average volatile from the City of Denton’s mined waste 

was 33.24 %. In the City of Irving landfill, the excavated waste had 32.56% of 

volatile solids. For the fresh waste from the City of Denton landfill, the percent of 

volatile solids was 63.87%. A comparison of the results from this study is shown 

in Figure 4-21. Based on the current volatile solid results, the mined waste from 

both landfills experienced 50% more degradation than the fresh waste from the 

City of Denton landfill. 

 

Figure 4-24 Comparison of volatile solid (%) between fresh and mined waste
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4.2.3.5 Comparison with previous studies 

Table 4-18 compares the volatile solid results with those cited in literature.  

Table 4-18 Comparison of volatile solid with literature 

Source Volatile Solid (%) Condition Remarks 

Kathirvale et al.,2003 31.36 %  Fresh  Malaysia 

Kalantarifard, 2011 79-85 Fresh Malaysia  

Tiwari, 2014 76.54 %  Fresh  USA 

This Study  32.56%  10-30 years  USA 

Samir,2010 & Koganti 

,2015 
33.24%  10-30 years  USA 

Sapkota, 2017 86.71% Fresh USA 

This Study 63.87%  Fresh  USA 

 

4.3 Energy potential of solid waste 

4.3.1 Energy potential of Paper Waste 

Based on the waste composition, other than the fine fraction, the paper fraction was 

found to be highest in the fresh waste and mined waste. The closed landfill section 

(Cell 0) was operated conventionally, without adding any moisture during 

operation; therefore, the decomposition rate was slow. The energy potential 

(calorific/heating value) of mined paper from different depths, collected from 

conventional Cell 0, was found to be 3756.23 Btu/lb. to 7162.95 Btu/lb. in this 

study. This reflects the lower degradation rate of recovered paper waste that was 14 

- 30 years old. Paper waste included newspaper, cardboard, tissue paper, Kraft 

paper, etc. Cell 2 was operated with enhanced leachate recirculation (ELR) to 

expedite the waste composition. The mined paper from the ELR-operated landfill, 
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which was 8 – 15 years old, had an average calorific value of 6067.89. The fresh 

paper waste from Cell 2 of the Denton landfill had a heating value from 5250.81 

Btu/lb. to 7531.97 Btu/lb., with an average calorific value of 6209.66 Btu/lb., which 

is slightly higher than the value of mined paper (6032.31 Btu/lb.). Mined paper 

waste was supposed to have a lower calorific value; however in this study, the 

recovered mined paper waste had energy potential similar to that of the fresh paper, 

even after the degradation of around 50%. The ELR operation did not affect the 

energy potential of the paper. All of the experimental results are shown in Table 4-

19. 

Table 4-19 Calorific value of Paper waste 

No of Samples  Conventional ELR Fresh 

1 6975.43 6792.04 7062.37 

2 6531.99 7972.85 6625.73 

3 3756.53 5295.04 5642.94 

4 6644.68 5803.04 6649.3 

5 5539.47 6349.75 6294.83 

6 6354.49 6309.04 5250.81 

7 5805.87 5762.94 5859.41 

8 6248.98 6394.93 7060.46 

9 5896.35 5394.95 5892.54 

10 7112.66 5662.12 7531.97 

11 6478.38 6293.93 6175.2 

12 5250.81 6593.95 7114.47 

13 6857.81 4193 5598.93 

14 6382.67   6593.2 

15 5385.98   5980.3 

16 5859.41   5739.48 

17 6294.96   5835.84 
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18 6954.03   6329.4 

19 7162.95   5490.4 

20 5493.95   5305.7 

21 7060.46   6450.3 

22 5892.54   6128.9 

23 7531.97     

24 6175.2     

25 7114.47     

26 5598.93     

27 5683.05     

28 5295.92     

29 6584.27     

30 6284.95     

31 5697.95     

32 6355.39     

Average  6195.703125 6218.72 6209.66 

Standard 

Deviation 749.4099474 860.164 610.646 

Maximum 7531.97 7972.85 7531.97 

Minimum 3756.53 4193 5250.81 

Few studies have focused on the energy potential of solid waste, or have measured 

the energy potential of individual components of mined waste. Based on the 

previous studies, the energy potential of paper waste from this study lies within a 

pretty good range. However, paper waste from a mined landfill in Belgium had 

lower calorific values that were calculated from a mathematical model. Table 4-20 

compares the calorific value of paper and fresh waste from landfills with some of 

the studies described in the literature. 

.
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Table 4-20 Comparison of energy from paper waste with literature 

Calorific Value 

(Btu/lb) 
Location Reference Waste Type 

6032.31 Texas, USA This Study Mined 

6067.89 Texas, USA This Study 
Mined (ELR 

operated) 

6209.66 Texas, USA This Study Fresh 

5590 Belgium 
Quaghebeur et 

al.,2012 
Mined 

3439.381 New Jersey, USA Hull et al.,2005 Mined 

(Determined 

using 

mathematical 

model) 
3525.365 New Jersey, USA 

 

Hull et al.,2005 

6698.1943 Canada Shi et al.,2015 
Non recycled 

fresh paper 

6018.92 Italy 
Giugliano et.al. 

(2008). 

Fresh Paper and 

cardboard 

 

4.3.2 Energy potential of Plastic Waste 

Plastic waste has been an integral part of a circular economy due to its non-

degradability. Different types of plastics (PET, HDPE, LDPE, LLDPE, PP, PVC) 

have been considered for measuring its energy potential. Plastic that has a calorific 

value 9797.45 -11880.2 Btu/lb. is PET or PVC. The rest of the plastic types had a 

calorific value between 14977.8 and 19856.7 Btu/lb. In this study, the calorific value 

of mined plastic from different depths was found to be between 9797.45 Btu/lb. and 
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18946.97 Btu/lb., whereas the values of virgin plastic varied from 9906.08 Btu/lb. 

to 19856.7 Btu/lb. The average calorific value of mined plastic waste was measured 

as 15353.29 Btu/lb., which was similar to the average calorific value of fresh plastic 

waste (16458.29 Btu/lb.) The difference accounted for the contamination of the 

plastic waste that was 15 - 30 years old. The increased calorific value can be 

attributed to the increased percentage of plastic in the mined waste. The mined 

plastic from the ELR-operated landfill had an average energy value of 16044.54 

Btu/lb. All of the experimental results are shown in Table 4-21  

Table 4-21Calorific value of Plastic waste 

No of Samples  Conventional ELR Fresh 

1 10446.1 14935.93 16879.5 

2 16109.1 12953.8 18649.8 

3 15541.43 12378.03 15607.4 

4 17299.4 15914.4 17253.5 

5 12365.32 17893.04 19856.7 

6 11880.2 9831.16 12624 

7 16706.9 12522.8 18105 

8 17163.8 15607.4 16879.5 

9 18593.25 15323.1 17286.5 

10 15438.65 15607.4 19651.9 

11 13218.2 17253.5 18060.2 

12 12697.35 19856.7 18963.7 

13 9797.45 12624 17322.5 

14 13964.32 18105 16782.7 

15 16561   18693.7 

16 10680.6   17230.4 

17 13084.2   16903.4 

18 16893.95   17780.9 
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19 18739.93  9906.08 

20 18946.97   10277.38 

21 15036.87   16745.9 

22 18936.8   10621.63 

23 14977.8     

24 15538.6     

25 17605.8     

26 18049.7     

27 15845.94     

28 17398.94     

29 18716.9     

30 17639.93     

31 14593.94     

32 13999.6     

Average  15452.1544 15057.59 16458.28591 

Standard 

Deviation 
2581.27553 2644.037 2851.490652 

Maximum 18946.97 19856.7 19856.7 

Minimum 9797.45 9831.16 9906.08 

Plastic recovery potential is one of the factors that determines the feasibility of 

landfill mining projects. Therefore, some independent studies were carried out with 

only excavated plastic waste. Table 4-22 compares the calorific value of plastic 

from mined and fresh waste with some of the literature. 

Table 4-22 Comparison of energy from plastic waste with literature 

Calorific 

Value (Btu/lb) 
Location Reference Waste Type 

15353.29 Texas, USA This Study Mined 

16044.54 Texas, USA This Study Mined (ELR operated) 

16458.29 Texas, USA This Study Fresh 
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11983.58 Jordan 
Abu-Qudais and 

Abu-Qdais,1999 
Fresh 

15356.84 Canada Shi et al.,2015 Plastic-rigid 

18254.51 Canada Shi et al.,2015 
Plastic-film and 

Styrofoam 

12040.00 Belgium 
Quaghebeur et 

al.,2012 
Mined 

19242.50 China Zhou et al.2014 Mined 

4.3.3 Energy potential of Wood and Yard Waste 

Wood and yard waste are the third highest component of fresh solid waste in the 

US. The calorific value of mined wood waste in this study was found to be from 

around 3847.06 Btu/lb. to 7812.64 Btu/lb.;  the calorific value of fresh wood from 

the same landfill was found to be from 5736.35Btu/lb. to 7818.99 Btu/lb. The 

average calorific value of mined wood waste was 6577.13 Btu/lb. in Cell 0, which 

was almost equal to the average energy of wood from fresh waste (6813.332 

Btu/lb.). Hull et al. (2005) reported the higher heating value of mined wood from 

2837.5 Btu/lb. to 5202.06 Btu/lb., having an average of 3826.31 Btu/lb. in the 

Burlington County Landfill in New Jersey. Hull et al. (2005) used the mathematical 

formula derived by Dulong. Wood waste in the Denton landfill experienced slower 

degradation than the waste in New Jersey, probably because of  slower degradation 

of materials, like wood, containing a high lignin content, under anaerobic 

conditions. Furthermore, numerous parameters, such as moisture content, age of 
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the cell, the nature of wood, etc., affected the decomposition process of individual 

landfills. All of the experimental results are shown in Table 4-23.    

                                     Table 4-23 Calorific value of Wood waste 

No of Samples  Conventional ELR Fresh 

1 7440.21 6767.61 7493.94 

2 6300.25 5007.93 6493.76 

3 3847.06 5503.56 5893.9 

4 5326.55 4994.03 6915.93 

5 6395.64 7193.54 6587.26 

6 6970.56 6890.94 6589.32 

7 6578.94 4059.02 6330.56 

8 6129.56 5294.74 7450.27 

9 6156.32 6827.71 7529.19 

10 6912.52 5184.94 7683.92 

11 6348.19 7237.74 7334.76 

12 5893.64 6314.55 7562.47 

13 6983.65 5512 6338.74 

14 7569.32 6845.94 5866.09 

15 4640   6840.24 

16 6894.67   5640.58 

17 7194.56   6589.32 

18 6194.86   6382.19 

19 7294.83  7618.26 

20 5004.6   7628.64 

21 6793.94   7159.23 

22 6230.54   5924.76 

23 7706.43     

24 7812.64     

25 7476.65     

26 7334.76     

27 6739.94     

28 6396.74     

29 7397.68     
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30 7348.87     

31 6145.93     

32 5938.84     

Average  6543.71531 5973.875 6811.52 

Standard 

Deviation 
897.7735 972.4613 647.413 

Maximum 7812.64 7237.74 7683.92 

Minimum 3847.06 4059.02 5640.58 

Table 4-24 compares the calorific value from mined and fresh wood and yard waste 

with some of the literatures 

Table 4-24 Comparison of energy from wood waste with literature 

Calorific Value 

(Btu/lb) 
Location Reference Waste Type 

6577.13 Texas, USA This Study Mined waste 

6813.33 Texas, USA This Study Mined waste 

6030.36 Texas, USA This Study 
Mined waste 

(ELR) 

7738.61 Spain 
Montejo et al. 

(2011). 
Fresh 

7919.1745 Canada Shi et al.,2015 Fresh 

 

4.3.4 Energy potential of other fractions of waste 

According to the waste composition, the other potential source of energy is food 

waste, and textiles and leather. As was expected, food waste was not found in 

mined waste. Textile and leather waste was found in very low fractions in both 

fresh and mined waste, due to the recycling industry of textile waste. Table 4-25 
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compares the calorific value of food and textile/leather waste with similar 

fractions of mined waste. 

Table 4-25 Calorific value of other fraction of waste with literature 

 

4.3.5 Energy potential of Mixed Waste 

The overall energy potential of mixed waste was calculated by applying the 

individual waste composition to the individual calorific value. The overall 

calorific value of fresh waste from the City of Denton landfill was found to be 

6843.7 Btu/lb., ranging from 4882.23 Btu/lb. to 8449.29 Btu/lb., as presented in 

Table 4-26. 

Table 4-26 Calorific value of mixed waste 

  Conventional  ELR Fresh  

1 6895.68 3609.87 6611.40 

2 3791.95 5272.79 6759.97 

3 1189.57 2188.51 4935.33 

4 6513.73 2889.55 6062.19 

Waste Type 
Average Calorific 

value (Btu) 
Location Reference 

Food Waste 1961.68 Texas, USA This Study 

Organic Fraction 859.845 Taiwan 
Chang et al. 

(2008). 

Organic Fraction 1719.69 Spain 
Montejo et al. 

(2011). 

Textile & Leather 6513.65 Texas, USA This Study 
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5 4856.45 887.12 4882.23 

6 3029.99 3819.74 6804.79 

7 7835.08 6551.55 7581.22 

8 4665.61 5479.60 7621.50 

9 6555.83 2300.97 6536.48 

10 4420.03 7091.98 7564.79 

11 1372.23 2381.82 7147.88 

12 4560.06 3797.33 6243.23 

13 402.94 1604.40 7153.60 

14 2651.99 2095.21 7641.88 

15 3248.93   7503.43 

16 4808.33   8449.30 

17 954.15     

18 6011.38     

19 1906.22     

20 1328.52     

21 5185.44     

22 3903.90     

23 4062.23     

24 2572.63     

25 2188.70     

26 2389.92     

27 2234.20     

28 2460.67     

29 3800.31     

30 4636.95     

31 2421.49     

32 2492.77     

Average  
3604.62 3569.32 6843.70 

3586.97   

Std Deviation 1847.62 1824.16 939.59 

Maximum 7835.08 7091.98 8449.30 

Minimum 402.94 887.12 4882.23 
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Table 4-27 compares the calorific value of fresh mixed waste with that in literature. 

It is obvious from the table that developing countries like Pakistan, China, and 

Malaysia have a relatively lower calorific value due to a higher portion of organic 

waste. Malaysia waste showed a higher energy potential (9888.2201 Btu/lb.) in a 

study that was conducted in a different region. Waste composition was the key 

indicator for the energy potential of mixed solid waste. In addition, the type of 

landfill operation, precipitation, temperature, and moisture affect the energy 

potential of fresh compounds. Table 4-28 compares the calorific value of fresh 

mixed waste with some of the literature. 

Table 4-27  Comparison of energy from fresh mixed waste with literature 

Waste Type 
Average Calorific value 

(Btu) 
Location Reference 

Mixed MSW 4941.293 Jordan 
Abu-Qudais and 

Abu-Qdais,1999 

Mixed Waste 3433.902 Pakistan Korai et al.,2015 

Mixed Waste 3583.202-3763.082 China Abdul et al.,2003 

Mixed Waste 2698.194-4676.87 Malaysia 
Chunming et 

al.,2013 

Mixed Waste 5159.07 Tanzania 
Omanri et 

al.,2014 

Mixed Waste 7407.5666 Nigeria Amber et al.,2012 

Mixed Waste 4472 
New York, 

USA 

Chin and 

Franconeri,1980 
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The overall calorific value from mined waste was found to be 3665.88 

Btu/lb., ranging between 887.122 Btu/lb. to 7835.84 in this study. The upper value 

of the range indicates the lower degradation of 10 - 30 year old waste. Table 8 

compares the calorific value of mined waste from this study with some of the 

literature. Very few studies measured the energy potential of excavated waste 

experimentally. Hogland et al. (2003) measured the energy value according to the 

fraction size. In this study, the excavated waste (>50 mm larger fraction) had a 

heating value of 3000.46 Btu/lb. in the Masalycke Landfill, Sweden. Quaghebeur 

et al., 2012 considered two types of waste, municipal and industrial, for energy 

values, which were found to be 10210.662 Btu/lb. and 10748.1 Btu/lb., 

respectively. Plastic was found as the highest fraction (around 25%) in that landfill, 

subsequently contributing to the higher calorific value. Kaartinen et al. (2013) 

considered two types, mechanically sorted and manually sorted, to determine the 

MSW 5576 
National 

Average 
GAA,1997 

MSW 8186.322 Texas, USA 
Change and 

Davila,2007 

MSW 5159.07 India 
Mboowa et 

al.,2017 

MSW 9888.2201 Malaysia 
Kalantarifard and 

Yang,2011 

MSW 2698.194- 4676.87 Malaysia 
Kathirvale et 

al.,2003 

MSW 6838.9 Texas, USA This Study 
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higher heating value of a Finnish landfill. In this study, no classification was used 

for energy potential. Table 4-28 compares the calorific value of mined mixed waste 

with some of the literature. 

Table 4-28 Comparison of energy from mined mixed waste with literature 

Waste 

Type/Age 

Average 

Calorific 

value (Btu) 

Range (Btu) Location Reference 

14-29 yeras 10210.66 
8168.53-

12037.8 

REMO 

Landfill,Belgium 

Quaghebeur 

et al.,2012 

14-29 yeras 10748.10 
9458.30-

12037.8 

REMO 

Landfill,Belgium 

Quaghebeur 

et al.,2012 

17-25 yeras  3009.46 

Masalycke and 

Gladsax 

Lnadfill,Sweden 

Hogland et 

al.,2003 

Excavated 

Waste 
1934.65 

1461.74-

3740.33 
Italy 

Cossu et 

al.,1995 

Excavated 

Waste (Fine) 
 

2966.47-

3396.39 

Fiborna 

Landfill,Sweden 

Hogland et 

al.,2003 

 4729.15   

Obermeier 

and 

Saure,1995 

  
2579.54-

5588.99 
Germany 

Brammer et 

al.,1995 

 
Up to 

8598.45 
  

Cossu et 

al.,1995 

Rottenberger 

G(1Thsi 950 



154 
 

15-20 years 3084.00  
Lancaster County, 

Pennsylvania,USA 

Forster 

G,1995 

5-10 years  9030-10320 Finland 
Kaartinen et 

al. (2013) 

10-30 years 3665.88 
887.12-

7835.08 
Texas,USA This Study 

 

4.3.6 Comparison of energy potential between fresh and mined solid waste  

The energy values from individual combustible fractions (paper, plastic, and waste 

and wood) in fresh and mined (conventional and ELR-operated) landfills were 

calculated, using the experimental method (calorimeter) shown in Figure 4-25. It is 

evident from the figure that excavated waste exhibited an energy value similar to 

that of fresh waste. Food waste was completely degraded in the mined waste. The 

overall energy value of excavated waste was compared with fresh waste from the 

same landfill in Figure 4-26. 

The overall energy found in excavated waste was 3665.88 Btu/lb.; the overall 

energy in fresh waste was 6838.9 Btu/lb. The mined waste retained 53% more of 

the energy, even after 10 - 30 years of degradation compared with the energy from 

the fresh waste. The higher calorific value of the recovered solid waste combustible 

fraction has made landfill mining a potential energy source. 
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Figure 4-25 Comparison among individual waste fraction 

 

 

Figure 4-26 Comparison between energy potential of mined waste and fresh 

waste 
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4.3.7 Effect of depth on Energy Potential in Conventional landfill 

The energy profile, created according to the depths of different boreholes of Cell 0, 

is shown in Figure 4-27. Some boreholes were excluded for their random point data 

from different depths. The coverasoilawasaapproximately 8 ft.aSamples collected 

froma10 ft. depth werearelativelyafresh. The energy value was found as 6895.68 

Btu/lb. in 10 feet depth of Borehole 70, whereas it was 3903.91 Btu/lb. for Borehole 

5. The energy gradually decreased at 30 feet in Borehole 30. Borehole G and 

Borehole 5 had calorific values of 1189.57 Btu/lb., 954 Btu/lb., and 2572.63 Btu/lb. 

In 40 feet depth, three boreholes (BH-70, BH-E, and BH-G) had energy values over 

6000 Btu/lb., and Borehole 7 had over 4500 Btu/lb. However, borehole 5 had 

2188.69 Btu/lb. at the same depth. Based on the energy profile, 35-45 feet of depth 

had the potential for higher energy. After 40-45 feet, the energy decreased up to 60 

feet. The range was 1328.52-2421.49 Btu/lb. in 4 boreholes. Only Borehole 70 had 

a heating value of 3029.99 Btu/lb. Based on the energy profile, 55 - 65 feet depth 

had the potential to have the least energy. Borehole 6 and Borehole E showed an 

increased energy value after 60 feet. 
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Figure 4-27 Energy profile of Individual boreholes in Conventional Landfill 

 

Figure 4-28 Energy profile in conventional landfill. 

Figure 4-28 summarized the effects of depth on energy potential in conventional 

landfills. It was anticipated that the energy potential would decrease with the depth 

due to the higher degradation with time; it did notafollow thisatrend, asaillustrated 

in Figure 4-28. The energy profile had a zigzag pattern. Samplesacollected froma10 

ft. depthawere relativelyafresh, resulting in a higher energy value. The degradation 

ofaMSW isaenhanced by theapresence of moisture in theawaste. The closed landfill 

sectionawas operatedaas a conventionalalandfill; therefore, noawater was added to 

the landfill. There was noapermanent cover onatop of theaclosed section of the 

landfill, except foracover soil. The higheradegradation at 25- 35 ft. might have been 
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be due toawateraintrusionafrom the top,athrough the coverasoil. From the 

composition,ait wasaobserved that theapercentageaof paper was lowaand the 

percentageaof soils and degradedafines wasahigh atathese depths.aHowever, the 

absenceaof a finalacover in the landfill might alsoahave led toaunanticipated water 

intrusionain theawaste mass.aHence the presence of fewer degradedasamples after 

30 ft. of thealandfill mayahave been due to theaabsence of moisture in the landfilled 

waste.aIt can beasummarized that theaunavailability of moisture in landfilled waste 

mayaresultain less-to-noadegradation. 

4.3.8 Effect of depth on Energy Potential in ELR landfill 

In the ELR-operated landfill, moisture was added to expedite the waste 

decomposition. Hence, the energy potential of excavated waste from the ELR 

landfill was supposed to be lower than that of the conventional landfill. The 

energy profile for an ELR landfill is shown in Figure 4-29. 
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Figure 4-29 Energy profile of individual boreholes in ELR landfill 

The age of the excavated waste from the ELR landfill (8-15 years) was different 

from the excavated waste from the conventional landfill (15-30 years). At 20 feet, 

the energy value was found as 5272.79 Btu/lb., 5479.603 Btu/lb., and 7091.97 

Btu/lb. for Boreholes A, B, and C, respectively. The excavated waste from 20 feet 

was 7- 8 years old. The energy value decreased to 2188.51 Btu/lb., 2300.97 Btu/lb., 

and 2381.82 for the three boreholes, respectively, experiencing a higher level of 

degradation. The same trend was also found for the conventional landfill. After 30 

feet, the energy profile was erratic, as was expected. However, a gradual decreasing 

trend was found by the ELR energy profile, as shown in Figure 4-30, indicating the 

enhancement of degradation at a greater depth. 
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Figure 4-30 Energy profile in ELR landfill. 

4.3.9 Effect of Fine/Degraded Material on Energy Potential  

Fine/degraded material was found to be a very good indicator of the energy 

potential of mined waste, and was inversely proportional to the energy value, as 

shown in Figure 4-31. Fine material increased with the decrease of the energy value, 

regardless of the depth of the mined sample. The age of the excavated waste was 8-

30 years. The R2 was found to be 0.7108 of the relation between fine material and 

the calorific value of the mined waste, and is a very good value, considering the 

heterogeneity of solid waste. The lower degradation indicated the lower amount of 

fine/degraded material resulting from the higher portion of paper, and wood and 
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material indicated the higher degradation of the combustible fraction, resulting 

from the lower energy value of the excavated waste. Based on the figure, the 

excavated waste, which was 0- 20% fine, had an average calorific value of 5000-

7000 Btu/lb. If the fine material increases up to 40- 50 %, the energy value will 

decrease to 3000-4000 Btu/lb. Seventy to eighty percent (70-80%) of fine 

contributes to an energy value of 1500- 2000 Btu/lb. Hogland et al. (2003) reported 

the average fine fraction of the Masalycke Landfill, Sweden as 54.54%, with a 

calorific value of mixed waste (>50 mm) as 3010 Btu/lb. This value clearly 

complies with our study. 

 

Figure 4-31 Effect of fine/ degraded material on energy potential of mined waste. 
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Even though fine material is a very good predictor of energy value, it did not follow 

any trend with depth in the conventional landfill, as shown in Figure 4-32. On 

average, the fine material was found to be around 50%. However, it varied from 

10% to 90%, depending on the state of the degradation. Fine material was found to 

be 6.58-38% within 10 feet, representing comparatively lower degradation of waste 

that was 25-30 years old. At 30 feet depth, the fine material that was 20-25 years 

old was 63- 84%, indicating higher degradation. This was in very good agreement 

with the energy profile of the boreholes. The same zigzag pattern was found after 

30 feet depth, similar to that of the energy profile. 

 

Figure 4-32 Fine material in different depth in conventional landfill 
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The gradual increase of fine material with depth in the ELR-operated landfill is 

depicted in Figure 4-33. The fine material was 20-40% within 20 feet depth. Three 

boreholes (A, B, and C) had fine fractions of 23%, 23%, and 40%, respectively. 

The age of the excavated waste in 20 feet was 7-9 years. The fine material was 70 

% and 58 % for Borehole B and Borehole C, respectively, in 70 feet. The age of the 

excavated waste in this depth was 13-15 years. The gradual increase of fine fraction 

with depth was a good indicator of the ELR operation. Due to the presence of 

additional moisture, the degradation increased, resulting in a higher fraction of fines 

at a deeper depth. 

 

Figure 4-33 Fine material in different depth in ELR landfill 
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The effect of storage time on the fine fraction of excavated waste is illustrated in 

Figure 4-34 (Chen et al., 2009). 

 

Figure 4-34 Effect of storage time in fine fraction of mined waste (Chen et al., 

2009) 
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Therefore, the moisture content is higher in the waste of developing countries, due 

to the presence of a higher food waste fraction. The moisture content was 11- 41%, 

having an average of 20% in the excavated waste, as shown in Figures 4-35 to 4-

39, due to the comparatively lower degradation within 10-20 feet. The energy value 

was found higher (2460.67-6869 Btu/lb.) with a moisture content of 10.64 -29.51 

% throughout the boreholes. At 30 ft. depth, the degradation was higher, resulting 

in lower energy values in the waste with a moisture content of 17.66-28.61%. 

Moisture content followed similar changes with the change of energy values in 

some of the depth intervals in different boreholes BH-70(10-20 feet), BH-7(20-30 

feet), BH-G (40-70 feet), BH-5 (10-50 feet), and BH-E (70-90 feet). Paper, 

cardboard, food waste, yard waste and fine material can absorb moisture (Hull et 

al. 2005).  

 

Figure 4-35 Effect of moisture content on calorific value in borehole 70 
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Figure 4-36 Effect of moisture content on calorific value in borehole 7 

 

Figure 4-37 Effect of moisture content on calorific value in borehole G 
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Figure 4-38 Effect of moisture content on calorific value in borehole 5 

 

Figure 4-39 Effect of moisture content on calorific value in borehole E 
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Figure 4-40 Effect of moisture content on calorific value in conventional landfill 
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three boreholes, like BH-A (30-60 feet), BH-B (20-60 feet), and BH-C (30-70 feet). 

The energy potential was found to have the highest calorific value in all three 

boreholes (5272.79 Btu/lb., 5479.603 Btu/lb., and 7091.98 Btu/lb., for BH-A, B, 

and C, respectively).The moisture content was 14.65-23.64% at 20 feet depth; 

however, it increased to 25-30% at 60-70 feet depth. At this greater depth, the 

energy value was low, 1240.59 Btu/lb. and 2095.205 Btu/lb. in Boreholes B and C, 

respectively, indicating the higher degradation level. Twenty percent (20%) of the 

paper fraction was found at 60 feet of Borehole A.  

 

Figure 4-41 Effect of moisture content on calorific value in borehole A 
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Figure 4-42 Effect of moisture content on calorific value in borehole B 

 

Figure 4-43 Effect of moisture content on calorific value in borehole C 
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Figure 4-44 Effect of moisture content on calorific value in ELR landfill 

It can be seen, from the moisture profile shown in Figure 4-44, that no significant 

trend was found between the moisture content of an ELR-operated landfill and 

depth. Overall, moisture content of mined waste has a tendency to increase with the 

increase of calorific value, as illustrated in Figure 4-45.   
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Figure 4-45 Effect of moisture content on calorific value of landfill mined waste 

 

4.3.12 Effect of Volatile Solid on Energy Potential in Conventional Landfill 

AccordingatoaITRC (2006), the volatileasolid test is theamost inexpensiveamethod 

of measuring the amount ofabiodegradableamaterial that remains in the waste mass. 

However, the volatile solid test is not an accurate measure of available 

biodegradable material (Hull et al., 2005).The effect of volatile solids on the energy 

potential of each borehole is shown in Figures 4-46 to 4-49. The volatile solids were 

85.79% and 76% within 10 feet of Borehole 70 and Borehole G, indicating a higher 

potential of remaining degradability. On the other hand, less of the volatile solids 

was found in Borehole 5 (16.27%) and Borehole 7 (10.5%), indicating the lowest 

potential of degradability of waste. Volatile solids decreased to 59.3 % and 24% in 

30 feet for Borehole 70 and Borehole G. The degradation level was high in 30 feet, 

which was also found in the fine fraction graph. Borehole 5 and Borehole 7 had 

volatile solids of 22.83 % and 22.2%, respectively. The volatile solid graph did not 

follow any trend; however, the volatile solids maintained a similar trend with the 

energy value in all of the boreholes. BH-70, BH-5 and BH-7 had similar trends 

between the volatile solid and energy value up to 75 feet. In BH-G, only one point 

(40 depth) exhibited an unexpected reverse trend between the energy value and 

volatile solids. Overall, the volatile solids were 8-86.56%, with an average of 

34.5%. 



174 
 

 

Figure 4-46 Effect of volatile solid on calorific value in borehole 70 

 

Figure 4-47 Effect of volatile solid on calorific value in borehole G 
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Figure 4-48 Effect of volatile solid on calorific value in borehole 5 

 

 

Figure 4-49 Effect of volatile solid on calorific value in borehole 7 
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4.3.13 Effect of Volatile Solid on Energy Potential in ELR Landfill 

The effect of volatile solids on the energy potential in an ELR landfill is shown in 

Figures 4-50 and 4-51. A lower value of volatile solids was expected, due to the 

addition of moisture to enhance the decomposition. However, the volatile solids 

had values ranging from 8 - 48%, with an average of 26%, which was lower than 

the volatile solids from the conventional landfill (34.5%). This indicates a lower 

energy potential for the excavated waste. The volatile solids were 20% and 44% in 

the first 10 feet of depth in BH-A and BH-C, respectively. The energy value was 

3609.87 Btu/lb. and 3715 Btu/lb. for the boreholes, respectively. The paper fraction 

(50%) in Borehole C contributed to the higher volatile solid, in spite of having 

similar energy value. In 30 feet depth, the volatile solid results, 16% and 28%, 

indicated a higher level of degradation than the upper layer. The decomposition 

trend was similar in the conventional landfill in the first 30 feet. This zigzag 

degradation trend continued, even after adding the moisture to enhance the 

decomposition. The age of Cell 2 (ELR operated), which was supposed to have a 

higher energy value than the conventional landfill, was 6 - 13 years. The average 

energy value from an ELR-operated landfill was found to be 3376.33 Btu/lb. 

(volatile solids - 26%), compared with the calorific value from conventional 

landfills of 3425 Btu/lb. (volatile solid - 34.5%).Therefore, the ELR- operated 

landfill enhanced the decomposition, lowering the energy value of 6 - 13 year old 

waste, compared with the 10 - 30 year old waste. 
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Figure 4-50 Effect of volatile solid on calorific value in borehole A 

 

 

Figure 4-51 Effect of volatile solid on calorific value in borehole C 
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Figure 4-52 Effect of volatile solid on calorific value of municipal solid waste 

(Fresh and mined) 

As is shown in Figure 4-52, volatile solids were in good agreement with the energy 

value at all depths, even though it is not an accurate measure of available 

biodegradable material (Hull et al., 2005). However, volatile solids give a good 

indication of the potential energy remaining in any kind of waste (fresh and 

mined).This graph contained a wide range of data from fresh waste to be degraded 

and partially degraded waste. 

4.3.14 Effect of age and precipitation in energy potential of solid waste. 
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like microbes, moisture, temperature, waste composition, and precipitation. Age 

was calculated from the date of the newspapers. 

 

Figure 4-53 Effect of age in energy potential in conventional landfill 

 

As is shown in Figure 4-53, the energy value followed a sinusoidal trend with age, 

and was found to be 2234.19 – 5185 Btu/lb. in 1985. Three of the boreholes had 

paper fractions of more than 40%, indicating relatively lower degradation. After the 

RCRA 1991 act, the energy value increased significantly. The City of Denton 

landfill probably accepted more waste due to the closing of a significant number of 

landfills. BH-70, BH-G, BH-5 and BH-7 had combustible fractions of 77.46%, 

44%, 24%, and 63%, respectively, resulting in higher calorific values at that time. 

The 1994-95 energy value was relatively lower, having a fine fraction of more than 

50%. In the closing year, 2001, the energy value was found to be 6898.68 Btu/lb. 
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and 3903.91 Btu/lb. for BH-70 and BH-5, respectively. Waste with higher storage 

time was found to have more energy in China (Chen et al., 2010) and Belgium, 

(Quaghebeur et al., 2012), as shown in Figure 4-54  

 

Figure 4-54 Effect of age in energy potential in other countries (a) Belgium 

(Quaghebeur et al., 2012) (b) China (Chen et al., 2010) 

As depicted in Figure 4-55, the energy potential of excavated waste had a 

decreasing trend with the increase of storage time. The energy value in 2001 was 

found to be 1204.59 Btu/lb. and 3819.735 Btu/lb. for BH-A and B, respectively. 

The average energy value was 2512.17 Btu/lb. The energy value from the 

conventional landfill during the same time (2001) was 5401.29 Btu/lb. Due to the 

ELR operation, the excavated waste from Cell 2 experienced more degradation, 

resulting in a lower remaining energy value. The paper fraction was over 30% in 

conventional landfill in 2001; in the ELR landfill, it was almost degraded at the 

time of disposal. The energy value increased with the decrease of storage time. 
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Figure 4-55 Effect of age in energy potential in ELR landfill 

 

 

Figure 4-56 Effect of precipitation in energy potential of excavated waste 
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The effect of weather on energy values are shown in Figure 4-56. National Weather 

Service volunteer cooperative observer data, which began in 1913, was used to 

include precipitation. Based on the figure, higher precipitation enhanced the 

decomposition rate of the solids. The energy value was 865.73 Btu/lb. in 1987, 

immediately after a 45.37 inch rain in 1986. Similarly, a 55.4 inch rain was 

.recorded in 1994, and the energy value decreased to 954.15 Btu/lb. from 3439.34 

Btu/lb. This exact trend was observed after the precipitation of 2004 (52.61 in). 

Forster, 1995 evaluated the effect of precipitation on the energy potential in one 

mining project shown in Figure 4-57. 

  

Figure 4-57 Effect of precipitation in energy potential of excavated waste in 

Pennsylvania (Forster, 1995) 
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4.3.15 Effect of waste composition in energy potential of solid waste. 

Generally, in landfills, food waste, yard waste, cardboard, and paper fractions are 

considered biodegradable (Eleazer et al., 1997). The effects of waste composition 

are shown in Figures 4-58 to 4-62. The percent of plastic ranged from 0.38 - 32.82 

in  the conventional landfill, with an average of 9.13 %. The recovery of plastic 

plays an important role in assessing the energy potential of excavated waste. The 

plastic fraction had the almost similar trend as the energy value in BH-E, BH-G, 

BH-5, and BH-7. Generally, the plastic fraction was higher (weight basis) in waste 

composition in the higher degraded regions. A likely reason is that as the relative 

proportions of readily degradable organics, such as paper, cardboard, food, and yard 

waste declined due to degradation, the proportion of non-biodegradable fractions 

relative to the overall composition of the waste increased. The energy value was 

3903.91-6895.68 Btu/lb. within 10 feet, of waste which was 9-15 years old. The 

paper fraction was 32-49.52 %, followed by 10-15.16% of plastic. The energy value 

was found comparatively less (954.152 Btu in BH-G, 1189.56 Btu/lb. in BH-70, 

2572.63 Btu/lb. in BH-G) in 30 ft. depth, due to higher degradation. The paper 

fraction was 3-19% followed by 2-8% plastic, and 1.17-7 % wood and yard waste. 

The energy value of excavated waste from 40 feet of BH-G was 6011.38 Btu/lb., 

having higher plastic fraction of 30 %. Forty-seven percent (47%) wood in BH-E 

(70 feet) contributed the overall energy value of 4560 Btu/lb. 
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Figure 4-58 Effect of waste composition on energy potential of mined waste in 

borehole 70 

 

 

Figure 4-59 Effect of waste composition on energy potential of mined waste in 

borehole E 
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Figure 4-60 Effect of waste composition on Energy potential of mined waste in 

borehole G 

 

 

Figure 4-61 Effect of waste composition on energy potential of mined waste in 

borehole 5 
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Figure 4-62 Effect of waste composition on energy potential of mined waste in 

borehole 7 

 

4.3.16 Effect of waste composition in energy potential of solid waste in ELR 

landfill 

The effects of waste composition on the energy potential of solid waste in ELR 

landfills are shown from in Figures 4-63 to 4-65. The paper fraction decreased from 

40% and 50% to 4% and 9% for BH-B and BH-C, respectively, with an interval to 

10 ft. depth. Due to the ELR operation, the paper fraction was degraded almost 

completely after 30 feet. Therefore, the plastic fraction maintained similar trends in 
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9.175%, respectively, in the ELR-operated landfill. The average energy potential 

was 3540. 604 Btu/lb. in this type of landfill.  In the conventional landfill, the 

average paper, plastic, and wood fractions were 20%, 9.13%, and 8.38%, 

respectively. The average calorific value from the conventional landfill was 

3604.621 Btu/lb.  

 

Figure 4-63 Effect of waste composition on energy potential of mined waste in 

borehole A 
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Figure 4-64 Effect of waste composition on energy potential of mined waste in 

borehole B 

 

 

Figure 4-65  Effect of waste composition on energy potential of mined waste in 

borehole C 
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A comparison of the effects of waste composition on energy potential in this study 

and with literature are presented in Table 4-29 

Table 4-29 Comparison of effect of waste composition on energy potential with 

literature. 

  Paper Plastic Food Wood 
Calorific 

Value 
Reference 

Fresh Jordan 11 16 63 0 4917.13 

Abu-Qudais 
and Abu-

Qdais,1999 

 Italy 44 15 20 5 5430.9 
Giugliano et 

al.,2008 
 Taiwan 13 18 36 7 3672.2 Chang et al.,2008 

 Spain 15 11 56 6 3288.64 
Montejo et 

al.,2011 

 Srilanka 6.47 5.9 56.57 12.39 4032 

Menikpura and 

Basnayake et 

al.,2008 

 NY 31.2 3.8 36.6 3.5 4600 

Chin and 
Franconeri,198

0 
 FL 16.8 12.2 35.8 16.8 5254  

 NY 51.2 5.03 13.3 2.17 4867 

Chin and 
Franconeri,198

0 

 NY 32.2 8.81 23.36 3.83 4112 

Chin and 
Franconeri,198

0 

 Nigeria 25 10 59.38  4923.86 
Amber et 

al.,2012 
 NY 31.3 8.9 12.7 5.6 5000  

Mined 
Belgiu

m 
14 25  4.1 7740 

Quaghebeur et 

al.,2012 

Mined Sweden 9.72 4.94  9.93 3182 
Hogland et 

al.,2003 

Fresh  
This 

Study 
38.14 21.68 12.29 12.75 6838.9  

 This 

Study 
23.27 9.07  7.89 3665.88  
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4.3.17 Energy Index of Municipal Solid waste  

Energy potential in the landfill clearly depends on the waste composition and the 

rate of degradation; however, it is very difficult to predict the exact state of 

degradation. Waste composition can be carried out in every country very easily by 

hand sorting. As waste composition varies country to country, there is no universal 

index to predict the energy potential of solid waste. Generally in landfills, paper, 

cardboard, yard waste, and wood degrade with the time. In addition to these 

components, food waste degrades very quickly. Plastic remains non-degradable 

inside the landfill. On the other hand, fine/soil, like degraded materials, keep    

increasing with time. Based on the degradation nature of the solid waste 

components, a universal energy index can be introduced, regardless of the waste 

composition. The experimental value of the energy index of municipal solid waste 

is shown in Table 4-30. 

Energy Index (EI) = (Paper %+Cardboard %+Yard waste %+Wood %+Plastic)/ 

(Food Waste %+Fine%) 

                       Table 4-30 Energy index of the municipal solid waste 

  Conventional ELR Fresh 

1 13.67 0.89 7.42 

2 1.43 2.30 2.44 

3 0.24 0.52 7.63 

4 10.60 0.50 4.87 
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5 4.76 0.07 1.63 

6 1.00 2.17 2.32 

7 0.34 3.90 4.90 

8 3.53 2.65 9.51 

9 1.46 0.57 9.69 

10 0.20 1.35 2.68 

11 5.29 0.60 5.46 

12 0.06 0.74 7.18 

13 0.55 0.30 6.88 

14 0.08 0.43 13.94 

15 9.25   14.40 

16 0.14   12.18 

17 0.88     

18 0.26     

19 0.29     

20 4.06     

21 1.16     

22 0.72     

23 0.46     

24 0.37     

25 0.74     

26 0.70     

27 2.23     

28 0.23     

29 0.85     

30 2.86     

31 0.31     

32 0.52     

Average 2.16 1.21 7.07 

Max 13.67 3.90 14.40 

Min 0.06 0.07 1.63 
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Based on the calorific value of fresh and mined solid waste, a nonlinear trend was 

found to predict the energy potential of waste, as shown in Figure 4-68. R2 of 77.49 

% indicated a good correlation, considering the heterogeneity of the excavated and 

fresh waste. This curve was developed based on the calorific value for both fresh 

and mined waste at any depth. Based on Table 4-11, the average energy index of 

mined waste 10-25 years old was 2.10, ranging from .006 to 13.67, which indicates 

a higher decomposition and lower remaining energy potential of excavated waste 

(Figure 4-67). The excavated waste (6- 13 years old) from the ELR-operated 

landfill had an average energy index of 1.60, indicating the expedited 

decomposition of excavated waste. The fresh waste was found to have an energy 

index of 7.07, indicating the lower state of degradation (Figure 4-66). The energy 

index of excavated waste was usually less than 1, regardless of the type of operation 

of the landfill. The energy index was usually greater than 4 for fresh waste. 
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Figure 4-66 Energy index of fresh municipal solid waste 

 

Figure 4-67 Energy index of mined solid waste 
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Figure 4-68 Effect of energy index on energy potential in municipal solid waste 

 

4.4 Elemental Analysis of Solid waste 

 

4.4.1 Elemental Composition from Municipal Solid Waste 

The elemental composition of the solid waste was measured by an elemental 
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presented in Tables 4-31 to 4-34. The percentage of carbon ranged from 28.86-

43.6% in the mined paper, and 33.8-48.27% in the fresh paper. The average carbon 
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average of 77.63% for fresh plastic.) Mined plastic had 43.6-88.44% of carbon, 

with an average of 68.61%. Usually, carbon was found highest in the plastic 

fraction, except PETE and PVC. In mined wood and yard waste, 42.4-51.37% 

carbon was found. On the other hand, fresh wood had 40.77-52.32% of carbon.  

Hydrogen was found highest in plastic: 4.43-15.88% in mined plastic, and 8.13-

18.28% in fresh plastic. Plastic had 68.61% and 77.63%, on average, for mined and 

fresh plastic, respectively. The hydrogen content was higher with an increase of the 

percentage of carbon in the waste. 

Paper products had nitrogen less than 0.5% in both fresh and mined waste. 

Similarly, nitrogen was found less than .5% in the plastic and wood waste. 

However, the variability of the nitrogen content was high. 

Table 4-31 Elemental composition of Paper waste 

  Mined Paper  Fresh Paper  

Sample  C H N C H N 

1 43.60 6.20 0.19 48.27 7.62 0.37 

2 37.00 5.60 0.36 41.65 6.92 0.06 

3 26.62 2.34 0.05 33.18 5.52 0.04 

4 26.65 4.58 0.06       

5 56.15 9.03 0.05       

6 28.86 3.80 0.12       

Average  36.48 5.26 0.14 41.03 6.69 0.16 

 

 



196 
 

Table 4-32 Elemental composition of Plastic waste 

  Mined Plastic Fresh Plastic  

Sample  C H N C H N 

1 46.20 8.30 0.38 70.36 8.13 0.23 

2 43.70 6.20 0.24 83.10 15.92 0.10 

3 64.20 4.43 0.05 91.69 18.28 0.03 

4 79.26 9.13 0.05 65.39 11.23 0.36 

5 88.44 9.63 0.07       

6 84.89 12.80 0.02       

7 79.71 15.88 0.03       

8 43.53 5.18 0.04       

9 85.90 15.65 0.02       

10 70.27 12.26 0.09       

Average  68.61 9.95 0.10 77.63 13.39 0.18 

 

Table 4-33 Elemental composition of Wood waste 

  Mined Wood Fresh Wood  

Sample  C H N C H N 

1 47.00 6.70 0.23 48.20 7.10 0.12 

2 46.90 6.62 1.14 52.32 8.29 0.12 

3 51.37 7.25 0.15 40.77 5.30 0.21 

4 42.40 6.52 0.08       

5 48.02 7.52 0.07       

6 45.22 6.12 0.14       

7             

8             

9             

10             

Average  46.82 6.79 0.30 47.10 6.90 0.15 
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Table 4-34 Elemental composition of Textile waste 

  Fresh Textile  

Sample  C H N 

1 46.75 3.26 0.41 

2 36.84 5.03 1.26 

3 58.16 3.60 0.03 

Average  47.25 3.96 0.57 

 

4.4.2 Comparison of elemental composition between Fresh and Mined 

Waste 

Based on the Figures 4-69 to 4-71, it is evident that the percentage of elemental 

composition of mined waste is very similar to that of fresh waste. Due to 

contamination and degradation, the elemental composition of mined waste was 

found to be about 10% less than that of  fresh waste. The average carbon content in 

fresh paper was found to be 41.03%, which supports the carbon content found in 

the literature (41.44% - Siang and Zakaria, 2006; 44.49% - Gidarakos et al., 2006; 

and 32.8-43.2% - Komillis et al., 2011). The average carbon content of mined paper 

waste was 36.48% in the City of Denton landfill. Quaghebeur et al., 2012 found 

that the carbon content in a mining project in Belgium was 23-34%. Very few 

studies from mining projects determined the elemental composition 

experimentally. 

The carbon in the mined plastic fraction was 43-88%, with an average of 68%. In 

China, the mined plastic was 88% carbon (Zhou et al., 2018), and was 77.21% 

carbon in a 10-year old landfill (Chen et al., 2010). Mined plastic has impurities, 
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which consist of soil type fractions, sands, and waste papers. The carbon from fresh 

plastic was determined as 65-91%, having an average of 77%, which supports the 

previous literature percentages of 85.9% (Shi et al., 2015); 66.72% (Chen et al., 

2009) and 63-85% (Baawain et al., 2017). The excavated wood had a carbon 

content (46%) similar to that of fresh wood (47%). The carbon contents of different 

types of wood are available through numerous biomass studies. Shi et al., 2015 

reported that the carbon content of wood waste from different studies was 36-52%. 

The hydrogen content followed a trend similar to that of carbon. Hydrogen was 

found highest in plastic waste.             

 

Figure 4-69 Comparison of Carbon (%) between fresh and mined waste 
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Figure 4-70 Comparison of Hydrogen (%) between fresh and mined waste 

   

Figure 4-71 Comparison of Nitrogen (%) between fresh and mined waste                            
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4.4.3 Effect of elemental composition on Calorific Value 

The effects of different elemental compositions are presented in Figures 4-72 to 4-

74. Carbon and hydrogen have a linear effect on caloric value, but nitrogen did not 

demonstrate any significant trend with it. A similar linear trend was found in 

literature (Komillis et al., 2011; Garces et al., 2015); however, carbon was not 

found significant in some literature (Liu et.al, 1996) and Chang model reported in 

Kathirvale et al., 2003. Liu et al., 1996 found it difficult to explain since organic 

matter is expected to be the main source of energy. Kathirvale et al., 2003 found 

the negative effect of hydrogen in the calorific value. In summary, carbon and 

hydrogen were found positively correlated with most of the models cited in the 

literature. 

 

Figure 4-72 Effect of Carbon on calorific value of solid waste 
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Figure 4-73 Effect of Hydrogen on calorific value of solid waste 

 

 

Figure 4-74 Effect of Nitrogen on calorific value of solid waste
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5 Chapter: Modelling the calorific value of municipal 

solid waste 

5.1 Introduction  

Energy potential of municipal solid waste depends on different variables. The 

heterogeneity of the solid waste creates an uncertain situation for predicting the 

energy potential fromathealandfills. The currentaavailable energy prediction 

models are mainly elemental analysis-basedamodels whereathe energy potential of 

solid waste from the landfills is predicted, using the elemental composition. Models 

based on physical composition are also available in different countries. However, 

the prediction of energy potential of MSW based on waste composition is best 

suited in its own area (Kathirvale et al., 2003). Therefore, models based on physical 

composition are not found universal. The direct effect of decomposition is not 

incorporated in the models. In addition, no model has evaluated the effect of mined 

waste energy potential. Therefore,athe objectiveaof this chapterais toadevelop three 

different universal models to predict the energy potential of solid waste including 

mined waste. 

This chapter describes in detail the statistical procedures for developingathe 

proposed energy prediction model, based on three different analyses of the City of 

Denton landfill: Physical waste composition, proximate analysis, and elemental 

analysis). It isadividedainto three sections, and each sectionadescribes the 

assumptionsamade in the development of the model, including the procedure for 
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developing the simple regression equation for predicting the energy potential, based 

on the physical waste composition, volatile solids, and elemental composition 

obtained during the lab investigation.  

5.2 Model based on physical waste composition  

5.2.1 Model Development  

Simple lineararegression (SLR) analysisawas conducted, usingaa statistical 

modellingatool, R, and the modelaassumptions wereainvestigated to satisfy the 

modelaassumptions. The stepsafollowed to developathe SLR model for energy 

potential areapresented in Figure 5.1. 

 

Figure 5-1 Steps to develop model using R software 
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5.2.2 Model Assumption 

(i) Parameters  

The preliminary goal for the model development was to generate a universal energy 

prediction model, considering the effect of the mined waste composition. 

Therefore, the composition of both fresh and mined waste was used to develop the 

energy-predicting model. The only predictor considered for energy potential was 

the energy index. 

 (ii) Data Collection  

The mined solid waste was collected from Cell 0 and Cell 2, from 12 different 

boreholes, at different depths. Physical waste composition was calculated for each 

waste sample; hence,  the energy index was calculated against each type of waste. 

The calorific value was measured for each possible combustible component. The 

overall energy potential was measured, considering the fresh waste collected from 

the City of Denton landfill during 2016-2018. Altogether, 63 data points were used 

to develop the model. Mined waste data from the City of Irving landfill was used 

to validate the developed model, and 22 data points were considered to validate the 

model. Moreover, 16 data points from 8 different countries from literature were 

considered to validate the model and to assess its applicability globally. 
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5.2.3 Simple Linear Regression Analysis  

This sectionaincludes aadetailed descriptionaof the simplealinear regression 

analysis. Based onathe lab investigation, a SLR equation wasadeveloped toapredict 

the energy potential of solid waste as a function of energy index. 

5.2.3.1 Scatter plot of the response variable vs. predictor variable.  

Thearesponse vs. predictor plot is used to observe whetheraa simple linear 

regressionaformawould beasuitable for fitting theadata. The response vs. predictor 

plot isapresented in Figure 5-2. 

 

Figure 5-2 Calorific value vs Energy index 
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It was observed from the scatterplot that a non- linear relationship exists between 

the energy index and the calorific value Btu/lb.  The relationship indicates that the 

calorific value increases nonlinearly with an increase of the energy index. 

5.2.3.2 Residual plot and Normality Plot  

 

Figure 5-3 Residual plot of fitted value 

 

Figure 5-4 Normal probability plot of residuals 
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Figure 5-3 represents the residual plots of fitted values of calorific values. Clearly, 

it shows a downward curvature, and does not reflect any funnel shape. Therefore, 

the variance is not constant. It clearly violates the assumption of the linear model. 

Figure 5-4 shows the Q-Q plot for the residuals. The plot shows a left and right tail; 

therefore, the plot is not straight. Normality is clearly violated, but even though 

normality is not satisfied here, it is close to normal distribution. 

5.2.3.2 Transformation  

The nonlinear regression relationship between the energy index and the calorific 

value needs linearizing. As the distribution of error terms is reasonably close to  

normal distribution and the error terms have approximately constant variance, 

transformation of the predictor variable should be attempted. Scatter plot and 

residual plot are two key plots for determining the type of transformation. 

Therefore, the energy index value has been transformed logarithmically, like Figure 

5-5. The value of response variables (calorific values) are kept the same. 

New predictor = ln (energy index) 



208 
 

 

Figure 5-5 Transformation of predictor variable 

The scatter plot was recreated, based on the transformation of the predictor variable 

(energy index) (Figure 5-5). This figure shows a clear linear relationship between 

the transformed predictor and the response variable. 
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𝑌𝑖 is the value of the response variable for the ith trial.  For the energy model it 

represents the expected number of calorific value in solid waste 

𝛽0 is the y − intercept.  

 𝛽1 is the slope. For the model, it represents the impact of energy index for the 

calorific value in the solid waste. 

𝑥𝑖  is the value of the predictor for the ith trial. This term represents the known 

quantities of energy index when calculating the number of calorific values in the 

model. 

 𝜀𝑖 is the random error term for the ith trial 

R was used to calculate the least squares and the parameter estimates using 63 data 

points 

Table 5-1 Parameter estimate for the preliminary SLR model 

Parameter Estimates 

Variable DF Parameter 

Estimate 

Standard 

Error 

t Value Pr > |t| 

Intercept 1 3854.46 136.24 28.29 <.0001 

ln (Energy 

Index) 

1 1344.67        93.57 14.37 <.0001 

Basedaonathe preliminaryaanalysis, theafitted SLR equation isapresented  

HHV = 3854.46 + 1344.67lnx  
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Where 

HHV= Higher Heating Value/Calorific Value of Solid Waste 

X= Energy Index of the solid waste 

The estimated total calorific value of solid waste is 3854.46 plus 1344.67 of   ln 

(energy Index). The coefficient of energy index 1344.67 means the mean calorific 

value change 1344.67 when the energy index increases by one. 

Looking at the results of our t-test shown in Figure 5, |t*|> t (0.975; 63) and p << 

α so we reject Ho and confirm that our regression is significant 

Table 5-2 Analysis of variance of the SLR model 

Analysis of Variance 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Value Pr>F 

Model 1 220458082 220458082 206.52 <.0001 

Error 60 64048147 1067469   

Corrected 

Total 
61 12657817.57    

 

 

The ANOVA results shown in Table 5-2 also confirm the results of our regression 

analysis. The R-Square value of 0.7749shows that the calorific values varies by 

R-Square 0.7749 

Adj R-Sq 0.7711 
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77.49 % with the energy index.  Also the F-value of 206.52 confirms the linear 

association of ln (energy index) and calorific value as F*> F(0.90;1,63). 

5.2.3.4. Inferences on the Parameters 

The calculation for a 95% confidence interval for the intercept is shown below. 

𝑏0 =  3854.46  

𝑠{𝑏0} =  136.29 

𝑛 =  63 

𝛼 = 0.05 

Confidence interval (CI) = 𝑏0 ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑏0} 

 𝐶𝐼 =  3854.46 ±  𝑡 (1 −
0.05

2
; 61) 136.24 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 61) =  1.99  

𝐶𝐼 =  (3581.94 , 4126.97) with 95% confidence 

This range represents the calorific value solid waste without energy index with 95% 

confidence. 

The calculation for a 95% confidence interval for the slope is shown below. 

𝑏1 =  1344.67 

𝑠{𝑏1} =  93.57 

𝑛 =  63 

𝛼 = 0.05 

Confidence interval (CI) = 𝑏1 ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑏1} 

 𝐶𝐼 =  1344.67 ±  𝑡 (1 −
0.05

2
; 61)  93.57 
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𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 257) =  1.99 (using Excel T. INV) 

𝐶𝐼 =  (1157.50 , 1531.83) with 95% confidence 

5.2.3.5 Inferences on the True Line and Prediction 

In developing countries, municipal solid waste consists mainly of food waste. 

Similarly, in the landfill mining project, fine material dominates the mined waste 

composition. Therefore, it is crucial to assess the calorific value that has an energy 

index less than 1. For this reason, we analyzed the calorific value of solid waste 

when the energy index was 0.5. We considered a 95% confidence interval to 

estimate the mean number of calorific values in this situation. 

𝑏0 =  3854.46  

𝑏1 =  1344.67  

𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑌̂ |𝑥=1 =  𝑏0 +  𝑏1(.5) = 3854.46 +1344.67ln (.5) = 2922.54 

Btu/lb 

𝑌ℎ = 2922.54  

𝑛 =  63 

𝛼 = 0.05 

 ∑ (𝑋𝑖 − 𝑋̅)2𝑖
𝑛=1 = 121.93  

(𝑋𝐻 − 𝑋̅)2 =  (. 25 −  .39)2 =  .0196 

𝑠{𝑌̂𝐻} = √𝑀𝑆𝐸 [
1

𝑛
+

(𝑋𝐻 − 𝑋̅)2

∑ (𝑋𝑖 − 𝑋̅)2𝑖
𝑛=1

] =  √1067469.12 [
1

63
+

. 0196

121.93
]

= 130.83 

Confidence interval (CI) = 𝑌ℎ ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑌̂ℎ} 

 𝐶𝐼 =  2922.54 ±  𝑡 (1 −
0.05

2
; 61) 130.83 



213 
 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 257) =  1.99 (using Excel T. INV) 

𝐶𝐼 =  (2662.18, 3182.89) with 95% confidence 

Using these values, 95% of energy index with 0.5 results in a calorific value within 

the range of 2662.18 to 3182.89. 

Below, we develop and interpret a 95% prediction interval for the given 0.5calorific 

value. 

𝑆{𝑝𝑟𝑒𝑑} =  √(𝑆{𝑌̂𝐻})
2

+ 𝑀𝑆𝐸 = √(130.83)2 + 1067469.12 = 1041.43  

Prediction interval (PI) = 𝑌ℎ ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑝𝑟𝑒𝑑} 

𝑃𝐼 =  2922.83 ±  𝑡 (1 −
0.05

2
; 61) 1041.43 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 61) =  1.99 (using Excel T. INV) 

𝑃𝐼 =  (589.73, 4734.63) with 95% confidence 

We predict with 95% confidence that the energy index of 0.5 will have between 

589.73 and 4734.63 This is a wider band than our confidence interval, but the 

reasonable values of calorific value give energy index support our model. 

Below the confidence bands are computed 

𝑌̂ |𝑥=.5  ± √2𝐹(0.95; 2, 61(𝑠{𝑌̂ℎ}) 
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𝑤ℎ𝑒𝑟𝑒 𝐹(0.95; 2, 61) =  3.15 

Confidence band (CB) =  ± √2(3.15)(130.83) 

𝐶𝐵 =  (2594.16, 3250.92) with 95% confidence 

We are 95% confident that the true line for when energy index is equal to .5, lies 

between 2594.16 and 3250.92 calorific values. 

 5.2.3.6 Checking Model Assumptions for SLR Equation  

We consider the following model assumptions: 

1) The data can be represented with a linear model. 

2) The residuals in the model are normally distributed and with a constant 

variance. 

3) Serial correlation is not significant. 

4) No outliers significantly impact the model’s accuracy. 
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Figure 5-6 Residual vs. fitted plots for the preliminary model 

Looking at the residual plot of residual vs fitted value in figure 5-6, the data appears 

to be random point cloud showing no curvature, no funnel shape (i.e non-constant 

variance).So linear model is reasonable. While visual inspection of the residuals 

may indicate a few outliers may exist, we cannot reject any data points since the 

data was professionally collected. 

 

Figure 5-7 Normal probability plot of the residuals 
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Figure 5-7 shows the normality plot of residuals vs normal scores. On the left tail, 

there is shorter tail on the normality plot and on the right tail, it has longer tail. 

Overall, the normality line is not straight. We can conclude that normality is not ok 

for our model. Serial correlation is not significant here as we did not take any time 

depended data. 

Tests for Normality  

𝐻0: 𝜌 = 0; 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

𝐻1: 𝑝 ≠ 0; 𝑛𝑜𝑡 𝑎 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

 𝑖𝑓 𝑝 ≤  𝑐(∝; 63)𝑡ℎ𝑒𝑛 𝑟𝑒𝑗𝑒𝑐𝑡𝐻0  

𝑐(∝= 0.05, 𝑛 = 63) = 0.9945 

0.7185 < 0.981 𝑅𝑒𝑗𝑒𝑐𝑡 𝐻0, 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑎𝑟𝑒 𝑁𝑂𝑇 𝑜𝑘𝑎𝑦 𝑓𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑠𝑡𝑠 

Correlation Analysis 

Correlationaanalysis indicates the lineraassociationabetween twoavariables. Table 

5-3 presents the Pearson’s correlation coefficients between responseand predictors. 

Pearson’s correlationacoefficient “r” rangesafrom -1 to +1, while -1 indicates 

stronganegativeacorrelation andathe +1 indicates aastrong positiveacorrelation 

betweenatheaparameters.aWhen r=0, littleaor noacorrelation isaindicated between 

theaparameters. 
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                            Table 5-3 Correlation analysis for raw data 

Pearson Correlation Coefficients, N=63 

 Calorific Value  Energy Index 

Calorific Value 1.00 0.7185 

Energy Index 0.7185 1.00 

Breusch-Pagan test 

The Breusch-Pagan test was conducted to determine whether or not the error 

variance is constant for all levels of x. The results support the conclusion of constant 

variance. Linear regression was performed, and the results are shown in Table 5-4, 

with analysis of variance. 

Table 5-4 Parameter estimate and ANOVA between ln (Energy Index) and 

residual squared 

Parameter Estimates 

Variable DF 
Parameter 

Estimate 

Standard 

Error 
t Value Pr > |t| 

Intercept 1 939965.9797 205581.806 4.572223575 2.46558E-05 

Ln(Energy 

Index) 
1 237584.1987 141194.3015 1.682675549 0.097635367 

 

Analysis of Variance 

Source DF 
Sum of 

Squares 
Mean Square F Value Pr>F 

Model 1 6.88225E+12 6.88225E+12 2.831397002 0.097635367 

Error 60 1.45841E+14 2.43069E+12   
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Corrected 

Total 
61 1.52724E+14    

 

𝐻0: 𝛾 = 0; 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐻1: 𝛾 ≠ 0; 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑛𝑜𝑛 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑇𝑒𝑠𝑡 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐: 𝑋𝐵𝑃
2 =  

𝑆𝑆𝑅 ∗ 

2
/ (

𝑆𝑆𝐸

𝑁
)

2

 

𝑅𝑒𝑗𝑒𝑐𝑡 𝐻0 𝑖𝑓 𝑋𝐵𝑃
2 > 𝒳2 (1−∝; 1)𝐹𝑎𝑖𝑙 𝑡𝑜 𝑟𝑒𝑗𝑒𝑐𝑡 𝑖𝑓 𝑋𝐵𝑃

2 ≤  𝒳2 (1−∝; 1) 

SSR*= 6.88225E+12 

SSE=64048147 

𝑋𝐵𝑃
2 =  

6.88225E + 12 

2
/ (

64048147

63
)

2

= 3.32 

𝒳2 (0.95; 1) = 3.84 

3.32 ≤  3.84 𝐹𝑎𝑖𝑙 𝑡𝑜 𝑟𝑒𝑗𝑒𝑐𝑡 𝐻0, 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

The Breusch-Pagan test also demonstrated that there is constant variance in our 

model. The conclusion is the same with the residual plot. Hence, we conclude that 

there are linear associations and constant variances from residuals versus the ln 

(Energy index) plot, and normality is not ok from the Q-Q plot.  

5.2.3.6 Final Model  

Our goal for regression analysis was to develop a model that can predict the total 

calorific value in municipal solid waste. In our simple linear regression, the energy 

index is the indicator for predicting the total calorific value in solid waste. Using 

63 data points, our final SLR model is:  
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HHV = 3854.46 + 1344.67lnx 

Where  

HHV= Higher heating value/calorific value of Municipal Waste (Btu/lb) 

X= Energy index based on the waste composition 

An Energy Index Chart is developed to predict calorific value in Municipal Solid 

waste using the SLR model shown in Table 5-4  

Table 5-5 Energy index chart 

Energy Index Calorific Value (Btu/lb) 

0.1 758.40 +/- 258.7 

0.25 1990.35 +/- 258.7 

0.5 2922.4 +/- 258.7 

1 3854.46 +/- 258.7 

2 4786.5 +/- 258.7 

3 5331.73 +/- 258.7 

4 5718.57 +/- 258.7 

5 7548.18 +/- 258.7 

6 8250.93 +/- 258.7 

 

5.2.4 Model Validation  

Model validation is necessary for evaluating the performanceaofathe developed 

model. Mined waste data from the City of Irving landfill (2019) wasaused 
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toapredict the overall energy potential fromathealandfill cell. The predicted energy 

value, using the model, was comparedawith the measured calorific value from the 

landfill to estimateathe variationafrom the model. 

The developed SLR equationaforaestimating the energy potential is   

HHV = 3854.46+1344.67lnx 

Where  

HHV= Higher heating value/calorific value of Municipal Waste (Btu/lb) 

X= Energy index based on the waste composition 

Aasummaryaofacomparisonsabetween theapredicted energy from theamodel and 

measured energy  fromathealandfill cell isapresented in Table 5-6. 

Table 5-6 Summary of comparison between the predicted and measured energy 

potential 

Sample 

No  

Predicted Calorific 

Value (Btu/lb) 

Measured 

Calorific Value 

(Btu/lb) 

Variation 

(%) 

1 4229.024714 4211.280514 0.41958138 

2 3586.748816 2839.587182 20.831167 

3 3082.745085 3317.395946 -7.6117504 

4 2236.279093 1679.534222 24.896037 

5 1926.662638 2049.72957 -6.3875704 

6 3533.733754 3312.078378 6.27255453 

6 2471.617893 2063.27205 16.5213986 

8 1703.143472 1475.626316 13.3586606 

9 2876.875732 2202.152444 23.4533345 
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10 3801.310102 4810.125643 -26.538628 

11 2053.890035 1793.190965 12.6929419 

12 3639.025884 3615.430143 0.64840816 

The comparisonabetweenathe predicted calorific value and theameasured calorific 

value indicatedathat the maximumavariation was 23.4%. However,athe average 

variationafromathe estimatedaresults was found to be 6.55% Therefore,awe can 

concludeathat the modelapredicts the overall energy potential withinaanaaverage 

variationaof 10%. 

Figure 5-8 compares the predictedaoraestimated energy potential from the SLR 

model,awith the actualameasurement in the lab. 

  

Figure 5-8 Predicted energy value with measured energy value 
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5.2.5 Model Validation using data from literature 

It is vital to evaluate the applicability of this model around the world. Waste 

composition data from different literatures shown in Table 5-7 was used to predict 

the overall energy potential. The predictedaresultsawereacomparedawithathe 

measured calorific value from the literature to estimateatheavariation from the 

model. 

Table 5-7 Summary of comparison between the predicted and measured energy 

potential from literature 

Sample 

No  

Predicted 

Energy 

Value 

(Btu/lb) 

Measured 

Energy 

Value 

(Btu/lb) 

Variation  Country  Reference  

1 5065.787668 5430.9 -7.2074 Italy 
Giugliano et 

al.,2008 

2 3927.204192 3672.2 6.49328 Taiwan 
Chang et 

al.,2008 

3 3031.810468 3288.64 -8.4712 Spain 
Montejo et 

al.,2011 

4 3868.543992 4600 -18.908 
New 

York,USA 

Chin and 

Franconeri,198

0 

5 5690.397073 4867 14.4699 
New 

York,USA 

Chin and 

Franconeri,198

0 

6 4555.172338 4112 9.72899 
New 

York,USA 

Chin and 

Franconeri,198

1 

7 4617.686643 4300 6.87978 Malaysia 
Kathirvale et 

al,2003 

8 3810.842744 3700 2.90862 Malaysia 
Kathirvale et 

al,2003 

9 2806.067434 2700 3.77993 Malaysia 
Kathirvale et 

al,2003 

10 3880.823447 4000 -3.0709 Malaysia 
Kathirvale et 

al,2003 



223 
 

11 4768.724752 4676 1.94443 Malaysia 
Kathirvale et 

al,2003 

12 5355.499712 5301.8 1.0027 
New 

York,USA 
Themelis et. 

al., 2002 

13 2784.305921 3182 -14.283 Sweden 
Hogland et 

al.,2003 

 

The comparisonabetweenathe predicted energy and theameasured energy indicated 

thatathe maximumavariation of the predicted and measured energy was 25.52%. 

However,atheaaverageavariation fromathe estimatedaresults was found to be 7.5%. 

Therefore,awe canaconclude thatathe model predicts the overall energy potential 

withinaan averageavariation ofa10%. 

Figure 5-9 presents a comparison of the predictedaoraestimated energy potential 

from the SLR modelawith thealiterature 

 

 

Figure 5-9 Predicted energy value with measured energy value from literature
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5.3 Model Based on Proximate Analysis 

5.3.1 Model Development 

Simple lineararegression (SLR) analysisawasaconducted,ausing the statistical 

modellingatool, R. The analysis stepsafollowed toadevelop the SLR model energy 

potential areapresented in Section 5.2.1 and illustrated in Figure 5.1. 

5.3.2 Model Assumption 

(i) Parameters  

The preliminary goal for the model development was to generate a universal energy 

prediction model, considering the effects of volatile solids on the solid waste. 

Therefore, both fresh and mined waste compositions were used to develop the 

energy predicting model. Volatile solids were the only predictor considered for 

energy potential. 

 (ii) Data Collection  

The mined solid waste was collected from Cell 0 and Cell 2 from 12 different 

boreholes, at different depths. The volatile solids were measured for the waste 

sample at each depth. The calorific value was measured for each possible 

combustible component. The overall energy potential was measured, considering 

the concerned waste composition. The fresh waste was collected from the City of 

Denton landfill during 2016-2018. Altogether, 46 data points were used to develop 
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the model. Mined  waste data from the City of Irving landfill was used to validate 

the developed model. 

5.3.3 Simple Liner Regression analysis 

5.3.3.1 Scatter plot of the response variable vs predictor variable 

The responseavs. predictor plot was usedafor studyingawhether a simple linear 

regressionaform would beasuitable for fitting theadata. The responseavs. predictor 

plot is presentedain Figure 5-10. 

 

Figure 5-10 Scatter plot of Calorific Value vs Volatile Solid 

5.3.3.2 Simple linear regression model 

The calorific value data was modelled, using a first order basic regression model, 

where volatile solids were the predictor variable, and calorific value in Btu/lb. was 

the response variable. The basic regression model is 
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𝑌𝑖 = 𝛽0 + 𝛽1𝑥𝑖 +  𝜀𝑖 

where  

𝑌𝑖 is the value of the response variable for the ith trial.  For the energy model it 

represents the expected number of calorific values in solid waste 

𝛽0 is the y − intercept. 

 𝛽1 is the slope. For the model, it represents the impact of volatile solid for the 

calorific value in the solid waste. 

𝑥𝑖  is the value of the predictor for the ith trial. This term represents the known 

quantities of volatile solid when calculating the number of calorific values in the 

model. 

 𝜀𝑖 is the random error term for the ith trial 

R was used to calculate the least squares and the parameter estimates using 46 data 

points. 

Table 5-8 Parameter estimate for the preliminary SLR model 

Parameter Estimates 

Variable DF 
Parameter 

Estimate 

Standard 

Error 
t Value Pr > |t| 

Intercept 1 1669.48 388.01 4.302 <.0001 

Volatile 

Solid 
1 64.98 7.41 8.77 <.0001 
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Basedaonatheapreliminary analysis,athe fitted SLR equationais presented  

HHV = 1669.48 +64.98x 

Where 

HHV= Higher Heating Value/Calorific Value of Solid Waste 

X= volatile solid of the mixed waste. 

The estimated total calorific value of solid waste is 1669.48 plus 64.98 of x (volatile 

solid of mixed waste). The coefficient of volatile solids, 64.98, means that the mean 

calorific value change 64.98 Btu/lb when the volatile solid increases by one. 

Looking at the results of our t-test shown in table 5-8, |t*|> t (0.975; 46) and p << 

α so we reject Ho and confirm that our regression is significant. 

Table 5-9 Analysis of variance of the SLR model 

Analysis of Variance 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Value Pr>F 

Model 1 142889529.4 142889529.4 76.97313211 <.0001 

Error 44 81679660.44 1856355.919   

Corrected 

Total 

45 224569189.8    

 

 

R-Square 0.6363 

Adj R-Sq 0.6280 
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The ANOVA results shown in Table 5-9 also confirm the results of our regression 

analysis. The R-Square value of 0.6363 shows that the calorific values varied by 

63.63 % with the energy index.  Also the F-value of 76.97 confirms the linear 

association of volatile solid and calorific value as F*> F (0.90; 1, 46). 

5.3.3.3 Inference on the parameters 

The calculation for a 95% confidence interval for the intercept is shown below. 

𝑏0 =  1669.48  

𝑠{𝑏0} =  388.02 

𝑛 =  46 

𝛼 = 0.05 

Confidence interval (CI) = 𝑏0 ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑏0} 

 𝐶𝐼 =  1669.48 ±  𝑡 (1 −
0.05

2
; 44) 388.02 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 44) =  2.02  

𝐶𝐼 =  (885.68,2453.28) with 95% confidence 

This range represents the calorific value solid waste without energy index with 95% 

confidence. 

The calculation for a 95% confidence interval for the slope is shown below. 

𝑏1 =  64.98 

𝑠{𝑏1} =  7.41 

𝑛 =  46 

𝛼 = 0.05 
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Confidence interval (CI) = 𝑏1 ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑏1} 

 𝐶𝐼 = 64.98 ±  𝑡 (1 −
0.05

2
; 44)  7.41 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 44) =  2.02 (using Excel T. INV) 

𝐶𝐼 =  (50.01 , 79.95) with 95% confidence 

 

5.3.3.4 Inferences on the True line and prediction 

The excavated waste in the landfill mining project was degraded, and the volatile 

solids were around 20% in most of the cases. Therefore, it was crucial to assess the 

calorific value of volatile solids less than 20%. We considered a 95% confidence 

interval to estimate the mean number of calorific values: 

𝑏0 =  1669.48  

𝑏1 =  64.98  

𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑌̂ |𝑥=20 =  𝑏0 +  𝑏1(20) = 1669.48 +64.98*20 = 2969.08 Btu/lb 

𝑌ℎ = 2969.08  

𝑛 =  46 

𝛼 = 0.05 

 ∑ (𝑋𝑖 − 𝑋̅)2𝑖
𝑛=1 = 33843.9  

(𝑋𝐻 − 𝑋̅)2 =  (20 −  44.82)2 =  616.03 

𝑠{𝑌̂𝐻} = √𝑀𝑆𝐸 [
1

𝑛
+

(𝑋𝐻 − 𝑋̅)2

∑ (𝑋𝑖 − 𝑋̅)2𝑖
𝑛=1

] =  √1856355.919 [
1

46
+

616.03

33843.9
]

= 272.29 

Confidence interval (CI) = 𝑌ℎ ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑌̂ℎ} 
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 𝐶𝐼 =  2969.08 ±  𝑡 (1 −
0.05

2
; 44) 272.29 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 44) =  2.02 (using Excel T. INV) 

𝐶𝐼 =  (2419.77, 3519.11) with 95% confidence 

Using these values, 95% of volatile solid with 20% will have calorific value within 

the range of 2419.77 to 3519.11 Btu/lb. 

Below we develop and interpret a 95% prediction interval for calorific value given 

20%. 

𝑆{𝑝𝑟𝑒𝑑} =  √(𝑆{𝑌̂𝐻})
2

+ 𝑀𝑆𝐸 = √(272.29)2 + 1856355.919 = 1389.42  

Prediction interval (PI) = 𝑌ℎ ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑝𝑟𝑒𝑑} 

𝑃𝐼 =  2969.08 ±  𝑡 (1 −
0.05

2
; 61) 1389.42 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 44) =  2.02 (using Excel T. INV) 

𝑃𝐼 =  (162.45, 5775.71) with 95% confidence 

We predict with 95% confidence that the volatile solid of 20% will have between 

162.45 and 5775.71.This is a wider band than our confidence interval, but the 

reasonable values of calorific value given volatile solid support our model. 

Below the confidence bands are computed 



231 
 

𝑌̂ |𝑥=20  ±  √2𝐹(0.95; 2, 44(𝑠{𝑌̂ℎ}) 

𝑤ℎ𝑒𝑟𝑒 𝐹(0.95; 2, 44) =  3.21 

Confidence band (CB) =  ± √2(3.21)(272.29) 

𝐶𝐵 =  (2279.19, 3659) with 95% confidence 

We are 95% confident that the true line for when volatile solid is equal to 20%, lies 

between 2279.19 and 3659 calorific values. 

5.3.3.5 Checking Model Assumptions for SLR equation 

We considered the following model assumptions: 

1) The data can be represented with a linear model. 

2) The residuals in the model are normally distributed and have a constant 

variance 

3) Serial correlation is not significant and  

4) No outliers significantly impact the model’s accuracy. 
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Figure 5-11 Residual vs. fitted plots for the preliminary model 

Looking at the residual plot of residual vs fitted value in figure 5-11, the data 

appears to be random point cloud showing no curvature, no funnel shape (i.e non-

constant variance).So linear model is reasonable. 

 

Figure 5-12 Normal probability plot of the residuals 
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Figure 5-12 shows the normality plot of residuals vs normal scores. On the left tail, 

there is longer tail on the normality plot and on the right tail, it has also longer tail. 

Overall, the normality line is not straight. We can conclude that normality is not ok 

for our model. Serial correlation is not significant here as we did not collect any 

time depended data. 

Tests for Normality  

𝐻0: 𝜌 = 0; 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

𝐻1: 𝑝 ≠ 0; 𝑛𝑜𝑡 𝑎 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

 𝑖𝑓 𝑝 ≤  𝑐(∝; 63)𝑡ℎ𝑒𝑛 𝑟𝑒𝑗𝑒𝑐𝑡𝐻0  

𝑐(∝= 0.05, 𝑛 = 46) = 0.9945 

0.7185 < 0.981 𝑅𝑒𝑗𝑒𝑐𝑡 𝐻0, 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑎𝑟𝑒 𝑁𝑂𝑇 𝑜𝑘𝑎𝑦 𝑓𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑠𝑡𝑠 

Correlation Analysis 

Correlationaanalysisahelpsain quantifying the liner associationabetweenatwo 

variables. Table 5-10 presents the Pearson’s correlation coefficients computed for 

response vs. predictor. 

Pearson’s correlation coefficient “r” ranges from -1 to +1, while -1 indicates strong 

negative correlation and the +1 indicates a strong positive correlation between the 

parameters. When r=0, little or no correlation is indicated between the parameters. 
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Table 5-10 Correlation analysis for raw data 

Pearson Correlation Coefficients, N=46 

 Calorific Value  Energy Index 

Calorific Value 1.00 0.7977 

Volatile Solid 0.7977 1.00 

 

Breusch-Pagan test 

Analytically, the Breusch-Pagan test is conducted below to determine whether or 

not the error variance is constant for all levels of x. The results support the 

conclusion of constant variance. Linear regression is performed, and the results are 

shown in Table 5-11 with analysis of variance. 

Table 5-11 Parameter estimate and ANOVA between Volatile solid and residual 

squared 

Parameter Estimates 

Variable DF 
Parameter 

Estimate 

Standard 

Error 
t Value Pr > |t| 

Intercept 1 1915124 1096493 1.74 0.087686722 

Volatile 

Solid 
1 -30.44 223.3458 -.13629 0.892213049 

 

Analysis of Variance 

Source DF 
Sum of 

Squares 
Mean Square F Value Pr>F 

Model 1 1.32412E+11 1.32412E+11 0.018575192 0.892213049 

Error 44 3.13652E+14 7.12845E+12   
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Corrected 

Total 
45 3.13784E+14    

 

𝐻0: 𝛾 = 0; 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐻1: 𝛾 ≠ 0; 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑛𝑜𝑛 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑇𝑒𝑠𝑡 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐: 𝑋𝐵𝑃
2 =  

𝑆𝑆𝑅 ∗ 

2
/ (

𝑆𝑆𝐸

𝑁
)

2

 

𝑅𝑒𝑗𝑒𝑐𝑡 𝐻0 𝑖𝑓 𝑋𝐵𝑃
2 > 𝒳2 (1−∝; 1)𝐹𝑎𝑖𝑙 𝑡𝑜 𝑟𝑒𝑗𝑒𝑐𝑡 𝑖𝑓 𝑋𝐵𝑃

2 ≤  𝒳2 (1−∝; 1) 

SSR*= 1.32412E+11 

SSE=81679660.44 

𝑋𝐵𝑃
2 =

1.32412E + 11 
2

(
81679660.44

46 )
2 =  .02 

𝒳2 (0.95; 1) = 3.84 

. 02 ≤  3.84 𝐹𝑎𝑖𝑙 𝑡𝑜 𝑟𝑒𝑗𝑒𝑐𝑡 𝐻0, 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

The Breusch-Pagan test also demonstrated that there was constant variance in our 

model. The conclusion was the same as with the residual plot. Hence we 

conclude, from the scatterplot and residual  plot, that there are linear associations 

and constant variances respectively, and from the Q-Q plot that normality is not 

ok. 

5.3.4 Final Model 

Our goal for regression analysis is to develop a model which predicts the total 

calorific value in municipal solid waste. In this simple linear regression, volatile 
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solid is the predictor for predicting total calorific value in solid waste. Using 46 

data points our final SLR model is  

HHV = 1669.48+ 64.98 x 

Where  

HHV= Higher heating value/calorific value of Municipal Waste (Btu/lb) 

X= volatile solid of mixed waste 

5.3.5 Model Validation 

The energy predicting model had to be validatedato observeathe performanceaof 

the model. Mined dataafrom the City of Irving landfill was used to predict the 

overall energy potential from the landfillacell.aThe predictedaresultsawere 

comparedawith the measured calorific value from the landfill toaestimate the 

variation from the model. 

Theadeveloped SLR equationafor estimating the energy potential is 

HHV = 1669.48 + 64.98x 

Where  

HHV= Higher heating value/calorific value of Municipal Waste (Btu/lb) 

X= Volatile Solid of mixed waste 
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Aasummaryaofacomparisonsabetweenathe predicted energy from theamodel and 

thealandfill cell is presented in Table 5-12  

Table 5-12 Summary of comparison between the predicted and measured energy 

potential 

Sample 

No  

Predicted 

Calorific Value 

(Btu/lb) 

Measured 

Calorific Value 

(Btu/lb) 

Variation 

(%) 

1 5598.826154 4211.280514 24.7827956 

2 3584.411238 2839.587182 20.7795369 

3 3279.853913 3317.395946 -1.1446252 

4 3646.008827 1679.534222 53.934993 

5 3056.404901 2049.72957 32.9365828 

6 4596.060153 3312.078378 27.9365746 

6 3576.078802 2063.27205 42.3035072 

8 2868.515714 1475.626316 48.5578444 

9 4098.155944 2202.152444 46.2647963 

10 5259.464158 4810.125643 8.54342765 

11 3462.031724 1793.190965 48.2040863 

12 4965.762744 3615.430143 27.1928538 

The comparisonabetween theapredicted calorific value and theameasured calorific 

value indicatedathat the maximum variation from the predicted energy from 

measured energy was 48.48%. However,athe averageavariation from theaestimated 

resultsawas found to be 31.69 % Therefore,awe canaconclude that theamodel 

overpredicts the calorific value.  

Figure 5-13 presentsatheapredicted oraestimated energy potential from the SLR 

modelawith the actualameasurement in the lab. 
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Figure 5-13 Validation of model developed using Proximate analysis 

 

5.4 Model Based on Elemental Analysis 

5.4.1 Model Development 

Simple lineararegression (SLR) analysisawasaconducted, usingaa statistical 

modellingatool, R.The analysisasteps followed toadevelop the SLR model’s energy 

potential are presented in Section 5.2.1, and are illustrated in Figure 5.1. 

5.4.2 Model Assumption 

(i) Parameters  

The preliminaryaconcernafor the modeladevelopment was to generate aauniversal 

energy prediction modelaconsidering theaeffect of elemental composition of the 

solid waste. Therefore, carbon (C %) was used to develop energy predicting model.  
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(ii) Data Collection  

The mined solid waste was collected from Cell 0 and Cell 2, from different depths 

of 12 different boreholes. The elemental composition of 35 randomly selected 

samples and the calorific value of respective waste components were measured. 

The overall energy potential of the waste composition was also measured. The fresh 

waste was collected from the City of Denton landfill during 2016-2018. Altogether, 

35 data points were used to develop the model. Elemental results from the literature 

used to validate the developed model. 

5.4.3 Simple Linear Regression analysis 

This section included a detail regression analysis. Based laboratory results, a single 

linear regression analysis was performed. However, it was intended to develop an 

MLR equation to predict energy potential using three predictors (Carbon, 

Hydrogen, Nitrogen). 

5.4.3.1 Scatter plot Matrix 

The response vs. predictor plot is used for studying whether a simplealinear 

regressionaform would beasuitable for fitting theadata. The response vs. predictor 

plot is presentedain Figure 5-14. 
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Figure 5-14 Scatter plot of Calorific value vs Predictors 

It was observed in Figure 5-13 that the calorific value (CV) vs percent of carbon 

(C%), and calorific value (CV) vs percent of hydrogen (H%) graph showed an 

increasing trend. Thus, an increase in carbon and hydrogen increased the calorific 

value of the solid waste. The calorific value (CV) vs nitrogen (N) did not show any 

trend/linearity. Based on the scatterplot, nitrogen might be a poor predictor for the 

model. 

The predictor vs predictor plots aid in determining whether the predictors are 

linearly correlated. Any significant trend (upwards or downwards) in the plots 

indicates that the predictors are correlated. Multicollinearity in the MLR model 

complicates and weakens the model. Based on the plot, there is a strong linearity 

between the percent of carbon and the percent of hydrogen. Hence, 

multicollinearity is a big issue for this model. The presence of multicollinearity 
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explains the variations in the response variable by two or more predictors; either of 

the predictors can be used in the model. 

5.4.3.2 Correlation Analysis  

Correlation analysis indicates the quantification of linear association between two 

predictors. Table 5-13 presents Pearson’s correlation coefficients output for all 

predictors and response variable. Pearson’s correlation coefficient “r” ranges from 

-1 to +1, while -1 indicates strong negative correlation and the +1 indicates a strong 

positive correlation between the parameters. When r=0, little or no correlation is 

indicated between the parameters. 

Table 5-13 Pearson correlation coefficient from R 

 

A shown in Table 5-13, the correlation between the percent of carbon and the 

percent of hydrogen was very high (.83). Other values were within good range. If 

r<0.7, multicollinearity would not cause that issue in the model; however, the 

multicollinearity was considerably present in this data set. Therefore, it can be 

concluded that one of the predictors of carbon or hydrogen should be present in the 

model. 
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5.4.3.3 Preliminary Multiple Linear Regression Equation 

Initially an attempt was made to develop an MLR model as follows 

𝐶𝑉 = 𝛽0 +  𝛽1𝐶 + 𝛽2𝐻 + 𝛽3𝑁 +  𝜀𝑖 

Where, 

CV= Calorific Value of the solid waste (Btu/lb)  

C=Carbon (%) 

H=Hydrogen (%) 

N= Nitrogen (%) 

𝛽0, 𝛽1, 𝛽2, 𝛽3 = correlationaparametersato beadeterminedafrom multiple linear 

regression.aThe preliminary model wasadeveloped using R and the estimators for 

the model parametersaareapresented in table 5-14. 

Table 5-14 Parameter estimate for the preliminary MLR model 

Parameter Estimates 

Variable DF Parameter 

Estimate 

Standard 

Error 

t Value Pr > |t| 

Intercept 1 -2849.29 1555.77 -1.83 .0767 

C 1 256.84 43.49 5.90 1.61+E-06 

H 1 -123.39 205.77 -0.6 .5531 

N 1 377.65 1656.41 .228 .8211 
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Significance of the preliminary model parameters should be analyzed by 

performing a T test for each predictor. Table 5-14  expresses the t values and 

corresponding p values for 3 parameters: 

𝐻0: 𝛽𝑘 = 0   

 𝐻1: 𝛽𝑘 ≠ 0  

Assuming 𝛼 = 0.1 significant level, only one p value is less than 𝛼 value and in 

conclusion, it can be said that carbon is the only significant predictor. The other 

two predictors (Hydrogen, Nitrogen) are found insignificant which supports the 

previous assumption from scatterplot and correlation matrix. Eventually, it has 

become a simple linear regression model. 

5.4.3.3 Simple linear regression model 

The calorific value data will be modelled using a first order basic regression model 

where carbon will be the predictor variable and calorific value in btu/lb will be the 

response variable.  The basic regression model is 

𝑌𝑖 = 𝛽0 + 𝛽1𝑥𝑖 +  𝜀𝑖 

where  

𝑌𝑖 is the value of the response variable for the ith trial.  For the energy model it 

represents the expected number of calorific values in solid waste. 
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𝛽0 is the y − intercept.  

 𝛽1 is the slope. For the model, it represents the impact of volatile solid for the 

calorific value in the solid waste. 

𝑥𝑖  is the value of the predictor for the ith trial. This term represents the known 

quantities of volatile solid when calculating the number of calorific values in the 

model. 

 𝜀𝑖 is the random error term for the ith trial 

R was used to calculate the least squares and the parameter estimates using 35 data 

points showed in Table 5-15. 

Table 5-15 Parameter estimate for the preliminary SLR model 

Parameter Estimates 

Variable DF 
Parameter 

Estimate 

Standard 

Error 
t Value Pr > |t| 

Intercept 1 -2503.5 1325.5 -1.889 0.0678 

Carbon 1 233.8 23.1 10.23 < 0.05 

 

Based on the preliminary analysis, the fitted SLR equation is presented  

HHV = 233.8 X-2503.5 

Where 
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HHV= Higher Heating Value/Calorific Value of Solid Waste 

X= Carbon % 

The estimated total calorific value of solid waste is 233.8 of x (Volatile Solid of 

mixed waste) minus 2503.5. The coefficient of carbon 233.8 means the mean 

calorific value change 233.8 when the carbon % increases by one.  

Looking at the results of our t-test shown in Table 5-15, |t*|> t (0.975;35) and p << 

α so we reject Ho and confirm that our regression is significant 

Table 5-16 Analysis of variance of the SLR model 

 

Analysis of Variance 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Value Pr>F 

Model 1 647465018 647465018 102.48 <.0001 

Error 33 208484325 1856355.919   

Corrected 

Total 
34 855949343    

 

 

The ANOVA results shown in Table 5-15 also confirm the results of our regression 

analysis. The R-Square value of 0.7549 shows that the calorific values varies by 

R-Square .7549 

Adj R-Sq .749 
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75.49 % with the energy index. Also the F-value of 102.48 confirms the linear 

association of volatile solid and calorific value as F*> F (0.90; 1, 34). 

5.4.3.4 Inference on the parameters 

The calculation for a 95% confidence interval for the intercept is shown below. 

𝑏0 =  −2505.5  

𝑠{𝑏0} =  1325.5 

𝑛 =  35 

𝛼 = 0.05 

Confidence interval (CI) = 𝑏0 ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑏0} 

 𝐶𝐼 = −2505.5 ±  𝑡 (1 −
0.05

2
; 35) 1325.5 

𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 44) =  2.03  

𝐶𝐼 =  (−5266.84,217.57) with 95% confidence 

This range represents the calorific value solid waste without energy index with 95% 

confidence. 

The calculation for a 95% confidence interval for the slope is shown below. 

𝑏1 =  233.8 

𝑠{𝑏1} =  23.1 

𝑛 =  35 

𝛼 = 0.05 

Confidence interval (CI) = 𝑏1 ±  𝑡 (1 −
𝛼

2
; 𝑛 − 2) 𝑠{𝑏1} 

 𝐶𝐼 = 233.8 ±  𝑡 (1 −
0.05

2
; 35)  23.1 
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𝑤ℎ𝑒𝑟𝑒  𝑡(0.975; 35) =  2.03 (using Excel T. INV) 

𝐶𝐼 =  (187.11 , 282.68) with 95% confidence 

5.4.3.5 Checking Model Assumptions for SLR equation 

We consider the following model assumptions: 

1) The data can be represented with a linear model. 

2) The residuals in the model are normally distributed and with a constant 

variance 

3) Serial correlation is not significant 

4) No outliers significantly impact the model’s accuracy. 

       

                    

  Figure 5-15 Residual vs. fitted plots for the preliminary model 
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Looking at the residual plot of residual vs fitted value in figure 5-15, the data 

appears to be random point cloud showing no curvature, no funnel shape (i.e non-

constant variance).So linear model is reasonable. 

 

Figure 5-16 Normal probability plot of the residuals 

Figure 5-16 shows the normality plot of residuals vs normal scores. On the left tail, 

there is longer tail on the normality plot and on the right tail, it has also longer tail. 

Overall, the normality line is not straight. We can conclude that normality is not ok 

for our model. Serial correlation is not significant here as we did not take any time 

depended data. 

Tests for Normality  

𝐻0: 𝜌 = 0; 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

𝐻1: 𝑝 ≠ 0; 𝑛𝑜𝑡 𝑎 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 
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 𝑖𝑓 𝑝 ≤  𝑐(∝; 63)𝑡ℎ𝑒𝑛 𝑟𝑒𝑗𝑒𝑐𝑡𝐻0  

𝑐(∝= 0.05, 𝑛 = 46) = 0.9945 

0.7185 < 0.981 𝑅𝑒𝑗𝑒𝑐𝑡 𝐻0, 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑎𝑟𝑒 𝑁𝑂𝑇 𝑜𝑘𝑎𝑦 𝑓𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑠𝑡𝑠 

Correlation Analysis 

Correlationaanalysisahelpsain quantifying thealiner associationabetween twoa 

variables. Table 5-17 presents the Pearson’s correlation coefficients computed for 

response vs. predictor. 

Pearson’s correlation coefficient “r” ranges from -1 to +1, while -1 indicates strong 

negative correlation and the +1 indicates a strong positive correlation between the 

parameters. When r=0, little or no correlation is indicated between the parameters. 

Table 5-17 Correlation Analysis for raw data 

Pearson Correlation Coefficients, N=46 

 Calorific Value  Energy Index 

Calorific Value 1 0.87 

Carbon (%)  .87 1 

Breusch-Pagan test 

Analytically, the Breusch-Pagan test is conducted below to determine whether or 

not the error variance is constant for all levels of x. The results support the 

conclusion of constant variance. Linear regression is performed, and the results are 

shown in Table 5-18 with analysis of variance. 
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Table 5-18 Parameter estimate and ANOVA between Carbon (%) and residual 

squared 

Parameter Estimates 

Variable DF 
Parameter 

Estimate 

Standard 

Error 
t Value Pr > |t| 

Intercept  4510127 5622617 0.80214 0.428211 

Carbon (%)  26642.68 97977.46 0.271927 0.787373 

 

 

Analysis of Variance 

Source DF 
Sum of 

Squares 
Mean Square F Value Pr>F 

Model 1 8.41E+12 8.41E+12 0.073944 0.787373 

Error 33 3.75E+15 1.14E+14   

Corrected 

Total 
34 3.76E+15    

 

𝐻0: 𝛾 = 0; 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐻1: 𝛾 ≠ 0; 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑛𝑜𝑛 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑇𝑒𝑠𝑡 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐: 𝑋𝐵𝑃
2 =  

𝑆𝑆𝑅 ∗ 

2
/ (

𝑆𝑆𝐸

𝑁
)

2

 

𝑅𝑒𝑗𝑒𝑐𝑡 𝐻0 𝑖𝑓 𝑋𝐵𝑃
2 > 𝒳2 (1−∝; 1)𝐹𝑎𝑖𝑙 𝑡𝑜 𝑟𝑒𝑗𝑒𝑐𝑡 𝑖𝑓 𝑋𝐵𝑃

2 ≤  𝒳2 (1−∝; 1) 

SSR*= 8.41E+12 

SSE=208484325 

𝑋𝐵𝑃
2 =

8.41E + 12 
2

(
208484325

35
)

2 =  .119 
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𝒳2 (0.95; 1) = 3.84 

. 119 ≤  3.84 𝐹𝑎𝑖𝑙 𝑡𝑜 𝑟𝑒𝑗𝑒𝑐𝑡 𝐻0, 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

The Breusch-Pagan test also demonstrated that we have constant variance in our 

model. The conclusion is same with residual plot. Since we conclude that there are 

linear association and constant variance from residuals versus Volatile solid plot 

and normality is not ok from Q-Q plot. 

5.4.4 Final Model 

Our goal for regression analysis is to develop a model which predicts the total 

calorific value in municipal solid waste. In this simple linear regression, volatile 

solid is the predictor for predicting total calorific value in solid waste. Using 46 

data points our final SLR model is  

HHV = 233.8 X-2503.5 

Where 

HHV= Higher Heating Value/Calorific Value of Solid Waste 

X= Carbon %  

5.4.5 Model Validation 

Itaisarequired that theadeveloped energy predicting model beavalidated toaobserve 

the performanceaof the model. Elemental results from literature shown in Table 5-

19 was used to validate the model. 
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The developed SLR equation for estimating the energy potential is   

HHV = 233.8 X-2503.5 

Where 

HHV= Higher Heating Value/Calorific Value of Solid Waste 

X= Carbon % 

A summary of comparisons between the predicted and measured calorific value of 

solid waste is presented in Table 5-19 

Table 5-19 Predicted and measured calorific value of solid waste 

Sample 

Experimental 

Value 

Literature 

(Btu/lb) 

Predicted 

Value Using 

Equation 

(Btu/lb) 

% Error 

 

Reference for 

Experimental Value  

1 5246 4639.81 11.55528021 Wu et al.,1997 

2 8299 9591.502 15.57418966 Sorum et al.,2001 

3 7267 7933.108 9.166203385 Sorum et al.,2001 

4 4472 5187.127 15.99121199 Sorum et al.,2001 

5 7611 7209.616 5.273735383 Siang and Zakaria.,2006 

6 7851.8 8492.17 8.155709519 Parikh et. al.,2005 

7 8557 8774.05 2.536519808 Parikh et. al.,2005 

8 8901 9370.696 5.276890237 Parikh et. al.,2005 

9 8600 9713.65 12.9494186 Parikh et. al.,2005 

10 8643 9666.67 11.84391994 Parikh et. al.,2005 

11 8501.1 8785.795 3.348919552 Parikh et. al.,2005 

12 7955 9072.373 14.04617222 Parikh et. al.,2005 

13 8514 8889.151 4.406283768 Becidan et al.,2007 

14 16985 16243.87 4.363438328 Becidan et al.,2007 

15 8256 6401.56 22.46172481 
Courtemanche and 

Levendis et al.,1998 
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16 17200 17676.76 2.771860465 
Courtemanche and 

Levendis et al.,1998 

17 19135 19086.16 0.255239091 
Courtemanche and 

Levendis et al.,1998 

18 9546 12250.57 28.33197151 Siang and Zakaria.,2006 

19 14319 16337.83 14.09895942 Islam and Beg 2004 

20 15303.7 17258.638 12.77428334 Kim et. al.,1994 

21 12470 11621.038 6.808035285 
Courtemanche and 

Levendis et al.,1998 

22 10767.2 9871.033 8.323120217 Siang and Zakaria.,2006 

23 8458.1 7343.509 13.17779407 Meraz et.al.,2003 

 

The comparisonabetweenatheapredicted calorific value and theameasured calorific 

value indicatedathat theamaximumavariation was found 22.46 %. However,athe 

averageavariation from the estimated results was found to be 3.87 % Therefore,awe 

canaconcludeathat the modelapredicts the overall energy potential withinaan 

average variation of 5%. 

Figure 5-17 presents theapredicted oraestimated energy potential from the SLR 

model withathe actualameasurement in the lab from literature. 
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Figure 5-17 Predicted vs Experimental calorific c alue 

 

 

 

5.5 Summary of the models 

Summary of the empirical models based on the current study are listed in table 5-20  

Table 5-20 Summary of the empirical models 

Empirical Model Method R2 

HHV = 1344.67lnx + 3854.4 

Where 

HHV= Higher heating 

value/calorific value of Municipal 

Waste (Btu/lb) 

X= Energy index based on the 

waste composition 
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HHV = 1669.48+ 64.98 x 

Where 

HHV= Higher heating 

value/calorific value of Municipal 

Waste (Btu/lb) 

X= volatile solid of mixed waste 

 

Proximate Analysis 0.63 

HHV= 234.9*C-2524.64 

Where 

HHV= Higher heating 

value/calorific value of Municipal 

Waste (Btu/lb) 

C= Carbon % in the Waste 

 

Elemental Analysis 0.75 
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6 Chapter: Conclusion and recommendation 

Landfill mining is considered oneaofathe sustainable solutions forawaste 

management.aEnergyarecovery from excavated waste is an important benefit of 

landfill mining. A thorough study of the waste composition of excavated waste is 

critical for assessingatheapotential for energy. The experimental determination of 

energy from solid waste enables the accurate measurement of the energy potential 

of solid waste. There are also some alternative methods (proximate analysis and 

elemental composition) that can be used to measure the energy potential of waste 

without any experimental determination. Numerous mathematical models have 

been developed to predict the energy potential of waste around the world; however,  

none of them can be applied universally. The main motive of this research was to 

develop a universal mathematical model, using experimental fresh and mined waste 

data. The effects of different factors on the energy potential of solid waste was also 

explained. 

6.1 Summary and conclusion 

The results and conclusions, based on the laboratory investigations, are summarized 

below: 

1. Mined samples were collected from Cell 0 (closed section of the 

conventional landfill) and Cell 2 (intermediate cover on ELR-operated 

landfill) of the City of Denton landfill. Fresh waste was collected from the 
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City of Denton landfill during 2016-2018. Altogether, 65 samples were 

collected from 12 different boreholes at 10 ft. depth intervals. The weight 

of each sample bag was approximately 15 to 20 lb. 

2. Mined waste from the City of Irving landfill was collected from a closed 

cell of a conventional landfill, from which 22 samples were collected from 

three different boreholes at intervals of 10 ft. depth. 

3. Based on the manual waste sorting, the average mined waste composition 

from the City of Denton landfill consisted of 23.47 % paper, 9.07% plastic, 

7.89% yard/wood, 1.55 textiles, 1.34% Styrofoam and sponge, 3.67% 

metal, 1.29% glass, and 47.86% fine. The percentage of paper (23.47%) was 

higher than that reported in previous research papers. The fine/degraded 

fraction (47.86%) was similar to the range reported in literature. Due to the 

unavailability of the proper amount of moisture inside the landfill, a high 

percent of degradable material (paper, textile, wood) were found partially 

degraded. 

4. In the City of Irving Landfill, the average mined waste composition was 

11.25% paper, 9.34% plastic, 7.69% yard/wood, 5.58% textiles, .34% 

Styrofoam and sponge, 1.72% metal, 0.25% glass, and 60.82% fine. The 

data from the City of Irving landfill was used to validate the empirical 

model. 
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5. The average composition of mined waste from the City of Denton landfill 

was compared to the average composition of fresh waste from the active 

phase (2016-2018). As was expected, the paper fraction in the mined waste 

was considerably less than in the fresh waste, due to the gradual 

degradation. The plastic fraction was notably less in the mined waste since 

the use of plastics didn’t become popular until the 1990s. Therefore, the 

original composition of plastic might have been even less. The timelines of 

the actual disposal of the waste were different. The fresh waste composition 

from 2016-2018 was different from the actual fresh waste composition of 

1985. Therefore, the idea that the change in waste composition in mined 

waste was due to degradation might not be accurate. 

6. In the City of Denton landfill, the average moisture content of the excavated 

waste from 12 different boreholes was 20.33% (wet basis), with a range 

from 10.64% to 41.18%. In the City of Irving landfill, the average moisture 

content was found as 25.32%, based on 3 boreholes. The mean moisture 

content of the mined waste indicates the adverse environment for further 

waste degradation, since 40-70% moisture content is required for optimum 

biological activity (Barlaz et al., 1990). 

7. The volatile solid was determined with the biodegradable portion. The 

average volatile solid was 66.25% in fresh waste, whereas it was 32.36% in 

mined waste. It can be summarized that the mined waste experienced almost 
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50% more degradation compared to the fresh waste disposed of in the City 

of Denton landfill (2016-18). 

8. The average calorific value of mined paper waste was determined as 

6211.301 Btu/lb., whereas the average calorific value of fresh paper waste 

was 6682.94 Btu/lb. The average calorific value of mined plastic waste was 

14223.63 Btu/lb., which is similar to the average calorific value of fresh 

plastic waste (13655.19 Btu/lb.) because plastic is non-degradable. The 

average calorific value of mined wood waste was 6577.13 Btu/lb. in Cell 0, 

which was almost equal to the average energy of wood from fresh waste 

(6813.332 Btu/lb.). Therefore, the energy potential of recovered excavated 

waste components was almost equal to that of the fresh waste component. 

The quality of the recovered waste was very good in terms of energy. 

9. Overall, the average mixed calorific value from fresh waste was 6838.9 

Btu/lb., whereas the mined energy value was 3665.88 Btu/lb. (Figure 4-26). 

Therefore, 52% of the energy value remained in the mined waste from Cell 

0  in the City of Denton landfill, based on the experimental results, 

10. No significant trend of calorific value was found with increased depth. The 

fine fraction was found to be a good predictor of the calorific value of mined 

waste. The ELR conventional landfill operation did not have any effect on 

the energy potential; however, this was based on a small number of samples. 

11.  Excavated fractions contained a significant amount (42.13%) of 
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combustible waste, such as paper, plastic, wood, etc.  

12. Overall, the calorific value of waste increased with the increase of volatile 

solids. However, the calorific value of waste did not exhibit any significant 

trend with the change of moisture content. 

13. The energy index was introduced, using the waste composition. 

Considering all of the fresh and mined data, the energy value gradually 

decreased with the decrease of the energy index, showing a nonlinear trend. 

14. Simple linear regression was used to predict the calorific value of solid 

waste, using the energy index. The model was found to have an adjusted R2 

of 0.7741 and is given by  

HHV = 3854.46 + 1344.67lnx 

Where HHV= Higher Heating Value/Calorific Value of Solid Waste, X= Energy 

Index of the solid waste 

Mined waste from the City of Irving landfill was used to validate the model. 

15. Simple linear regression was used to predict the calorific value of solid 

waste, using the volatile solid of mixed waste. The model was found to have 

an adjusted R2 0.6280, and is given by HHV = 3854.46 + 1344.67 lnx.  

Where HHV= Higher Heating Value/Calorific Value of Solid Waste, X= Volatile 

solid of mixed waste. 
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Mined waste from the City of Irving landfill was used to validate the model. 

16. Simple linear regression was used to predict the calorific value of the solid 

waste, using the elemental composition of waste. The model was found to 

have an adjusted R2 of 0.7443, and is given by  HHV = 234.89X-2524.64. 

Where HHV= Higher Heating Value/Calorific Value of Solid Waste, X=carbon 

%. 

Mined waste from the City of Irving landfill was used to validate the model. 

6.2 Future Recommendation 

Based on the current study, the following topics are recommended for future 

research. 

• Further research is needed to address the exact experimental determination 

of waste degradation/decomposition of excavated waste, which is directly 

correlated with the energy value.  

• Waste was sorted into major waste components, like paper, plastic, etc. 

Further composition of the individual waste components, like different 

types of paper and plastic, are required to determine the weighted energy 

value of individual components. 

• The effects of temperature on energy values can be investigated in the 

future. Temperatures inside the landfills were found to be higher than the 
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surrounding temperatures. Until now, there has not been a prediction model 

for the inside temperature. 

• Further comprehensive study is required to investigate the detailed 

properties of fine/degraded materials that make up approximately 50-60% 

of the excavated waste. 

• Contamination is a big issue in landfill mining, and is an issue that should 

be incorporated into future studies. Contamination in mined waste might 

have some effect on energy value. Leachate quality and elemental 

concentration by XRF analysis can be added to measure the contamination 

of mined waste. 

• Fixed carbon can be included to improveatheaaccuracyaofathe model-based 

proximate analysis. 

• The elemental analysis was determined by a CHN analyzer. An advanced 

elemental analyzer can be used for further research to measure sulphur (S) 

and oxygen (O) as well.  
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