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Abstract

This thesis examines the heat energy balance in an operating bioreactor landfill. The 

landfill was instrumented with sensors to record the temperature, total load, settlement, 

percent oxygen, moisture content, electrical conductivity and mounding o f leachate. 

While the ambient temperatures during the summer increased above 30°C, the 

temperatures recorded in the middle of a waste layer placed during the winter months 

remained at minus 2-3 °C. Modelling of the instrument bundle temperature data has 

confirmed the waste is a great insulator, having a low thermal conductivity and high 

latent heat of fusion. A sensitivity analysis of the thermal parameters indicated the latent 

heat o f fusion and heat generation from biodegradation are important parameters when 

modelling a landfill in northern climates. The heat budget indicated a significant portion 

of the heat entering the waste is stored as latent heat. Ultimately, the model can help 

landfill operators improve their current operating practices.
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1 Introduction

1.1 Project Significance

The generation o f municipal solid waste (MSW) has increased globally due to population 

growth and increased consumer spending (Pichtel, 2005). In developing countries, 

globalisation has caused a rapid increase in per capita waste generation (Pichtel, 2005). 

Furthermore, in Canada and many Organisation for Economic Co-operation and 

Development (OCED) countries, there is still an increase in waste generation despite 

increased education and programs to help reduce waste generation. Thus, waste 

management is a critical global issue that needs to be addressed.

The term MSW is commonly used to describe the waste originating in residential and 

industrial, commercial and institutional (IC&I) sources (Ontario Auditor General, 2010). 

MSW primarily consists o f food waste, paper products, yard waste, metals, plastics, 

textiles, and glass. The quantity and composition o f the waste varies depending on the 

economy, education and MSW management programs, weather and climate, seasons and 

type of housing in the area (Pichtel, 2005).

Diversion represents the portion o f waste that isn't sent to landfills. Table 1 shows the 

change in the amount of waste disposed per capita and diversion rate across Canada from 

2002 to 2008. Nova Scotia is a leader in waste management practices in Canada, 

generating the lowest quantity of waste per capita and maintaining the highest diversion 

rates (Statistics Canada, 2011). The current diversion rate in Ontario is only 22.6% and in 

Canada it's only 24.7% (Statistics Canada, 2011). Therefore, even with programs in place 

to increase diversion, such as the Green Bin program in Ottawa, landfilling remains the
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dominant method of waste disposal in Canada (Statistics Canada, 2011; Warith et al., 

2005).

Table 1: Waste disposal and diversion rates in Canada (modified from Statistics 
Canada, 2011).

Waste Disposed of Per Capita Diversion Rate
2002 2008 % Change 2002 2008 % Change

Ontario 797.8 744.8 -6.6 19.0 22.6 3.6
Newfoundland & 
Labrador 724.9 811.1 11.9 7.5
Prince Edward 
Island
Nova Scotia 416.2 378.2 -9.1 33.0 45.0 12.0
New Brunswick 552 641.9 16.3 24.0 35.8 11.8
Quebec 785.7 794.5 1.1 23.0 28.6 5.6
Manitoba 775.2 801.5 3.4 19.4 15.0 -4.4
Saskatchewan 797.7 890.7 11.7 12.8 14.2 1.4
Alberta 923.9 1,122.0 21.4 19.3 15.3 -4.0
British Columbia 655.9 641.3 -2.2 31.2 34.9 3.7
Canada 768.1 776.5 1.1 21.6 24.7 3.1

1.1.1 Progression of Landfills

Up until 1950 open-pit dumps remained a common practice, and then the concept o f a 

landfill was introduced (Pichtel, 2005). A sanitary landfill involved placing the waste in 

layers into a large hole, compacting the waste as much as possible and then covering it 

with soil (Pichtel, 2005). The initial advantages o f landfills were a significant reduction 

in odour and less risk to public health and safety. Over time, research has improved upon 

the initial landfill design. Modem landfills now include a leachate collection system, a 

liner to reduce contamination into the subsurface and a vegetative cover that can hide the 

presence of the landfill (Pichtel, 2005). Furthermore, as o f 2008 in Ontario, it is now 

mandatory for larger landfills to have an operational gas collection system (MOE, 2010)



Modem landfills are engineered as either a low-infiltration design or a high-infiltration 

design. The low-infiltration design limits the amount of leachate generated in order to 

reduce leachate treatment costs and possibility o f groundwater contamination. In this 

alternative however, the contaminating lifespan is much longer and the waste 

stabilization rate is decreased substantially. This means the waste can act as a source of 

contamination well beyond the design life o f the engineered components o f the landfill 

(Pichtel, 2005; Tchobanoglous et al., 1993). For this reason the majority o f Canada has 

opted to use the high-infiltration design. In Ontario, landfill covers are designed 

according to Ontario Regulation 232/98 which requires a high infiltration design (MOE, 

2010). The increased infiltration results in a higher moisture content within the waste, 

which increases the rate o f waste stabilization.

The term waste seems to indicate something without value; it is defined as an unusable or 

unwanted substance or material (American Heritage® Science Dictionary, 2011). 

However, with advances in waste management technology it is now possible to consider 

waste a resource. One o f the methods that utilizes this resource is an alternative to the 

conventional methods o f landfilling, a bioreactor landfill. The bioreactor landfill 

functions by ensuring the conditions in the landfill are ideal for biodegradation, thus 

enhancing the waste stabilization process (Swati & Joseph, 2005; Reinhart & Townsend, 

1998; Sharma & Reddy, 2004). Furthermore, the landfill gas produced from 

biodegradation o f the organics can be collected as an energy resource, making bioreactor 

landfills an effective waste-to-energy technology. This technology would enable energy 

generation from the 75.3% of MSW currently being sent to landfills in Canada (Statistics 

Canada, 2011).



1.2 Description of Problem

A bioreactor landfill is an engineered landfill that aims to optimize the conditions within 

the waste in order to maximize waste stabilization (Swati & Joseph, 2005; Reinhart & 

Townsend, 1998; Sharma & Reddy, 2004). The conditions are controlled to make an 

ideal environmental for microbial biodegradation of the waste to occur. The parameters 

that are often optimized include temperature, moisture content, oxygen content, and pH 

(Reinhart & Townsend, 1998; Sharma & Reddy, 2004; Christensen & Kjeldsen, 1989).

There are numerous benefits of a bioreactor in comparison to conventional landfilling. 

Due to the increased rate o f biodegradation, the waste stabilizes within 5 to 10 years as 

opposed to a dry tomb landfill where the waste can slowly degrade for over 100 years 

(Swati & Joseph, 2005; Townsend et al., 2008; Pacey et al., 1999; Reinhart & Townsend, 

1998; Pichtel, 2005). As a result, the contaminating lifespan o f a bioreactor landfill is 

much shorter and therefore there is less risk o f contaminants leaching into the subsurface 

after closure of the landfill (Karthikeyan & Joseph, 2007). In addition, an increased rate 

o f waste biodegradation also maximizes the available airspace (Reinhart & Townsend, 

1998; Pichtel, 2005). This means a greater waste volume can be placed over the same 

geographical footprint, increasing the landfill lifetime and saving on future construction 

costs associated with preparing new landfill cells (Karthikeyan & Joseph, 2007).

Bioreactor landfills also provide a reduction in leachate treatment costs, as recirculating 

the leachate through the waste can provide treatment of the leachate. This can reduce the 

costs associated with storing and treating the leachate outside o f the landfill (Karthikeyan 

& Joseph, 2007; Sharma & Reddy, 2004; Pichtel, 2005). In addition, as the leachate is
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treated within the landfill, the contaminant concentrations within the leachate are reduced 

which has numerous advantages (Reinhart & Townsend, 1998; Reinhart, 1996; Warith, 

2002). Firstly, the treatment costs o f the leachate are substantially reduced. Secondly, if 

there is a failure o f the engineered components o f the landfill such as the liner, the 

adverse environmental impacts are reduced (Reinhart & Al-Yousfi, 1996).

Bioreactor landfills can be operated either as anaerobic bioreactor landfills or aerobic 

bioreactor landfills. Aerobic bioreactor landfills function by injecting air into the waste to 

promote stabilization through aerobic activity, while limiting methane generation 

(Karthikeyan & Joseph, 2007; Reinhart & Townsend, 1998; Sharma & Reddy, 2004; 

Lefebvre et al., 2000). The principle advantage o f aerobic bioreactor landfills is the waste 

stabilization process is faster than the anaerobic process. This allows for the greatest gain 

of valuable airspace and the shortest contaminating lifespan.

Anaerobic bioreactor landfills involve enhancing the environmental conditions within the 

landfill in the absence of oxygen (Pichtel, 2005; Reinhart & Townsend, 1998; 

Karthikeyan & Joseph, 2007). Anaerobic bioreactors are able to increase the amount and 

quality o f landfill gas production, which can be used to produce energy (Karthikeyan & 

Joseph, 2007). If properly engineered, the gas collection system captures the majority o f 

the landfill gas thereby reducing the amount o f greenhouse gases released to the 

atmosphere (Warith, 2002; Sharma & Reddy, 2004). In addition, the enhanced waste 

stabilization means the rate of settlement will increase, maximizing the airspace and 

minimizing the landfill footprint.
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Although the advantages o f bioreactor landfills are known, the technology is still 

relatively new and on-going research will maximize the efficiency of bioreactor landfills. 

Lab-scale studies have proven the concept o f bioreactor landfills to be extremely 

beneficial (Pohland, 1975; Tittlebaum, 1982). The results demonstrate that with leachate 

recirculation, it is possible to expedite biodegradation and significantly improve the 

quantity and quality of landfill gas (Reinhart & Townsend, 1998). However, the 

beneficial results experienced in the lab-scale and pilot-scale experiments are more 

difficult to extrapolate to a full-scale setup, primarily due to the different environmental 

conditions in the field and heterogeneous nature of the waste (Karthikeyan & Joseph, 

2007). In addition, much o f the research to date has focussed on bioreactors operating in 

warmer climates whereas a bioreactor landfill in Canada would operate under much 

different conditions. The cold weather experienced by landfills in Canada, can make it 

extremely difficult to optimize the conditions within the waste, especially temperature. 

Therefore, there is a need to better understand and optimize the waste stabilization 

process occurring in the field in northern climates in order to maximize the benefits of 

this technology.

1.3 Overview of Thesis

This thesis consists o f 7 sections. Section 1 provides a site overview of the Sainte-Sophie 

bioreactor landfill and project description. Section 2 contains a literature review o f the 

components o f a bioreactor landfill, description o f the waste stabilization process and 

important parameters that impact the rate o f stabilization, studies where instrumentation 

was installed within a bioreactor in order to analyze the waste stabilization process,
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important thermal parameters o f waste and a summary of efforts made to model the heat 

transfer within waste.

The Sainte-Sophie bioreactor landfill was instrumented with sensors that measure 

important parameters that impact the rate o f waste stabilization as described in Section 3. 

Section 4 discusses the temperature data collected from the thermistors and oxygen 

content data measured by the oxygen sensor. Sections 5 provides an introduction to 

modelling the transfer o f heat through the waste, which was used to develop a heat 

budget for a bioreactor landfill operating in a northern climate. Sections 6 and 7 are 

presented as two separate journal papers. The first paper summarizes a sensitivity 

analysis that was completed to determine the most important parameters that impact the 

heat transfer through the waste. The second paper provides a refined model and heat 

budget for the first three lifts o f waste placed in the area.

1.4 Sainte-Sophie Bioreactor Landfill

The Sainte-Sophie bioreactor landfill (Ecocentre de Sainte-Sophie) is located near the 

village of Sainte-Sophie, approximately 50 km northwest o f Montreal, Quebec. The 

facility is owned and operated by Waste Management o f Canada Corporation (WM). The 

facility includes the first full-scale bioreactor to be constructed in Canada, which was 

filled with waste between 2000 and 2005. A second anaerobic bioreactor landfill was 

constructed and began accepting waste in 2006.

The new bioreactor at the Sainte-Sophie landfill, known as Zone 4, has a footprint of 

approximately 475 m by 650 m and is permitted to receive up to one million tonnes of 

waste per year. The estimated waste depth once the cell is completely full is 25 m. Figure



1 shows a plan view of the Zone 4. The relative location of the two columns of 

instrument bundles are shown as blue dots in the figure and the instrument shed 

containing the datalogging equipment is shown in red. Phases 1 and 2 are currently at full 

capacity and a final cover has been placed over this section o f the landfill. Filling of 

Phase 3 began in September 2009, starting from the southeast side of the cell. Phase 3, 

the area o f the landfill containing the instrument bundles, is currently nearing capacity. 

The landfill is expanding to include Phase 4, located to the right of the figure boundary, 

which is now under development.

Legend:
|  location of 

Instrument 
Shed 

•  location of 
Instrum ent 
Bundle 
Columns

\  PHASE 3

ZONE 4 
PHASE 1

ZONE 4 
PHASE 2

Figure 1: Zone 4 of the Sainte-Sophie bioreactor landfill (modified from Genivar,
2008)

The Sainte-Sophie landfill contains a double-composite liner system. This is similar to

the system recommended by the Ontario regulations and commonly used by landfills in
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Ontario. The first layer consists o f a gravel layer, which contains a leachate collection 

system, underlain by a composite liner which consists of high density polyethylene 

(HDPE) liner underlain by a geosynthetic clay liner. Beneath the upper composite liner 

system is a second leachate collection system or leak detection system which consists o f a 

gravel layer underlain with a composite liner consisting o f a HDPE liner underlain a low- 

permeability natural clay.

Both bioreactor landfills contain a horizontal gas collection system. In total, over 70 

million cubic metres o f landfill gas (9000 m3/h) are produced annually from the 

biodegradation o f waste. The landfill gas is transported to the nearby Cascades Inc. pulp 

and paper mill in Saint-Jerome, Quebec which uses the landfill gas for heating purposes.

1.5 Project Description

This thesis was part of a three-year research effort to instrument a waste cell of a 

bioreactor landfill. The overall goal o f the research project is to develop a better 

understanding o f how operating practices and environmental conditions influence waste 

stabilization, in order to maximize landfill gas production and airspace utilization and 

minimize the landfill footprint. Instruments were installed within the Sainte-Sophie 

bioreactor landfill as it was progressively filled with waste to monitor parameters that 

impact the rate of waste stabilization. Twelve instrument bundles were installed in two 

vertical columns to measure the temperature, settlement, moisture content, total load, 

percent oxygen, mounding of leachate and electrical conductivity. A data acquisition 

system installed in a shed at the landfill, stored the data collected from the instrument 

bundles. The system was connected to a modem to enable access to the data from Ottawa
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in real-time. The quantity and quality o f landfill gas were also monitored at the site by 

WM. A weather station was installed to monitor environmental conditions at the site 

including wind speed and direction, precipitation, ambient air temperatures and relative 

humidity. The weather station was not completely functional throughout the entire 

duration of the project and therefore temperature and precipitation data were obtained 

from the Pierre Elliot Trudeau International Airport weather station (approximately 50 

km South o f the site) operated by Environment Canada. The data obtained from the 

weather station was compared to the data from Environment Canada to ensure accuracy.

The ambient temperatures and temperature data within the waste were modelled with the 

ultimate goal of developing a model for the transfer and generation o f heat throughout the 

landfill. Ultimately, the model will allow us to link parameters such as lift placement and 

thickness, compaction, moisture content, oxygen content, and temperature at placement 

to the rate of waste degradation. In addition, the model will allow landfill operators to 

better understand how operating practices and environmental conditions affect waste 

stabilization in northern climates. In coupling the model to the landfill gas production and 

settlement data, the model will allow users to compare various waste placement scenarios 

with the efficiency o f waste stabilization. Ultimately, the model can be used as a tool to 

improve current operating practices, thus maximizing the usable airspace and gas 

generation.

This thesis presents and discusses the data from the temperature and oxygen sensors, 

from the time of the first instrument bundle installation in November 2009 through to 

March 2012. The temperature data were modelled using a commercial finite element 

software package in order to estimate the thermal parameters o f the waste and develop a
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heat budget for the waste. The thermal parameters are of particular significance when 

modelling waste placed under winter weather conditions. A sensitivity analysis was 

completed to determine the relative importance of each parameter when modelling the 

heat transfer within the waste, which impacts the rate of waste stabilization in northern 

climates. The model was used to develop a heat budget that estimates the various heat 

fluxes to/from the waste, and how the heat is stored within the waste. The model allows 

us to increase our understanding of the waste stabilization process, the feasibility o f a 

bioreactor, and best waste management practices in northern climates.
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2 Literature Review

2.1 Engineered Components of a Bioreactor Landfill

Many components o f a bioreactor landfill are designed according to the Ontario landfill 

regulations (MOE, 2010). These include the leachate recirculation system, landfill gas 

collection system, liner system and final cover. Figure 2 shows an example o f an 

anaerobic bioreactor landfill (Waste Management, 2004). In the figure, vertical leachate 

recirculation pipes are used to equally distribute moisture throughout the waste and a 

vertical gas collection system collects landfill gas. The collected landfill gas then sent to 

a generator in order to be converted into electrical energy. The next section discusses the 

guidelines and industry best practices for the various components of a bioreactor landfill.

■  Uachate/liquidi AddMm 
3 Oat Ctfltclon

Figure 2: Anaerobic bioreactor illustrating leachate recirculation (Waste
Management, 2004).
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2.1.1 Leachate Recirculation System

Leachate recirculation systems aim to control the moisture content within the waste at an 

optimum level for biodegradation (Karthikeyan & Joseph, 2007; Reinhart & Townsend, 

1998). As a result, leachate recirculation can have a significant impact on the rate of 

stabilization. Furthermore, leachate recirculation serves as a medium for leachate 

treatment and storage (Karthikeyan & Joseph, 2007; Reinhart & Townsend, 1998; 

Sharma & Reddy, 2004). The positive impact o f leachate treatment is illustrated in Table 

2. Leachate recirculation helps to optimize the levels o f nutrients and microorganisms 

within the landfill, dilute amounts o f inhibitory compounds and regulate pH (Reinhart & 

Townsend, 1998; Reinhart, 1996; Sharma & Reddy, 2004). The most common leachate 

recirculation setups are horizontal and vertical injection systems. Horizontal leachate 

recirculation systems are generally used as they allow for large volumes o f leachate to be 

recirculated and don't negatively impact the normal landfill operation (Reinhart & 

Townsend, 1998). At many operating bioreactors, it is much more difficult to distribute 

the moisture equally throughout the landfill than anticipated due to the heterogeneous 

nature o f the waste (Rowe et al., 2004).
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Table 2: Comparison of leachate characterictics between convential and bioreactor 
landfills (modified from Reinhart & Townsend, 1998)

Parameter (mg/L) Conventional
Landfill Bioreactor Landfill

Iron 20-2100 4-1095

BOD 20-40000 12-28000

COD 500-60000 20-34560

Ammonia 30-3000 6-1850

Chloride 100-5000 9-1884

Zinc 6-370 0.1-66

PH -  ..................... 4.7-8.8 5.4-8.6

2.1.2 Landfill Gas Collection System

The product produced as a result o f biodegradation o f the MSW is known as landfill gas. 

It is composed primarily of 40 to 70% methane, and 30 to 60% carbon dioxide 

(Zimmerman & Issacson, 1988). Hydrogen, nitrogen and oxygen gases as well as water 

vapour can also be present in small quantities (El-Fadel et al., 1996b). Due to the 

optimization of the conditions within the landfill, landfill gas production is significantly 

higher than in conventional landfills (Pichtel, 2005; Reinhart & Townsend, 1998) as 

illustrated in Figure 3. This increase in landfill gas can be extremely beneficial provided 

the majority of the landfill gas is collected, resulting in a large source o f energy. 

However, capturing this potential energy is only possible if an engineered gas collection 

system and proper monitoring procedure are in place. The most common gas collection 

systems are horizontal gas collection pipes (Reinhart & Townsend, 1998).
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Figure 3: Landfill gas production from convential and bioreactor landfills (modified
from Townsend et al., 2008)

According to the Ontario regulations, all larger landfills are now required to collect the 

landfill gas produced as a result o f waste degradation (MOE, 2010). The gas is 

preferentially used by a direct user, who can use the landfill gas for both heating and 

energy. If this option is not feasible, the landfill gas can be combusted in a generator, in 

order to produce electricity. As a minimum effort, the gas must be flared to reduce the 

methane to carbon dioxide and water vapour. Methane has an extremely high greenhouse 

gas potential (21 times greater than carbon dioxide); indicating the importance of having 

a proper landfill gas collection system in place to reduce methane gas emissions from 

landfills.

2.1.3 Liner and Leachate Collection Systems

The landfill liner and leachate collection systems are designed to meet standards 

established in the Ontario regulations (MOE, 2010). The liner system consists o f a 

drainage layer, a liner and the leachate collection system (Pichtel, 2005; Reinhart &
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Townsend, 1998). The main goal o f the liner and leachate collection system is to prevent 

the leaching of landfill contaminants into the subsurface groundwater. One of the main 

problems associated with the leachate collection system is clogging, which leads to 

mounding o f leachate. Clogging generally occurs during the acidogenic phase of 

degradation, when calcium, iron, magnesium and other metals are likely to form 

precipitates (Reinhart & Townsend, 1998). Some researchers believe a bioreactor landfill 

can induce clogging due to the increased rate o f stabilization (Reinhart & Townsend, 

1998).

2.1.4 Daily, Intermediate and Final Cover

Daily cover is a thin layer of material placed over the waste at the end o f each day in 

order to reduce odour and particulates from escaping the landfill and decrease the 

attraction o f vermin (Reinhart & Townsend, 1998). At the Sainte-Sophie landfill, the 

daily cover material commonly used is contaminated soil. The daily cover must consist of 

a high permeability material to allow for infiltration into the waste and prevent ponding 

of rain water on the surface (Reinhart & Townsend, 1998). Intermediate cover is slightly 

thicker than the daily cover and is used to cover a waste lift. Similarly to the daily cover, 

the intermediate cover must be composed o f a high permeability material to allow for 

infiltration. The final cover is added once the entire landfill cell has been filled. The 

regulations in Ontario require the final cover to minimize infiltration (MOE, 2010). This 

is often done via a clay liner that has a low hydraulic conductivity or a very low density 

polyethylene (VLDPE) liner. The clay layer should remain saturated to form a relatively 

impermeable membrane for landfill gas migration (Reinhart & Townsend, 1998). Above
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the clay or VLDPE layer there is a layer o f top soil, which helps to ensure slope stability 

and promotes the grow of vegetation (Koemer & Daniel, 1997).

2.2 Waste Stabilization in an Anaerobic Bioreactor Landfill

Anaerobic bioreactor landfills optimize the conditions within the landfill in order to 

promote rapid biodegradation o f the waste (Swati & Joseph, 2005; Reinhart & Townsend, 

1998; Sharma & Reddy, 2004). Biodegradation occurs without the presence o f oxygen in 

order to produce landfill gas, primarily consisting o f carbon dioxide and methane. 

Researchers studying the degradation o f waste, suggest the stabilization process occurs in 

five phases (Pichtel, 2005; Kim & Pohland, 2003; Warith et al., 2005; Christensen & 

Kjeldsen, 1989; Reinhart & Townsend, 1998). The quality and quantity of both landfill 

gas and leachate vary tremendously depending on the phase o f degradation, as shown in 

Figure 4. There are many simultaneous reactions that occur throughout the landfill, and 

the phase o f stabilization is dependent on the moisture content, level o f compaction and 

time of waste placement (El-Fadel et al., 1996a; Pichtel, 2005). This section describes the 

various phases o f waste biodegradation.
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Figure 4: Phases of biodegradation within a landfill (modified from Kim & Pohland,
2003)

2.2.1 Phase 1: Aerobic Phase

Phase 1 occurs directly after placement of the waste and includes the period of time 

required for the bacteria to acclimatize to the environmental conditions in the waste. The 

first phase is considered aerobic, as oxygen is present in the void space o f the waste. 

However, the overall quantity o f oxygen available is relatively small, depending on the 

degree o f waste compaction (Warith et al., 2005). Although all the bacteria required for 

methanogenesis are present, the level o f microbial activity is low until moisture levels 

increase sufficiently to promote waste biodegradation (Reinhart & Townsend, 1998).

18



Qian et al. (2002) concluded the aerobic phase o f biodegradation could last between 3 to 

18 months. The aerobic phase o f degradation generates significantly more heat per mass 

of organics than any o f the anaerobic phases (El-Fadel, 1999).

2.2.2 Phase 2: Transition Phase

The transition phase is the first anaerobic degradation phase and occurs immediately after 

the oxygen in the landfill is depleted (Christensen & Kjeldsen, 1989; Reinhart & 

Townsend, 1998). Hydrolysis of the more complex organics within the landfill occurs as 

these molecules are broken down into sugars, amino acids, and fatty acids (Warith et al., 

2005). The complex organics are more difficult to break down and therefore this is the 

rate limiting phase o f biodegradation within the landfill. The limited quantities of 

available oxygen result in a shift towards reducing conditions as nitrates and sulphates 

become the primary electron acceptors (Reinhart & Townsend, 1998). The result o f these 

reduction reactions is the production of nitrogen, hydrogen sulfide, carbon dioxide and 

organic acids (Christensen & Kjeldsen, 1989). Some o f the carbon dioxide within the 

system dissolves to form carbonic acid (Tchobanoglous et al., 1993). This change, along 

with the formation o f the acids causes the pH within the landfill to decrease (Warith et 

al., 2005; Tchobanoglous et al., 1993). The hydrolysis o f complex organics is the 

anaerobic process that generates the largest amount o f heat (El-Fadel, 1999). However, 

the amount of heat is still negligible in comparison to the amount o f heat generated 

during the aerobic phase.

2.2.3 Phase 3: Acid Formation Phase

The second anaerobic phase that occurs in the landfill is the acid formation phase. During 

this phase of the biodegradation process, acidogenic fermentation converts the products
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from the first anaerobic phase into volatile fatty acids (VFAs), primarily acetic, butyric, 

lactic and propionic acids (Pichtel, 2005). During this phase, the majority o f nutrients and 

easily degradable organics in the MSW are consumed (Reinhart & Townsend, 1998). The 

production o f the VFAs decreases the pH within the landfill to approximately 5 (Pichtel,

2005). There is no methane production during this phase as the landfill is too acidic for 

the methanogenic activity, and therefore carbon dioxide and hydrogen are the main gases 

produced (Pichtel, 2005). With the increased acidity, metals such as calcium, iron and 

manganese are solubilized in the leachate (Pichtel, 2005; Warith et al., 2005). The 

formation of butyric and propionic acids are endothermic processes, and this phase of 

biodegradation absorbs a small amount o f heat (El-Fadel, 1999).

2.2.4 Phase 4: Methane Fermentation Phase

The fourth phase of biodegradation is the methane fermentation phase, during which 

methanogenic bacteria transform the acetic acid, carbon dioxide and hydrogen gas into 

methane (Warith et al., 2005). The pH increases to between 6 to 8, the optimal range for 

the grown o f methanogenic bacteria (Tchobanoglous et al., 1993; Pichtel, 2005). This 

stage can last upwards o f 10 years, and it is during this phase where the majority o f the 

landfill gas is produced. In addition, this phase is when the concentration o f the methane 

in the landfill gas is the highest (Pichtel, 2005). As the pH increases, the metals dissolved 

in the previous phase begin to precipitate (Pichtel, 2005; Warith et al., 2005). The 

production o f methane is an exothermic process however the reactions generate a very 

small amount o f heat (El-Fadel, 1999)
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2.2.5 Phase 5: Maturation Phase

The final phase of stabilization occurs once the majority of the readily degradable 

organics have been converted into methane and carbon dioxide (Pichtel, 2005). This 

causes the overall generation o f landfill gas to decrease substantially (Karthikeyan & 

Joseph, 2007; Warith et al., 2005; Pichtel, 2005). Eventually, nitrogen gas and oxygen 

will start to diffuse deeper into the landfill from the ambient air (Christensen & Kjeldsen, 

1989).

2.3 Physical Properties of MSW and their Impact on Waste 

Stabilization

The most important physical properties of MSW are moisture content, field capacity, 

temperature, oxygen content, density, pH and the level o f nutrients within the waste. 

Each parameter plays an important role in determining the rate o f waste stabilization 

within a landfill.

2.3.1 Moisture Content and Field Capacity

Moisture content is an extremely important parameter as the biodegradation process is 

delayed until sufficient moisture is present in the landfill. The initial volumetric water 

content of MSW is approximately 10% to 20% (Oweis et al., 1990). The addition of 

moisture to a bioreactor landfill is generally completed through controlled leachate 

recirculation. At the newer Sainte-Sophie bioreactor landfill, leachate is not recirculated 

and the moisture content is controlled by increasing the compaction and allowing 

sufficient moisture to enter the waste during the filling phase.
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Recirculating the leachate accelerates the start o f biodegradation and significantly 

reduces the stabilization period of MSW (Swati & Joseph, 2005; Townsend et al., 2008; 

Pacey et al., 1999; Sharma & Reddy, 2004; Pichtel, 2005). Many researchers have shown 

that the methane production rate increases by increasing the moisture content o f the 

MSW (Reinhart & Townsend, 1998). The minimum gravimetric moisture content 

required to operate a bioreactor is 25%, with optimum gravimetric moisture contents 

between 40% and 70% (Reinhart & Townsend, 1998). The gravimetric moisture content 

is defined as the mass o f water divided by the mass o f dry solid waste. By increasing the 

gravimetric water to the optimal range both the rate o f gas production and the percentage 

o f methane in the gas are increased (Warith, 2003; Rees, 1980).

The field capacity o f MSW is the maximum amount o f moisture that can be held within 

waste prior to gravity drainage (Tchobanoglous et al., 1993; Oweis et al., 1990). Thus, 

leachate generation will only begin once the field capacity o f the waste is exceeded. The 

field capacity is a function of the age o f waste, density and porosity (Pichtel, 2005; 

Tchobanoglous et al., 1993). As the waste is compacted and degraded with time, the 

organic fraction and pore space within the waste decreases, reducing the capability o f the 

waste to retain water (Holmes, 1983). The field capacity o f solid waste within a landfill 

was found to be approximately 20% to 30% (Holmes, 1983; Tchobanoglous et al., 1993; 

Oweis etal., 1990).

2.3.2 Temperature

Decomposition of waste, through aerobic and anaerobic processes, is the main generator 

of heat in a landfill (Yesiller et al., 2005). The biodegradation o f waste occurs from 

mesophilic bacteria at temperatures between 30°C to 40°C or thermophilic bacteria at
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temperatures between 50°C to 60°C (El-Fadel et al., 1996b; Rowe & Islam, 2009; Ham et 

al., 1994; Barlaz et al., 1990). Hartz et al. (1982) found the optimum temperature for 

methanogens to be 41°C, while Pfeffer (1974) concluded the optimum temperature was 

42°C. When raising the temperature from 20°C to 40°C, the methane production can 

increase as much as 100 times (Christensen & Kjeldsen, 1989). Lab-scale studies have 

shown temperatures above 40°C can actually decrease the rate o f methane production 

(Hartz et al., 1992; Rees, 1980; Mata-Alvarez & Martinez-Viturtia, 1986; Kasali & 

Senior, 1989).

Temperature impacts both the reaction rates of the degradation process as well as the 

amount of bacteria present in the landfill (Hartz et al., 1982). The impact of temperature 

on the microbial population within the landfill is summarized in Figure 5. Temperatures 

over 70°C are described as lethal to the methanogenic population (El-Fadel et al., 1996b).
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Figure 5: Microbial activity within the landfill based on temperature (with 
permission from Gholamifard et al., 2008)

Various procedures have been used at bioreactor landfills in an attempt to control

temperature. For example, air can be injected into the landfill via the gas collection pipes,
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promoting aerobic biodegradation and heat generation within the waste (Reinhart & 

Townsend, 1998; Hinkley Center et al., 2008). In addition, heated leachate can be 

recirculated to raise the temperature within the landfill (Reinhart & Townsend, 1998).

2.3.3 Oxygen Concentration

The type o f biodegradation, either aerobic or anaerobic, occurring within the landfill is 

determined by the presence o f oxygen. Methanogens, the group o f microorganisms that 

degrade the MSW into methane and carbon dioxide are anaerobic organisms and 

therefore when oxygen is present in the void space o f the waste, methane is not produced. 

Generally there is a short aerobic phase where the oxygen within the pore space is 

consumed and then the system becomes anaerobic. In addition, in the top layers o f the 

landfill, there is an aerobic zone that results from oxygen that diffuses into the landfill 

from the atmosphere (Warith, 2003; Lefebvre et al., 2000). This zone is generally 

confined to the top lm o f the landfill, however if the suction in the gas collection pipes is 

too high, oxygen can be pulled into the system increasing the zone o f aerobic activity 

(Christensen & Kjeldsen, 1989). The heat produced from the consumption of oxygen 

initially within the void space has been estimated to account for 18.5% of the temperature 

rise within the landfill (Lefebvre et al., 2000). Therefore, it was concluded that a majority 

of the temperature increase within the landfill results from aerobic activity occurring 

from the consumption o f the oxygen diffusing into the landfill from the ambient air 

(Lefebvre et al., 2000).

2.3.4 Density

The MSW exiting the truck has a density between 180 to 415 kg/m3, that can increase to 

over 800 kg/m3 after compaction using a sheepsfoot compactor (Tchobanoglous et al.,
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1993). In comparison, Pichtel (2005) concluded compacted waste within the landfill had 

densities between 300 to 900 kg/m3. The better the degree of compaction, the higher the 

resulting density of the waste. Furthermore, the density of the waste increases with an 

increase in the degree o f saturation (Karthikeyan & Joseph, 2007; Pacey et al., 1999). 

Therefore, in a bioreactor landfill the density is generally much higher due to the 

increased moisture content o f the waste (Pacey et al., 1999). As a result, engineered 

components such as the leachate collection system and gas collection system must be 

designed to withstand the additional load (Pacey et al., 1999).

2.3.5 pH

The pH of leachate within the landfill can have a significant impact on the stabilization 

process and production o f methane. The methanogenic bacteria are extremely sensitive to 

changes in pH in comparison to the fermentative and acidogenic microorganisms. The 

optimum pH for methanogenic activity is within a pH range of 6.0 to 8.0 (Christensen & 

Kjeldsen, 1989; Warith, 2003; El-Fadel et al., 1996b). Outside of this range, the rate of 

activity o f the methanogens decreases substantially, and therefore less methane is 

produced.

The pH level within the landfill is often one of the more difficult parameters to control. If 

the rate of methanogenic bacteria are decreased by other factors such as the presence of 

hydrogen, the conversion of acetic acid to methane stops, leading to an accumulation of 

acids in the landfill (Christensen & Kjeldsen, 1989). This in turn, can decrease the pH 

outside the healthy range, stopping the production of methane gas altogether (Christensen 

& Kjeldsen, 1989). At pH values less than 6.8, sulphate reducing bacteria take over, and 

the organics within the waste are converted to carbon dioxide (Christensen & Kjeldsen,
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1989). The microorganisms operating within a bioreactor are particularly sensitive to 

changes in pH due to the increased rate o f stabilization (Pacey et al., 1999). During the 

early stages of leachate recirculation, the pH should be monitored and pH buffering can 

be done to ensure the microorganisms are not negatively impacted (Pacey et al., 1999).

2.3.6 Nutrients and Inhibitory Compounds

Bacteria within the waste require various nutrients to ensure their proper function. Many 

o f the nutrients, such as nitrogen and phosphorous, are readily available in the landfill. 

Other metals required for the microorganisms to function are sodium, potassium, 

calcium, magnesium, zinc, iron and copper (Christensen & Kjeldsen, 1989). These metals 

are also generally available but may be deficient in certain areas o f the landfill 

(Christensen & Kjeldsen, 1989). For most compounds, there is an ideal concentration for 

microbial activity and high concentrations o f metals such as sodium, magnesium and 

ammonium can actually inhibit the biodegradation of MSW (Christensen & Kjeldsen, 

1989; McCarty & McKinney, 1961). The ideal concentrations are summarized by 

McCarty & McKinney (1961) in Table 3. In addition, high sulphate concentrations inhibit 

the production o f methane, as sulphate can be reduced from SO4 to S2 which is toxic to 

methanogenic bacteria (Rees, 1980; Christensen & Kjeldsen, 1989).
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Table 3: Effect of metal compounds on methane generation (mg/L) (modified from 
McCarty & McKinney, 1961)

Compound Stimulating
Effect

Moderate
Inhibition

Significant
Inhibition

Sodium 100-200 3500-5500 8000

Potassium 200-400 2500-4500 12000

Calcium 100-200 2500-4500 8000

Magnesium 75-150 1000-1500 3000

Ammonium 50-200 1000-3000 3000

2.4 Thermal Properties of MSW

The thermal parameters of the waste play an important role in the rate o f waste 

stabilization. The depth to which the various heat fluxes are able to penetrate into the 

waste is determined by the thermal parameters o f the waste (Farouki, 1981).

2.4.1 Thermal Conductivity

Thermal conductivity, k, has units of watts per meter per degree Celsius. Thus, thermal 

conductivity is considered the ability o f a material to conduct heat, representing the rate 

at which heat transfer will occur within the waste (Holman, 2010). The thermal 

conductivity o f MSW varies within waste and it is dependent upon the type o f waste, 

moisture content, temperature, and degree of compaction. Increasing density and the 

degree of saturation both increase the thermal conductivity o f MSW (Mitchell, 1993). 

Thermal conductivity is a function of the solid, liquid and gas phases of the waste (El- 

Fadel, 1999):

k  = wsks +  w tki +  Wgkg (1)
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ws = 1 - n ;  W i =  Stn ; wg = Sgn  (2)

where ws, wi, wg are the volume fractions o f the solid, liquid and gas phases respectively, 

n is the porosity, Sg, S| are the gas and liquid saturations and ks,, kix, kg (W/m-K) are the 

thermal conductivities o f the solid, liquid and gas phases respectively. The thermal 

conductivity o f the solid phase is much higher than the liquid and gas phases. Therefore, 

the majority o f conduction occurs through contact between the solid waste particles as 

opposed to the void space (Mitchell, 1993).

2.4.2 Specific Heat and Volumetric Heat Capacity

Similarly to thermal conductivity, the specific heat, c, is a function of the solid, liquid and 

gas phases o f the waste (El-Fadel, 1999):

c  _  (.CsPs+ciPi+CgPg)

P

where cs, ci, cg (J/kg-K) are the specific heats o f the solid, liquid and gas phases 

respectively, ps, pi, pg (kg/m3) are the average densities o f the solid, liquid and gas phases 

respectively, p  (kg/m3) is the bulk density o f waste and c (J/kg-K) is the specific heat of 

waste.

The volumetric heat capacity, C, is the heat energy required to raise the temperature o f a 

unit volume of waste by 1°C. The larger the value, the longer the waste will take to 

increase in temperature under equivalent heat fluxes. The volumetric heat capacity is the 

product o f the mass specific heat, c (J/kg-K), and the density, p  (kg/m3) (Farouki, 1981):

C =  cp (4)
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2.4.3 Latent Heat of Fusion

The latent heat o f fusion represents the amount o f heat that is absorbed when a material 

undergoes a phase change from solid to liquid (Vinson & Jahn, 1985). It is expressed as 

the amount o f energy in kJ required to complete the phase change per unit mass of 

material. The latent heat o f fusion for water is 334 kJ/kg.

For non-uniform materials such as a soil or waste sample, it is much more difficult to 

quantify a value for the latent heat o f fusion. Generally for soils, the amount o f heat 

required is based on the volume of water within the soil matrix undergoing phase change 

(Andersland & Anderson, 1978):

is  = LwWYdi 1 -  Wu) (5)

where Ls (kJ/m3) is the volumetric latent heat o f fusion o f soil, w (decimal fraction by 

mass) is the water content o f soil, Wu (decimal fraction) is the ratio of unfrozen water to 

total water content, yj (kg/m3) is the dry density o f soil and Lw (kJ/kg) is the volumetric 

latent heat of fusion of water.

It is recognized that in soils, even at temperatures below freezing, water will be present in 

both frozen and unfrozen states (Andersland & Anderson, 1978). This concept is 

particularly important when analyzing a lift o f waste placed in winter weather conditions, 

as leachate may be present both as a liquid and as a solid.

Rouse (1984) analyzed forest and tundra soils in Churchill, Manitoba to see the impact of 

freezing and thawing cycles on the soil stability and vegetation in the area. The forest 

soils have a high water content and during the winter months, the freezing was delayed
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due to the amount of energy released as latent heat. It was determined that approximately 

80% to 90% of the total heat entering the soil was stored in the form of latent heat 

(Rouse, 1984). O f greater significance when considering the case o f waste in a landfill, 

this resulted in the thawing of the soil to take much longer than anticipated.

2.4.4 Convection and Radiation

The magnitude of the convective heat flux between the ambient air and waste has not 

been significantly researched. Many researchers, such as Neusinger et al. (2006), grouped 

the overall convection and radiation into an overall heat transfer coefficient o f 20 

W/m2 K. The convective heat flux between soil and air has been more extensively 

researched. In particular, the effect o f the soil-air convective heat flux has been analyzed 

in greenhouses. This environment was reasonable to use as a basis for the landfill, as the 

mulch-soil characteristics are similar to that of the municipal solid waste. The total 

magnitude of the convective flux from an air-soil medium is defined as:

convective f lu x  =  h(Tamb — T) (6)

where Tamb (K) is the ambient air temperature, T  (K) is the temperature o f waste at the 

surface and h (W/m2 K) is the coefficient of convective heat transfer. Table 4 shows the 

various formulas used to calculate the convective heat transfer coefficient found within 

the literature.
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Table 4: Convective heat transfer coefficients between soil and air

Convective Heat Transfer Coefficient 
(W/m2 K) Conditions

3.4 AT0 33 Screened Greenhouse1
1O.OAT0 33 Bare Soil2
1.86 AT0 33 Large-scale greenhouse3
5.2 AT0 33 Heated Floor Surface4

1 Staffers, 1985; 1 Silva, 1988;3 De Halleux, 1989;4 Lamrani et al., 2001

Similar to convective heat flux, the magnitude of the radiative heat flux entering the 

landfill has not been extensively researched. The radiative heat flux to the waste can be 

defined by:

Radiative f lu x  =  ae(Tamb4 — T4) (7)

where e is the surface emissivity constant and a  (W/m2 K4) is the Stefan-Boltzmann 

constant for black body radiation. The surface emissivity is a value that reflects the 

ability of a surface to absorb the energy from radiation (Axelsson, 1984). The emissivity 

value for the majority of soils is between 0.9 to 0.96 (Axelsson, 1984).

2.5 Instrument Installation in Full-Scale Landfills

Many studies have been performed to monitor the stabilization process within a landfill 

in order to determine the effectiveness of the bioreactor technology. In Florida 

(Townsend et al., 2008; Hinkley Center et al., 2008; Reinhart et al., 2002), in Michigan 

(Hanson et al., 2005) and in California (Yazdani et al., 2000; Reinhart & Townsend, 

1998) efforts were undertaken to instrument full-scale landfills with a variety o f sensors 

to measure important parameters of waste stabilization. In these studies, valuable lessons 

were learned to improve the effectiveness o f bioreactor technology. However, it is often
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found that full-scale bioreactors do not function as expected and/or there is a high failure 

rate for the instrumentation installed within the landfill due to the harsh nature of the 

waste.

2.5.1 New River Regional Landfill

The Hinkley Center for Solid and Hazardous Waste Management, with direction from the 

University of Florida and the University o f Central Florida, undertook a large scale 

bioreactor project known as the Florida Bioreactor Demonstration Project. The purpose 

of the project was to evaluate the concept of a bioreactor in order to determine the 

feasibility o f the technology as a long term waste management solution in Florida 

(Townsend et al., 2008; Hinkley Center et al., 2008; Reinhart et al., 2002). The New 

River Regional Landfill (NRRL) is located in Union County, Florida and was selected to 

be the first landfill in Florida to be operated as a full-scale bioreactor landfill. The landfill 

contained three lined cells totalling 26 acres and received approximately 800 tons of 

waste daily from 2001 until 2008 (Reinhart et al., 2002). The landfill contained a gas 

extraction system that could also be operated as an air injection system in order to switch 

from anaerobic to aerobic conditions in the landfill. In addition, cells 1 and 2 contained a 

leachate recirculation system.

The bioreactor landfill was installed with instrumentation to monitor o f in-situ parameters 

o f the waste and progression o f waste stabilization. The instrumentation installed 

included sensors to measure the moisture content, temperature, leachate flowrate, landfill 

gas flowrate and composition, settlement, leachate head on the liner and total pressure on 

the liner (Reinhart et al., 2002). To measure the pressure on the liner resulting from the 

waste, total pressure cells, were installed in the drainage system of the landfill cell
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(Reinhart et al., 2002). The data showed incremental increases in pressure measured 

corresponding to when lifts of waste were placed over the area (Reinhart et al., 2002). 

However, the pressure readings were approximately half o f the expected load when 

estimated based on the mass of waste above the pressure cells (Hinkley Center et al., 

2008). It is believed the lower than expected results were caused by arching of the load; 

however there is also the possibility the sensors failed. Pressure transducers were 

installed to measure the ponding o f leachate above the leachate collection system. 

Unfortunately, over 75% the pressure transducers failed and therefore, a good estimation 

of leachate ponding could not be made (Hinkley Center et al., 2008). To measure the 

settlement, the elevations changes o f specific GPS coordinates were measure on the 

surface of the landfill. In addition, changes in elevations o f vertical wells placed 

throughout the landfill were also measured. The average settlement that occurred 

throughout the landfill was 10% (Hinkley Center et al., 2008). This value was 

considerably lower than settlement results from other bioreactor landfills.

Two types o f moisture sensors, a time domain reflectometry (TDR) and an electrical 

resistance sensor referred to as MTG were installed at various locations throughout the 

landfill. This was done to minimize the impacts o f problems experienced at other landfills 

(Vingerhoeds, 2011), where moisture sensor readings were impacted by the high 

electrical conductivity of the waste. Therefore, two sensors were used for redundancy, as 

moisture content is a critical parameter o f waste stabilization and it was necessary to 

ensure accurate results. Both sensors showed similar results, with initial gravimetric 

moisture levels of 34% to 40% increasing to over 65% after leachate recirculation 

(Hinkley Center et al., 2008). Moisture contents o f over 65% were higher than the
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expected moisture levels predicted from a water balance calculation. As a result, it was 

suggested the sensors could be affected by the high electrical conductivity o f the leachate 

(Hinkley Center et al., 2008).

Thermocouples installed within the bioreactor, found temperatures stabilized between 

35°C to 55°C, two years after filling of the cell (Hinkley Center et al., 2008). In addition, 

leachate recirculation significantly helped to increase temperatures within the landfill. 

The results also demonstrated that ambient air temperature had little impact on the 

temperatures within a landfill (Hinkley Center et al., 2008). Upon injecting air into the 

landfill, a rapid temperature increase occurred where the air had been added, as high as 

70°C in some areas (Hinkley Center et al., 2008). This provides incentive for the 

possibility that air could be added to landfills operating in colder climates in order to 

raise the temperature.

2.5.2 Sauk Trail Hills Development

The Sauk Trail Hills Landfill located in Detroit, Michigan was instrumented in order to 

monitor the temperatures o f a landfill over long periods o f time, and the impacts o f the 

temperature on heat generation and landfill gas production (Hanson et al., 2005). 

Temperature sensors and gas sampling ports were installed at over 140 locations within 

the landfill. Sensors were placed in the waste, as well as the liner and cover. Data 

collected from the site suggested the aerobic phase o f degradation could last for 160 days 

after placement o f the waste (Hanson et al., 2005). In contrast to other researchers, 

Hanson et al. (2005) suggested the majority o f the temperature rise within the landfill 

occurred during the anaerobic phase of degradation.
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The data were also used to determine how the temperatures varied spatially within the 

landfill. Temperatures closer to the surface and perimeter o f the landfill closely followed 

the ambient temperatures. In comparison, maximum temperatures o f 56°C were reached 

at depths greater than 8 m from the surface. Landfill gas samples taken from these high 

temperature areas had methane gas concentrations as high as 60% (Hanson et al., 2005). 

The project demonstrated the quality of landfill gas is dependent on the temperature at 

which the biodegradation is occurring.

2.5.3 Yolo County Controlled Bioreactor Landfill Project

The Yolo County Controlled Bioreactor Landfill Project which took place in Davis, 

California wanted to directly compare the stabilization of waste in a bioreactor landfill to 

a conventional landfill (Yazdani et al., 2000; Reinhart & Townsend, 1998). This was 

completed by constructing two cells that would accept the same type of waste throughout 

the same periods o f the year. One cell would be operated as a conventional landfill while 

the other would be operated as a bioreactor landfill, using leachate recirculation (Yazdani 

et al., 2000; Reinhart & Townsend, 1998). Both cells were designed with a 100 ft by 100 

ft footprint, and accepted approximately 9000 tons o f MSW from April to October 1995 

(Yazdani et al., 2000). Sensors were installed throughout the waste to measure 

parameters important to waste stabilization. Parameters were measured for five years, and 

included settlement, hydraulic head, temperature, landfill gas quality and quantity and 

moisture content (Yazdani et al., 2000).

The sensors provided valuable results that demonstrated the value o f using a bioreactor in 

comparison to conventional landfilling. The optimized conditions resulted in the 

bioreactor landfill cell producing more than double the amount o f landfill gas in
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comparison to the conventional landfill (Yazdani et al., 2000). Furthermore, analysis o f 

the composition of landfill gas also showed the concentration of methane gas was 

consistently higher in the bioreactor cell (Yazdani et al., 2000).

Settlement measurements of markers on the surface of the landfill were measured from 

May 1996 to September 1998 and results were significantly different (Yazdani et al., 

2000). The settlement measured within the bioreactor cell was approximately 16% in 

comparison to control cell where the waste only had 2% settlement (Yazdani et al., 

2000). This research demonstrated valuable airspace could be gained by using the 

bioreactor landfill technology.

2.6 Evaluation of Bioreactor Landfills in Cold Climates

From the research at the full scale bioreactors, it was clear optimizing the conditions 

within the landfill can be much more difficult in a full-scale operation than expected. In 

northern climates this issue is further complicated as the cold weather makes it difficult to 

optimize the conditions within the waste, especially temperature. Some researchers have 

examined the feasibility o f operating landfills in Alberta (Hunte et al., 2011; Davies & 

Colbran, 2010), Alaska (Hanson, 2006) and Michigan (Zhao et al., 2008; Zhao et al.,

2006).

2.6.1 City of Calgary Shepard Landfill

At the City o f Calgary Shepard Landfill, the concept o f a bioreactor was evaluated by 

constructing a biocell (Hunte et al., 2011). A biocell builds on the idea o f a bioreactor 

landfill however it differs from a bioreactor as the intention is to operate the cell as 

temporary storage only. Waste is processed within the biocell in order to produce large
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quantities of methane gas and to expedite the decomposition o f the waste (Hunte et al., 

2011). Generally, the biocell is operated for multiple years under anaerobic conditions 

followed by a single year of aerobic biodegradation in order to maximize the

recover a compost-like material and recover valuable airspace (Hunte et al., 2011). This 

process is illustrated in Figure 6.

Figure 6: Biocell Schematic (modified from Davies & Colbran, 2010)

The feasibility o f this idea was evaluated in northern climates with the construction of the 

Calgary Biocell in 2005. The biocell was designed as an 85 m by 85 m cell with a 

maximum height o f 15 m, containing three waste lifts o f 5 m each (Hunte et al., 2011). 

Instrumentation was installed within the biocell to measure the temperature, moisture 

content and settlement. However, due to the difficult conditions experienced in the field, 

many of the sensors failed. To illustrate this, 49 sensors were installed however only 11 

were fully functional throughout the project (Davies & Colbran, 2010). In addition, the 

settlement gauges went out o f range when filling the biocell and therefore accurate

stabilization. Once the majority of the waste has decomposed, the biocell can be mined to

/
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settlement results could not be established (Davies & Colbran, 2010). The moisture 

content measured throughout the biocell indicated unequal distribution of moisture. In 

areas with lower moisture levels, the gas production was significantly lower (Davies & 

Colbran, 2010). It is suspected this problem was caused by some o f the leachate 

recirculation pipes breaking during installation (Davies & Colbran, 2010). Overall, the 

project demonstrates some of the difficulties associated with instrumenting a field-scale 

bioreactor or biocell.

2.6.2 Northern Oaks Recycling and Disposal Facility

A 1.2 acre full-scale bioreactor landfill was constructed at the Northern Oaks Recycling 

and Disposal Facility (NORDF) in Harrison, Michigan to analyze and monitor bioreactor 

technology in northern climates (Zhao et al., 2008; Zhao et al., 2006). The bioreactor cell 

accepted 32400 tons of MSW from July 2002 until March 2003 (Zhao et al., 2008). As a 

result, the lower waste lifts were placed in the summer and the waste at the top of the 

landfill was placed during the winter months. Leachate was recirculated within the 

bioreactor using leachate collected from other cells o f the landfill as well as fresh 

leachate collected from the bioreactor.

The bioreactor landfill was instrumented with a moisture and temperature probe, a gas 

sampling port to measure gas composition and a collection basin to measure leachate 

composition at 48 sites throughout the landfill (Zhao et al., 2006; Zhao et al., 2008). In 

addition, HDPE conduits were installed at ten locations throughout the landfill to 

measure the settlement o f the waste (Zhao et al., 2008; Zhao et al., 2006). The results 

from the temperature and gas composition data showed the first lift of waste placed in the 

summer months was actively degrading, and had high concentrations o f methane of up to
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70% (Zhao et al., 2008). In comparison, upper layers that had been placed during the winter 

months remained frozen. It was concluded that the insulating properties of the waste were the 

main reason for maintaining cold temperatures in the lifts placed during the winter months (Zhao 

et al., 2006; Zhao et al., 2008). The temperature data were continuously monitored after 

closure of the cell and it was determined that the frozen waste lifts maintained temperatures o f 

below 0°C for over 6 months post-closure (Zhao et al., 2008). The settlement of the waste 

was measured by recording the elevation changes of the conduits installed within the 

waste. The highest amount o f settlement occurred in the middle lifts due to the active 

degradation occurring in the bottom portion o f the landfill (Zhao et al., 2006).

The moisture sensor measured the volumetric moisture content within the waste using the 

TDR technique. Similar to the results found at Sainte-Sophie (Vingerhoeds, 2011) and 

the NRRL (Hinkley Center et al., 2008), the moisture content sensors needed to be 

calibrated for the high electrical conductivity o f the waste. The moisture sensor results 

demonstrated the moisture content steadily increased throughout the landfill upon 

recirculating the leachate. Furthermore, although the moisture content was not equally 

distributed at the beginning, one year after closure o f the landfill the moisture contents 

throughout the waste were nearly equal (Zhao et al., 2006). This research provides 

optimism towards the idea that leachate recirculation can be used in a full-scale 

bioreactor to successfully control the moisture content. Overall, it was concluded 

moisture content followed by temperature are the two most important factors in starting 

the biodegradation process within the waste (Zhao et al., 2006).
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2.6.3 Anchorage Regional Landfill

At the Anchorage Regional Landfill in Anchorage, Alaska a study was performed to 

determine the effect o f placement conditions on the rate o f waste decomposition within 

the landfill (Hanson, 2006). The waste stabilization was tracked by installing 

thermocouples to measure the temperature and gas sampling ports to measure the gas 

quality. The temperature measurements were taken each week whereas the gas quality 

was recorded once a month from 2002 until 2006. Consecutive waste lifts were placed 

during winter months, resulting in a 7 m frozen layer o f waste in the middle o f the 

landfill. This section of waste remained frozen for more than two years, due to the 

insulating properties o f the waste above and below (Hanson, 2006). Due to the overall 

low ambient temperatures at the site, significant methane gas generation was delayed 

until three years after waste placement (Hanson, 2006).

The data was modelled to determine the possibility of optimizing the sequence o f waste 

placement to enhance the waste stabilization. Multiple scenarios were analyzed to 

compare placing various thicknesses o f frozen waste throughout landfill. Ultimately, 

placement o f anything beyond a single 3 m waste lift under winter conditions resulted in 

a significant delay in the waste stabilization process (Hanson, 2006). Furthermore, to 

minimize the effect of cold winter conditions, it was suggested that thinner lifts o f waste 

are placed in the winter months (Hanson, 2006). This is the first example that examined 

modelling o f heat transfer in a landfill operating in a cold climate.
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2.7 Modelling Efforts in Municipal Solid Waste

A number of researchers have worked on modelling the transfer and generation of heat 

within a landfill; however the majority of this work has analyzed landfills operating in 

warmer climates. Quantifying the amount o f heat generation within the landfill can be 

extremely challenging due to the number o f different biological reactions that occur, as 

discussed in Section 2.3 (El-Fadel et al., 1996a). The majority o f heat generated in the 

landfill occurs in the aerobic stage, when there is still oxygen present in the pore space of 

the waste. Once the oxygen is depleted, the exothermic reactions that generate heat take 

place during acidogenesis, when complex organics are broken down into acetic, butyric 

and propionic acids (El-Fadel et al., 1996a).

Many researchers have determined various site specific parameters that impact the 

temperatures within the waste and therefore effect the rate o f stabilization. Some o f the 

main factors identified include: rate o f filling, lift thickness, weather conditions, depth of 

waste, moisture content and waste composition (Rowe, 1998; Rowe & Islam, 2009). The 

temperature of the waste at placement was identified as the principle factor in 

determining the rate of biodegradation (Houi et al., 1997; Hanson et al., 2006). In order to 

quantify the impacts o f these factors, many researchers have attempted to model various 

aspects o f landfills. Modelling efforts have included modelling the methane gas 

generation, settlement or heat transfer throughout the waste (Hanson et al., 2008; El- 

Fadel et al., 1996c; Yoshida & Rowe, 2003; Yesiller et al., 2005; Neusinger et al., 2005).
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To model heat transfer through the waste, an overall understanding of the governing 

equation is required. The flow o f heat through the waste can be expressed as (Yoshida et 

al., 1997):

d T d T  , i  &2T  , ^  / o \
CP dt ~  CwPwvz dz + k e dz2 + Q (8)

where ke (W/m-K) is effective thermal conductivity, p  (kg/m3) is the waste density, c 

(J/kg-K) is the waste specific heat, pw (kg/m3) is the density o f water, cw (J/kg-K) is the 

specific heat o f water, vz (m/s) is infiltrated water flux, Q (W/m3) is the heat source, T (K) 

is temperature, and t (s) is time. The equation signifies the rate o f temperature change in 

the landfill is related to the transfer of heat through movement of liquid, conduction and 

heat generation. In colder climates, the movement o f liquid is often negligible at first and 

therefore the equation can be simplified to:

ar , a2r  , _
cP ~ t =  +  Q <9>

This section examines the various models created to model heat transfer within a landfill. 

To date, the majority of the models simulate heat transfer within landfills operating in 

warmer climates (Hanson et al., 2008; Yoshida & Rowe, 2003; Neusinger et al., 2005). 

These models are extremely beneficial in understanding the generation and transfer of 

heat, and their impact on the waste stabilization process. However, heat transfer and 

generation differs in northern climates, as waste is placed in a frozen state and the 

environmental conditions are much different.

Hanson et al. (2008) conducted a study to model and compare the waste stabilization in 

different climatic regions. Data was collected from landfills in Michigan, New Mexico,
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Alaska, and British Columbia (Yesiller et al., 2005; Hanson et al., 2008). At each landfill, 

thermocouples and gas sampling ports were placed throughout the waste in order to 

measure the temperature and gas composition. Temperature readings were collected once 

a week, while the gas was extracted and sampled on a monthly basis. A 1-D finite 

element analysis was used to model the temperature data recorded at all four landfills. 

The thermal conductivity and heat capacity values used to model the various sites are 

shown in Table 5.

Table 5: Thermal parameters used for modelling (Hanson et al., 2008)

Parameter Michigan New Mexico Alaska British
Columbia

k (W/m-K) 1.0 0.6 1.2 1.5
C (kJ/m3K) 2000 1200 1000 2200

The heat generation was modelled by dividing the heat generated into an aerobic and 

anaerobic term. It was assumed aerobic degradation occurred for the first 4 months after 

placement of the waste, and the remainder was considered anaerobic degradation 

(Hanson et al., 2008). The range o f values used to model the heat generation from aerobic 

degradation was 2.5 to 11.3 W/m3 while the range of anaerobic degradation was 0.08 to 

0.38 W/m3 (Hanson et al., 2008). However, Hanson et al. (2008) argued that in reality, 

there is not a sharp drop off in heat generation after a given time. Therefore, to improve 

the modelling o f the heat generation term a unique approach was taken; an equation was 

derived to simulate the heat generation at the various sites (Hanson et al., 2008):

[ K
lflz+2Bt+t2J
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where //(W /m 3) is the heat generation rate, t (day) is the time, A (W/m3) is the peak heat 

generation rate factor, B (day) is the shape factor and D (day) is the decay rate factor. The 

constants A, B and D were then varied in order to simulation the heat generation at the 

various sites. Figure 7 shows the resulting heat generation functions used to model the 

four landfill sites. This is the most extensive work done on modelling the heat generation 

term within a landfill.

2.5
Mkhigan 
New Mexico 
Alaska
British Columbia

© 0.5

60004000 50002000 300010000
Time (days)

Figure 7: Heat generation functions used in model (with permission from Hanson et
al., 2008)

Yoshida & Rowe (2003) examined heat transfer in the Tokyo Port Landfill, in order to 

determine the impact o f high temperatures in the landfill on the lifetime of engineered 

components such as the liner or geomembrane. The landfill cell was roughly 30 to 35 m 

high and was filled in approximately 2 m waste lifts (Yoshida & Rowe, 2003). When 

each additional lift was placed, the fresh waste is exposed to air. The landfill was
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simulated assuming air infiltrated 1 m in the waste lift and thus this section was modelled 

as a zone o f aerobic decomposition (Yoshida & Rowe, 2003). The remaining portion of 

the fresh waste lift and previous waste lifts placed in the cell were modelled as a zone o f 

anaerobic decomposition. In addition, areas of the landfill cell above the water were 

identified as unsaturated zones and areas below the water table were identified as 

saturated zones. The thermal parameters were then varied depending on the zone and type 

of decomposition expected in that part o f the landfill, as shown in Table 6. Saturated 

zones within the landfill were assigned much higher thermal conductivities in comparison 

to areas with lower moisture contents.

Table 6: Thermal param eters used to model Tokyo Port Landfill (modified from 
Yoshida & Rowe, 2003)

Param eter Value Used
Unsaturated Waste

Density 1157 kg/m3
Thermal Conductivity 0.35 W/m-K
Specific Heat 1939 J/kg-K

Saturated Waste
Density 1424 kg/m3

Thermal Conductivity 0.96 W/m-K

Specific Heat 2363 J/kg-K

Heat Generation
Aerobic Decomposition 4.67 W/mJ
Anaerobic Decomposition 0.218 W/m3

Neusinger et al. (2005) also derived a model that could be used to simulate the transfer of 

heat within a landfill. In this case, they modelled the air-waste surface using a heat 

transfer coefficient o f 20 W/m2-K that accounted for both convection and radiation. To 

estimate the heat resulting from anaerobic decomposition, a 1 W/m3 heat source from was
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applied over entire area o f the landfill. The heat source was then multiplied by a scaling 

factor to determine how the heat generation impacted the temperatures within the landfill. 

Figure 8 demonstrates how the maximum temperature within the landfill increases as the 

rate o f heat generation increases. This research illustrates the importance of the heat 

generation term when modelling the heat transfer throughout the waste.
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Figure 8 : Scaling factor for bioheat generation (with permission from Neusinger et
al., 2005)
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3 Instrumentation of a Field Scale Bioreactor Landfill

Several instruments were installed on a singular unit referred to as instrument bundle for 

placement within the Sainte-Sophie bioreactor landfill while it was progressively filled 

with waste. The instrument bundles included a variety of sensors that measure important 

waste parameters that can provide information on the stabilization process in the landfill. 

Specifications and figures o f the individual instruments are in Appendix A. Figure 9 is a 

cross-section showing the placement elevations for the first ten instrument bundles within 

the bioreactor landfill. All bundles were equipped with a liquid settlement system, 

moisture and electrical conductivity sensor, oxygen sensor, and total earth pressure, while 

bundles 1 to 4 also included a piezometer. Figure 10 shows the total earth pressure cell, 

settlement system, and piezometer mounted on a 61 cm by 61 cm steel plate. Two hollow 

flexible tubes were installed with each instrument bundle to allow for sampling to take 

place or to pump oxygen out to the instrument bundles.
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Figure 9: Instrument bundle placement elevations (Bonany et al., 2012a)

The individual sensors o f each instrument bundle are wired to a central connection box 

shown in Figure 10. A single data cable containing 12 wire pairs exits the connection box 

and travels out the landfill into the data acquisition system, located in the on-site 

instrument shed. The CR1000 FlexDAQ datalogger was designed by RST Instruments 

Ltd. and collected the data from all twelve instrument bundles. Data collection was 

completed through the commercial software package LoggerNet 3.4.1. A modem was 

installed along with the data acquisition, enabling the data to be downloaded and 

accessed in real time.

48



Vibrating Wire 
Piezometer

Total Earth , 
Pressure Ceil

Liquid Settlement 
System

Oxygen
Sensor

Moisture & Electrical 
Conductivity Sensor

Figure 10: Instrument bundle (Bonany et aL, 2012b)

A differential GPS system was used to mark the initial coordinates of the instrument 

bundles upon installation. The GPS system included a rover and a home base station 

receiver. The stationary base station receiver communicates with satellites to calculate its 

GPS coordinates and also communicates with the base station by using a radio 

communication link. The roving unit also communicates with the satellites to determine 

its GPS coordinates. Since the location o f the base station is known, the difference 

experienced at the home base can be used correct the GPS coordinates recorded by the 

rover. This greatly improves the accuracy of the rover GPS coordinates to levels as low 

as 1.6 cm (NRC, 2007).
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3.1 Instrument Bundle Sensors

The instrument bundle sensors were tested within a lab setting to ensure they could 

withstand the harsh environmental conditions within the landfill (Van Geel et al., 2010). 

From this work, any necessary changes were made to the sensors to maximize their 

chance of survival in the harsh environmental conditions with the landfill. For example, 

extra epoxy was added around the moisture sensor to prevent corrosion of the sensor in 

the landfill. The wiring and set-up o f the individual sensors on the instrument bundle was 

completed by RST instruments.

3.1.1 Settlement System

The liquid settlement system monitors settlement of the instrument bundle in the landfill 

by measuring the difference in pressure between a fixed pressurized reservoir in the 

instrument shed and the instrument bundle. Pressure transducers within the settlement 

system and the reservoir are hydraulically connected through a reinforced double tubing 

system filled with a water-glycol solution. The pressurized reservoir is at a fixed 

elevation, thus by knowing the pressure difference between the two transducers and the 

specific weight o f the water-glycol solution, the elevation difference between the 

pressurized reservoir and the instrument bundle can be determined. A measured increase 

in pressure could be converted to settlement o f the instrument bundle knowing the 

density of the water-glycol solution.

3.1.2 Oxygen Sensor

The oxygen sensor measures the percentage o f oxygen content in the void space within 

the waste. The amount o f current flowing between the electrodes in measured and then
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used to calculate a volumetric oxygen content. The oxygen sensor is contained within a 

diffusion mesh head so that gas within the waste can be measured by the sensor. It is used 

to determine when the oxygen content has been depleted within the waste. This will 

indicate when the waste degradation process has switched from aerobic to anaerobic 

conditions and the relative length o f the aerobic phase of biodegradation.

3.1.3 Moisture and Electrical Conductivity Sensor

The moisture and electrical conductivity sensor measures the dielectric permittivity o f the 

surrounding soil in order to extrapolate the water content. In addition, a two-probe 

electrical array is used to measure electrical conductivity of the surrounding soil, which is 

converted to bulk electrical conductivity in the data acquisition program. It is anticipated 

that an increase or decrease in moisture content of the sand will reflect an increase or 

decrease of moisture content o f the waste. However, the moisture content o f the waste 

will not be directly measured as it is difficult to measure the bulk moisture content of 

waste with a single point measurement.

3.1.4 Total Earth Pressure Cell

The total earth pressure cell measures stress exerted on the surface o f the plate through a 

pressure transducer, which is then used to calculate a total load. The cell is filled with 

glycol and as force is exerted on the cell, the pressure change o f the glycol is measured 

by a vibrating wire pressure transducer. By loading the cell with waste layers as the 

landfill is filled, the pressure within the cell increased.
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3.1.5 Piezometer

The piezometer utilizes a vibrating wire transducer to record any positive water pressure 

in the event mounding o f leachate occurs over the instrument bundles.

3.2 Instrument Bundle Installations

Twelve instrument bundles were installed in the Sainte-Sophie bioreactor landfill over 

the project lifetime. All twelve instrument bundles have been placed within the waste, 

with two bundles installed at each layer. Bundles 11 and 12 were installed in May 2012 

and are now recording data, however their analysis is not included in this thesis. 

Placement was planned such that there will be two vertical columns, Column 1 and 

Column 2, each consisting of six instrument bundles. Column 1 and 2 are separated by 

approximately 17 m, and each layer o f instrument bundles was to be separated by 

approximately 3 to 4 m vertically. The vertical separation changed slightly as shown in 

Figure 9 because o f varying lift thicknesses.

The date o f the installations and placement o f the first five waste lifts are described in 

Table 7. These first three instrument layers were all installed in the first lift of waste, as 

highlighted in Table 7. The second waste lift was placed in December o f 2010 and shortly 

after was covered with a third waste lift. For this reason, no instrument bundles could be 

installed within the second waste lift. Bundles 7 and 8 were installed in February 2011 

near the top of the third waste lift. Bundles 9 and 10 were installed in September of 2011 

near the top o f the fourth waste lift.
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Table 7: History of instrument bundles placed in waste

Waste Lift Date of Waste 
Placement

Instrument
Bundles

Date of Bundle 
Installation

1st Waste Lift January 8th, 2010

1 and 2 November 12, 2009

3 and 4 January 9, 2010

5 and 6 June 23, 2010

2nd Waste Lift December 13 th, 2010 Contains No Instrument Bundles

3rd Waste Lift January 28th, 2011 7 and 8 February 16th, 2011

4th Waste Lift August 23rd, 2011 9 and 10 September 16th, 2011

Instrument bundles 1 and 2 were installed on the base of the bioreactor landfill cell. The 

installation occurred in October 2009, and is shown in Figure 11. Sand was placed over 

the instrument bundles and cables for protection and the sand also served as a medium in 

which the oxygen sensor and the moisture and electrical conductivity sensor were placed. 

Geotextile covered the sand for additional protection and to prevent the sand from 

migrating into the leachate collection system below. These bundles were subsequently 

covered with waste in early January 2010 by the approaching waste front seen in the 

background of Figure 11.

For instrument bundles 3 through 10, a 0.5 m trench was excavated in the waste, in which 

the instrument bundle and cables were placed. Sand was again placed over the instrument 

bundles and cables for protection, prior to being covered with waste. The typical 

installation procedure is illustrated in Figure 11.

53



Figure 11: First layer instrument bundle installation in October 2009 (left) and 
fourth layer instrument bundle installation in February 2011 (right) (Bonany et al.,

2012a)

The first waste lift (~6 m) was placed in January 2010. To facilitate the placement o f 

bundles 3 and 4 at the centre o f the first lift, WM personnel at Sainte-Sophie placed a half 

lift (~3 m) over the area o f the instrument bundles. Bundles 3 and 4 were installed and 

immediately covered with the second half lift (~3 m) in February 2010. Bundles 5 and 6 

were installed 0.5 m below the top of the first lift in June 2010. In December 2010 and 

January/February 2011 a second and third waste lift (each ~3.5 m) were placed above the 

instrument bundles. Bundles 7 and 8 were installed 0.5 m below the top o f the third lift in 

February 2011. Up until this point, the first three waste lifts were placed in the winter 

months o f December, January or February and the waste was placed in a frozen state. To 

avoid placing a fourth frozen waste lift, WM personnel at Sainte-Sophie agreed to place 

the next lift during the summer months. A fourth waste lift was placed in August 2011. 

Instrument bundles 9 and 10 were installed 0.8 m below the top o f the fourth lift in



September 2011, above approximately 15 m of waste from the base o f the landfill. 

Therefore, bundles 1 through 8 were placed in waste lifts placed during the winter 

months and bundles 9 and 10 were placed in a waste lift placed during the summer. 

Figure 12 summarizes the history of the waste placement in Zone 4 o f the landfill, with 

the location of instrument bundles shown in red. The divisions o f blue colour in the figure 

were generated from the quarterly surveys completed by Genivar Inc. Each quarterly 

survey is assigned a colour and the monthly estimates within each quarterly survey time 

period are approximations based on discussion with WM personnel.
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Figure 12: History of waste lift placement
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4 Instrument Bundle Results

This thesis discusses the data collected by the instrument bundles from November 2009 

until March 2012. Data has been collected and analyzed for the moisture content and 

electrical conductivity, temperature, total settlement oxygen content, total load and 

leachate mounding. At this stage of the modelling, the oxygen content and temperature 

data are the most critical parameters and therefore the full analysis is presented here. It 

was also necessary to incorporate the settlement data in the modelling effort as discussed 

in Appendix D. Vingerhoeds et al. (2011) provides complete analysis o f the settlement, 

piezometer, total earth pressure cell and moisture and electrical conductivity sensor data.

4.1 Oxygen Sensor Results

The data collected from the oxygen sensors in bundles 1 to 10 are shown in Figures 13 

and 15 through 18. The oxygen sensor data was used in the modelling effort to determine 

the approximate length o f the aerobic phase of biodegradation. The data from each 

instrument indicates the oxygen has depleted within the pore space o f the waste, and 

therefore the majority o f the landfill is operating under anaerobic conditions.

The oxygen content surrounding bundles 1 and 2 remained at approximately 21% when 

they were exposed to ambient air from November 2009 until January 1010, as illustrated 

in Figure 13. At this point, they were covered with the first 6 m waste lift and the oxygen 

content slowly declined to 0% over a two month period. The temperature o f the waste 

during this period of time remained at approximately -2°C, below temperatures where 

significant biodegradation would occur. Even at these low temperatures, small amounts 

of bacterial activity could result in the oxygen being slowly depleted. However, since
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oxygen is decreasing so slowly, the amount of heat produced would not be sufficient to 

raise the temperature o f the waste.
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Figure 13: Oxygen content for bundles 1 and 2

Other researchers suggested the aerobic phase o f biodegradation lasted anywhere from 3 

to 18 months, therefore it was not anticipated the oxygen would decrease so quickly 

(Qian et al., 2002; Hanson et al., 2008). With the unexpected results of the oxygen 

content decreasing so rapidly under colder conditions, oxygen pump tests were completed 

to confirm the operation o f the oxygen sensor data. These tests involved using a bike 

pump to pump air, at roughly 21% oxygen, back out to the instrument bundles via the 

hollow tubing as shown in Figure 14. During the first pump test, pressure built up in the
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bike pump and air was unable to reach the bundles. It is suspected that water entered the 

hollow tubing and froze due to the cold temperatures within the landfill, blocking the air 

from reaching the bundles. Judging from experience o f other researchers, it was also 

possible the sensors had failed (Davies & Colbran, 2010). Therefore, to confirm the 

oxygen sensors weren't being impacted by the harsh environmental conditions o f the 

waste, oxygen pump tests were performed on all instrument bundles; however, this 

procedure could only be completed for bundles 3, 5, and 6.

Figure 14: Oxygen pump test procedure

Figure 15 shows the oxygen content measured at bundles 3 and 4. When bundles 3 and 4

were installed, the wiring of the oxygen sensor was incorrect and therefore the initial

results were inaccurate. This issue was resolved in June 2010, approximately 6 months
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after installation. However, by this time the readings from both bundles 3 and 4 had 

decreased to 0% oxygen content. This data was still useful, as it confirms the duration of 

aerobic phase is less than 6 months, even for waste placed during the winter months. It is 

anticipated that the oxygen content decreased to 0% over a span of 3 months, similar to 

bundles 1 and 2. An oxygen sensor test was performed on June 2nd 2011 on both bundles 

3 and 4. The oxygen concentration for bundle 3 peaked at 7% during pumping, indicating 

the sensor was still functioning properly. However, at bundle 4 the temperatures 

remained below 0°C suggesting frozen water was preventing air to be pumped through 

the hollow tubing back to the instrument bundles.
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Figure 15: Oxygen content for bundles 3 and 4
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Figure 16 shows the oxygen content measured at bundles 5 and 6. The oxygen levels 

surrounding the bundles were initially 21% upon installation in June 2010, but decreased 

rapidly to 0% over a two day period. The temperature of the waste at installation was 

approximately 20°C, and this rapid decrease in oxygen content indicates there is aerobic 

biodegradation occurring in the upper portion of the first waste lift at temperatures of 

20°C. This is extremely important as it indicates that under warmer temperatures, the 

initial oxygen in the void space of the waste is depleted in a matter of a few days. Oxygen 

was added by pumping air out to the instrument bundles to confirm the sensors were 

functioning properly on three separate occasions. During the first oxygen pump test, air 

was added to both bundles 5 and 6. The oxygen readings reached 13% and 7% at bundles 

5 and 6 respectively. Upon reaching these levels, it was concluded the sensors were 

functioning properly and pumping was stopped. The oxygen depleted over 1 to 2 days 

indicating rapid consumption of the oxygen in the area o f the bundles. Two additional 

oxygen pump tests were performed on bundle 5, and similarly to the first test, the oxygen 

was rapidly consumed.
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Figure 16: Oxygen content for bundles 5 and 6

Figure 17 shows the oxygen content measured at bundles 7 and 8. The oxygen levels 

started at approximately 21% and decreased to under 2% within the first two weeks. At 

this point, bundle 8 was excavated in order to fix a problem with the installation. Bundle 

7 was partially excavated although it remained covered with waste. This allowed air to 

infiltrate into the pore space o f the waste and the oxygen levels at both bundles 7 and 8 

increased to 11% and 19% respectively. The excavation above bundle 8 remained open to 

the atmosphere until May 2011 and hence the oxygen sensor was only covered with a 

thin layer o f sand. As a result, the oxygen content at bundle 8 decreased at a slower rate 

than at bundle 7 as air may have slowing continued to infiltrate into the sand surrounding
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bundle 8. Once again, an oxygen pump test was performed; however no air could be 

pumped through the hollow tubing back to the instrument bundles. The installation was 

performed in the winter months and it is anticipated that liquid may have entered the 

hollow tubing and froze, preventing the air from reaching the bundles.
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Figure 17: Oxygen content for bundles 7 and 8

Figure 18 shows the oxygen content recorded at bundles 9 and 10 over the study period 

compared to the average temperature o f the waste. The oxygen levels began at 

approximately 21% and decreased to 0% over a few days. The bundles were installed 

approximately three weeks after the placement o f waste and therefore some oxygen may 

have depleted prior to placing the instrument bundles. However, this still indicates the
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aerobic phase for waste placed under warm temperature conditions only lasts a few days. 

This is extremely important as the majority o f heat released from biodegradation occurs 

during the aerobic phase o f biodegradation.
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Figure 18: Oxygen content for bundles 9 and 10

4.2 Temperature Results

The temperature results are extremely important as they impact the rate of waste 

stabilization within the landfill, and subsequently the amount o f landfill gas produced. 

Figure 19 shows a plot o f the temperature data set from each instrument bundle from 

November 2009 to March 2012. The grey line indicates the ambient air temperatures and 

the coloured vertical bars indicate the placement of the first four lifts o f waste. The
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temperatures were averaged from the thermistors o f the liquid settlement system, 

moisture and electrical conductivity sensor, piezometer, and total earth pressure cell. The 

oxygen sensor contains an internal heater that is used to prevent condensation from 

impacting the oxygen readings. As a result, the temperature readings from the oxygen 

sensor thermistor are approximately 2°C higher than that of the remaining thermistors for 

each bundle. With the exception o f the oxygen sensor, the temperature readings from the 

various thermistors were generally within 1°C. The data from individual thermistor 

temperatures of each instrument bundle are presented in Appendix B.
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As shown in Figure 19, after installation of bundles 1 and 2 on the base o f the landfill, the 

average temperatures initially followed the positive ambient temperature as the bundles 

were only covered by the 0.3 m high protective sand layer. Once the ambient 

temperatures at the site dropped below 0°C in December 2009, the protective sand layer 

over the bundles froze. At this point, the temperature readings from both bundles 1 and 2 

stabilized at a temperature o f approximately -0.5°C. In early January 2010, the first layer 

o f waste (~6 m) was placed over bundles 1 and 2. The first waste layer was placed in a 

frozen state at an approximate temperature o f -1.7°C. In the summer of 2010, the ambient 

temperatures at the site rose above 30°C, and yet the instrument bundles maintained a 

temperature of approximately -0.5°C. This indicates the 6m thick frozen waste layer acts 

as an excellent insulator due to the low thermal conductivity o f waste. Eventually, at the 

end of August 2010, the temperatures of first two bundles reached 0°C demonstrating the 

waste at the instrument bundles was beginning to thaw. This increase in temperature is 

primarily attributed to an upwards heat flux from the base of the landfill reaching the 

bundles, as the bundles were placed on the cell floor immediately above the leachate 

collection system. This concept is discussed further in Section 4.2.1. The temperatures for 

bundles 1 and 2 continued to rise steadily until April 2011, at which point they stabilized 

at approximately 11°C and 9°C respectively and remained at these temperatures until 

March 2012. During this period o f time there are small fluctuations in the temperatures 

that can be attributed to the bundles being placed above the leachate collection system.

Bundles 3 and 4 were installed in January 2010 in the middle of the first waste lift, 3 m 

from the base of the landfill. After installation, the bundles were immediately covered 

with the remaining 3 m o f waste to complete the 6 m waste lift. As the installation
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occurred during the winter, the initial temperatures at bundles 3 and 4 were 

approximately -1.7°C, as shown in Figure 19. Similarly to bundles 1 and 2, even as the 

ambient temperature rose to above 30°C in the summer o f 2010, the temperatures in the 

middle o f the waste profile remained frozen. This reinforces the fact that solid waste must 

has a low thermal conductivity thereby acting as a great insulator. In addition, this 

suggests a lot of energy is needed to thaw the liquid portion of frozen waste, indicating 

the waste has a high latent heat o f fusion. In January 2011, the waste surrounding bundle 

3 began to thaw as the temperatures rose above 0°C relatively quickly. The rapid increase 

in temperature occurring at bundle 3 was unexpected at this time, especially in 

comparison to the continuous frozen state of bundle 4. However, if the waste has a large 

latent heat value as expected, small variances in heat flux between bundles 3 and 4 over 

the 12 months since installation could cause the waste surrounding bundle 4 to remain 

frozen longer than bundle 3. In May 2011, bundle 4 showed a similar rapid temperature 

increase. This phenomenon is consistent with the frozen waste having a large latent heat 

value, as a significant amount o f heat was used to convert leachate within the waste from 

solid to liquid state. As of March 2012, the temperatures at bundles 3 and 4 have 

increased to 9°C and 6°C respectively. Thus, more than two years after placement o f the 

waste, the waste remains well below optimum temperatures for biodegradation.

Bundles 5 and 6 were installed in the June 2010 in top of the first waste lift and were 

covered with 0.5 m o f waste. The ambient temperatures during installation were over 

25°C and the initial waste temperature was close to 20°C. However, as the bundles were 

only covered by 0.5 m of waste, the temperatures decreased, followed the average 

ambient temperatures lagged by a few days. The lag is a result o f the limited insulation
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the 0.5 m waste layer provided. In December 2010, a second waste lift was placed over 

the instrument bundles, followed by third layer o f waste in January and February 2011. 

Unfortunately, these additional waste layers were placed too late to contain some of the 

heat added during the summer as the temperatures at bundles 5 and 6 had decreased to 

1°C and -0.4°C, respectively. The bundles have slowly regained heat but are insulated 

with 7 m of frozen waste above and 5.5m of partially frozen waste below.

Bundles 7 and 8 were installed in February 2011, within a lift o f frozen waste and with 

0.5 m of waste above the bundles. Due to the placement during the winter, bundles 7 and 

8 measured temperatures o f approximately -3°C and -2°C respectively. As shown in 

Figure 19, the temperature profile for bundle 7 is quite smooth while the bundle 8 

fluctuates abruptly. Bundle 8 was excavated on March 4, 2011 to adjust the bundle 

installation and left uncovered by waste until May 2011 causing fluctuations in the 

temperature data. Prior to the fourth waste lift being placed over bundles 7 and 8, the 

temperatures followed but lagged the ambient air temperature. However, once the fourth 

waste lift was placed the temperatures begin to defer from the ambient air temperature 

and continue to rise. The temperatures at bundles 7 and 8 in March 2012 are 27°C and 

24°C respectively.

Bundles 9 and 10 were installed in September 2011, with 1.0 m o f waste above the 

bundles. Over a span o f 6 weeks, from the time of installation to end of October, both 

bundles measured a significant increase in temperature. Bundles have maintained these 

high temperatures (close to 50°C) indicating the waste is actively degrading.
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4.2.1 Anticipated Heat Flux

Analysis of the temperature readings from the instrument bundles helped to establish how 

heat is transferred within the waste. Figures 21 and 22 show the temperature readings 

from the instruments in the first four waste lifts. The arrows in the figure indicate the 

direction of heat flux in the waste, from the ambient air or from the base o f the landfill. 

The heat entering the waste from the atmosphere is in the form of a convective or 

radiative flux whereas the heat entering from the base o f the landfill occurs via 

conduction.

The temperatures measured by Column 1 o f the instrument bundles, located closer to the 

North-East edge o f the landfill are presented Figure 21. Immediately after placement of 

waste above bundle 1, there is a positive heat flux coming from the leachate collection 

system below. This is primarily because the ground temperature in Montreal and the 

surrounding area is constant, at temperatures warmer than the waste above. At soil depths 

greater than 4 m, the ground temperature approaches a constant value of approximately 

7°C as shown in Figure 20 (Environment Canada, 2012). In addition, warm leachate 

and/or air or landfill gas from other parts of the landfill may be migrating laterally within 

the leachate collection system. However, despite the warm heat flux from the base o f the 

landfill, it still takes a significant amount o f time for the temperatures at bundle 1 to 

increase. This is indicative o f the high latent heat value of the waste, as a large quantity 

o f heat is required to thaw the liquid fraction o f the waste above the bundle. Once the 

waste above the instrument bundle has thawed, the positive heat flux causes a gradual 

temperature increase.
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Figure 20: Temperature profile in soil with depth at Mirabel airport (Environment
Canada, 2012)

The first waste lift was placed in January of 2010, and during the winter months there is a 

flux of heat leaving the waste as the waste temperature is much warmer than the ambient 

air. During the summer months, the ambient temperatures rose as high as 30°C, and 

therefore there was heat entering the waste. However, the temperatures at the centre of 

the 6 m waste lift remained below 0°C, indicating the heat from the warm ambient 

temperatures was not able to penetrate into the centre o f the waste. This indicates the 

thermal conductivity o f the waste is relatively low. The second and third waste lifts o f 3.5 

m each were placed over the area in December 2010 and February 2011. Due to the waste 

lift being placed under winter weather conditions, it is anticipated that the waste was 

placed at temperatures o f approximately -2°C. However, since these temperatures are not 

confirmed, a dashed line in Figure 21 represents the unknown direction o f heat flux until
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a thermal gradient is established throughout lifts 2 and 3. In the summer months of 2011, 

there are positive convective and radiative heat fluxes impacting the top of lift 3 causing 

a transfer of heat downwards to the waste surrounding bundle 5.
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Figure 21: Temperature profile of waste in bioreactor landfill from Column 1 
(modified from Vingerboeds, 2011).

Figure 22 shows the waste temperatures measured at Column 2 o f instrument bundles 

located further into the landfill. Bundle 2 shows similar results to bundle 1, as there is a 

positive heat flux coming upwards from the underlying leachate collection system. 

Similarly to bundle 5, there is a positive heat flux towards the centre of waste in the 

summer as shown by the temperatures at bundle 6. However, despite the flux from both
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the top and bottom of the waste, the temperature at bundle 4 remains frozen for nearly 1.5 

years. Eventually, the positive flux from the base of the landfill reaches the centre o f the 

first waste lift causing the temperature at both bundles 3 and 4 to rise. Prior to the next 

waste lift being placed over bundles 7 and 8, the temperatures for these bundles seem to 

be following the ambient air temperature lagged by a few days. However, once the waste 

lift is placed the temperatures begin to defer from the ambient air temperature and 

continue to rise. This indicates there is a heat flux downwards from the waste lift above. 

However, despite the temperatures being extremely high at bundle 10, the downwards 

heat flux is still relatively slow. This supports the conclusions from Lefebvre et al. (2000) 

that the majority of the aerobic activity is occurring in the top lm of waste.
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Figure 22: Temperature profile of waste in bioreactor landfill from Column 2 
(modified from Vingerhoeds, 2011).

In analyzing the heat flux throughout the landfill, it is apparent that the first column of 

instrument bundles is consistently warmer than the second column located further into the 

landfill. Overall, Figures 21 and 22 demonstrate the insulating capacity o f the waste. In 

addition, for both Columns 1 and 2, the first three waste lifts remain at relatively low 

temperatures and the principal heat fluxes are from either the base o f the landfill, or from 

degradation occurring in the fourth waste lift. As the temperatures remain significantly 

lower than optimal temperatures for biodegradation, the heat generation within these lifts 

is negligible. In comparison to literature, the waste in the centre o f the 6 m frozen waste
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lift remained at temperatures below 0°C for up to 1.5 years (Hanson et al., 2006; Zhao et 

al., 2008). However, the delay is even longer for the temperatures to reach values where 

the microbial activity is significant. In comparing the placement o f lifts 2 and 3 to lift 4, 

this illustrates the importance of considering the sequence o f waste placement. Lift 2 is 

placed during the winter, and therefore the first waste lift lost any heat gained throughout 

the summer. In comparison, the fourth waste lift was placed at the end o f summer. 

Figures 21 and 22 illustrate the placement o f this waste lift successfully trapped any heat 

gained throughout the summer.

It is evident that the sequencing of waste placement is an important issue for landfill 

operators. When multiple lifts of frozen waste are placed in succession, there is no heat 

source to raise the temperature o f the waste. This can have negative impacts on the rate of 

stabilization, which can have a negative impact on the amount o f settlement occurring in 

the landfill (Hanson et al., 2006; Houi et al., 1997; Vingerhoeds, 2011). In addition, 

methane gas production which can be used for energy or heating will be significantly 

reduced in these areas o f the landfill. This research illustrates landfill operators should 

keep track o f the waste placement timeline at the site to avoid placing multiple lifts o f 

waste on top of each other during the winter months (Hanson et al., 2006; Vingerhoeds, 

2011). Furthermore, modelling the various heat fluxes within the landfill will be 

extremely beneficial. Once the thermal parameters o f the waste are estimated, the model 

can be used to examine to the benefit o f sequencing the waste or the possible benefit of 

placing a winter layer on the base o f the landfill. As illustrated in Figures 21 and 22, one 

of the primary sources o f heat in the bottom layer is an upwards flux from the leachate 

collection system. This upwards heat flux would be wasted if a warm layer was placed on
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the bottom, and a downwards heat flux from the warm layer would occur once the waste 

started actively degrading.
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5 Modelling Overview

The modelling results portion o f this thesis has been prepared as two separate journal 

papers. Sections 6 and 7 have been submitted to academic journals and are co-authored. 

The details regarding the publications and contributions made by each author are 

discussed here.

The first paper is presented in Section 6 was submitted to Waste Management and 

presents a calibrated finite element model for the first 10.5 months of collected 

temperature data for the first waste lift. In addition, the paper presents a heat budget that 

quantifies the various heat sources/sinks that impact the waste temperature and a 

sensitivity analysis for the various parameters that impact the heat budget.

Title: Heat Budget for an Anaerobic Bioreactor Landfill in a Northern Climate 

Authors: James E. Bonany, Paul J. Van Geel, H. Burak Gunay, O. Burkan Isgor 

Submitted to: Waste Management

The field installation and data collection was performed by James Bonany. Modelling of 

the data using the finite element software was completed by James Bonany and Burak 

Gunay. The majority o f the text was written by James Bonany and edited by Paul Van 

Geel and Burkan Isgor. The numerical model section was written by Burak Gunay and 

edited by James Bonany, Burkan Isgor and Paul Van Geel.

The second paper is presented in Section 7 was submitted to Waste Management & 

Research and presents an improved calibrated finite element model for the first 19 

months of collected temperature data for the first three waste lifts. The expanded
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modelling effort included separating the heat generation from biodegradation into aerobic 

and anaerobic terms.

Title: Simulating the impacts o f temperatures in northern climates on waste stabilization 

at an operating bioreactor landfill in Quebec, Canada

Authors: James E. Bonany, Paul J. Van Geel, H. Burak Gunay, O. Burkan Isgor 

Submitted to: Waste Management & Research

The installation o f the instrument bundles and data collection was performed by James 

Bonany. Modelling o f the data using the finite element software was completed by James 

Bonany and Burak Gunay. The majority o f the text was written by James Bonany and 

edited by Burak Gunay, Paul Van Geel and Burkan Isgor.

5.1 Model Development

The heat transfer process within the solid waste was simulated with a 2D finite element 

model using COMSOL Multiphysics v.3.5. The model simulates the heat transfer 

throughout the landfill from the time of first waste lift placement in January 2010 through to 

the placement of the fourth waste lift in August 2011. Model dimensions were determined 

from the GPS coordinates at the time of waste placement. The dimensions used to model the 

first three lifts of waste can be seen in Appendix D.

Using the range of thermal parameters found within the literature as a basis, a finite 

element model was developed to simulate the first 10.5 months of collected temperature 

data for the first waste lift. The calibrated model was then used to complete a sensitivity 

analysis to determine the relative importance of the various thermal parameters. Figure 

23 demonstrates the progression of the model towards the base case used in Section 6 for
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the sensitivity analysis. Figure 23 displays large incremental changes to the thermal 

parameters as only a limited number o f results are displayed in the figure. However, 

much smaller adjustments to the thermal parameters (approximately 0.05 and 50 for the 

thermal conductivity and heat capacity, respectively) were made in comparison to those 

shown in the figure. All values attempted were within the range o f thermal parameters 

established in the literature.
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Figure 23: Progression of the model to arrive at base case

The figure illustrates the results for bundle 3, located at the centre o f the first 6 m waste 

lift. The green line in the figure shows the first trial, simulated using a middle range value 

for both thermal conductivity and heat capacity. The results demonstrate that too large of
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a heat flux reached the centre o f the waste profile. To improve the simulation, the thermal 

conductivity was reduced and the heat capacity was increased. The results, shown in the 

figure with a red line, again indicated too large o f a heat flux reached the centre o f the 

waste lift. Thus, a latent heat o f fusion term was added to the equation to account for the 

energy required for phase change of the frozen leachate. This term has typically not been 

included when modelling heat transfer in MSW and it is difficult to quantity. At Sainte- 

Sophie, WM typically achieves a density close to 1000 kg/m3 via compaction. The 

moisture content at placement is typically 15-20% by volume, although not all the 

moisture may be frozen. Therefore, Eqn. 5 was used to determine the range o f values for 

the latent heat of fusion of the waste (-one fifth to one tenth that of water). The latent 

heat o f fusion value used to generate the blue line in Figure 23 was assumed to equal one 

eighth that of water. Thus, one eighth the amount o f energy would be required to thaw the 

liquid fraction within a unit weight o f waste in comparison to a unit weight o f water. 

Further research is needed to characterize this term; however, the assumed latent 

provided a good model fit.
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6 Heat Budget for an Anaerobic Bioreactor Landfill in a 

Northern Climate

6.1 Abstract

Bioreactor landfills are an effective waste-to-energy technology as they promote rapid 

waste biodegradation and stabilization, which increases settlement and the corresponding 

available airspace and improves landfill gas generation. A bioreactor landfill operated in 

Sainte-Sophie, Quebec, Canada was instrumented to better understand the waste 

stabilization process in northern climates. Instrument bundles were placed to monitor 

temperature, settlement, oxygen, moisture content, total load, mounding o f leachate and 

electrical conductivity within the waste. A finite element model developed to simulate 

the heat budget was calibrated using the first 10.5 months o f collected temperature data. 

The calibrated model was then used to complete a sensitivity analysis for the various 

parameters that impact the heat budget. The results of the analysis indicated that the heat 

required for phase change to thaw the liquid fraction within frozen waste had a significant 

impact on the heat budget causing sections o f waste to remain frozen throughout the 

simulation period. This was supported by the data collected to date at Sainte-Sophie and 

by other researchers indicating that frozen waste placed during the winter months can 

remain frozen for periods in access of 1.5 years.

6.2 Introduction

Bioreactor landfills aim to control the conditions within waste in order to enhance the 

waste stabilization process, which will increase landfill gas production and promote 

waste settlement, maximizing usable airspace. A number o f research groups have
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instrumented field-scale bioreactor landfills to monitor the conditions within waste 

(Yesiller et al., 2011; Reinhart et al., 2002; Augenstein et al., 1997) and some have 

modelled the stabilization and gas generation within bioreactors (Hanson et al., 2008; El- 

Fadel et al., 1996c; Yoshida & Rowe, 2003; Yesiller et al., 2005). These models provide 

a comprehensive understanding of how biodegradation occurs within a bioreactor landfill 

in warmer climates; however, cold temperatures in northern climates can make the 

optimization of waste stabilization challenging (Zhao et al., 2008; Hanson et al., 2006). 

For example, at the Northern Oaks Recycling and Disposal Facility it was found that lifts 

placed in the winter months remained frozen for 6 months after closure of a cell (Zhao et 

al., 2008). In comparison, research completed at the Anchorage Regional landfill 

determined that frozen waste placed in winter months could remain frozen for up to two 

years (Hanson et al., 2006). It was also reported the that cold conditions of the waste at 

placement delayed significant gas generation until three to four years after waste was 

placed in the landfill (Hanson et al., 2006). Therefore, the initiation of microbial 

biodegradation was largely dependent on the placement conditions o f the waste (Houi et 

al., 1997; Hanson et al., 2006). Better understanding of the waste stabilization process for 

bioreactor landfills located in northern climates is required to overcome these challenges.

This research is part of a three-year effort to instrument a cell in waste-to-energy 

bioreactor landfill in Sainte-Sophie, Quebec, operated by Waste Management (WM) of 

Canada, as it is progressively filled with waste. Sainte-Sophie landfill generates 

approximately 9000 m3/h of landfill gas providing 4000 GJ/day of energy to a nearby 

pulp and paper mill. To date, ten instrument bundles have been installed in the waste in 

two vertical profiles. The instrument bundles were designed to include sensors that
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measure important parameters impacting the degradation and stabilization processes. 

Figure 24 shows the various instruments used in a typical bundle to monitor temperature, 

settlement, oxygen, moisture content, total load, mounding o f leachate and electrical 

conductivity within the waste. An on-site weather station records various climatic 

conditions at the landfill including temperature, relative humidity, wind speed and 

direction, barometric pressure and precipitation. The landfill gas quantity and quality are 

also monitored. The data collected will provide valuable insight into the key parameters 

that affect the waste degradation and stabilization processes. This knowledge will allow 

landfill operators to tailor their operational practices to minimize landfill footprint and 

maximize gas production.

The focus o f this paper is to develop a model that simulates the heat budget for bioreactor 

landfills operating in northern climates where waste is placed under frozen conditions 

during a portion o f the year. The proposed model includes the heat flux from below the 

landfill, from atmospheric conditions above the waste, and the heat generated via 

biodegradation. The heat is then stored as sensible heat increasing the temperature o f the 

waste and latent heat for phase change to account for the heat needed to thaw the liquid 

fraction within the waste. The model was calibrated using the temperature data collected 

at the Sainte-Sophie site. The calibrated model was then used to conduct a sensitivity 

analysis to determine which parameters and/or processes have the largest impact on the 

simulated waste temperatures. The model was also used to create a heat budget to 

summarize the various heat sinks/sources affecting the waste.
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Figure 24: Instrument Bundle (Bonany et al., 2012b)

6.2.1 Instrument Bundle Installation

A typical instrument bundle contained thermistors, a liquid settlement system, a 

piezometer, a total earth pressure cell, an oxygen sensor and a moisture sensor and 

electrical conductivity sensor. The liquid settlement system, piezometer and total earth 

pressure cell are mounted on the steel plate. The oxygen sensor and moisture sensor were 

left unsecured from the steel plate as they must be inserted firmly into the sand placed 

over instrument bundle for protection. Ten instrument bundles have been placed within 

the waste to date, with two bundles installed at each layer. Figure 25 is a cross-section of 

the landfill cell, showing the placement elevations for the instrument bundles. Placement 

was planned such that there will be two vertical columns, Column 1 and Column 2, each 

consisting o f six instrument bundles. Column 1 and 2 are separated by approximately 17 

m and each layer of instrument bundles was to be separated by approximately 3 to 4 m.

83



The vertical separation between the layers changed slightly as shown in Figure 24 due to 

the variations in the waste lift thicknesses.
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Figure 25: Elevation of Instrument Bundles at Placement (Bonany et al., 2012a)

Figure 26 shows the installation of instrument bundles 1 and 2 in October 2009, on the 

base o f the bioreactor landfill cell. Bonany et al. (2012a) provided details o f the 

instrument bundle installation process. A 0.3 m sand layer was placed over the instrument 

bundles and cables for protection before covering the bundles with waste. The sand also 

served as a medium in which the moisture and electrical conductivity sensor and oxygen 

sensor were placed. These bundles were covered with waste when the first waste lift (~6 

m) was placed in January 2010.
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Figure 26: First Layer Instrument Bundle Installation in October 2009

For instrument bundles 3 through 10, a trench was excavated in the waste, in which the 

instrument bundle and cables were placed as shown in Figure 27. The instrument bundles 

and cables were once again covered with sand for protection. To facilitate the placement 

of bundles 3 and 4 at the centre of the first lift, WM personnel at Sainte-Sophie placed a 

half lift (~3 m) over the area o f the instrument bundles. Bundles 3 and 4 were installed 

and immediately covered with the second half lift (~3 m) in February 2010. Bundles 5 

and 6 were installed 0.5 m below the top o f the first lift in June 2010. In December 2010 

and January/February 2011 a second and third waste lift (each~3.5 m) were placed above 

the instrument bundles. Bundles 7 and 8 were installed 0.5 m below the top o f the third 

lift in February 2011. It is important to note that the first three waste lifts were placed in



the winter months and the waste was placed in a frozen state. To avoid placing another 

frozen waste lift in the area of the instrument bundles, the fourth waste lift was placed in 

August 2011. Instrument bundles 9 and 10 were installed 1.0 m below the top of the 

fourth lift in September 2011, above approximately 15 m o f waste from the base of the 

landfill.

Figure 27: Third Layer Instrument Bundle Installation in June 2010 

6.2.2 Instrument Bundle Temperature Data

Data collection began in November 2009 from the instrument bundles installed in the 

bioreactor landfill. Figure 28 shows a plot of the temperature data set from the first six 

instrument bundles from November 2009 to March 2012. The grey line indicates the 

ambient air temperatures and the coloured vertical bars indicate the placement o f the first 

four lifts o f waste. The temperatures represent the average temperature recorded by the 

thermistors o f the liquid settlement system, the piezometer, and the moisture and

86



electrical conductivity probe; all three temperature readings were within a range of less 

than 1°C. In early January 2010, the first layer o f waste (~6 m) was placed over bundles 1 

and 2. Both bundles maintained a temperature o f  approximately -0.5°C even as the 

ambient temperature increased above 30°C. This indicates that the 6m thick frozen waste 

layer acts as an excellent insulator, having low thermal conductivity and high latent heat 

of fusion. At end of August 2010, the temperatures of first two bundles rose above 0°C, 

indicating that the waste at the bundles began to thaw. This increase in temperature was 

caused by an upwards heat flux from the ground below, as the bundles were placed on the 

cell floor immediately above the leachate collection system. The temperature in March 

2012 was approximately 11°C and 9°C at bundles 1 and 2 respectively.

Bundles 3 and 4 were installed in January 2010 in the middle o f the first waste lift. The 

cold ambient temperature during installation meant the initial temperatures at bundles 3 

and 4 were approximately -2°C, as shown in Figure 28. Similarly to bundles 1 and 2, 

even as the ambient temperature rose to above 30°C in the summer of 2010, the 

temperatures in the middle of the waste profile remained frozen. This reinforces the fact 

that the frozen waste must have a low thermal conductivity and that significant heat is 

needed to thaw the frozen liquid fraction within the waste. In January 2011, the waste 

surrounding bundle 3 began to thaw. The rapid increase in temperature shown at bundle 3 

was unexpected at this time, especially in comparison to the continuous frozen state of 

bundle 4. However, if the waste has a large latent heat value, small variances in heat flux 

between bundles 3 and 4 over the 12 months since installation could cause bundle 4 to 

remain frozen longer than bundle 3. In May 2011, nearly 1.5 years after placement o f the 

waste, bundle 4 begins to show a similar rapid temperature increase. This phenomenon is
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consistent with the frozen waste having a large latent heat value, as a significant amount 

of heat was used to convert the liquid fraction within the waste from a solid to a liquid 

state.

Bundles 5 and 6 were installed in the June 2010 and were covered with 0.5 m of waste. 

The ambient temperatures during installation were over 25°C and the initial waste 

temperature was close to 20°C. However, as the bundles were only covered by 0.5 m of 

waste, the temperatures decreased, following the average ambient temperatures lagged by 

several days. The lag is a result o f the limited insulation the 0.5 m waste layer provided. 

In December 2010, a second waste lift was placed over the instrument bundles, followed 

by third layer o f waste in January and February 2011. By the time that the second waste 

lift was placed in December 2010, the temperatures at bundles 5 and 6 had decreased to 

1 °C and -0.4°C, respectively. The temperatures at bundles 5 and 6 have slowly increased 

but are covered with 7 m of waste; a portion of which may still be frozen. The 

temperature gradient in the waste below the bundles indicates that the temperatures may 

be increasing due to heat flux from the base o f the landfill.
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Figure 28: Average Temperatures from Bundles 1 through 6, November 2009 to
March 2012

6.3 Numerical Model

The numerical investigation is carried out on a simplified waste lift in a landfill as shown 

in Figure 29. In the waste lift, heat transfer across the boundaries can take different 

forms: (1) heat transfer from the ambient air via convection and radiation, (2) heat 

transfer from the subsurface soil in the form of conduction, (3) heat transfer from the 

adjacent waste lifts via conduction. In addition, biodegradation of the organic waste 

generates heat. The redistribution o f the heat within in a lift of waste takes place in the 

form of natural convection and conduction. Heat can be stored within the waste as 

sensible heat causing an increase or decrease in temperature, or as latent heat needed to
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cause a phase change; i.e. heat needed to thaw the liquid fraction within the waste and 

change its state from a solid (frozen) to a liquid state.

6.3.1 Governing equation

The heat transfer within the domain is assumed to be governed by conduction:

where k (W/m-K) is thermal conductivity, p  (kg/m3) is the density, Cp (J/kg-K) is the 

specific heat, Q (W/m3) is the heat source, T  (K) is temperature, and t (s) is time.

The heat transfer within frozen solid waste is governed by conduction; however, as the 

waste thaws, the heat transfer mechanism was assumed to change due to the natural 

convection with the increasing temperature. Hence, the coefficient o f thermal 

conductivity, k, was assumed to be a linear function o f the temperature such that

where k, and ks are the coefficients analyzed in order to simulate the thermal response.

A phase change occurs for the frozen liquid fraction within the solid waste. The latent 

heat o f fusion of the liquid fraction affects the transient heat transfer process by changing 

the thermal inertia o f the solid waste temporarily. The latent heat o f fusion o f the liquid

with a smoothened step function at the phase change temperature range, as follows 

(Alawadhi & Amon, 2003):

V(kVT)+ Q =pC p —  in D ( 1 1 )

(12)

fraction is incorporated in the model by changing the specific heat, Cp, o f the solid waste
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c  =

c .  r< - i.6 °c

—  -1 .6°C < r< -0 .6°C  (13)
AT v
c , -0 .6° c < r

where Cs (J/kg-K) is the specific heat of the frozen waste, L (J/kg) is the latent heat o f 

fusion o f the liquid fraction o f the solid waste, Tm (K) is the onset temperature o f the 

phase change, AT (K) is the temperature range where the phase change takes place, C/ 

(J/kg-K) is the specific heat in the waste with the leachate in a liquid state. These 

parameters are analyzed in order to model the thermal response by the sensor bundles 

placed in the waste.

The bio-heat generation is assumed to take place as a quadratic function o f temperature 

when a threshold temperature value is exceeded. This is incorporated in the numerical 

model with a non-linear smooth step function defining the heat source term, Q, as follows 

(Neusinger et al., 2005):

Q = \  2 °  r<Tb'° (14)[0(-0.000413r 2 +0.27143r -43.677) Tbio<T

where Tbio (K) is the onset temperature o f the bio-heat generation and 0 , is the scaling 

multiplier, as shown in Table 8. Tbi0was assumed to be 10°C.

6.3.2 Boundary Conditions

The effect o f radiation and wind-governed forced convection on boundary Ti is estimated 

as:
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D (*V D  = A ( U - J -) + « 7 ( C » - r 4> o n r ,  (15)

where Tomb (K) is the ambient air temperature, h (W/m2-K) is the coefficient of 

convective heat transfer, 6: is the surface emissivity, and a  (W/m2-K4) is the Stefan- 

Boltzmann constant for black body radiation.

The resistivity o f convective air layer, h (W/m2 K), in Eqn. 15 is defined as it is reported 

by De Halleux (1989):

* = o n r ,  (16)

where h, is a scaling multiplier as shown in Table 8.

The heat flux on the remaining boundaries can be simulated using a prescribed 

temperature type I boundary condition or defined flux type II boundary condition.

6.3.3 Solution Procedure

The initial-value problem defined in Section 6.3.2 was solved using a commercial finite 

element analysis software package. All equations were solved using coupled transient and 

nonlinear solution algorithms. Because o f the coupled and nonlinear nature o f the 

problem, the computational power required was a major obstacle; therefore, a 

comprehensive mesh study analysis was conducted to find the optimum finite element 

mesh that would provide a balance between computation efficiency and accuracy. The 

software had its own mesh generation routines and offers several alternatives for 

nonlinear and transient solution algorithms.
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6.4 Model Calibration using Sainte-Sophie Data

The developed model was used to simulate the temperature data collected in bundles 3 

through 6 within the first waste lift from January 2010, when waste was first placed over 

bundles 1 and 2, through to November 2010, prior to the placement of waste lifts two and 

three. The domain was discretized with between 3000 to 10,000 Lagrangian triangular 

finite elements with quadrilateral finite elements on the boundary layers as shown in 

Figure 29.

r.

r3

Figure 29: Analysis Domain

To set-up the top boundary condition, the ambient temperature data measured on site 

were fit to a 4th order polynomial using a non-linear regression analysis package to 

generate a time dependent function for 7 ^  (K). The resulting input function for Tomb (K) 

is shown in Figure 30. The lower boundary was defined as a prescribed temperature type 

1 boundary using the temperature data from bundles 1 and 2. This prescribed temperature 

boundary will effectively simulate the heat flux from the subsurface soil. The temperature 

data from instrument bundles 1 and 2 were also fit to a 4th order polynomial with a non

linear regression analysis. This time and position dependent polynomial T^u (K), as
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illustrated in Figure 30, is then set as the temperature boundary condition on Full 

description o f the functions used to model the top and lower boundaries can be found in 

Appendix C.
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Figure 30: Ambient and soil temperatures as input to the analysis

Boundaries 1̂ 2 and 1̂ 4 were defined as no-flux boundaries as it is assumed that there is 

limited horizontal heat transfer to the adjacent solid waste due to its symmetry, and are 

defined as:

n- (kVT) = 0 on r 2 and f 4 (17)
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The initial temperature in the domain is interpolated in accordance with the initial 

temperature readings acquired from the temperature sensors at the time o f the solid waste 

lift placement:

Ti„il(0Q  = -1.79+0.0 Ix (18)

where Ti„it (C) is the initial temperature o f the domain and x  (m) is the spatial coordinate 

in the horizontal direction.

The parameters needed to characterize the waste include the specific heat (Cp), density 

(p), thermal conductivity (k), latent heat o f fusion (I), bioheat generation ( 0 ,  surface 

emissivity (c), and convection coefficient (h). Since most of these parameters were not 

known for the site, a range for each parameter was obtained from values published in the 

literature as shown in Table 8; the model then was calibrated using values for the 

parameters from each range to simulate the temperatures measured at the bundles. The 

input data for the modelling parameters used in the calibrated model are presented in 

Table 9. Using values found within the literature as a base, the thermal parameters were 

selected to best simulate the transfer o f heat that occurs within the waste in accordance 

with the recorded data. The results for the first 10.5 months, from January 2010 until 

November 2010, are plotted in comparison to the actual data in Figure 31. The modeling 

results confirm that the waste is a great insulator, having a low thermal conductivity and 

high latent heat of fusion.
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Table 8: Analyzed thermal parameters

k-

(W/m-K)

ks

(W/m-K2)

P

(kg/m3)

C Uc'p

(kJ/kg-K) (W/m3)

L

(kJ/kg)
e

hi

(W/m2K4/3)

0.3-0.9 0-0.03 930-
1330 0.8-2.4 0-24 24-334 0.75-

0.95 1.86-10.0
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Figure 31: Modelled and measured temperatures at bundle locations at 3 ,4 ,5 , and 6

6.5 Results and Discussion

Using the calibrated model, a heat budget study was carried out to reveal the significance 

o f each heat transfer/generation mode. In addition, the calibrated model became the base
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case scenario used for the sensitivity analysis. The sensitivity o f the model to the changes 

in each parameter was investigated within the range of the values found in the literature, 

as shown in Table 8. The results o f the heat budget study and the sensitivity analysis are 

presented in this section.

6.5.1 Heat Budget

The calibrated thermal parameters summarized in Table 9 were also used to calculate the 

heat budget. The modes o f heat transfer to the domain and heat generation within the 

domain are presented in Figure 32. The heat transfer to/from the ambient air is via 

convection and radiation. The heat flux from the bottom boundary occurs from the 

leachate collection system and soil below. Within the control volume o f the solid waste 

lift the heat is either stored as sensible heat or latent heat for phase change. Within the 

domain heat is generated from the bacterial biodegradation o f the waste. The heat budget 

study was carried out to estimate the significance of each mode o f heat 

transfer/generation.

Table 9: Final thermal parameters

ki

(W/m-K)

ks

(W/m-K2)

P

(kg/m3) (kJ/kg-K)

(b

(W/m3)

L

(kJ/kg)
e

h,

(W/rn^K*3)

0.45 0.025 930 1.0 18 47.7 0.9 1.86
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Figure 32: Heat fluxes to/from the waste

The heat budget for the first lift is presented in Figure 33. The net heat flux was found by 

integrating the area under the simulated heat flux curves in Figure 32. The net heat flux 

was calculated to be 0.4 GJ/m, 1.6 GJ/m, 0.9 GJ/m, and 0.9 GJ/m for convection, 

biodegradation, radiation and conduction from the soil below, respectively. Therefore, 

3.8 GJ/m of energy was generated/transferred to the waste lift over a period o f 10.5 

months. This energy is stored in terms of sensible and latent heat within the waste.
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Figure 33: Summary of heat budget

In Eq. 13, the amount o f heat required for phase change, when Tm < T < Tm + AT, is 

Lp/AT. The model results for the simulation period indicated that approximately 70% of 

the frozen waste volume had completely thawed. The amount o f heat required to change 

the frozen liquid fraction within this waste to a liquid state was estimated to be 3.4 GJ/m. 

In comparison, the amount of heat required for temperature rise when not undergoing a 

phase change was estimated using Cs-p when T < Tm + AT and C/-p when T > Tm + AT. 

The amount o f energy required to raise the average temperature in the waste was 

approximately 0.4 GJ/m. This indicates that when waste is placed in the winter months, 

the quantity of energy required to increase the temperature o f the waste is dominated by 

the energy required for phase change.

6.5.2 Sensitivity Analysis

The range o f thermal parameters used for the sensitivity analysis is shown in Table 8. The 

results from the calibrated model presented in Table 9 are shown in Figures 33 to 41 as a
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solid black line. The range of parameters selected was based on the range of parameters 

found within the literature. When literature values were not available, in the case o f latent 

heat o f fusion or emissivity, values were based from materials with similar characteristics 

as solid waste. The maximum quantity for the latent heat o f fusion was based on that of 

water. The maximum value tested for emissivity represented that o f a solid black 

material.

The two thermal conductivity parameters presented in Eq. 12, k; and ks, were varied 

independently in the sensitivity analysis. The results in Figures 34 and 35 demonstrate the 

impact changing the thermal conductivity has within the domain. The results show that 

changing the thermal conductivity has little impact on the bundles 5 and 6. However as 

both kj and ks are increased, a greater amount o f heat reaches bundles 3 and 4.

In Eq. 11, the right side o f the equation is referred to as the volumetric heat capacity that 

represents the waste’s ability to store energy while undergoing a temperature change. The 

relative sensitivity o f changing the volumetric heat capacity was measured by adjusting 

both p  and Cp. Figures 36 and 37 demonstrate the impact o f changing the thermal inertia 

within the domain. The results show that the model is relatively insensitive to changes in 

volumetric heat capacity. For larger increases in p  and Cp, the results show it takes a 

longer period of time for the waste to increase in temperature. For bundles 3 and 4, this 

resulted in less heat reaching the bundles, and for bundles 5 and 6, the resulting peak 

temperature is lower.
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Figure 34: Sensitivity analysis of the thermal conductivity parameter kj (W/m-K) at 
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Figure 37: Sensitivity analysis of the specific heat Cp(J/kg*K) at instrument (a) 
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The relative sensitivity of the model to adjustments in biological heat generation within 

the domain is studied by adjusting the heat generation term multiplier, Qj. The results in 

Figure 38 demonstrate the impact o f changing the biological heat generation within the
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domain. The model is found to be sensitive to changes in bacterial heat generation. As Q j 

was increased, more heat was produced throughout the domain. However, since 

temperatures over 10°C were only reached in the upper portion of the domain, the 

increase heat generation was confined to this region. As a result, adjusting Q , had a 

significant impact on bundles 5 and 6. It is anticipated that as the temperatures in this 

layer and subsequent layers reach and exceed 10°C, that the heat generated via 

biodegradation will have a significant impact on the simulated temperatures and the 

simplified heat generation model used for this simulation will require further research.

The effect o f changing the latent heat of fusion, L, is demonstrated in Figure 39. Results 

reveal that the model is most sensitive to changes in the latent heat o f fusion. For bundles 

5 and 6, a decrease in L resulted in a higher peak temperature as less heat was required 

for phase change more heat waste stored as sensible heat leading to an increase in the 

waste’s temperate. For bundles 3 and 4, adjusting the latent heat o f fusion also has a 

significant impact. As L is increased, more energy is used for phase change and less 

waste thaws over the course o f the summer to the point where the waste in the location of 

bundles 3 and 4 remains frozen.

The sensitivity o f the model to the changes in heat flux from the ambient air to the waste 

was measured by adjusting the emissivity, e, and the coefficient o f convection, h. The 

results in Figures 40 and 41 demonstrate the impact of changing the heat flux from the 

ambient air on the analysis domain. As both h and e are increased, the magnitude of heat 

flux from the ambient air to the waste increases. However, the results show that the
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Figure 41: Sensitivity analysis of the coefficient of convection parameter hi 
(W/nr*K) at instrument (a) bundle 3, (b) bundle 4, (c) bundle 5, and (d) bundle 6

Overall, the sensitivity analysis indicates the model is most sensitive to changes in the

latent heat o f fusion, biological heat generation and thermal conductivity, respectively.

In addition, changes to the waste parameters have a much higher impact in comparison to

the environmental parameters such as emissivity and convection. The results show the
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importance of the latent heat of fusion and biological heat generation when analyzing the 

stabilization of waste in northern climates.

6.6 Conclusions and Future Work

The ten instrument bundles installed in the Sainte-Sophie bioreactor landfill are providing 

valuable insight into the waste degradation and stabilization processes at an operating 

bioreactor landfill exposed to northern climatic conditions. The temperature data 

collected at the site indicate much o f the waste placed during the winter months remains 

frozen even as ambient temperatures rise above 30°C during the summer months. This 

indicates that the biodegradation and stabilization processes are inhibited by the cold 

temperatures o f the waste at placement (Hanson et al., 2006) and the insulation properties 

o f the waste.

To assess the thermal properties of the frozen waste, an initial modeling study is carried 

out for the first waste lift from the time of placement in January 2010 through November 

2010. The lower boundary was a prescribed temperature boundary set equal to the 

temperatures measured at the two bottom instrument bundles. The upper boundary was 

simulated as a flux boundary to account for radiation and wind-induced convective flux 

between the ambient air above the waste and the top of the waste layer. When the data 

were modeled using a finite model approach, the relatively low thermal conductivity of 

the waste confirms the insulating properties o f the waste. In addition, in order to simulate 

the field data, a latent heat of fusion term was included to account for the phase change of 

the liquid fraction within the waste. The model indicated that the high latent heat o f
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fusion for phase change is a significant component of the energy budget, and as a result 

the waste remains frozen longer than expected.

In comparison to literature (Zhao et al., 2008; Hanson et al., 2006), the waste in the 

centre o f 6 m waste profile remained frozen at temperatures below 0°C for up to 1.5 

years. More importantly however, the lag time is even longer for temperatures to reach 

20°C, the point where the biodegradation will become significant. The heat budget 

indicates that a significant amount o f heat is required for phase change within frozen 

waste.

A sensitivity analysis was performed in order to access the relative importance o f the 

various thermal parameters within the model and to ensure the best possible simulation of 

heat transfer within the modeled domain. Changes to the thermal waste parameters are 

found to have a much greater impact in comparison to the environmental parameters such 

as emissivity and convection. The analysis confirms that the latent heat of fusion and heat 

resulting from biodegradation are extremely important factors in analyzing the waste 

stabilization process in northern climates.

Future work will include continued modeling o f the waste temperatures in the subsequent 

waste layers and over time. In addition, the settlement and moisture content data will be 

incorporated in the model, thus changing the characteristics o f the waste as time 

progresses. As the waste temperatures increase, the biological heat generation term will 

become more important as the biological activity within the waste will increase. Thus, 

when moving forward with modeling lifts placed during summer months, more work will
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be required to understand and properly model the heat generated throughout 

biodegradation.
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7 Simulating the impacts of temperatures in northern climates 

on waste stabilization at an operating bioreactor landfill in 

Quebec, Canada

7.1 Abstract

A bioreactor landfill operated in Sainte-Sophie, Quebec, Canada was instrumented to 

better understand the waste stabilization process in northern climates. Instrument bundles 

were placed within the waste to monitor temperature, oxygen, moisture content, 

settlement, total load, mounding of leachate and electrical conductivity. A finite element 

model was developed to simulate the heat fluxes to/from the waste as well as heat 

generation within the waste from both anaerobic and aerobic processes. The results o f  the 

analysis suggest the majority o f the aerobic activity occurs in the top portion o f the waste 

lift exposed to ambient air. In addition, the model indicates that frozen waste lifts require 

a significant amount o f heat to thaw the liquid fraction. The model also demonstrates that 

when a lift of cold waste is placed at the bottom of the landfill, the subsurface acts as a 

significant source o f heat.

7.2 Introduction

Bioreactor landfills aim to optimize the conditions within the waste to enhance waste 

stabilization, which increases landfill gas production and maximizes usable airspace. 

Many bioreactor landfills have been instrumented with sensors to monitor the 

stabilization process in order to evaluate the effectiveness o f the bioreactor technology 

(Augenstein et al., 1997; Hunte et al., 2011; Zhao et al., 2008; Yesiller et al., 2011;
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Reinhart et al., 2002). Modelling by El-Fadel et al. (1996c), Hanson et al. (2008), 

Yoshida and Rowe (2003) and Yesiller et al. (2005) has improved our understanding of 

waste stabilization and gas generation in bioreactor landfills. However, the majority of 

the previous modelling efforts simulate bioreactor landfill operation in warmer climates; 

cold temperatures in northern climates can significantly impact waste stabilization (Zhao 

et al., 2008; Hanson et al., 2006). The optimum temperatures for methane production are 

approximately 41 to 42°C (Hartz et al., 1982; Pfeffer, 1974), and the cold ambient 

temperatures make it more difficult to reach these temperatures.

Instrumentation o f landfills in northern climates has been implemented by researchers in 

Alberta (Hunte et al., 2011; Davies & Colbran, 2010), Alaska (Hanson et al., 2006), and 

Michigan (Zhao et al., 2008; Zhao et al., 2006). At the Northern Oaks Recycling and 

Disposal Facility in Harrison, Michigan results from the temperature and gas composition 

data showed the first lift o f waste placed in the summer months was actively degrading 

and produced high concentrations o f methane gas whereas waste placed during the winter 

months remained frozen for 6 months post-closure (Zhao et al., 2008). In comparison, 

research at the Anchorage Regional Landfill determined that waste placed in the winter 

months could remain frozen for up to two years and delay significant gas generation for 

three to four years after placement (Hanson et al., 2006). Therefore, the initiation of 

microbial biodegradation was found to be largely dependent on the temperature o f  the 

waste at placement (Houi et al., 1997; Hanson et al., 2006). Hanson et al. (2006) modeled 

the Anchorage Regional Landfill in a number o f scenarios to determine the possibility o f 

optimizing the sequence of waste placement to enhance waste stabilization; they 

concluded that, during the winter, the placement o f a single waste lift o f a thickness
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greater than 3 m resulted in a significant delay in the waste stabilization process. These 

earlier studies indicate that better understanding of the waste stabilization process for 

bioreactor landfills located in northern climates is required in order to optimize the waste 

stabilization process.

The first phase o f biodegradation in waste is a short aerobic phase where the oxygen 

within the pore space is depleted (Christensen and Kjeldsen, 1989; Reinhart & 

Townsend, 1998; Warith et al., 2005; Pichtel, 2005). Some researchers suggested that an 

aerobic zone is maintained within the top layer o f waste due to oxygen diffusion into the 

waste from the atmosphere (Warith, 2003; Lefebvre et al., 2000). This zone is generally 

confined to the top lm of waste (Christensen and Kjeldsen, 1989; Yoshida & Rowe, 

2003). In examining the heat balance within a landfill, Lefebvre et al. (2000) determined 

the heat produced from the consumption the oxygen initially within the void space was 

responsible for only 18.5% o f the temperature rise within the waste. Hence, it has been 

postulated that a significant portion of the temperature increase within the waste results 

from aerobic activity occurring in the top lm layer o f waste due to a continuous source o f 

oxygen diffusing from the ambient air (Lefebvre et al., 2000).

The focus o f the current study is to develop a model that simulates the heat budget for 

bioreactor landfills operating in northern climates. The proposed model includes the heat 

flux from below the landfill, from atmospheric conditions above the waste, and the heat 

generated via aerobic and anaerobic biodegradation, ft also includes the storage o f heat as 

sensible heat for increasing the temperature o f the waste and as latent heat for the phase 

change needed to thaw the frozen liquid fraction of the waste. The thermal parameters 

within the model were calibrated using temperature data collected at Waste Management
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(WM) of Canada’s Sainte-Sophie bioreactor landfill located in Sainte-Sophie, Quebec. 

Twelve instrument bundles have been installed within the landfill as it was progressively 

filled with waste. The bundles contain sensors that measure important parameters 

impacting the degradation and stabilization processes. The quantity and quality o f landfill 

gas at the site are also monitored. The resulting modelled heat budget quantifies the 

various heat sinks and sources impacting the waste temperature and rate o f stabilization.

7.3 Numerical model

The finite element software package COMSOL Multiphysics v.3.5 was used to simulate 

the fluxes of heat that impact the temperature of the waste. Heat transfer/generation in the 

waste occurs: (1) from the ambient air via convection and radiation, (2) from the 

subsurface soil in the form of conduction, (3) from the adjacent waste lifts via conduction 

and (4) from biodegradation o f the organic waste. The heat transfer within the waste 

occurs primarily through conduction. Heat can be stored within the waste as either 

sensible or latent heat. Sensible heat represents the portion o f energy used to increase or 

decrease the temperature o f the waste whereas latent heat represents the portion o f energy 

used for phase change of the frozen liquid fraction within the solid waste.

7.3.1 Governing equation

The heat transfer within the waste is assumed to be governed by conduction:

V(kVr)+Q=pCp “ ■ (19)
at

where k (W/m-K) is thermal conductivity, p (kg/m3) is the density, Cp (J/kg-K) is the 

specific heat, Q (W/m3) is the heat source, T  (K) is temperature, and t (s) is time.
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A phase change occurs for the frozen liquid fraction within the solid waste. The latent 

heat of fusion o f the liquid fraction is accounted for by changing the specific heat, Cp, of 

the solid waste with a smoothened step function at the phase change temperature range, 

as follows (Alawadhi and Amon, 2003):

Cp* T<- 1.6°C

CP = —  -1.6°C <r<-0.6°C  (20)
AT v '
Cp* -0.6°C < T

where Cpw (J/kg-K) is the specific heat o f the waste, L (J/kg) is the latent heat o f fusion o f 

the waste, and AT (K) is the temperature change during the phase change.

The bio-heat generation, Q, was modelled using a quadratic function o f temperature when 

a threshold temperature value is exceeded, as follows (Neusinger et al., 2005):

f o r < r bj0
Q = \ 2 (21)

(.6 ("0-000413r  +0.27143 r  -  43.677) Tbi0< r

where Tbi0 (K) is the onset temperature o f the bio-heat generation and Qt is the scaling 

multiplier, as shown in Table 10. Tbi0 was assumed to be 10°C. Qt was varied depending 

on whether the biodegradation was anaerobic (£?„anaerobic) or aerobic (£?„aerobic), as aerobic 

biodegradation generates significantly more heat per mass o f organic waste than 

anaerobic biodegradation. The magnitudes o f the functions were calculated using values 

for Qhaerobic of 16 and 0„anaerobic o f 0.3. The heat produced from aerobic degradation of the 

oxygen initially within the void space was ignored in the model, as the temperatures upon 

placement were below those necessary to support significant biological activity.
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Table 10: Range of analyzed thermal parameters

k

(W/m-K)

P

(kg/m3)

C U

(kJ/kg-K)

Qr
(W/m3)

L

(kJ/kg)
e

hP

(W/m'-K473)

0.3-1.5 930-1330 1000-2363 0.218-34.79 24-334 0.75-0.95 1.86-10.0

1 Hanson et al., 2008;2 Yoshida & Rowe, 2003;3 Rees, 1980; De Haileux, 1989;5 Silva,
1988

7.3.2 Boundary Conditions

The heat transfer between ambient air and the solid waste on the top boundary is as 

follows:

n-(kvr)=h(T„t-D+a5( ii,b-r4) (22)

where Tamb (K) is the ambient air temperature, h (W/m2-K) is the coefficient of 

convection, e is the surface emissivity constant which is taken as 0.9, and o (W/m2-K4) is 

the Stefan-Boltzmann constant for black body radiation.

The coefficient of convection, h (W/m2 K), in Eqn. 22 is defined as it is reported by De 

Haileux (1989):

h=1.86|Tanb-7'|i/3 (23)

The top boundary condition simulated convection and radiation from the atmosphere. The 

lower boundary was defined as a prescribed temperature boundary using the temperature 

data from bundles 1 and 2. The lateral boundaries were defined as no-flux boundaries as 

it is assumed that there is limited horizontal heat transfer to the adjacent solid waste and 

the instrumented waste column is sufficiently far from the sides o f the landfill that 

impacts from the side slopes can be neglected. Details o f the initial conditions and 

boundary conditions can be found in Bonany et al. (2012c).
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7.4 Instrumentation of the Sainte-Sophie Landfill and Results

The instrument bundles installed at the Sainte-Sophie landfill contain various instruments 

to monitor temperature, settlement, oxygen, moisture content, total load, mounding of 

leachate and electrical conductivity within the waste. Figure 42 shows the liquid 

settlement system, the piezometer and the total earth pressure cell mounted on a steel 

plate. The oxygen and moisture sensors were placed into a thin sand layer that covered 

the instrument bundle for protection.

Liquid SUOm im i 
System

Oxygen
Sensor

Moisture & Electrical 
Conductivity Sensor

Figure 42: Instrument Bundle (Bonany et al., 2012b)

Instrument bundles were placed in two vertical columns, Column 1 and Column 2, each 

consisting o f six bundles. Column 1 and 2 are separated by approximately 17 m and each 

layer of instrument bundles was to be separated by approximately 3 to 4 m. Figure 43 

displays the placement elevations of the first ten instrument bundles. The vertical 

separation between the layers changed slightly due to the variations in the waste lift
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thicknesses and timing in bundle installation. The locations o f bundles 1 and 2 on the 

base of the landfill were just above the leachate collection system. Bundles 3 and 4 were 

placed in the centre o f  a 6 m waste lift placed in January/February o f 2010. Bundles 5 and 

6 were installed in the top o f the 6 m waste lift in June o f 2010. At this time, the 

landfilling continued in other sections o f the landfill until WM returned to the area o f the 

bundles with placement o f the second and third waste (each 3.5 m) lifts in December of 

2010 and February o f 2011. Bundles 7 and 8 were installed in the top o f the third waste 

lift. The first 13 m of waste in this section o f the landfill was placed during the winter 

months. To avoid placing an additional lift during the winter, WM personnel agreed to 

place a fourth waste lift in August of 2011. In the succeeding month, bundles 9 and 10 

were installed at the top o f the fourth waste lift.
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Figure 43: Timeline of waste lift placement in Sainte-Sophie landfill

7.4.1 Instrument Bundle Results

Figure 44 shows the average temperature readings with time throughout the first four 

waste lifts. The temperatures represent the average o f the temperatures recorded by the 

thermistors contained in several instruments, including the liquid settlement system, the 

piezometer, total earth pressure cell and the moisture and electrical conductivity probe. 

The arrows in the figure indicate the direction o f heat flux through the waste based on the 

temperature gradient between bundles and the ambient air above the waste. The heat 

entering the waste from the ambient air is represented in the model as convection or 

radiation. Similarly, the heat flux from the landfill base is modelled as conduction.
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Figure 44: Heat fluxes for Column 2 of instrument bundles with time (modified
from Vingerhoeds, 2011)

The first waste lift was placed in January of 2010. During the subsequent winter months 

there was a flux of heat leaving the waste as the waste temperature (~-2°C) was greater 

than the ambient air temperature. During the summer months, where the ambient 

temperatures rose above 30°C, there were strong radiative and convective heat fluxes 

entering the waste. Despite this source of heat, the temperatures at the centre of the 6 m 

waste lift remained below 0°C, indicating the heat from ambient air did not reach the 

centre o f the waste. This suggests the thermal conductivity of the waste is relatively low. 

In addition, it suggests that a significant amount o f heat may be required to thaw the 

frozen liquid fraction within the waste. Approximately 1.5 years after placement, the
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temperatures at the centre o f the first waste lift began to increase. At this time, 7 m of 

frozen waste had been placed above the bundles and therefore it was assumed that the 

temperature increase was caused by a positive heat flux from the base o f the landfill.

The second and third waste lifts o f 3.5 m each were placed over the area in December 

2010 and February 2011. Temperature readings from bundles 7 and 8 suggest the 7 m 

waste layer was placed at temperatures of approximately -2°C. A dashed line in Figure 44 

represents the unknown direction of heat flux until a thermal gradient is established 

throughout lifts 2 and 3. In the summer months o f 2011, there was a downward heat flux 

towards the second and first lifts as illustrated by the steep temperature gradient. Prior to 

the fourth waste lift being placed over bundles 7 and 8, the temperatures for these bundles 

followed the ambient air temperature, lagged by a few days. Upon placement o f the 

fourth waste lift, the temperatures deviated from the ambient air temperature and 

continued to increase. This indicates there was a downward heat flux from the waste lift 

above which was actively degrading. However, despite the high temperature o f the waste 

in the vicinity o f bundle 10, the downward heat flux and subsequent temperature increase 

occurs relatively slowly. If aerobic biodegradation was occurring throughout the entire 

fourth lift, it is expected the temperature increase would be more rapid. This supports the 

conclusions from Lefebvre et al. (2000) that suggested the majority o f heat generation is 

from aerobic activity occurring in the top lm o f waste.

Overall, analysis of temperature data and derived heat transfer throughout the landfill 

demonstrates the insulating capacity of the waste. Even 2.5 years after placement of the 

first waste lift, the temperatures within the first three layers remain relatively low. The 

principal heat fluxes originate from either the base of the landfill, or from aerobic
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degradation occurring in the fourth waste lift. Furthermore, as the temperatures within 

these first three lifts remain much lower than optimum for biodegradation, the heat 

generation within these lifts is negligible.

The current study confirms the sequencing of waste placement is an important issue for 

landfill operators in northern climates (Hanson et al., 2006). When multiple lifts o f waste 

are placed in succession during the winter months, the available heat sources are limited 

and the thermal conductivity is low such that it will take months to years to increase the 

temperature o f the waste to temperatures needed to support aerobic and anaerobic 

biodegradation. This will have negative impacts on the rate o f stabilization, which will 

reduce the amount of settlement occurring in the landfill (Hanson et al., 2006; Houi et al., 

1997; Vingerhoeds, 2011) and can additionally reduce the methane gas production. The 

Saint-Sophie landfill gas data provided by WM indicated that there was more landfill gas 

being produced in the west end of the cell (left side o f Figure 43) where waste was placed 

during the summer months in comparison to east end of the cell where waste was placed 

during the winter months and where the instrument bundles were installed. This is largely 

attributed to the temperature of the waste at the time of placement; it is hypothesized that 

the initial temperature o f waste lifts placed in the summer months and the heat generated 

during the initial aerobic degradation phase are sufficient to sustain microbial activity and 

waste stabilization. Waste lifts placed during the winter months have insufficient initial 

heat to initiate or sustain microbial activity and have to rely on the flux o f heat from 

above and below the waste lift.
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7.4.2 Modelling of the Sainte-Sophie Temperature Data

The developed model was used to simulate the temperature data collected in bundles 3 

through 8 within the first three waste lifts from January 2010 through to August 2011, 

prior to the placement o f the fourth waste lift. The simulation was divided into three time 

periods: (a) placement of first waste lift through to placement o f the second waste lift, (b) 

placement o f second waste lift through to placement of the third waste lift and (c) 

placement of the third waste through to placement of the fourth waste lift. The domains 

used for each time period illustrating the relative location of the instrument bundles 

throughout the three lifts are shown in Figure 45. The figure delineates the top lm of 

each waste lift as it was assumed that aerobic degradation occurred in this zone when the 

layer was not covered with waste. Lefebvre et al. (2000) demonstrated the importance of 

incorporating aerobic biodegradation in the top portion o f the waste. Hence, the aerobic 

heat generation model was assumed for the top 1 m thick layer o f waste that was exposed 

to the ambient air conditions for the three simulation periods. Despite the low 

temperatures for instrument bundles located in the cold waste, the oxygen sensors 

indicated that the oxygen content degraded slowly over a span o f 3 months, suggesting 

there is a small amount of aerobic biodegradation occurring within the waste. However, 

during this time there was no temperature increase throughout the waste and therefore it 

was suspected the heat produced was negligible in comparison to the other sources of 

heat.

125



14 □ Bundle 3 □  Bundle 5 O Bundle 7
12 □ Bundle 4 □ Bundle 6 Bundle 8

(C)

_ 1 0  
§ 8  
f  6
1  4 

2 
0

(b) — .
(a)

0 . . -----n o __ p

□ □a 0 D

Figure 45: Modelled domains used in (a) first, (b) second and (c) third time periods

In order to properly simulate the temperatures at bundles 3 and 4, the settlement that was 

recorded by the bundles had to be addressed in the comparison of the actual and 

simulated data. During the 19-month simulation period, bundles 3 and 4 settled 0.82 m 

and 0.85 m, respectively, and as a result the instrument bundles are significantly closer to 

the lower domain boundary and impacted by the vertical heat flux from the lower 

boundary. Therefore, as illustrated in the figure, the location o f these instrument bundles 

was adjusted with time in order to avoid overestimating the heat flux from the base o f the 

landfill. Bundles 5 and 6 also settled, however, they are not impacted by the heat flux 

from the lower boundary. During the first simulation period, their distance from any heat 

flux at the surface remains constant, and hence a similar adjustment for elevation was not 

needed in order to compare the actual and simulated data. Prior to the placement of the 

second lift in December 2010, the temperatures at bundles 5 and 6 approached zero 

degrees Celsius as the ambient temperatures decreased. After the placement o f the second 

and third lift, the bundles are located far enough from any heat flux at the upper and 

lower boundaries and hence, their elevation was not adjusted during the second and third 

simulation periods. As recommended in the conclusions and future work, settlement 

should be incorporated in the model to better reflect the conditions in the field. The first
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waste lift was initially simulated by Bonany et al. (2012c) for the period o f initial 

placement through to November 2010 and was resimulated here. The addition o f the 

second and third waste lifts was assumed to occur in December 2010 and February 2011 

respectively and the entire domain was modelled through to August 2011. The initial 

temperatures for the first time period were based on the initial temperatures recorded at 

bundles 3 through 4. The temperatures simulated at the end of the first time period were 

used as the initial temperatures for the first lift o f waste during the second simulation 

period. Given that no instrument bundles were contained within the second waste lift, the 

initial temperatures were assumed to be -1.8°C and were based on the initial temperatures 

of bundles 3, 4, 7 and 8. The temperatures in the first two lifts at the end of the second 

simulation period were used as the initial temperatures for the third time period. The 

initial temperatures in the third waste lift were set equal to the initial temperatures 

recorded at bundles 7 and 8.

The range o f thermal parameters needed to characterize the waste was obtained from 

values published in the literature as shown in Table 10. Bonany et al. (2012c) performed 

a sensitivity analysis on the range o f thermal parameters which indicated the model is 

most sensitive to the changes in the latent heat o f fiision and biological heat generation. 

The thermal parameters were calibrated to simulate the heat transfer and generation 

observed within the instrumented waste column o f the Sainte-Sophie landfill.

7.5 Model Results and Discussion

The simulation results for the first 19 months, from January 2010 until August 2011, are

plotted in comparison to the actual data in Figure 46. The final thermal parameters used

for the simulation are presented in Table 11. The modelling results provide convincing
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evidence that the solid waste is an effective insulator, with a low thermal conductivity 

and high latent heat o f fusion. The simulation results were used to estimate the overall 

heat budget for the waste. Figure 47 shows the magnitude o f various heat fluxes to/from 

the waste throughout the simulation as well as the quantity of heat generated from 

anaerobic and aerobic biodegradation. Throughout the summer months there are strong 

positive convective and radiative fluxes while these fluxes are negative throughout the 

winter. As expected, the model indicates that the heat contribution from anaerobic 

activity was negligible in comparison to the heat generated via aerobic degradation. The 

figure illustrates the aerobic degradation heat source term lags the convection and 

radiation terms. This is because it takes time for the convective and radiation heat flux to 

increase the temperature o f the waste above 10°C to allow biodegradation as per Eqn. 21.

Table 11: Final thermal parameters

k

(W/m-K)

P

(kg/m3)

c P

(kJ/kg-K)

Q i, aerobic

(W/m3)

Q i,m aerobic

(W/m3)

L

(kJ/kg)
e

h i

(W/m2K4'3)

0.67 930 1.4 16.5 0.3 38.0 0.9 1.86

128



25

Bundle 3 Modelled 
Bundle 4 Modelled 
Bundle 5 Modelled 
Bundle 6 Modelled 
Bundle 7 Modelled 
Bundle 8 Modelled 
Bundle 3 Actual 
Bundle 4 Actual 
Bundle 5 Actual 
Bundle 6 Actual 
Bundle 7 Actual 
Bundle 8 Actual

-10

0 100 200 300 400 500 600
Time (days)

Figure 46: Modelled and measured temperatures at instrument bundle locations 3,
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The total net heat flux o f each heat transfer/generation term was found by integrating the 

area under the simulated heat flux curves in Figure 47. The net heat flux was calculated 

to be 1.1 GJ/m, 2.4 GJ/m, 1.2 GJ/m and 2.4 GJ/m for convection, radiation, aerobic 

biodegradation and conduction from the underlying soil respectively. The heat entering 

the domain is stored as either latent heat or sensible heat. The amount o f heat required to 

change the frozen liquid fraction within this waste to a liquid state was estimated to be

6.2 GJ/m. In comparison, approximately 0.9 GJ/m of energy was stored as sensible heat.
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The results for the modelled domain indicate that over a third o f the net heat flux to the

waste can be attributed to conduction from the base o f the landfill. Once the thermal 

parameters of the waste are estimated, the model can be used to examine the benefits of 

sequencing the waste placement or the possible benefit o f placing a winter layer on the 

base o f the landfill. The upward heat flux can help to raise the temperature o f a cold 

waste lift placed on the base, whereas a warm layer would actually lose heat through the 

base of the landfill.

The implications for waste placed in a frozen state are that the quantity o f energy 

required to increase the temperature o f the waste is dominated by the energy required for 

phase change (Bonany et al., 2012c). Figure 48 illustrates the final simulated temperature 

profile in August 2011. Due to the insulating capacity o f the waste, high latent heat 

storage capacity, and the sequence of waste placement at the site, the majority o f the 

waste remains close to freezing temperatures. With the only sources o f heat originating 

from the bottom and top o f the waste profile, the waste could maintain these low
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temperatures for several years. This will have negative impacts on the rate of 

stabilization, reducing the usable airspace and methane gas production from this portion 

of the waste.
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Figure 48: Domain temperature distribution (°C) in the final time step of the
analysis

7.6 Conclusions and Future Work

The instrument bundles installed within the Sainte-Sophie bioreactor landfill are 

improving our understanding of the impacts o f cold climatic conditions on waste 

stabilization. The temperature data collected at the site indicate much o f the waste placed 

during the winter months remains frozen even with the high solar radiation and thermal 

heat gains from the ambient air during the summer months.

131



A finite element model was developed to evaluate the different modes o f heat transfer 

and generation within the waste column. In order to simulate the temperatures recorded at 

Ste. Sophie, a low thermal conductivity had to be used, which is consistent with the 

literature, and a term to account for the latent heat of fusion had to be included as a 

significant amount o f energy is used to thaw frozen waste. As a result, the simulated 

temperatures are consistent with the recorded temperatures and indicate that the waste 

can remain frozen for extended periods o f time (months to years). The simulated heat 

budget for the modelled domain indicates that the primary sources o f heat include 

convection, radiation and aerobic activity in the top lm of waste and conduction from the 

base of the landfill. The degradation o f the initial oxygen content in the airspace 

generates relatively little heat in comparison to the aforementioned sources (Lefebvre et 

al., 2000). As a result, when multiple frozen waste lifts are placed in succession, there is 

no significant source of heat within the waste to raise the temperature of the waste and 

this volume o f waste has to rely on heat conduction from above and below, which is 

limited by the low thermal conductivity of the waste and the high latent heat o f fusion or 

energy needed to thaw any frozen waste. The temperature data confirms the 

biodegradation and stabilization processes are significantly inhibited by the cold 

temperatures of the waste at placement (Hanson et al., 2006; Zhao et al., 2008) and the 

low thermal conductivity and high latent heat of waste.

As waste placement and data collection continue at the Sainte-Sophie site, the heat 

budget model presented herein should continue to be developed to better represent 

several of the key processes occurring in the field. For example, the impacts of settlement 

should be incorporated in the model, as settlement will cause the thermal characteristics
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of the waste to change over time. Similarly, at later times, leachate migration will impact 

the heat flux within the waste and the thermal conductivity o f the waste. The biological 

heat model presented herein and the characterization o f an aerobic zone and an anaerobic 

zone over-simplifies biological heat generation within waste. More research is needed to 

better quantify heat generation rates under aerobic and anaerobic conditions and to 

simulate the oxygen diffusion-limited aerobic activity in the top lm o f waste. Ultimately, 

the model can be used as a tool to optimize landfill operating practices in northern 

climates. The results of the model to date confirm landfill operators should consider 

staging waste placement to avoid placing consecutive frozen waste lifts in succession 

(Hanson et al., 2006; Houi et al., 1997; Vingerhoeds, 2011). The model also suggests a 

cold layer o f waste placed on the base o f the landfill can be warmed from conduction 

below. In addition, the model provides a better understanding o f the quantity o f heat 

required to raise the temperature o f the waste when placed in a frozen state. Thus, the 

model could be used to analyze scenarios such adding air to the waste in order to promote 

aerobic heat generation. The model could determine if such an approach is feasible, and 

the quantity of air required to sufficiently increase the temperature o f the waste to 

promote biodegradation.
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8 Overall Conclusions and Recommendations

Instrument bundles were installed in an operating bioreactor landfill located in Sainte- 

Sophie, Quebec to improve our understanding o f the impacts o f cold climatic conditions 

on waste stabilization. This research focused on the development o f a heat budget for 

waste placed in northern climates where the waste is often placed in a frozen state for 

period of the year. The conclusions from this research were drawn from the interpretation 

o f the field data collected to date and from the processes and parameters included in the 

numerical model in order to effectively simulate the temperature data collected to date.

The temperature data collected to date indicates that waste placed during the winter 

months can remain at temperatures well below those needed for active biodegradation 

and waste stabilization for periods of months to years. The placement of multiple frozen 

waste lifts placed in succession will further increase the delay in waste stabilization and 

hence landfill operators should avoid this and optimize their waste placement staging to 

maximise waste stabilization throughout the landfill. The data collected from the oxygen 

sensors confirms the fact that the temperature of the waste has a significant impact on the 

biodegradation activity within the waste. In areas of the landfill where the waste was 

placed under colder temperatures, the oxygen depleted over the course o f 2 months. In 

comparison, when waste was placed in warmer months, the results suggested the aerobic 

phase is no more than a few days or weeks.

To better understand the impacts of cold climates on waste temperature and waste 

stabilization and to quantify the heat sources, sinks and transfer within an anaerobic 

landfill operated in a northern climate, a conceptual and corresponding numerical model
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were developed to simulate the conditions and data collected at Sainte-Sophie. In order to 

effectively simulate the measured temperatures, a low thermal conductivity had to be 

used, which is consistent with the literature, and a term to account for the latent heat of 

fusion had to be included as a significant amount o f energy is used to thaw frozen waste. 

As a result, the simulated temperatures are consistent with the recorded temperatures and 

indicate that the waste can remain frozen for extended periods o f time (months to years). 

A sensitivity analysis o f the various thermal parameters within the model demonstrated 

changes to the thermal waste parameters had a much greater impact in comparison to the 

environmental parameters such as emissivity and convection. The analysis confirms that 

the latent heat o f fusion and heat resulting from biodegradation are extremely important 

factors impacting the temperature o f the waste and the waste stabilization process in 

northern climates.

The simulated heat budget for the modelled domain indicates that the primary sources of 

heat include convection, radiation and aerobic activity in the top lm  of waste and 

conduction from the base of the landfill. The degradation o f the initial oxygen content in 

the airspace generates very little heat in comparison to the aforementioned sources. 

Therefore, when multiple frozen waste lifts are placed during the winter months, the 

majority o f heat impacting these waste lifts is limited to conduction from above and 

below. Furthermore, the amount of heat required to thaw any frozen waste is significant 

due to the high latent heat of fusion, while the heat transfer is limited by the low thermal 

conductivity o f the waste. The temperature data confirms the biodegradation and 

stabilization processes are significantly inhibited by the cold temperatures of the waste at
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placement (Hanson et al., 2006; Zhao et al., 2008) and the low thermal conductivity and 

high latent heat o f waste.

The temperature data for the first three lifts has currently been modelled however future 

work will expand the modelling effort to include data from the fourth and fifth lifts of 

waste. In addition, the settlement and moisture content data will be incorporated in the 

model and will allow the characteristics o f the waste to change as time progresses, 

improving the simulation. The biological heat model presented in this thesis over

simplifies biological heat generation within waste. Further research is required to better 

quantify heat generation rates under aerobic and anaerobic conditions and to simulate the 

aerobic activity in the top portion of the waste. Ultimately the model can be used to 

determine what can be done to improve current operating practices at landfills in northern 

climates. The results of the model to date confirm landfill operators should consider 

staging waste placement to avoid placing consecutive waste lifts during the winter 

months (Hanson et al., 2006; Houi et al., 1997; Vingerhoeds, 2011). The model also 

suggests conduction from the soil and leachate collection system below can warm a cold 

layer o f waste placed on the base o f the landfill. In addition, the model gives us a better 

understanding o f the quantity o f heat required to raise when temperature o f the waste 

when placed in a frozen state. Therefore, the model could be used to analyze proactive 

approaches such injecting air into the waste to promote heat generation from aerobic 

biodegradation. The model would enable us to determine if such an approach is feasible, 

and the quantity o f air required to sufficiently increase the temperature of the waste to 

promote biodegradation.
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Appendix A -  Instrument Specifications

Information regarding the sensors contained in the instrument bundles is described in 

Tables Al to A5 below. Figures A l to A5 are photographs of the individual sensors.

Table Al: Liquid settlement system (RST Instruments Ltd., 2008)

Name of Sensor Vibrating Wire Liquid Settlement System

Manufacturer RST Instruments Ltd.

Model SSVW105-17

Reservoir Type 10 psi pressure accumulator (Bundles 1-6) 
Weighted accumulator (Bundles 7-12)

Sensor Range 170.0 kPa

Accuracy 0.1% of full-scale

Sensitivity 0.05% of full-scale

Fluid in Tubing Distilled water and ethylene glycol (50/50 mix)

Thermistor Type 3kft

Temperature Range -20°C to 80°C

Figure Al: Liquid settlement system
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Table A2: Oxygen sensor (Apogee Instruments Inc., 2009)

Name of Sensor Oxygen Sensor

Manufacturer Apogee Instruments Inc.

Model SO-200

Operating Environment Oto 100% RH 
60 to 140 kPa

Sensor Range Oto I00%02

Accuracy < 0.02% 0 2 drift per day

Repeatability ± 0.001% o 2

Thermistor Range -20°C to 60°C

Figure A2: Oxygen sensor
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Table A3: Moisture and electrical conductivity sensor (Decagon Devices, Inc., 2010)

Name of Sensor 5TE Soil Moisture, Temperature, and Electrical Conductivity

Manufacturer Decagon Devices Inc.

Model 40559

Sensor Range Dielectric permittivity: 1 (air) to 80 (water) 
Electrical Conductivity (bulk): 0-23.1 dS/m

Accuracy Dielectric permittivity: ±1 (unitless) from 1-40, ±15% from 40-80 
VWC: ±3% VWC
Electrical Conductivity (bulk): ±10% from 0-7 dS/m, calibration 
required above 7 dS/m

Sensitivity Dielectric permittivity: ±1 (unitless) from 1-20, <0.75 from 20-80 
VWC: 0.08% VWC from 0-50% VWC
Electrical Conductivity (bulk): 0.01 dS/m from 0-7 dS/m, 0.05 dS/m 
from 7 to 23.1 dS/m

Thermistor Range -40°C to 50°C

Thermistor Accuracy ± 1°C

Thermistor Sensitivity 0.1 °C

Figure A3: Moisture and electrical conductivity sensor.
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Table A4: Total earth pressure cell (RST Instruments Ltd., 2004b)

Name of Sensor Vibrating Wire - Total Earth Pressure Cell

Manufacturer RST Instruments Ltd.

Model LPTPC12-V-M

Transducer Type Vibrating Wire Pressure Transducer

Sensor Range 500 kPa

Accuracy 0.1% of full-scale

Sensitivity 0.025% of full-scale

Thermistor Type 3 kO

Thermistor Range -29°C to 65°C

3 1 .5 c m

Figure A4: Total earth pressure cell
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Table A5: Vibrating wire piezometer (RST Instruments Ltd., 2006)

Name of Sensor Vibrating Wire Piezometer

Manufacturer RST Instruments Ltd.

Model PPA0094-0.35

Transducer Type Vibrating wire pressure transducer

Filter 50 micron sintered filter

Sensor Range 350 kPa

Accuracy 0.1% of full-scale

Sensitivity 0.025% of full-scale

Thermistor Type NTC 3k£2 @ 25°C

Thermistor Range -20°C to 80°C

Thermistor Accuracy ± 0.2°C

Figure A5: Vibrating wire piezometer
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Appendix B -  Thermistor Temperature Data

Figures B1 through BIO show the temperatures measured by the thermistors from each 

instrument in the ten bundles. Bundles 1 to 4 have temperature readings from the 

piezometer, moisture sensor, settlement sensor and oxygen sensor. Bundles 5 and 6 have 

temperature readings from the piezometer, moisture sensor and oxygen sensor. Bundles 7 

to 10 have temperature readings from the total earth pressure cell, settlement sensor, 

moisture sensor and oxygen sensor. The temperatures measured by the total earth 

pressure cell, settlement sensor, piezometer, and moisture sensor were generally within 

1°C o f one another. However, the oxygen sensor measures temperature values 

approximately 2°C higher in comparison to the other thermistors as the oxygen sensor 

contains a small heater used to prevent condensation. The heat generated from the 

internal heater is minimal and therefore is not sufficient to impact the temperature o f the 

surrounding waste.

The average temperatures were calculated using all of the thermistors with the exception 

of the oxygen sensor. Due to the harsh conditions in the landfill, some of the thermistors 

stopped working throughout the project and therefore their results were not included in 

the average temperature calculation. As shown in Figure B3, the moisture sensor in 

bundle 3 stopped working in May of 2011. The settlement sensor thermistor in bundle 4 

was not wired correctly upon installation in January 2010. In May 2010 this issue was 

resolved and the data was included in the average temperature calculation. In bundles 4, 7 

and 8 the thermistors from the moisture sensors also stopped functioning. Figures B9 and 

B10 illustrate the moisture sensors in bundles 9 and 10 failed in September and 

December 2011, respectively. The moisture sensors work in temperature ranges o f -40°C
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to 50°C and therefore it is suspected the sensors failed due to the high temperatures 

within the waste.

Overall, the thermistors from the settlement sensors, piezometers, total earth pressure 

cells and oxygen sensors have correlated well for each instrument bundle, indicating the 

sensors continue to generate accurate results. However, the temperature measured from 

many of the moisture sensors have begun to deviate from the other thermistors. It is 

suspected these sensors stopped functioning properly due to the high electrical 

conductivity experienced by the sensors while in the landfill.
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Appendix C -  Temperature Data Linear Regression Analysis

The ambient temperature data measured on site is fitted to a n^ order polynomial such 

that the average ambient temperatures were used upper boundary term. The equation was 

fit using a non-linear regression analysis carried out by the commercial software package 

NLREG v6.3. In addition, the bottom boundary temperature data was fit to a nth order 

polynomial to match the temperature data from bundles 1 and 2. The polynomial was 

derived in order to match the temperatures at either bundle 1 or bundle 2. The selection 

based upon data that had less noise, and the temperatures were assumed to vary linearly 

between bundles 1 and 2. To maximize computational efficiency, the polynomial order 

was increased until there was minimal improvement in the fit o f the function to the actual 

data. Figures Cl to C6 show the ambient and base temperature functions used to model 

the data from January 16th, 2010 until August 22nd, 2011.
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Lift 1 (January 16th to December 12th 2010):
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Figure Cl: Ambient temperature function for first time period - January 16th to
December 12th, 2010

Ambient Temperature -  (2.427E-8 * (t4/864004)) - (1.7904E-5 * (t3/864003)) + (0.003261 
* (t2/864002)) + (0.0086390 * (t/86400)) - 6.2162

Proportion of variance explained (R2) = 0.7922
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Figure C2: Bottom boundary temperature function for first time period - January
16th to December 12th, 2010

Base Temperature = - (2.8345E-9 * (t4/864004)) + (1.9633E-6 * (t3/864003)) - (0.000349 
* (tA2/86400A2)) + (0.02023 * (t/86400)) - 0.7921

Proportion of variance explained (R ) = 0.9841

Note: The above equation is for bundle 2, thus (0.016 * x) was added to linearly 

interpolate the temperature difference between bundles 1 and 2.
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Lift 2 (December 13th 2010 to January 27th 2011):
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Figure C3: Ambient temperature function for second time period - December 13th,
2010 to January 27th, 2011

Ambient Temperature = (1.7344E-6 * (t5/864005)) - (0.000118 * (t4/864004)) + (0.001008 
* (t3/864003)) + (0.04426 * (t2/864002)) - (0.4425 * (t/86400)) - 7.0404

Proportion o f variance explained (R2) = 0.4164
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Figure C4: Bottom boundary temperature function for second time period - 
December 13th, 2010 to January 27th, 2011

Base Temperature = (1.7276E-8 * (ts/864005)) - (2.8247E-6* (t4/864004)) + (0.0001366 * 
(t3/864003)) - (0.001995 * (t2/864002)) + (0.03508 * (t/86400)) + 4.5154

Proportion of variance explained (R2) = 0.9967

Note: The above equation is for bundle 1, thus (-0.091 + ( 0.0055 * x)) was added to 

linearly interpolate the temperature difference between bundles 1 and 2.

160



Lift 3 (January 28th to August 22nd. 2011):
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Figure C5: Ambient temperature function for third time period - January 28th to
August 22Bd, 2011

Ambient Temperature = (7.7315E-9* (t4/864004)) - (1.2861E-5 * (t3/864003)) + 
(0.002742 * (t2/864002)) + (0.05729 * (t/86400)) -  9.1707

Proportion o f variance explained (R2) = 0.8610
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Figure C6: Bottom boundary temperature function for third time period - January
28th to August 22nd, 2011

Base Temperature = (4.3534E-9 * (t4/864004)) - (2.8559E-6 * (t3/864003)) + (0.0002737 
* (t2/864002)) + (0.04884 * (t/86400» + 6.1381

Proportion of variance explained (R2) = 0.9966

Note: The above equation is for bundle 1, thus (-3.414 + (0.207 * x)) was added to 

linearly interpolate the temperature difference between bundles 1 and 2.
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Appendix D -  Model Dimensions with Bundles

The model dimensions were determined by analyzing the GPS coordinates o f the 

instrument bundles at the time of placement. The horizontal and vertical spacing between 

each layer of instrument bundles is presented in Table D l. The maximum horizontal 

spacing was determined to be 18.39 m between bundles 5 and 6 and therefore this was 

used as a basis for the width of the model. Figure Dl illustrates the relative placement of 

instrument bundles. The figure illustrates two vertical columns of instruments bundles 

were maintained throughout placement in the various waste lifts.

Table Dl: Horizontal and vertical separation of bundle layers

Bundle Northing Easting Elevation
(mas!)

ANorthing
(m)

AEasting
<m)

AHorizontal
(«n)

AVertical
(m)

1 5070937.1 273057.1 72.58 12.10 11.70 16.83 -0.11
2 5070925.0 273045.4 72.47
3 5070938.06 273056.75 75.46 13.00 11.85 17.59 0.173
4 5070925.06 273044.90 75.63
5 5070938.76 273057.28 77.79 13.62 12.36 18.39 0.52
6 5070925.14 273044.92 78.31
7 5070938.01 273056.42 84.57 12.68 11.28 16.97 0.20
8 5070925.33 273045.14 84.76
9 5070938.36 273056.48 87.71 12.96 12.15 17.76 0.06
10 5070925.4 273044.33 87.77
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Figure Dl: Relative placement of instrument bundles

The settlement data was not incorporated into the model in order to impact the properties 

of waste with time. As the waste settles, the pore space will decrease, resulting in an 

increase in volumetric moisture content and density. In addition, this will have an impact 

on the thermal parameters o f the waste including an increase in thermal conductivity. In 

the future, the model will include settlement data and the parameters o f the waste can be 

adjusted with time.

The settlement data however, had to be incorporated in the model to account for the heat 

flux affecting bundles 3 and 4. From analyzing the settlement data in Table D2, it is 

apparent the settlement data must be considered. The first waste lift was modelled using 

the dimensions as of June 10th, 2010. At this time, the thickness o f waste between 

bundles 3 and 4 and the base o f the landfill is 2.49 m and 2.64 m respectively. However, 

prior to placing the fourth waste lift in August o f 2011, this thickness had decreased to 

2.04 m and 2.34 m respectively. This reduction of waste thickness is substantial when
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considering the principal heat flux is from the base of the landfill. For example, an 

increase in temperature o f the waste surrounding bundle 4 does not occur until 1.5 years 

after waste placement. At this time, the only source of heat must be from the base of the 

landfill as approximately 10 m of cold waste rests above the bundles. Therefore the 

locations o f bundles 3 and 4 were adjusted to avoid overestimating the heat flux from the 

base o f the landfill.

Table D2: Settlement of instrument bundle locations (masl) with time

Bundle 12-Nov-09 17-Jan-10 23-Jun-10 19-Feb-ll 23-Aug-11 16-Sep-ll
1 72.58 72.57 72.63 72.48 72.51 72.47
2 72.47 72.47 72.57 72.36 72.31 72.29
3 75.46 75.12 74.64 74.55 74.49
4 75.63 75.21 74.75 74.65 74.58
5 77.79 76.88 76.85 76.73
6 78.31 77.13 77.10 76.95
7 84.57 84.02 83.61
8 84.76 84.18 83.80
9 87.71

10 87.77
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