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Abstract 

With an increased focus on climate change and environmental footprint in recent years, methods 

to mitigate the use of non-renewable energy resources have received increased attention. Over 

the last two decades, research has been performed exploring the processes associated with gas 

and heat generation within municipal solid waste (MSW) landfills. Discussions have since 

commenced about the potential to utilize landfills as a low-grade geothermal energy source. 

Field tests investigating this topic have taken place globally, but they have not taken place in a 

colder and semi-arid climate where the initial waste temperatures are known to be lower. In 

addition, the analysis of the previous field tests (including the MSW thermal properties, radius of 

influence, and heat extraction rate) have either not been possible due to the testing methods, 

and/or have been simplified to one-dimensional analytical solutions. The research presented 

investigates the feasibility of low-grade geothermal heat extraction from medium-sized MSW 

landfills in cold and semi-arid climates, while also exploring different methods of analysis. 

 

The Northern Landfill, operated by Loraas Disposal Ltd., is a medium-sized landfill located 10 

km north of Saskatoon, Saskatchewan. As of 2018, approximately 2.5 megatonnes of MSW over 

three million cubic metres have been placed. A vertical borehole heat exchanger (BHE) and 

surrounding temperature-measuring thermistors were installed into the landfill using sonic 

drilling methods. A thermostatic system was also constructed to provide a constant fluid 

temperature as it entered the BHE. Two active thermal response tests (TRTs) with recovery 

periods (one heat injection test and one heat extraction test) were performed with the temperature 

of the circulating fluid and the surrounding MSW being measured along the landfill depth. The 

results from the tests were compared to each other, as well as to passive thermal responses 

previously measured at the Northern Landfill, and to previous active TRTs in MSW performed 

globally. In addition, the tests were analyzed with one-dimensional analytical models and a two-

dimensional finite element model (with and without the backfilled materials), to determine the 

thermal properties of the MSW with depth. The heat transfer rate was also estimated with a two-

dimensional model.  

 

The maximum thermal response of the waste from the heat extraction test was similar to a 

previous test performed in a warmer California climate (Yeşiller et al., 2016) in terms of 
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normalized depth location and radial trend. The radius of influence for the heat extraction test 

was found to be between 1.8 m and 5.1 m using the observational method and 4.0 m when 

evaluated with the two-dimensional finite element model. It was determined that the analytical 

infinite line source (ILS) method was suitable for providing initial MSW thermal properties with 

depth for a more complex two-dimensional finite element model. For the heat injection and heat 

extraction test, the two methods estimated the MSW thermal diffusivity to range from 1.9 x 10-7 

m2/s to 3.9 x 10-7 m2/s for the sections of MSW known to not be dependent on atmospheric 

temperatures. The analytical Cooper Jacob distance-drawdown method was determined to be an 

unsuitable method for estimating initial MSW thermal properties with depth, overestimating the 

MSW thermal diffusivity by an order of magnitude with a thermal diffusivity of 4.0 x 10-6 m2/s. 

However, it did verify that at a constant depth, the MSW could be treated as a homogenous 

material within the spatial testing limits.  

 

It was determined that the MSW thermal diffusivity was greatest at the central depths. This 

finding did not follow the theory of MSW thermal diffusivity increasing with depth. It did follow 

the trend of the measured volumetric water content of in-situ MSW cores from a borehole that 

was retrieved without additional drilling fluid and within proximity of the test. The results and 

analysis of the field testing found that low-grade geothermal heat extraction is not a practical in-

situ energy recovery method for medium-sized landfills in cold and semi-arid regions. Twenty-

six vertical BHEs would be required to extract 11.5 kW of power, the capacity of an average 

closed loop ground heat available for Canadian residents (Government of Canada, 2021). While 

also not practical, the number of required vertical BHEs can be reduced to 14 if the circulation 

fluid temperature is reduced to -4.0°C.  

 

In terms of in-situ energy recovery at MSW landfills in cold and semi-arid regions, it is 

recommended to evaluate the feasibility of optimizing the quantity of methane generated in a 

mesophilic bacteria landfill with heat exchangers and extract the methane as a source of energy. 

Future active TRTs performed in MSW landfills are recommended to account for the 

mechanical, hydraulic, and pneumatic processes inside landfills that are known to influence heat 

transport, as well as additional external factors such as radiation, wind, and snow to predict the 

shallower waste depth more accurately. 
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medium 



   

1 

 

Chapter 1 Introduction 

1.1 Background  

Across Canada, there are hundreds of small and medium-sized conventional municipal solid 

waste (MSW) landfills in rural communities or small cities. Many of these landfills are currently 

in their operation or closure phases and are producing two potential sources of energy - heat and 

landfill gas. These by-products are slowly generated over decades after waste placement and, if 

not extracted, are released to the immediate environment.  

 

Traditionally, energy recovery from MSW has been performed through the extraction of the 

landfill gas and conversion into electrical energy. By comparison, the idea of feasible heat 

extraction from MSW mainly began within the last decade (Hanson et al., 2010, 2013; Coccia, 

2013; Grillo, 2014). Landfill owners have become increasingly interested in this topic since the 

low-grade geothermal energy recovery could provide the dual function of self-producing energy 

for their site operations, as well as potentially benefit the designed landfill. These benefits 

include: 

1) extending the service life of the high-density polyethylene (HDPE) base liner,  

2) decreasing the potential of MSW settlement, and  

3) decreasing the likelihood of clogging the leachate collection layer (Coccia et al., 2013).  

 

To predict the thermal response of the MSW from heat extraction and its feasibility, the in-situ 

heterogeneous thermal properties of the waste (thermal conductivity and volumetric heat 

capacity) must be investigated. Active thermal response tests (TRTs) are a common method of 

determining the in-situ thermal properties of a below-ground medium. These tests are performed 

by circulating fluid through a ground heat exchanger (GHE) system and measuring the change in 

fluid temperature at the inlet and outlet positions, as well as the flow rate. Field-scale active 

TRTs have been previously performed in MSW to measure the thermal response of: 

1) the circulation fluid and backfill material (Faitli et al., 2015a),  

2) the MSW at various radial distances from the system throughout the landfill depth 

(Yeşiller et al., 2016), or  

3) the circulation fluid and the MSW (Shi et al., 2018; Nocko et al., 2020).  
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However, the peak temperatures at these landfills greatly exceed the peak temperatures measured 

at the project-specific Northern Landfill (Hucl, 2021). Having a lower peak temperature reduces 

the thermal gradient between the MSW and the circulation fluid from the heat exchanger. This 

may result in a decreased potential rate of heat extraction. It is therefore necessary to investigate 

whether the heat generated from these lower peak temperature MSW landfills can be feasibly 

recovered for the use at or near the site.  

 

The Northern Landfill is located 10 km north of Saskatoon, Saskatchewan and receives 

approximately 150,000 tonnes of mixed residential and commercial waste every year. Despite 

receiving waste since 1987, most of the placed waste has been within the last 10 to 15 years. This 

is due to an increase in resident drop-offs and MSW collected from growing communities 

surrounding the landfill. In 2018, approximately 2.5 megatonnes of MSW had been landfilled at 

the northern eight cells, with a maximum vertical height of approximately 25 m. A three-

dimensional model of the Northern Landfill construction and a transient first-order heat 

generation rate function have recently been published (Hucl, 2021). 

 

1.2 Research Objectives 

Given the heat generation rate and the spatial and temporal temperature distribution of the 

landfill (Hucl, 2021), the next step of assessing the feasibility of low-grade geothermal energy 

recovery from the Northern Landfill is with physical testing. This present research will achieve 

this by completing the following two objectives: 

1) performing active TRTs at the Northern Landfill and comparing the observed thermal 

response within the waste cell to previous literature, and 

2) determining the heterogeneous thermal properties of the waste with depth and evaluating 

the heat transfer rate from the field-scale testing. 

 

The first objective was achieved by completing the following tasks: 

1) drilling into the waste cell and install a vertical ground heat exchanger (GHE) and 

observational thermistor arrays, 

2) designing and constructing a thermostatic system to maintain a constant circulation fluid 

temperature as it enters the vertical GHE, and 
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3) comparing and assessing the observed thermal response from the performed tests to each 

other and previous tests performed.  

 

The second objective was achieved by completing the following tasks: 

1) estimating in-situ effective thermal properties (thermal conductivity and volumetric heat 

capacity) with depth using analytical methods, 

2) developing a finite element model to recreate the active TRTs completed. This includes 

performing a sensitivity analysis that evaluates the affect unknown parameters have on 

the model, and 

3) comparing the MSW thermal properties with depth from the finite element model to the 

dry density and volumetric water content from the retrieved MSW cores.  

 

Once the two objectives were completed, an evaluation of the feasibility of low-grade 

geothermal energy recovery was performed. The analysis included calculating the number of 

vertical GHEs required to provide the landfill operators 11.5 kW of power. This is the average 

amount of thermal energy available to Canadian residents for a closed loop geothermal heat 

exchanger (Government of Canada, 2021).  

 

1.3 Scope 

The intent of the project was to focus on the applicability of extracting low-grade geothermal 

energy from medium-sized MSW landfills based in cold regions similar to Saskatchewan, 

Canada. The work presented in this document is limited to the proximity of where the field-scale 

testing was performed and includes data from: 

1) the in-situ MSW cores obtained during the drilling and installation of instruments, and 

2) the passive and active TRTs performed. 

Since laboratory-scale testing was not performed, the field data obtained is compared to previous 

active TRTs in MSW performed at a field-scale. Similarly, the results from the modelling portion 

of the project are compared to previous field-scale models.  

Data from thermistor arrays previously installed at the Northern Landfill that are outside the 

proximity of the active TRT is out-of-scope. These thermistor arrays were installed to perform 

passive TRTs at multiple completed waste cells at the Northern Landfill. The thermistors were 
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used to define a transient heat generation rate function and determine the limits of anaerobic heat 

potential at the Northern Landfill (Hucl, 2021). 

 

1.4 Organization of Thesis 

This thesis consists of five main chapters: 

1) Chapter 1 introduces the purpose and objectives of the project. 

2) Chapter 2 presents of a review of literature related to the problem and project objectives. 

3) Chapter 3 describes the methodology for the field testing and data analysis. 

4) Chapter 4 examines the results from the field testing. 

5) Chapter 5 summarizes the field testing and analysis, concludes findings from the 

research, and proposes recommendations for future work.      
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Chapter 2 Literature Review 

2.1 Introduction 

Chapter 2 outlines the thermal features of MSW landfills. First, the passive thermal 

characteristics in landfills are discussed, including the generation of heat, resulting temperature 

distributions and thermal properties of interest. Second, the application of ground heat 

exchangers and analytical methods of analysis are introduced. Third, previous numerical models 

of ground heat exchangers and MSW landfills are presented. Lastly, previous active TRTs 

performed at MSW landfills are discussed. 

 

2.2 Thermal Characteristics in MSW Landfills 

To exact heat from MSW landfills, it is important to understand the thermal features associated 

with them. This section includes a description about how the heat is generated in the waste after 

placement, how the temperature is distributed with respect to depth from the surface, as well as 

an introduction to previous estimates for the thermal properties of MSW. The thermal properties 

discussed are thermal conductivity and heat capacity which are both relevant to conduction-only 

analytical and numerical modelling.     

 

2.2.1 Heat Generation  

Heat, along with gas and leachate, is one of three primary by-products in MSW landfills 

(Yeşiller et al., 2015). It is generated primarily from the breakdown of organic matter in the 

waste after it is placed. Additionally, chemical and biochemical reactions that occur in the waste 

also produce heat. There are three phases of waste biodegradation (Megalla, 2015): 

1) the aerobic phase (presence of oxygen), 

2) the anaerobic phase (oxygen not present) and 

3) the hybrid/transitional phase (combination of aerobic and anaerobic phases). 

 

The aerobic phase of waste biodegradation occurs when waste is initially placed into the landfill. 

The organic content of the waste is degraded by aerobic bacteria, resulting in an exothermic 

reaction that can cause the temperature of the waste to increase by 10-20°C (Lefebvre, 2000, 

Warith, 2003; Megalla, 2015). In comparison to the anaerobic phase, the aerobic phase has a 

greater heat generation rate, but is relatively short in duration and often limited to the upper 
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section of the landfill (Megalla, 2015). This limitation is due to the high oxygen demand required 

for the aerobic phase. Berquist (2017) developed a numerical model with COMSOL 

Multiphysics replicating the heat transfer processes for the first seven years of waste placement 

at a landfill in Ste. Sophie Quebec. The model estimated that 25% of the total heat generated was 

from aerobic conditions. The model assumed that aerobic heat generation only occurred in the 

top metre of waste between 1.6 and 4.7 years. Heat generation was not generated prior to 1.6 

years due to the waste being placed frozen or after 4.7 years due to field data indicating the 

absence of oxygen in the waste.  

 

The anaerobic phase of biodegradation has four stages (Grillo, 2014): hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. The molecules affected during the four anaerobic phases of 

waste decomposition and the duration for each phase is presented in Table 2.1. Hydrolysis is the 

degradation of organic waste into monomers (Megalla, 2015). It has previously been identified 

as the rate-limiting step in the biodegradation (El-Fadel et al., 1996a; Megalla, 2015). During 

hydrolysis, complex polymers in waste (carbohydrates, proteins and lipids) are deconstructed 

into simple organic compounds including sugars, long chain fatty acids and amino acids (Grillo, 

2014; Megalla 2015). Acidogenesis refers to the conversion of the simple monomers into volatile 

fatty acids (VFA).  The acetogenesis phase consists of consumption of organic acids by 

acetogenic bacteria resulting in an increased pH and the growth of methanogenic bacteria 

(Megella et al., 2015). Additionally, the VFA are converted to acetate and hydrogen (Megella et 

al., 2015). During the methanogenesis phase, methane is produced by the methanogenic bacteria 

consuming the acetate and carbon dioxide. At this stage, the majority of gas present in the 

landfill becomes methane rather than carbon dioxide (Megella, 2015). Methane generation, due 

to mesophilic bacteria and thermophilic bacteria, is optimized in waste temperatures between 

35°C to 40°C and 50°C to 60°C, respectively (Lefebvre, et al., 2000; Yeşiller et al., 2005). As 

shown in Table 2.1, the duration for the methanogenesis stage is significantly greater than the 

other stages and is a significant stage in terms of heat generated in landfills (Grillo, 2014).   
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Table 2.1: Phases of Anaerobic MSW Decomposition (Grillo, 2014) 

Stage Affected Molecules Duration 

Hydrolysis 
Carbohydrates, Fats and 

Proteins 

Several Days to 

Weeks 

Acidogenesis 
Sugars, Fatty Acids, Amino 

Acids 
10 to 150 Days 

Acetogenesis 

Carbonic Acids and 

Alcohols, Hydrogen, Carbon 

Dioxide and Ammonia 

Three Months to 

Years 

Methanogenesis 
Hydrogen, Acetic Acid, 

Carbon Dioxide 
Decades 

 

The moisture content of the waste has previously been identified as having the most significant 

impact on heat generation and temperature rise in waste (Rowe, 1998; Yeşiller et al., 2005). 

Maximum temperatures have been observed for sites with intermediate precipitation (Yeşiller et 

al., 2005; Yeşiller et al., 2015). The additional water increases the rate of hydrolysis, but too 

much water can increase the heat capacity of the waste to a point where the energy inputs 

required for heat gain become too significant (Hanson et al., 2010; Yeşiller et al., 2015).  

 

2.2.2 Temperature Variation  

Long-term temperature distributions of MSW landfills have been studied globally. The 

temperature of the waste is dependent on the climatic conditions, operational conditions, and age 

of the waste. In terms of climatic conditions, Yeşiller et al. (2005) and Hanson et al. (2010) 

found that non-frozen waste placed at higher temperatures reached greater maximum 

temperatures. This is further evident for frozen waste, as it can remain frozen for up to two years 

after being placed (Hanson, 2010; Yeşiller, 2015). The initial temperature and peak maximum 

temperature of the waste are not directly correlated due to variations in precipitation rates and 

waste density between sites (Hanson et al., 2010). 

 

Operational conditions influence the waste temperature through waste placement rate and waste 

fill thickness (Rowe, 1998; Yeşiller et al., 2005). Waste placed at greater rates are less influenced 

from seasonal fluctuations and reach higher overall temperatures (Yeşiller et al., 2005). Onnen 

(2014) modelled the difference in heat extraction from MSW landfills based on waste filling 

rates of 5, 12 and 20 m/year. He concluded that the heat extraction rates improve with increased 

filling rate. The impact of waste thickness on waste temperatures has been mentioned previously 
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(Rowe, 1998; Yeşiller et al., 2005) but not physically studied. Onnen (2014) modelled the impact 

of waste thickness (15 m, 30 m, and 45 m) on waste temperatures and its effect on heat 

extraction rates. Temperatures were found to increase by 0.5°C for every 15 m of increased 

thickness. The rate of heat extraction was found to increase linearly with greater waste thickness 

but the rate of heat extraction per metre peaked at a waste thickness of 30 m.  

 

Hucl (2021) created a three-dimensional model of the landfilling operation at the Northern 

Landfill from fall 1987 until spring 2018. As shown in Figure 2.1, the section of the landfill 

studied for the presented research was estimated to have waste placed from 1997 until 2016, with 

vertical placement increments ranging from 1.5 m to 6 m. The estimated waste placement and 

age of the waste was based on operational information from the landfill engineers and dated 

objects identified from recovered MSW core samples (Hucl, 2021).  

 

 

Figure 2.1: Waste Placement at the Northern Landfill based on operational information and 

objects from recovered MSW core samples (Hucl, 2021) 

 

Waste temperature has been previously reported to rapidly increase for young waste to a peak 

temperature within 2 to 7 years after placement, followed by a gradual decrease (Yeşiller et al., 
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2005, Coccia et al., 2013). The temperature of the waste is generally highest at the central depth, 

followed by the bottom and then the top sections of the waste. Sections of waste placed close to 

the surface are also subject to seasonal fluctuations. It has been estimated that a minimum depth 

of 7 m from the surface, as well as a minimum horizontal distance of 20 m from an external 

slope is affected by seasonal fluctuations (Yeşiller et al., 2005). These distances are dependent 

on the thermal gradient between the atmosphere and waste, in addition to the characteristics of 

the landfills cover system (Yeşiller et al., 2005; Nocko et al., 2020). 

 

Hucl (2021) measured the waste temperature distribution for various cells located at the Northern 

Landfill (Figure 2.2). Atmospheric temperatures influenced the waste temperature to a depth 

between 5 m and 10 m below the cover surface. The temperature of the waste the landfill cell in 

scope for this project (Cluster 2, Cell 4) was observed to have spatial variability and to be 

decreasing over time.  

 

 

Figure 2.2: Seasonal temperature profiles at the Northern Landfill (Hucl, 2021) 
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2.2.3 Thermal Properties  

There are two main thermal properties that characterize heat transfer in any solid: thermal 

conductivity (kt in W/m°C), and heat capacity (as either specific, cp in kJ/kg°C, or volumetric, 

HC in MJ/m3°C). Thermal conductivity is the quantity of heat transferred through a unit area in 

the normal direction due to a difference in temperature gradients under steady state conditions 

(Failtli et al., 2015b). Specific heat capacity describes the amount of heat required to change the 

temperature of a material by one unit degree (Faitli et al., 2015b).  

 

The thermal conductivity and heat capacity of MSW has been previously estimated. Smaller-

scaled methods of estimating the parameters include using laboratory and field thermal 

conductivity needle probes (Hanson et al., 2000, 2008; Khire et al., 2020) and analyzing the 

composition of the waste itself (Hanson et al., 2008; Faitli et al., 2015b). Field-scale estimates 

have been performed by back-analyzing thermal response data with analytical methods (Nocko 

et al., 2020) and by numerically modelling landfill waste stabilization (Megalla et al., 2016). In 

MSW landfills, these thermal values generally increase with depth from the landfill cover. This 

is due to the general increase in bulk density and moisture content with depth (Hanson et al., 

2008). A complete table of previous thermal properties of MSW waste is presented in Table 2.2.  
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Table 2.2: Previous Estimates of MSW Thermal Properties 

Reference 
Landfill 

Location 

Bulk Density 

(kg/m3) 

Thermal 

Conductivity 

(W/m °C) 

Volumetric 

Heat Capacity  

(MJ/m3 °C) 

Lefebvre et 

al. (2000) 
France 650 to 950 0.1 0.4 to 1.0 

Hanson et al. 

(2008) 

Alaska 530 0.3 1.0 

Michigan 1000 1.0 2.0 

New Mexico 750 0.6 1.2 

Vancouver 1000 1.5 2.2 

Rowe et al. 

(2010) 
Japan N/A 

0.96  

(saturated) 

0.35 

(unsaturated) 

N/A 

Kutsyi 

(2015a, 

2015b) 

Ukraine 1060 0.85 1.7 

Megalla et 

al. (2016) 

St. Sophie, 

Quebec 
930 

0.3 

(minimum), 

0.7 – 1.1 

(maximum) 

2.1 

Emmi et al. 

(2016) 
NE Italy 840 1.2 2.1 

Khire et al. 

(2020) 
NE USA 

720 (upper) 

930 (middle) 

1280 (lower) 

0.3 (upper) 

0.6 (middle) 

0.9 (lower) 

1.4 (upper) 

2.1 (middle) 

2.6 (lower) 

Nocko et al. 

(2020) 
California N/A 

0.86 to 1.32 

(effective) 
N/A 

Shi et al. 

(2020) 
Bioreactor 1020 0.44 2.3 

 

The thermal diffusivity of a material is the ratio of the thermal conductivity to the density and 

heat capacity at a constant pressure (Faitli et al., 2015b). A material with a greater thermal 

diffusivity will experience a change in temperature at a faster rate compared to one with a lower 

thermal diffusivity (Hanson et al., 2000). The amount of heat conducted and stored are also 

affected by the local temperature gradients as they vary over space and time (Rohsenow et al., 

1998). The thermal conductivity, bulk density, and heat capacity of the material are used to 

calculate the thermal diffusivity:  
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𝛼 =
𝑘𝑡

𝜌𝑐𝑝
 (2.1) 

 

where: 𝛼 is the thermal diffusivity of the medium (m2/s), 𝑘𝑡 is thermal conductivity of the 

medium (W/m °C), 𝜌 is the bulk density of the medium (kg/m3), and 𝑐𝑝 is the specific heat 

capacity of the medium (J/kg °C). The volumetric heat capacity, 𝐻𝐶 (J/m3°C) is the product of 

the bulk density and specific heat capacity of the medium. 

 

Faitli et al. (2015b) constructed a 1.8 m x 1.8 m x 0.8 m apparatus to measure three phase (solid, 

liquid and gas) heat flow in MSW. Serial and parallel models were developed to characterize the 

heat flow. The serial model considered each of the three phases as a separate stage for heat flow. 

This resulted in the lower conductivity gas phase determining the heat flow through the MSW 

and underestimating the thermal conductivity of the MSW. The parallel model considered the 

possibility of heat flow through each of the three phases simultaneously. It was concluded that 

the thermal properties in the porous MSW are better suited to be expressed as parallel heat flow 

rather than serial. In MSW, the bulk parallel conductance considers the volumetric fraction of the 

solid, liquid and gas phases (Faitli et al., 2015b): 

 

𝑘𝑡 = 𝑘𝑡𝑠 ∗ 𝜃𝑠 + 𝑘𝑡𝑙 ∗ 𝜃𝑙 + 𝑘𝑡𝑔 ∗ 𝜃𝑔 (2.2) 

 

where: 𝑘𝑡 is the bulk thermal conductivity (W/m°C), 𝜃 is the volumetric fraction of the phase 

(m3/m3), and the subscripts 𝑠, 𝑙, and 𝑔 indicate the solid, liquid and gas phases respectively. The 

bulk specific heat capacity can be calculated by substituting 𝑐𝑝 for 𝑘𝑡. As shown in Table 2.3, the 

bulk thermal conductivity and bulk specific heat capacity are most influenced by the thermal 

conductivity of the solid and liquid phases respectively.  
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Table 2.3: Thermal Properties of MSW Phases 

Phase 
Thermal Conductivity 

(W/m°C) 

Specific Heat Capacity 

(kJ/kg°C) 

Solid MSW* 3.99 1.8 

Liquid water (0°C) 0.60 4.2 

Ice (0°C)  2.18 2.1 

Landfill gas (60% CH4: 40% 

CO2 by volume) 
0.02 1.68 

* Faitli et al. (2015b). 

 

Equation 2.2 and Table 2.3 imply that the phase of the liquid fraction (nonfrozen or frozen) in 

MSW can greatly impact the bulk thermal properties. For a constant volumetric water content, 

frozen waste will promote greater heat flow due to having a higher thermal conductivity and a 

lower specific heat capacity than unfrozen waste.  

 

The presence of landfill gas can also restrict the bulk thermal properties of MSW. Landfill waste 

has previously been reported to have gas permeability range between 1 x 10-10 m2 and 1.0 x 10-15 

m2 (Jain et al., 2005; Stoltz et al., 2010). It is anisotropic, with the horizontal permeability 

exceeding the vertical permeability. Short-term air injection tests have previously indicated gas 

permeability to decrease with increased landfill depth, which is hypothesized to be due to: 

1) decreased waste porosity with depth (from increased overburden pressures); and 

2) increased water contents with depth, blocking the remaining void space, and further 

reducing the intrinsic permeability of landfill gas (Jain et al., 2005).  

 

While it has not been excessively investigated, it is possible that the MSW is also thermally 

anisotropic, with the thermal conductivity being greater in the horizontal direction compared to 

the vertical direction. This is possible due to the waste being placed in lifts (similar to geological 

bedding) resulting in MSW preferably conducting heat flow in the horizontal direction parallel to 

the lift placement (bedding plane) rather than perpendicular.       

 

Due to the temperature distributions of MSW landfills, conduction occurs between the waste 

particles inside the landfill. The one-dimensional steady state relationship for this is commonly 

known as Fourier’s law of heat conduction (Carslaw and Jaegar, 1959; Rohsenow et al., 1998):     
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 �̇�𝑥 = −𝑘𝑡

𝜕𝑇

𝜕𝑥
 (2.3) 

 

where: �̇�𝑥 is the heat flux (W/m2), 𝑘𝑡 is the thermal conductivity of the solid (W/(m°C)), 𝑇 is 

temperature (°C), 𝑥 is the measured distance length (m). 

 

However, heat transfer by conduction is often not steady state and requires a transient analysis. 

In addition, some materials (such as MSW) generate heat. The three-dimensional equation for 

transient heat transfer by conduction is (Carslaw and Jaegar, 1959; Rohsenow et al., 1998):    

 

 
𝜕𝑇

𝜕𝑡
= 𝛼 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
) + �̇�ℎ𝑔 (2.4) 

 

where: 𝑇 is temperature (°C), 𝑡 is time (s), 𝛼 is the thermal diffusivity of the solid (m2/s), and 

�̇�ℎ𝑔 is the rate of volumetric heat generation (W/m3). 

 

The latent heat of phase change is the amount of energy required to cause a phase change for a 

material. Since waste within the top few metres at the Northern Landfill is subject to freezing 

during the winter (Hucl, 2021), the latent heat of fusion (phase changes between solids and 

liquids) occurs for the top few metres of the landfill cell. The latent heat of fusion for MSW has 

been previously calculated at a landfill in Ste. Sophie, Quebec (Bonany et al., 2013; Megalla et 

al., 2016):  

 

 𝐶𝑝 = {

𝐶𝑠 
𝐿

∆𝑇
𝐶𝑙

 

T < -1.6°C 
 

-1.6°C < T < -0.6°C 
 

-0.6°C > T 

(2.5) 

 

where: 𝐶𝑠 is the specific heat for frozen waste (J/kg°C), 𝐿 is the latent heat or energy required to 

to change the state of the liquid fraction of the waste from frozen to unfrozen or unfrozen to 

frozen (J/kg), and 𝐶𝑙 is the specific heat for unfrozen waste (J/kg°C). 
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2.3 Ground Heat Exchangers 

An understanding of GHEs is required when extracting heat from the ground. This section 

discusses the different types of GHEs, as well as topics to consider when determining efficiency 

of the system. Additionally, common analytical solutions that can be used to determine effective 

thermal properties of the surrounding medium are introduced.  

 

2.3.1 Configurations 

Aresti et al. (2018) state there are three main types of GHEs: open loop systems, closed loop 

systems, and other systems. Open systems consist of exchangers that have no separation between 

the system and the ground.  In comparison, closed systems have separation between the 

circulating fluid (refrigerant) and the ground with the heat transfer occurring through the systems 

pipes. Other systems are uncommon configurations that do not fully represent either an open or 

closed system (Aresti et al., 2018). In landfill applications, closed loop systems are required due 

to the absence of water and presence of bacteria (Omer, 2008; Aresti et al., 2018). 

 

Closed loop systems are separated into two types: horizontal and vertical. Horizontal heat 

exchangers are common for heating smaller buildings where larger surface area is available for 

installation to the heat exchange system (Coccia et al., 2013). They can be installed in MSW 

landfills to a nominal depth of 0.25 and can be placed to extract heat solely in optimal thermal 

zones (Coccia et al., 2013). Since horizontal heat exchangers do not require drilling for 

installation, they have a significant reduced implementation cost, but an increased installation 

time, in comparison to vertical heat exchangers. Additionally, horizontal heat exchangers are 

more susceptible to damage after installation when waste is placed and compacted above the 

pipes (Rawlings and Sykulski, 1999; Aresti et al., 2018). To prevent damage, a sand layer is 

typically placed and compacted above the pipes. The sand also mitigates air voids between the 

MSW and the heat exchanger, thereby improving the thermal performance of the system (Coccia 

et al., 2013; Nocko et al., 2020). The two main types of horizontal heat exchanger configurations 

are the slinky loops and the series-tubes or parallel-tubes (also known as serpentine loops) 

(Aresti et al., 2018). Slinky configurations are more efficient (Rawlings and Sykulski, 1999; 

Aresti et al., 2018) but are also more likely to cause differential settlement (Coccia et al., 2013), 
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more expensive in terms of initial cost and energy required to run the system (Aresti et al., 2018), 

and more restrictive in varying pipe spacing (Nocko et al., 2020). 

 

When there is a limit in surface area to implement horizontal configurations (or the cover for a 

landfill cell has already been placed), vertical GHE configurations are better suited for 

geothermal applications. As shown in Figure 2.3, the two common types of vertical borehole 

heat exchanger (BHE) configurations in MSW applications are: the multi-tube (or u-pipe) BHE, 

and the coaxial BHE.  

 

 

Figure 2.3: Vertical BHEs used for MSW Heat Exchange: multi-tube (left) and coaxial (right) 

 

The u-pipe configuration consists of one to three pairs of pipes (including spacers to separate the 

shanks) constructed in a U-shape at the bottom of the borehole (Acuña, 2013). While the thermal 

performance is improved with additional u-pipes, these improvements are relatively insignificant 

when there are more than three u-pipes (Aydin et al., 2015; Zhao et al., 2016). The most 

common configurations are single and double u-pipes. The u-pipe BHE has generally been the 

most common heat exchanger, despite their poor thermal performance, due to thermal shunt flow 

between the pipes and the undesirable placement of the pipes inside the middle of the borehole 

wall (Acuña, 2013). 

 

The coaxial BHE configuration has at least one pipe inside an annular pipe. They can consist of a 

smaller pipe placed in a larger diameter pipe (as shown in Figure 2.3) or be more complex by 

having either several outer pipes or multi-chambers (Acuña and Palm, 2011). Mei and Fischer 



   

17 

 

(1983) were one of the first to publish experimental data relating to open annular coaxial BHEs. 

The 50 m deep borehole was made of polyvinylchloride (PVC) pipe and had a diameter of 200 

mm. Spacers were used to centre the inner pipe and temperature sensors were placed on the 

inside and outside of the annular pipe every 7.5 m, as well as at the inlet and outlet locations. 

The temperature outside the annular space was observed to slowly decrease or increase during 

heat extraction and injection, respectively. An analytical model was also developed to discuss the 

effects from variations of geometry, flow rate, and the ground thermal response.  

 

2.3.2 System Efficiency 

The heat transfer for a BHE between the circulating fluid and the surrounding medium (and 

therefore the amount of energy obtained from the surrounding medium) is dependent on the flow 

channels inside the BHE, thermal properties of the pipes, and thermal properties of the borehole 

backfill material and the surrounding medium (Acuña and Palm, 2010). The rate of heat 

extraction from a GHE is given as (Shi et al., 2018): 

 

 �̇� = 𝑐𝜌�̇�(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (2.6) 

 

where: �̇� is the rate of heat extraction/injected (W), 𝑐 is the specific heat capacity of the 

circulating fluid (J/(kg °C)), 𝜌 is the density of the circulating fluid (kg/m3), �̇� is the volumetric 

flow rate (m3/s), 𝑇𝑜𝑢𝑡 is the temperature of the fluid at the exchanger’s outlet location (°C), and 

𝑇𝑖𝑛 is the temperature of the fluid at the exchanger’s inlet location (°C). 

 

Additionally, the coefficient of performance (COP) for the system can be calculated as (Sanner 

et al., 2003): 

 

 𝐶𝑂𝑃 =
𝑈𝑠𝑒𝑓𝑢𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 (2.7) 

 

where generally for ground source heat pumps, 3 < COP < 4. While the COP has been previously 

studied (Ozgener and Hepbasli, 2007), it is usually not included in published research regarding 

heat extraction from MSW landfills. 
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The circulating fluid inside the BHE has an influence on both equations above. The fluid can 

vary from water to antifreeze aqueous solutions (ethanol, glycol, etc.) or brine (Acuña, 2013). 

Aqueous solutions are often used to reduce the freezing point of the fluid. Additionally, aqueous 

solutions are not subject to freezing into solid ice when their temperature is below their freezing 

point. Properties of the fluid (density, specific heat capacity, viscosity, etc.) depend on the 

chemical and the concentration. Studies on the thermophysical properties of various aqueous 

solutions, for the purpose of being utilized as circulating fluids, have been performed (Melinder, 

2007). The most significant fluid properties for the project are the specific heat capacity and the 

thermal conductivity of the fluid: the greater both values are, the more optimal the fluid is for 

heat transfer. In addition, fluids with a greater viscosity require more power input from the pump 

to provide turbulent flow. This restricts some fluids (and fluid concentrations) as realistic fluids 

for heat exchangers (Melinder, 2007).  

 

2.3.3 Analytical Models 

Due to the complex analysis involved with numerical modelling (often including the requirement 

of an increased amount of instrumentation), analytical models are often used to estimate the 

thermal properties of the subsurface from an active TRT. For single-well groundwater analysis, 

the Cooper-Jacob distance drawdown method (Cooper and Jacob, 1946) and the Theis equation 

(Theis, 1935) are commonly used to estimate the transmissivity and storativity of a confined 

aquifer. From a hydrogeological standpoint, the Cooper-Jacob and Theis methods should, in 

theory, provide identical estimates, excluding at small pumping times and at large radii from the 

pumping well. In either case, the Cooper-Jacob method is unable to plot the drawdown curve 

asymptotically approaching zero (Cooper and Jacob, 1946). The following section describes how 

Theis’ analogy between hydrologic conditions in an aquifer and the thermal conditions in an area 

subject to heat-conduction (Theis, 1935; Loáiciga, 2009; Raymond et al., 2011) can be used to: 

1) characterize the MSW as a homogeneous material radially within the testing area; and 

2) estimate the MSW thermal properties, with depth, at the Northern Landfill for the 

purpose of using the properties as initial values for a more complex finite element model. 

 

2.3.3.1 Cooper Jacob Distance-Drawdown 

The Cooper-Jacob distance-drawdown method (Cooper and Jacob, 1946) requires: 
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1) non-equilibrium radial flow,  

2) three observational wells (at a minimum) with known radial distances from the single 

pumping well, and  

3) a known and constant pumping rate.  

The method also assumes the surrounding material is homogeneous and isotropic. Using this 

method, the observed hydraulic drawdown at each observation well is plotted at one instant of 

time against the radial distance between each observational well and the pumping well. Plotting 

this data on a semi-logarithmic graph, with the radial distance on the logarithmic scale, allows 

the (logarithmic) radial cone of depression to be plotted as a straight line. A straight line would, 

at a macroscopic level, indicate the MSW as homogeneous material radially within the 

representative elementary volume (REV) assessed from an active TRT. The REV cannot extend 

too far radially since as the radial distance from the pumping well increases, the logarithmic 

drawdown curve becomes asymptotic towards zero drawdown. In this case, the Cooper-Jacob 

method predicts negative drawdown values. This is a result of the Cooper-Jacob method 

neglecting the higher order terms of the Taylor-series expansion within the Theis equation 

(Cooper and Jacob, 1946; Alexander and Sarr, 2011).   

 

Applying the Cooper-Jacob distance-drawdown method to radial heat flow, the thermal 

conductivity and volumetric heat capacity for each measured depth should, theoretically, be able 

to be estimated by plotting the thermal drawdown for each observation thermistor at the same 

depth and time against the logarithmic radial distances to the vertical BHE. Then, the estimated 

thermal properties can be used as initial MSW thermal properties for a more complex finite 

element model. The equations used for this analysis are described in Section 3.5.1. However, the 

focus for this method is to ensure that, at a constant depth, the MSW can be treated as a 

homogeneous material radially for the REV.    

 

2.3.3.2 Kelvin’s Line Source Model 

Kelvin’s line source theory (also commonly known as the infinite line source theory) is the 

earliest analytical approach to calculate thermal transport with a heat exchanger. The method has 

the following assumptions (Yavuzturk et al., 1999; Yang et al., 2010): 
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1) The surrounding medium (traditionally soil, but for this project MSW) is assumed to 

extend infinitely and have an initial uniform temperature. 

2) The heat exchanger is represented as an infinite line source with a constant heat transfer 

rate per unit length of pipe.   

3) The surrounding medium is assumed to be homogeneous and isotropic. 

4) The heat transfer is assumed to be solely by conduction, exclusively in the radial 

direction from the heat exchanger. 

5) The thermal resistance of the borehole is neglected.  

6) Any heat generation within the surrounding medium is neglected. 

 

The Kelvin line source theory, herein referred to as the infinite line source (ILS) analysis, is the 

following (Theis, 1935; Carslaw and Jaegar, 1959; Hellström, 1991, Yang et al., 2010): 

 

 𝑇 − 𝑇0 =
𝑞1

4𝜋𝑘𝑡

∫
𝑒−𝑢

𝑢

∞

𝑟2

4𝛼𝑡

𝑑𝑢 =
𝑞1

4𝜋𝑘𝑡
𝐸1(𝑟2 4𝛼𝑡⁄ ) (2.8) 

 

where: 𝑇 is the temperature of subsurface at distance 𝑟 (°C), 𝑇0 is the initial temperature of 

subsurface (°C), 𝑞1 is the constant heat rate per length of pipe (W/m), 𝑘𝑡 is the effective thermal 

conductivity of the system (W/(m°C)), 𝑟 is the radial distance from line source (m), 𝛼 is the 

thermal diffusivity of surrounding subsurface (m2/s), 𝑡 is the time from beginning of operation 

(s), 𝑢 is the integration variable, and 𝐸1 is the exponential integral. The effective thermal 

conductivity accounts for the thermal conductivity for the entire heat exchanger. This includes 

the thermal conductivity of the pipe, backfill (if any), and circulation fluid (Nocko et al., 2020). 

 

The ILS method has assumptions that make the analysis invalid for determining the effective in-

situ MSW thermal properties. For a vertical BHE application, this includes the assumption of the 

surrounding medium and heat exchanger extending infinitely. In addition, it is known that MSW 

is a heterogeneous material that theoretically has its thermal properties increase with depth, due 

to increased density and water content. It is also known that heat transfer by convection, as well 

as heat generation take place within landfills. These assumptions may be assumed to be 

negligible depending on the moisture content within the MSW and the duration of each 
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performed test. The assumptions of the ILS method make it, for this project, an unsuitable 

method for providing “final estimations” for MSW thermal properties. However, it may be 

suitable with providing a general idea prior to analysis, using more complex methods.  

  

Overall, for this project, the purpose of analyzing the active TRTs with the ILS method is to 

identify initial MSW thermal properties with depth to be used in a more complex finite element 

model, and then later adjusted using a trial-and-error approach. This will be accomplished by 

using the ILS analysis for depths of the MSW that is known to not be influenced by atmospheric 

temperatures. The analysis is performed at different depths to acknowledge the theoretical 

increase in water content, as well as the decrease in void ratio of the MSW with depth. 

 

2.4 Previous Numerical Models 

While trends from an active TRT can be detected by observing the physical results and then 

solving analytical models, numerical models can be developed to gain a further understanding. 

Although rarely modelled together, numerous numerical models of MWS landfills and GHEs are 

available. This section describes previous numerical models for MSW landfills, as well as GHEs.  

 

2.4.1 MSW Landfills 

El-Fadel et al. (1996a, 1996b) developed a numerical model on the Mountain View Controlled 

Landfill Project in California. The model coupled a heat generation and transport model to a gas 

generation and transport model. This includes feedback of temperature and its effects on the 

methanogen and acidogen microbial biokinetic constants, as well as the hydrolysis rate and pH 

feedback, to simulate its effect on methanogens. The rate-limiting steps for the anaerobic 

degradation was found to be the hydrolysis of solid organic carbon, followed by methanogenesis.  

 

Hanson et al. (2008) developed a one-dimensional finite element analysis (FEA) based on an 

exponential growth and decay heat generation function. Thermal properties at four North 

American landfills were estimated with a combination of previously-published laboratory and 

field experiments, along with additional literature. The top and bottom boundary conditions were 

air temperatures accounting for net radiation (by using freeze/thaw n-factors), and the mean 

annual earth temperature (based on field measurements of previously reported groundwater 
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temperatures), respectively. The waste placement was modelled as 3 m to 5 m lifts with the 

timing and thickness based on site records, annual aerial surveys, and land-based topographic 

measurements. Waste lifts were placed at temperatures equal to the average daily temperature on 

the day of placement. Figure 2.4 presents their model configuration illustrating modelling 

methodology. 

 

 

Figure 2.4: One-dimensional model configuration (Hanson et al., 2013) 

 

An exponential growth and decay heat generation rate function was developed to represent the 

biological decomposition of wastes. Parameters applied to the function include time (days), peak 

heat generation rate (W/m3), decay rate (days), and a shape factor. The peak heat generation rate 

factor and the shape factor were correlated to climatic and operational conditions by taking the 

product of the average daily air temperature and the average annual precipitation and then 

dividing this value by the MSW unit weight. Figure 2.5 presents the transient heat rate curves 

from Hanson’s model, after calibrating various fitting parameters for the four North American 

landfills. The area under each curve represents the cumulative heat potential of the landfill with 

the values varying from 15 MJ/m3 (Anchorage, Alaska) to 191 MJ/m3 (Vancouver, British 

Columbia). Hucl (2021) discusses that the cumulative heat potential for each site should be a 

function of the organic content (and BMP) of the MSW and not the climatic and operational 

conditions. 
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Figure 2.5: Calibrated transient heat rate functions developed by Hanson et al. (2008) at four 

North American landfills (adapted by Hucl, 2021) 

 

Hanson et al. (2013) expanded their 2008 model by defining an energy-expended function. The 

function was developed by converting the heat generation function to being dependent on the 

total energy expended, rather than being time dependent. This was accomplished through 

integration of the heat generation rate versus time functions (Figure 2.5) with a piecewise 

integration using an equation solver. This approach was not compared to field data.  

 

A temperature-dependent exponential-decay function was also developed by scaling the 

exponential-decay function linearly according to waste temperature. The scale peak was between 

30°C and 50°C and the minimum scaled temperatures were at 0°C and 80°C. Two landfill cells 

in Michigan were modelled and compared to field temperature data with notable resemblance. 

The peak generation rates were 1.52 W/m3 and 1.16 W/m3 with the total energy expended being 

104 MJ/m3 and 174 MJ/m3 for the newer and older landfill cell respectively.  

 

Similar to Hanson et al. (2008, 2013), Bonany et al. (2013) developed a one-dimensional heat 

transfer model with a focus on the waste stabilization in northern climates that experience colder 

temperatures. Their model was calibrated with field data from a landfill cell located in Ste. 

Sophie, Quebec. Sensors were placed within the top, central and lower domains of the cell and 

were spaced 17 m horizontally and 3 m to 4 m vertically. The timeframe modelled was 
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approximately 325 days, starting approximately one month after the first temperature sensors 

were placed at the landfill liner. Various mechanisms were modelled to develop a heat budget for 

energy entering and leaving the cell including atmospheric convection and radiation, and 

conduction from the subgrade. In addition, heat generation from the biodegradation of the 

organic waste and natural convection and conduction were modelled within the waste itself.  

 

A linear function and a smoothed step function, both varying with the waste temperature, were 

used to estimate the thermal conductivity and specific heat values, respectively. To achieve this 

for the specific heat of the waste, the latent heat of fusion was considered for layers in freezing 

conditions (Equation 2.5). A second-order polynomial equation was used to describe heat 

generation for temperatures above 10°C. Temperatures below 10°C did not generate any heat. A 

sensitivity analysis concluded that the thermal conductivity did not have a significant impact on 

the thermal response for the upper domain. The model was most sensitive to the changes in latent 

heat of fusion, followed by changes in the rate of heat generation, and thermal conductivity of 

the waste. The volumetric heat capacity did not have a significant impact on the model, but 

increased values reduced the rate of heat transfer (central domain) and peak temperatures (upper 

domain).   

 

With the continuation of the placing instrumentation for the subsequent waste lifts, Megalla et al. 

(2016) created a model based on the entire construction at the Ste. Sophie landfill. The heat 

budget for their model included the net heat flux at the surface due to heat sources (solar 

radiation) and sinks (convection and long wave radiation). The net heat flux was initially into the 

MSW but changed direction (outwards to the atmosphere) with increasing waste temperatures in 

the upper domain over time. In addition, their model considered aerobic heat generation from the 

top metre of waste and concluded that it contributed to 36% of the total amount of heat generated 

over the duration of the model.  

 

Despite the model assuming constant density and moisture content values (and not increasing 

with depth), the thermal conductivity of the waste was modelled as increasing with depth after 

the top metre, which was assumed to be constant. This allowed Megalla et al. (2016) to model 

the MSW as a heterogeneous material while simplifying their approach. The thermal 
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conductivity also increased over time with the addition of a new waste lift to consider change in 

waste density. The approach used by Megalla et al. (2016) to estimate the thermal conductivity 

of the waste is illustrated in Figure 2.6. 

 

 

Figure 2.6: Thermal conductivity for heterogeneous waste with increasing density over time 

(adapted from Megalla et al., 2016) 

 

Hucl (2021) developed a one-dimensional, conduction-only heat generation model for two cells 

(Clusters 1 and 3) at the Northern Landfill. The model did not use the heat generation function 

developed by Hanson et al. (2008, 2013) for two main reasons. First, Hanson’s model 

characterizes landfills at colder climates as having lower heat potential. This contradicts theory 

of heat potential being influenced by organic matter in MSW and optimal temperatures for 

mesophilic bacteria being previously measured at cold climate landfills. Second, using the local 

average annual air temperature and precipitation data in the local region made the equation 

developed by Hanson et al. (2008) unsolvable.   

 

Hucl (2021) developed a long-term first-order decay heat generation function that was derived to 

be related to the methane produced from laboratory BMP testing with heat rate curves being 

defined per waste layer. For short-term, present-day modelling (September 1st, 2018, to 

September 21st, 2019), the heat rates were constant values that were calibrated to fit the 
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temperature profile with depth at the end of the modelling duration. The top boundary condition 

was the average daily temperature measured at each landfill cell (Clusters 1 and 3) and the 

bottom boundary condition was a constant liner temperature based on extrapolation of lower 

waste temperatures. The calibrated heat rates at each location for the short-term model was 

relatively representative of the long-term model for the upper domain at Cluster 3, but under-

predicted the remaining sections modelled. Hucl (2021) stated that this may be due to lower 

organic content present in the lower layers or a higher average decay rate than assumed.  

 

2.4.2 Ground Heat Exchangers 

Eskilson (1987) produced a numerical finite-difference model that considered axial heat flow 

vertically along the borehole. The model uses a radial-axial coordinate system to determine the 

temperature distribution along a borehole with a finite length and the ground temperature 

response from a single borehole. Similar to the ILS method, Eskilson (1987) assumed the ground 

as a homogeneous material with constant temperatures (initial and boundary) and neglected the 

thermal properties of any borehole material.    

 

Using spatial and temporal superimpositions, Eskilson’s model allowed the overall temperature 

response to consider multiple boreholes at any heat rejection/extraction and any time between 

one month and several years. The model is known today as the finite line source model (FLS) 

model that considers the borehole length and g-functions to determine dimensionless temperature 

responses with time.     

 

Hellström (1991) developed a model for evaluating the effect of multiple GHEs for storage of 

seasonal thermal energy. The duct storage model is separated into two regions. The first region is 

described as the “local” region which comprises of a single borehole and its immediate 

surroundings including type of fluid and pipe material (known today as the borehole thermal 

resistance, Rb). The temperatures in this region were calculated with a numerical one-

dimensional analysis. The second region is described as the “global” region and comprises of the 

remainder of the surrounding medium. It uses a two-dimensional finite difference method to 

evaluate the ground temperatures. Temperatures in each region were determined by 
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superimposing the short time scale for the local region, steady state heat flux, and temperatures 

in the global region.  

 

Yavuzturk et al. (1999) made complementary additions to Erkilson’s model by developing a 

model that could calculate nondimensional temperature responses for tests up to one month. The 

model is based on a two-dimensional fully-implicit finite volume formulation and includes an 

automated parametric grid generation algorithm. This allows different pipe sizes, shank spacing 

and borehole geometry. The model can also be used to estimate the thermal conductivity of the 

surrounding soil and grout. 

 

Li and Zheng (2009) developed a three-dimensional finite volume model for vertical GHEs. The 

model retains the geometric structure of the u-loop borehole by using triangular meshing for the 

interior and exterior of the borehole. To account for the change in fluid temperature with depth, 

the surrounding soil is divided into many layers. The model was shown to be accurate when 

compared to experimental data, but the authors mention the model being more suitable for 

transient analysis based on the shorter time step (one hour or less). 

 

Zanchini et al. (2010a, 2010b) developed a two-dimensional axisymmetric model using 

COMSOL Multiphysics software to evaluate methods of optimizing short (20 m) and long (100 

m) coaxial heat exchangers. Topics investigated included the fluid flow characteristics (direction 

and flow rate) and geometrical configurations. They concluded that coaxial BHEs are more 

efficient with fluid entering the annular spacing, optimum flow rates based on geometrical 

configuration and season, and increased geometric aspect ratio (increasing the inner pipe cross-

section or reducing the outer pipe cross-section). In addition, they also found that thermal short 

circuiting with shorter coaxial BHEs was generally not an influencing factor but was significant 

for larger exchangers. 

 

2.4.3 Coupled MSW Landfills and Ground Heat Exchangers 

To evaluate a method of controlling the temperature at the landfill liners, Rowe et al. (2010) 

developed a two-dimensional and a three-dimensional finite volume-based numerical model, 

using quadrilateral elements and hexahedral elements, respectively. Their model did not account 
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for seasonal variations in waste temperature, but did consider leachate mounding, as well as 

aerobic and anaerobic biodegradation. The thermal properties and heat generation rate for the 

waste were taken from previous literature based on a Tokyo landfill and considered if the waste 

was exposed to the air, the mounding leachate, or neither. The liner temperature was found to 

decrease more for higher mass flow rates; however, the outlet temperatures also decreased. 

Laminar flow was modelled for all cases.   

 

Onnen (2014) developed a two-dimensional numerical model that considered vertical heat 

extraction systems in landfills at various climates. The models considered heat transfer by 

conduction, convection and radiation. Since Onnen’s model was not based on an active TRT, the 

fluid temperatures in the two-dimensional model were based on results from a one-dimensional 

model of the landfill. The thermal properties and heat generation function for the modelled 

landfills were taken from previous literature by Liu (2007) and Hanson et al. (2008, 2013) for 

Alaska, British Columbia, Michigan, and New Mexico. This resulted in climate (precipitation 

rates) being the most significant factor, in terms of heat extraction rates and total heat extracted. 

As previously noted in this section, this should not be the case due to heat potential at MSW 

landfills being influenced by the organic matter in MSW and optimal temperatures for 

mesophilic bacteria being measured at cold climate landfills.  

 

Over a 40-year period, heat extraction rates from the British Columbia, Michigan, and New 

Mexico landfills ranged between 240 W to 2,550 W, 360 W to 3,080 W, and 0 W to 460 W for 

the first year, peak year and last year, respectively. Frozen waste at the Alaska landfill restricted 

the heat extraction rate to range between -100 W to 170 W. The total heat energy extracted 

ranged from 1,200 MJ to 1,400,000 MJ in Alaska and British Columbia, respectively over a 40-

year period. Since the heat generation was based on Hanson et al. (2008, 2013) The maximum 

temperature change at 0 m from the vertical heat extraction systems at the landfills ranged from 

5.2 to 43.2°C, with the radius of influence ranging between 2 m and 11 m for the Alaska and 

British Columbia landfills respectively. The model also concluded that greater total heat 

extracted was correlated to earlier installation and operation of the vertical heat extraction system 

following the cover placement. 
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The model developed by Hanson et al. (2008) was also used by Emmi et al. (2016) to evaluate 

the efficiency of ground source heat pumps at an Italian landfill. They constructed a two-

dimensional finite element model that considered heat transfer only by conduction. Their model 

neglected gas generation and leachate extraction, and the entire landfill was assumed to have a 

constant initial temperature. Rather than using n-factors for their surface boundary condition, 

Emmi et al. (2016) set their surface boundary condition as a temperature boundary that combined 

solar radiation and convective heat transfer. The heat generation curve developed for the landfill 

had a peak of 0.64 W/m3. A system of horizontal heat exchangers was modelled for the landfill 

and regular ground conditions. After operating for 10 years, the mean COP at the landfill was 

found to be 19% greater (6.3) than the value found for the ground conditions (5.3). 

 

2.5 Previous Active Thermal Response Tests at MSW Landfills  

An active TRT consists of either injecting or extracting heat from the immediate surroundings of 

a BHE, through the circulating heat transfer fluid and then measuring the inlet and outlet 

temperatures as an indirect measurement of the thermal response of the entire system (Rainieri et 

al., 2011). This test is performed to estimate the thermal conductivity and thermal diffusivity of 

the immediate surroundings, in addition to the thermal resistance of the BHE (Zachini et al., 

2010a, 2010b; Rainieri et al., 2011).  

 

According to Grillo (2014), the first known application of landfill heat recovery was at an 

inactive landfill in Ireland in the year 2000. The heat recovered was used to heat an 

administration building. The 2,400 m piping system provided a heat rate of 28 kW and had a 

reported payback period of 4.5 to 6 years. In addition, Grillo (2014) installed a small-scale 

horizontal configuration system directly on the base liner at a landfill in New Hampshire, 

utilizing the extracted heat to melt ice and snow for a nearby 17 m x 24 m garage. He found that 

the circulating fluid maintained a constant temperature when the system operated.  

 

Faitli et al. (2015a) were the first to publish about a MSW geothermal heat extraction system at a 

landfill based in Hungary. The system included two different horizontal configurations (slinky-

loop and serpentine loop) and four 16 m deep vertical wells in a u-pipe configuration. The 

diameter of the vertical boreholes and the distance between the downward and upward sections 
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of the pipe were both 800 mm. To provide stability and be an effective thermal conductor, the 

bottom 10 m of the borehole was filled with concrete, while the top 6 m was placed with wood 

waste to provide thermal insulation. Heat exchange between the ambient temperature and the 

pipe system resulted in the circulating fluid temperature fluctuating in relation to the normal 

daily temperature. The thermal response of the surrounding material during the heat extraction 

and the recovery phases were hyperbolic and exponential, respectively. The average heat transfer 

rate and the radius of influence for the vertical configuration were estimated to be 770 W to 

1,152 W, and 6 m respectively. No analysis was performed for the horizontal configurations or 

the in-situ thermal properties of the MSW.  

 

Yeşiller et al. (2016) expanded on the first constructed prototype heat extraction system at an 

MSW landfill in California, as their test included temperature sensors inside the waste. The heat 

extraction well consisted of four u-pipe heat exchangers installed 23.5 m into the landfill and 

equally placed around the perimeter of a 1 m diameter borehole. To measure the thermal 

response of the waste, 200 mm diameter boreholes were drilled at various radial distances (1 m, 

3 m, 5 m, and 7 m) from the system and had Type K thermocouples placed along the side of the 

boreholes at various depths (0 m, 3 m, 6 m, 9 m, 12 m, 15 m, 18 m, 21 m, and 24 m). These 

boreholes were then filled with a combination of MSW material and gravel to the top metre 

where bentonite was used to prevent the migration of fluids or the emission of landfill gas. 

 

Over approximately one year, the system operated once a week for 24 hours. The observed 

temperature drawdowns in the waste were 20°C, 5°C, 2°C, and 1°C at radial distances of 0 m, 1 

m, 3 m, and 5 m from the heat extraction well. The radius of influence was found to be 

approximately 7 m. The magnitude of the change in temperature and the trends in temperature 

change at different depths were observed to be similar along the entire length of each monitoring 

borehole. In addition, the temperature of the circulating fluid was in equilibrium with the 

ambient temperature and the heat transfer rate was not quantified from the testing. This, as well 

as the system not operating continuously, resulted in the test not meeting the requirements for the 

analytical methods of analysis discussed in Section 2.4.3.  
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Shi et al. (2018) created a prototype heat extraction system in Wuxi City, China. In 2015, the 

piping was placed at the bottom of a newly placed MSW layer, with two sets of nine temperature 

sensors installed above the pipe and two sets of six temperature sensors installed horizontal to 

the pipe (all spaced at 1 m increments). With the leachate level being 3.5 m below the landfill 

surface, most of the temperature sensors were below the leachate level. Three heat extraction 

tests were performed with the duration of each test varying between 10 days and 17 days. The 

observed thermal drawdown in the waste was less in the first test due to the biodegradation 

effects of the fresh waste. The maximum thermal drawdown and radius of influence from the 

tests were 5°C and 6 m respectively.  

 

After the final test, the temperature of the waste increased to its original temperature within 

approximately 10 days. Saturated waste below the leachate level had a similar thermal response 

for each test. Figure 2.7 below compares the drawdown of temperature with radial distance from 

this study to Yeşiller et al. (2016). The more gradual decrease in temperature with radial distance 

is a result of higher leachate levels in the landfill causing the heat transfer to be a function of 

both heat conduction in the waste, as well as convection in the leachate (Shi et al., 2018).  

 

 

Figure 2.7: Comparison of active TRT thermal responses performed at two separate landfills 

(adapted from Shi et al., 2018)   
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Nocko et al. (2020) performed a 17-day TRT at a Californian landfill using three serpentine 

geothermal heat exchangers at three different elevations (base liner, 6 m above the base liner, 

and 12 m above the base liner). Each elevation had one thermistor string with four thermistors 

placed 2 m from the outside pipe. The intermediate elevation also had additional thermistor 

strings 1 m from the pipe (one thermistor string between two sections of pipe) and one on the 

pipe itself. The average heat transfer rates at each elevation ranged between 8.1 kW and 14.8 kW 

with the rate increasing further from the base liner. Temperature drops were found to be greatest 

beside the pipe (up to 28°C) followed by the 1 m distance sensors (with the sensors between 

pipes being greater due to superposition), and the 2 m distance sensors.  

 

The ILS method was used to determine the effective thermal conductivity, ranging from 0.86 to 

1.28 W/m°C in the short-term (20 – 100 hrs) and 0.89 to 1.32 W/m°C in the long-term (20 – 405 

hrs). The effective thermal conductivity decreased with depth, opposite to theory. The authors 

cited this to possibly being due to the potential absence of leachate to promote convection, the 

influence of lower thermal conductivity base liner materials (geosynthetics and compacted clay) 

at the base liner, and the possibility of unexpected MSW density trends with depth. 

 

2.6 Summary of Literature Review 

In summary, heat is one of the three primary by-products in MSW landfills. While the aerobic 

phase of waste biodegradation has a greater heat generation rate, the duration of the anaerobic 

phase results with it having a greater influence on heat generation during the landfill lifespan. 

The moisture content and organic matter in the waste have the most impact in heat generation 

and temperature rise in the waste, with maximum temperatures observed with intermediate 

precipitation. The passive MSW temperatures previously measured at the Northern Landfill are 

subject to the climatic conditions, operational conditions, and age of the waste. The section of the 

landfill, studied for the presented research, has been estimated to have waste placed from 1997 

until 2016, with vertical increments ranging between 1.5 m to 6 m (Hucl, 2021). The maximum 

temperatures measured at the location from Summer 2019 until Summer 2020 does not exceed 

35°C and is currently decreasing over time.  
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Globally, the thermal conductivity and volumetric heat capacity of MSW have been reported to 

range between 0.1 W/m°C to 1.32 W/m°C and 0.4 MJ/m3°C to 2.6 MJ/m3°C, respectively. 

Performing and analyzing field-scale active TRTs will allow the heterogeneous thermal 

properties of the waste at the landfill studied for the presented research to be estimated and 

compared to previous literature. The active TRT can also be used to analyze the rate of heat 

injection/extraction from the MSW. Closed loop GHEs are required for landfill applications and 

can be characterized into horizontal and vertical configurations. With the waste previously 

placed at the testing location, a vertical BHE is required for the active TRT.  

 

The Distance-Drawdown and ILS methods of analysis are two straightforward analytical models. 

Despite inconsistencies between their assumptions and the testing conditions, they may be 

acceptable methods of used to: 

1)  validate the MSW as a homogeneous material (radially) within the REV of the 

performed testing, and  

2) provide initial thermal properties of the MSW with depth for a more complex finite 

element model.    

 

Previous finite element models for MSW landfills have considered the heat generation being 

subject to either the climate conditions at the landfill location or by content of organic matter 

present in the MSW. Heat generation rates within the MSW have been applied as both transient 

functions, as well as constant rates. An active TRT is relatively short in duration compared to the 

overall lifespan of a MSW landfill. Therefore, it is anticipated that the heat generation rate can be 

applied as a constant rate and may be negligible when back analyzing the test results. The 

heterogeneity of the MSW thermal properties with depth has previously been accounted for by 

assuming the thermal conductivity increases linearly with landfilled depth. This approach can 

also be applied to the volumetric heat capacity of the MSW since density and moisture content, 

theoretically, increase with depth.  

 

Finite element models have been developed for GHEs with ranging complexity. Specifically, in 

landfill applications, the total amount of heat extracted in a 40-year period has been reported to 

be as high as 1,400,000 MJ with the mean COP for GHEs in landfill applications exceeding 
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those for traditional ground conditions. Previous active TRTs performed at MSW landfills, while 

presenting temperature change within the MSW, are either not able to be numerically analyzed 

due to the testing methodology and/or have been simplified to one-dimensional analytical 

solutions. Providing a more complex analysis will enhance the analysis for evaluating the 

feasibility of low-grade geothermal energy recovery.   
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Chapter 3 Methodology 

3.1 Introduction 

Chapter 3 outlines the methodologies and field testing that were implemented to complete the 

following two objectives: 1) performing field-scale active TRTs at the Northern Landfill; and, 2) 

estimating the thermal properties of the in-situ MSW, with depth at a field-scale, using analytical 

and numerical methods of analysis.  

 

Three tasks were required to complete the two objectives. First, the test apparatus at surface and 

the subsurface observation wells were installed. This is described in Sections 3.2 and 3.3. 

Second, the active TRTs were performed, as described in Section 3.4. Third, the field data was 

analyzed, using analytical and numerical methods, as described in Sections 3.5 and 3.6, 

respectively. 

 

3.2 Site Description 

The Northern Landfill, located approximately 10 km north of Saskatoon, has been in operation 

since 1987 (Haug et al., 1989; Yanful et al., 1990). The landfill is on a 65-ha site and is divided 

into sixteen square cells, each with a width of 170 m. At the beginning of the project, MSW was 

placed at a height of approximately 25 m and a volume of 2.5 Mt, in the northern eight cells. 

This MSW consists mainly of construction and demolition (C/D) material, as well as 

institutional/commercial industrial (ICI) material. More recently, the landfill has been accepting 

drop-offs and mixed MSW from residents of the surrounding communities. The research for this 

specific project occurred in Cell 4 which commenced placement in 1997-1998. As mentioned in 

the previous chapter, a three-dimensional model of waste placement and a first-order decay heat 

generation function have been developed for the Northern Landfill (Hucl, 2021).  

 

To provide cover material (from excavated soils) and storage volume (by minimizing the final 

landfill height), a modified area method of operation was recommended with normal operations 

following normal area method procedures (Haug et al., 1989).  Due to the presence of a water 

table and hydraulically conductive soils at the surface (surficial gravels) of the site, the landfill 

was designed as a hydraulic trap with the cell liner placed below the water table (Haug et al., 
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1989; Yanful et al., 1990). This allowed the permeable surficial deposits and oxidized Floral till 

to be excavated and promote horizontal flow across the liner. Downward flow below the interior 

of the landfill is further mitigated by operating the landfill in a dry condition. This is 

accomplished by placing sump pumps across the liner. The cell liner itself is composed of 

reworked and recompacted unoxidized Floral till which had been compacted to achieve a 

hydraulic conductivity between 1.0 x 10-9 and 1.0 x 10-10 m/s (Haug et al., 1989). A more 

detailed analysis on this till has been performed (MacDonald and Sauer, 1970). 

 

3.3 Field Design, Exploration, and Installation 

The project involved drilling and constructing a vertical BHE and three observation wells in the 

Northern Landfill. These were all drilled into Cell 4 (Cluster 2) at the landfill. Once the drilling 

was complete, thermistors were used to measure the temperature of the subsurface data 

(circulation fluid and MSW) at various depths that extended from the top of the MSW to within a 

metre of the landfill liner. In addition, the MSW cores were recovered to estimate the age and 

properties of the waste.    

  

3.3.1 Thermistors 

Thermistors were used for all recorded temperature measurements in the project. They consist of 

two thinned-copper wires attached to an epoxy coated thermistor bead. The temperature reading 

given by the thermistor is related to the electrical resistance through the thermistor. This is 

generally described by the Steinhart-Hart Equation. As shown in Figure 3.1, three different 

subcategories of thermistor arrays were used for the project: 

1) purchased strings, 

2) custom-assembled strings, and 

3) custom-assembled plugs. 
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Figure 3.1: Three subcategorized thermistor arrays: purchased string (top-left), custom-

assembled string (bottom-left) and custom-assembled plug (right) 

 

The purchased thermistor strings had 10 kOhm thermistor beads with an accuracy of ±0.1°C. 

These thermistor beads were integrated into a single cable at a specified location. To protect the 

thermistors from outside elements, the strings were coated with Kevlar stranding. Purchased 

thermistor strings were used when it was guaranteed that they could be received and calibrated 

before the project’s time-sensitive deadlines. If this was not the case, custom-assembled 

thermistor strings were used.  

 

Custom-assembled thermistors consisted of 10 kOhm thermistor beads with an accuracy of 

±0.2°C. These were individually soldered to armoured cable that was cut to a specific length, 

depending on the distance between the thermistor’s final placement and its respective datalogger. 

The solder was protected with heat-shrink tubing. The custom-assembled thermistor strings were 

then placed into plastic capsules and epoxied with self-leveling epoxy that has cured 

characteristics similar to rubber. Once the epoxy cured, the thermistors were then calibrated.   

 

The thermistor strings (purchased and custom-assembled) were placed into the MSW. This was 

achieved by attaching them, using zip ties and tape, to PVC pipes. These PVC pipes were placed 
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into every borehole with a section of each thermistor string available at the surface to connect to 

a datalogger. This section of the thermistor string is also known as tail wire. This process is 

shown in Figure 3.2. The depth for each thermistor was premeasured on the PVC pipe with 

respect to the bottom of the borehole. To gather representative temperatures along the entire 25 

m landfill height, while also considering seasonal fluctuations near the surface, targeted depths 

for the thermistors were 1 m, 3 m, 5 m, 10 m, 15 m, 20 m, and 24 m below the surface. The 

custom-assembled thermistor strings had the advantage of adjusting the placement of each 

thermistor depending on the difference between the target and actual depths drilled. The installed 

depth for each thermistor can be found in Appendix A.    

 

Figure 3.2: Installation of custon-assembled thermistor string into MSW 

 

Custom-assembled plugs were constructed similar to the custom-assembled strings with the 

exception of them being placed through drilled 12.7 mm (1/2”) nylon plugs and protected with a 

clear and flexible 7.1 mm (9/32”) plastic tubing (rather than a plastic capsule) prior to being 

epoxied. These thermistors were used solely to measure the fluid temperature flowing into the 

system (inlet temperature) and inside the fluid storage tank. To achieve this, the circulating 

Tail wire 



   

39 

 

sections of pipe on the surface were tapped to fit the plug and then the plugs were fully screwed 

into place. During this process, extra care was given to not break or short-circuit the thermistor 

wires near the plug. Once the thermistor bead was centred in the pipe, additional epoxy was 

added between the nylon plug and plastic tubing to prevent external moisture from reaching the 

thermistor bead. Figure 3.3 shows the installed custom-assembled plug for the inflow 

temperatures.  

 

 

Figure 3.3: Custom-assembled thermistor installation for inflow fluid temperatures 

 

Details about each borehole location and the type of thermistor placed in Cluster 2 (landfill Cell 

4) are shown in Figure 3.4 and Table 3.1. The thermistors were installed at various radial 

distances from the vertical BHE (GT20-02) to measure the radius of influence from the tests. A 

shielded thermistor was installed at TH19-02 to measure atmospheric temperatures at the test 

location. Since BH19-02A is within proximity to a previously installed gas well (BH18-02), it 

was installed to have the dual function of being suitable for the active TRTs associate with this 

project and future gas pumping tests (to be performed by another graduate student).  
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Figure 3.4: Entire project site (top) and Cluster 2 instrument location (bottom) 

 

Table 3.1: Cluster 2 Instrumentation, Location and Date of Installation 

Borehole ID and Instrumentation 
Radial Distance from 

Well (m) 
Time of Installation 

GT20-02: purchased thermistor strings 

placed in the centre and annular BHE 
spacing 

NA 
February 2020 (Annular space) 

July 2020 (Centre space) 

TH19-02A: 1” PVC backfilled to surface 

with custom-assembled thermistor array 
1.8 Phase III – November 2019 

TH19-02: 1” PVC purchased thermistor 
array and a shielded thermistor at the 

surface 

5.1 Phase II – May 2019 

BH19-02A: 2” PVC gas well with a 

purchased thermistor array to 24m 
7.2 Phase II – May 2019 

BH18-02: 2” PVC gas well 11.2 
Phase I – July 2018  

(Previous project) 
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As shown in Figure 3.5, the Data Logging System 400 was used for datalogging all thermistor 

data with each borehole having its own datalogging system. The four systems used were each 

powered by solar panels that were attached to stabilized hollow aluminum conduits. Prior to 

installation in the field, all thermistors were connected to an identical datalogger and calibrated 

by submerging the thermistors in a water bath at temperatures ranging from 5°C to 45°C. 

Although some thermistor beads had a large difference between the uncorrected temperature and 

the calibration temperature, each thermistor bead had a linear calibration curve and was 

acceptable with the corrections. The calibration temperatures and curves for each thermistor are 

presented in Appendix A. Data, as csv files, was retrieved while on site and each thermistor was 

later corrected with its respective equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Datalogging setup 

 

With the tail wire for each thermistor string exposed to the atmospheric conditions, the 

thermistor data for each test is expected to have diurnal fluctuations. The influence of the change 
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in temperature, experienced at the tail wire on the measured thermistor temperature, was not 

considered during the thermistor calibration period. The difference was expected to be negligible 

compared to the actual temperatures and their trends during each test.    

 

3.3.2 Borehole Heat Exchanger 

Since the landfill cell for had an intermediate cover placed prior the project, a vertical BHE was 

required for this testing. A coaxial configuration, with an annular 114.3 mm (4.5-inch) outer 

diameter A53 steel pipe and a centred 50.8 mm (2-inch) schedule 80 PVC pipe, was selected. 

The installation of the outer steel pipe occurred during the third drill phase at the site (November 

2019) with the centre 2-inch PVC pipe and thermistors installed at a later date. During the 

installation, the steel pipe itself was lowered using a sonic drill rig and a custom-made bushing 

adapter between the winch line on the rig and the male-threaded pipe. Since the pipe 

manufacturer was only able to provide male threading to each 3.05 m (10 ft) section of pipe, a 

127 mm (5-inch) outer diameter coupler was vacuum greased and then torqued (with a pipe 

wrench) to each section of pipe. The final depth of the steel pipe was 23.3 m (76’ 7”) into the 

landfill and the final stickup was 1.4 m (4’ 6”). Since the steel pipe had a significantly greater 

outer diameter than the PVC placed for the MSW thermistors, there was no backfill for the 

borehole. The exception to this is the top 3.05 m (10 ft) of the borehole where a larger drill 

casing was used. This allowed Type II Plastispan® thermal insulation (to mitigate seasonal 

temperature fluctuations) and bentonite (to mitigate gas release to the environment) to be 

backfilled near the surface.  

 

After the installation of the annular pipe, the 2-inch PVC pipe was installed in the annular space 

with 10 stainless steel centralizers (placed every 8 m) to ensure the pipe remained centred. The 

bottom 0.76 m (2.5 ft) of the centre pipe was a slotted section of 2-inch diameter PVC pipe with 

18 additional 5.95 mm (15/64”) holes drilled along the side (six holes drilled along a line with 

three lines varying 120° in direction). This slotted section was used as travel path for the 

circulating fluid. Two purchased thermistor strings were placed inside the well. The first string 

was placed inside the annular spacing, with target depths along the entire well depth (0 m, 2 m, 9 

m, 14 m, 21 m, 23 m). Similar to the MSW thermistor installation, this thermistor string was 

attached to the outside of the centre PVC pipe. The second thermistor string was placed in the 
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centred PVC pipe (23 m, and outflow temperatures directly above the well cap). Appendix A 

presents the actual locations for each thermistor. The annular thermistor string was brought to the 

surface through the top well cap and the thermistor inside the centred pipe was brought to the 

surface through a drilled nylon plug that was tapped into the centre pipe at the surface (similar to 

Figure 3.3). Figure 3.6 and Figure 3.7 show a cross-section of the installed BHE and the 

materials placed inside the annular spacing, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Cross-section of installed BHE including thermistors and backfill material 
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Figure 3.7: BHE centre pipe and instrumentation 

 

As shown in Figure 3.8, the top well cap consisted of a pipe coupler modified to have one side be 

covered with 12.7 mm (0.5-inch) thick steel having openings for: 

1. a stainless steel elbow, 

2. the centred PVC pipe, 

3. a fluid pressure gauge and safety valve, and 

4. a section for annular thermistor string to go through. 

All the holes were threaded for their respective parts except for the centred section. This section 

had a PVC coupler below the hole and was attached using WEST SYSTEM G-flex epoxy. This 

epoxy is specifically formulated for bonding uncommon materials and was required to restrict 

leakage through the unthreaded centre section of the cap.  
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Figure 3.8: Top well cap 

 

3.3.3 In-situ MSW Properties 

A track-mounted sonic drill was used to collect MSW samples and place the MSW thermistors 

below the surface. The drill consisted of a 152.4 mm (6-inch) outer diameter casing and a 114.3 

mm (4.5-inch) outer diameter sample barrel. Drilling was performed in 3.05 m (10 ft) 

advancements to the target depth for each borehole (0.5 m above the liner), as indicated by cross-

sections presented in Appendix B. Due to the MSW being more compact with depth, it became 

more difficult to drill each borehole. The drilling contractor, from a previous drilling project at 

the site (Phase I for the project), was able to fully drill each borehole without the use of drilling 

fluid. Unfortunately, this was not the case for the following two drill phases for the project. As a 

result, the estimated volumetric water content (VWC) for the MSW in Cluster 2 is estimated with 

a single borehole (BH18-02). Calculated core densities and water contents for each sampled 

borehole at Cluster 2 is presented in Appendix C.    

 

Drilling sample cores were removed from the sample barrel and placed into long plastic bags. 

These bags were then weighed, to the nearest 10 g, on site and transported to the University, 
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using cardboard concrete form tubes (sono tubes). These sample cores were temporarily stored in 

a canvas tent where they would air dry. This process is shown in Figure 3.9. To ensure samples 

were not too large to transport, multiple samples were retrieved from each core run. Each sample 

was labelled according to the borehole name, core run number, and subsample of the core run 

number. 

 

  

Figure 3.9: MSW sampling and temporary storage 

 

Once the cores were air dried, they were weighed again and subsampled for future lab testing 

including biochemical methane potential (BMP) and loss on ignition (LOI) testing. The 

subsampling procedure used a previous method that was found to efficiently provide 

homogeneous subsamples for MSW, when compared to subsampling techniques for typical soils 

(Casavant et al., 2019). While subsampling, evidence indicating approximate ages of the MSW 

was recorded (Hucl, 2021). This evidence was mostly indicated by copyright years and expiry 

dates for food packaging, newspapers (dates, blockbuster movies, etc.) and sport schedules. To 

account for the potential disturbance in the cores during sampling (vibration, sloughed material) 
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and handling during transportation, the location for each piece of evidence was recorded relative 

to its core.    

 

3.4 Active Thermal Response Test  

Once the instrumentation was installed into the MSW, the apparatus for the active TRT was 

implemented and testing began. The two tests performed include a 35-day heat injection test 

which occurred during the Summer of 2020, as well as an 82-day heat extraction test during the 

Winter of 2021. Each test also measured the temperature recovery in the MSW. The duration of 

the recovery portion of the test were 25 days and 83 days for the heat injection test and heat 

extraction test, respectively.   

 

3.4.1 Apparatus Construction 

The apparatus for the active TRT included the following components: 

1) a storage tank (and lid) for the circulation fluid, 

2) a main circulation pump,  

3) a system flowmeter,  

4) mixing pumps placed inside the fluid storage tank, and 

5) a thermostatically controlled heating and cooling system. 

 

A 2 m3 fibreglass tank was used as the storage tank for the circulation fluid. A lid made of 11.1 

mm (7/16”) thick oriented strand board (OSB) and 25.4 mm (1-inch) thick expanded polystyrene 

insulation (EPS) was constructed for the storage tank with holes drilled for pipes and system 

wiring. The main circulation pump was a fully submersible 1200 W (3/4 HP) sump pump. This 

pump circulated the fluid down the annular spacing of the BHE and back to the surface through 

the PVC centre pipe. Prior to entering the BHE annular spacing, the circulating fluid travelled 

through a ball valve (used to control the flow rate) followed by a flowmeter and a custom-

assembled plug thermistor placed tapped into the pipe (measuring inlet fluid temperatures). The 

supply and return lines for the system were 25.4 mm (1-inch) and 50.8 mm (2-inch) HDPE pipe, 

respectively. The flowmeter used was not capable of logging flowrates, so flowrate data was 

recorded during site visits. This data, along with field calibrations performed for the flowmeter, 

are presented in Appendix D. As shown in Equation 2.6, not having continuous flowrate 
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measurements influences the calculated heat injection and heat extraction rates. As a result of not 

having continuous measurements, the average flowrate was used for the field measured heat 

transfer rates, as well as both analytical methods of analysis. This is further described in Section 

3.5.2. In addition, daily variations in atmospheric temperatures and barometric pressures have 

been identified to potentially disrupt constant pumping rates during hydrogeological pumping 

tests at aquifers (Osborne, 1993). This is due to the daily variations affecting the revolutions per 

minute (rpm) of the pump engine. With the flowrate measurements restricted to site visits, it is 

unknown whether there was a difference in pumping flowrate between day and night hours.  

To provide a controlled heat extraction rate and simplify the analysis of the tests, steps were 

taken to have the temperature of the circulating fluid relatively constant as it entered the BHE. 

To achieve this, three 175 W (1/6 HP) submersible pumps were used to mix the circulation fluid 

inside the storage tank. The mixing of the circulation fluid inside the storage tank promoted a 

relatively constant temperature for the fluid in the tank. A thermostatic heating and cooling 

system was also constructed with a Fuji microcontroller that was programmed to turn each 

system on and off at specific temperatures. Temperatures for the thermostatic system were 

measured with a Type T thermocouple. This electrical system was stored inside a thermal control 

box on site which was placed beside the fluid storage tank, as shown in Figure 3.10. Since the 

readings from the microcontroller were not able to be logged directly, a custom-assembled plug 

thermistor was attached to the thermocouple. The custom-assembled plug and thermocouple 

were then tied to the circulation pump and submerged in the circulation fluid. 
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Figure 3.10: Wiring of the thermostatic control system inside the thermal control box 

 

The main circulating fluid was heated using two 1000 W submersible bucket heaters. The closed 

loop cooling system included a 460 W (1/3 HP) submersible pump placed outside the storage 

tank. The closed loop cooling system circulated a second fluid to a car radiator with fans blowing 

on it to cool the fluid. This is illustrated in Figure 3.11. After it passed through the car 

radiator/fan area, the (now cooled) fluid would then flow through 15.24 m (50 ft) of 12.7 mm 

(1/2”) OD soft copper tubing helix inside the storage tank, as illustrated in Figure 3.12. This 

caused the heat to be directly transferred from the main circulating fluid to the cooling fluid. 

Once the cooling fluid travelled through the copper tubing, the fluid would travel back to the 

cooling pump. Figure 3.11 to Figure 3.13 illustrate the conceptual design of the testing apparatus 

at the surface level. Figure 3.14 and Figure 3.15 present the testing external and internal 

apparatus, respectively. 
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Heating 

contactor 

Microcontroller 
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Figure 3.11: Conceptual illustration of the extranal thermostatic cooling system 

 

 

 
Figure 3.12: Conceptual illustration of the internal thermostatic heating and cooling system 
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Figure 3.13: Conceptual illustration of the internal test apparatus 

 

 

Figure 3.14: External test apparatus (image facing northwest) 

              

Insulated BHE 

External 

radiator and 

fans 
Cooling 

loop 

reservoir 

Thermal 

control box 

Storage tank 

Circulation 

return line 

Circulation 

supply line (with 

flowmeter) 

Circulation fluid 



   

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Internal test apparatus 

 

The main system circulation fluid used for the testing was 30% propylene glycol (PG) and 70% 

water by volume. Propylene glycol was chosen since it would prevent the fluid from freezing 

(and damaging the system’s pipes) if a system/power failure occurred. In addition, ethylene 

glycol (EG) was not used due to the potential negative environmental impacts if any leaks 

occurred. Table 3.2 indicates the thermal properties of the circulation fluid, as well as water, at 

5°C and 35°C. Due to the viscous properties of the circulating fluid and the geometry of the 

coaxial pipe, it was not possible to ensure turbulent flow while also ensuring the fluid have a 

sufficient travel time for heat transfer.  
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Table 3.2: Properties of System Circulation Fluid, Cooling Circulation Fluid and Water 

Property 

Circulation 

Fluid at 

5°C 

Circulation 

Fluid at 

35°C 

Water at 

5°C 

Water at 

35°C 

Freezing Point, 𝑡𝐹 

(°C) 
-15.0 0.0 0.0 

Density at 20°C, 𝜌  

(kg/m3)  
1025.5* 999.9 994.1 

Thermal 

Conductivity, 𝑘 

(W/(m°C))  

0.42* 0.44** 0.57* 0.62** 

Volumetric Heat 

Capacity, 𝐻𝐶  

(MJ/(m3°C)) 

3.99* 3.95** 4.20* 4.15** 

Kinematic 

Viscosity, ν (m2/s) 
6.0 x 10-6* 

6.9 x 10-

707** 

1.5 x 10-

606* 

5.9 x 10-

707** 
* Interpolated from Melinder (2007) 
** Extrapolated from Melinder (2007) 

 

3.4.2 Testing Performed 

The first test performed, from July 23 to August 28, 2020, was a heat injection test (35 days of 

pumping followed by 25 days of recovery). This test will be further referred to as either 

“Summer 2020 Test” or “Heat Injection Test”. As shown in Appendix D, the average flowrate 

during the test was 15.3 litres per minute (LPM) (4.1 US gallon per minute, USGPM) with the 

maximum and minimum flowrates measured varying by 1.3 LPM (0.4 USGPM). The goal for 

the first nine days of this test was to cycle the circulation fluid into the BHE at a temperature of 

37.0°C. During this time, the system stopped circulating fluid on two occasions due to a 

connection failure at the check valve for the circulation pump. After the first nine days, the goal 

inlet temperature was increased to 39.0°C due to the system losing control of the fluid 

temperature caused by the extreme warm ambient temperature. Even after increasing the initial 

temperature, the system lost control of the fluid temperature during a local three-day heat wave 

where record-highs for the area were recorded (days 23.5 to 26.5).  

 

The second test performed, from December 13, 2020 to March 5, 2021 (82 days of pumping 

followed by 83 days of recovery), was a heat extraction test. This test will be further referred to 

as either “Winter 2021 Test” or “Heat Extraction Test”. As shown in Appendix D, the average 

flowrate for the first 16 days of the test was 15.9 LPM (4.2 USGPM) while the remainder of the 
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test duration was 32.2 LPM (8.5 USGPM). The maximum and minimum measured flowrates 

varied by 0.6 LPM (0.2 USGPM) and 1.9 LPM (0.5 USGPM) for the first 16 days and final 66 

days of the test, respectively. The flowrate was increased to promote greater heat transfer 

properties through greater mixing, while still allowing the fluid a sufficient amount of travel time 

inside the BHE. 

 

During the Winter 2021 Test, the main system circulation fluid was circulated into the BHE at a 

temperature between 5.5°C and 7.0°C: however, circumstances made the fluid susceptible to 

“spikes” in temperature. While these spikes were mainly due to the efficiency of the cooling 

system being dependent on the atmospheric temperature, most significant spike occurred 

between January 24th to February 1st (42.5 days to 50.0 days) and was due to the breakdown of 

the external radiator. During this time, the cooling loop circulation fluid froze which caused 

leaks to form and the radiator needing to be replaced. The cooling loop circulation fluid used at 

this time was a brine solution made in the lab so as to have with thermal properties similar to 

water but with a lower freezing point. This provided the advantage of optimizing the cooling 

system prior to colder ambient temperatures. Unexpected cold weather and a higher freezing 

temperature than anticipated for the self-made brine, resulted in the freezing of the external pipes 

in the cooling system. While retrieving and preparing a replacement external radiator, 10.7 m (35 

ft) of 12.7 mm (0.5-inch) OD soft copper tubing was used in its place with a 60:40 PG:Water 

fluid by volume cycling through the system to ensure freezing would not occur again. Once the 

new external radiator was ready to place into the cooling system, the 10.7 m (35 ft) of copper 

was removed and the cooling fluid was replaced with the 50:50 EG:Water mixture. At this point, 

the EG was used as it was able to provide sufficient thermal properties and it was evident that 

there were no leaks in the cooling system.  

 

The heat injection and heat extraction rates for the Summer 2020 and Winter 2021 tests were 

determined using Equation 2.6 and are presented in Chapter 4. The flowrates used were the 

measured average for each portion of the test.  
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3.5 Analytical Analysis 

Analytical methods of analysis were undertaken to predict the thermal properties of the MSW at 

the Northern Landfill. This was done with two relationships that are common when estimating 

aquifer properties from pumping test data. The first relationship, known as the Cooper-Jacob 

distance drawdown method, is used to analyze the change in temperature at each observation 

well in the MSW at a certain period of time. For this project, the time selected was the end of 

each respective test. The second relationship, known as the ILS method, is similar to the Theis 

equation. For this project, the ILS method was used to predict thermal properties based on the 

relationship of the change in temperature measured at a specific location in the MSW throughout 

the entire test duration. 

 

3.5.1 Cooper-Jacob Distance-Drawdown Method 

As described in Section 2.3.3.1, the analogy between hydrologic conditions in an aquifer and the 

thermal conditions in an area subject to heat-conduction can theoretically be used to analyze 

whether the MSW can be viewed as homogeneous radially within the REV, as well as to provide 

initial estimates of the MSW thermal properties. If the thermal drawdown experienced at the 

three observational wells are plotted against the radial distance of each observational well from 

the vertical BHE on a semilogarithmic scale, the thermal equivalent of the hydraulic 

transmissivity and storativity for the MSW can be estimated using Equations 3.1 and 3.2: 

 

𝑘𝑡𝑏 =
−2.303𝑞1

2𝜋

log10 𝑟

∆𝑇
 (3.1) 

 

𝐻𝐶𝑏 =
2.25𝑘𝑡𝑏𝑡

𝑟0
2  (3.2) 

 

where: 𝑘𝑡 is the thermal conductivity of the MSW (W/m°C), 𝑞1 is the constant heat rate per 

length of pipe (W/m), 𝑏 is the thickness of the landfill (m), log10 𝑟 ∆𝑇⁄  is the reciprocal of the 

slope between the points when plotted on a semi-logarithmic graph (m/°C), 𝐻𝐶 is the volumetric 

heat capacity of the MSW (J/m3°C), 𝑡 is the time duration measured (s), and 𝑟0 is the value of 𝑟 

at the ∆𝑇 = 0 intercept (m). The thermal diffusivity for the MSW is then calculated by dividing 
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Equation 3.1 by Equation 3.2 (similar to the hydraulic diffusivity of an aquifer being the ratio of 

its transmissivity and the storativity).  

 

3.5.2 Infinite Line Source Method 

The ILS method was used to provide initial estimates of the MSW thermal properties with depth 

for a finite element model. As shown in Chapter 4, with the inflow and outflow temperatures 

being relatively constant for the Winter 2021 testing (due to a combination of thermal shunt and 

atmospheric effects), the ΔT for calculating the heat rate (Equation 2.6) was instead the 

difference between the inflow and bottom annulus thermistor in the well (GT20-02 – 23 m). To 

account for potential fluctuations in thermistor readings, the initial temperature for the analysis 

was taken to be either temperature immediately before the test or the average of the temperature 

readings 24 hours prior to the start of the test. The initial MSW evaluation is further discussed in 

Appendix E. The difference between temperature over the last 24 hours vs the last single point 

for the central and lower depths at TH19-02A is shown in Table 3.3. Only the TH19-02A 

observation well was analyzed due to the thermistors showing a definite thermal response. 

Thermistors close to the surface (depths 1 m, 3 m, and 5 m) were not analyzed due to the 

influence of the atmospheric temperature.  

 

Table 3.3: Initial Temperature for Winter 2021 ILS Analysis at TH19-02A 

Time Range 

\Depth 
10 m 15 m 20 m 24 m 

Last Point (°C) 30.04 30.51 26.23 19.74 

24hr Average (°C) 29.98 30.22 26.10 19.79 

Absolute 

Difference 

(°C) 

0.06 0.29 0.13 0.05 

 

To account for the non-constant fluid flow, the heat transfer rate was approximated by a 

sequence of step-pulses as shown in Figure 3.16. A new step-pulse was introduced to the 

analysis for each major change in fluid flow rate. For example, for the Winter 2021 Test, the 

systems flow rate for Equation 2.6 was taken to be the average for the first 16 days of analysis 

for the first step-pulse. The remaining 66 days were then taken to be the average increased 

flowrate. While this contradicts the assumption of a constant flowrate and heat transfer rate for 

this analysis, other assumptions are also known to not be valid when using this method in MSW 
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(homogenous and isotropic medium, solely conductive heat transfer, heat source extending to 

infinite depth). This method was used to estimate initial thermal properties for the finite element 

numerical model.  

 

 
Figure 3.16: Step-pulse heat transfer rate (adapted from Hellström, 1991) 

 

3.6 Numerical Model 

Numerical modelling was performed to predict the thermal properties of the MSW at the 

Northern Landfill. The thermal properties for the model were initially the properties found from 

the analytical solutions. The properties were then calibrated through trial-and-error along the 

entire cell depth. The finite element modelling software selected was GeoStudio 2020® since it 

is capable of modelling heat (energy), water, and gas in a two-dimensional axisymmetric view. 

TEMP/W specifically measures the rate of change for stored thermal energy in a specified 

volume as the difference in the rate of heat flux entering and leaving the specified volume 

(GEOSLOPE International Ltd., 2020). The numerical modelling performed included an analysis 

with, and without, both the annular steel pipe and MSW heat generation to evaluate its effects on 

the estimated thermal properties. 

 

3.6.1 Model Geometry, Element Mesh and Time Steps 

To model the active TRTs, a two-dimensional axisymmetric model was developed to further 

analyse the results obtained from the analytical analysis methods (Section 3.5). The model 

included the vertical BHE/geothermal well and surrounding MSW (with a thickness of 25 m). 

The radial distance from the outer portion of the vertical BHE to the radial far field boundary 

was 30 m. The vertical BHE extends to 2 m above the base of the MSW. The backfill for the 
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vertical BHE and MSW thermistors include the Type II Plastispan® (at the top 1.5 m) and 

backfilled filter sand, respectively. The A53 annular steel pipe was also modelled. Figure 3.17 

conceptually illustrates the two-dimensional axisymmetric model.  

 

Figure 3.17: Conceptual illustration of two-dimensional axisymmetric model 

 

To ensure that the model would be accurate with an efficient computation time, a sensitivity 

analysis was performed for the element mesh and time steps. With all the monitored data within 

the first 10 m of the vertical BHE, the element size for the model was broken down into three 

sections, each having a radial distance of 10 m. As shown in Table 3.4, the element size would 

double in each of the following sections. 

 

Table 3.4: Finite Element Sizing 

Radial Distance from Vertical BHE (m) Element Size (m) 

0 - 10 0.5 

10 - 20 1.0 

20 - 30 2.0 
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Previous models for active TRTs in MSW had determined the appropriate time steps by using 

predetermined thermal properties at the specific site (Onnen, 2014). With this not available for 

the project location, a time step of 0.2 days (4.8 hours) was deemed sufficient. 

 

3.6.2 Material Properties 

As previously mentioned, the finite element model considered the MSW, intermediate cover, 

backfilled material (insulation and filter sand), and the annular A53 steel pipe from the vertical 

BHE. The geometrical dimensions and thermal properties for each modelled material are below: 

 

1) Heterogeneous MSW 

a. Twenty-five 1 m thick layers with varying thermal properties with depth. 

2) Floral Till 

a. 0.5 m thick intermediate cover with an unfrozen thermal conductivity and 

volumetric heat capacity values of 3.69 W/m°C and 2.61 MJ/m3°C, respectively 

(Hucl, 2021). 

3) Insulation 

a. Type II Plastispan® placed on the top 1.5 m of the vertical BHE with a thermal 

conductivity of 0.036 W/m°C and a volumetric heat capacity of 1.47 MJ/m3°C. 

4) Backfilled Filter Sand  

a. Placed along the MSW thermistor string locations with a thermal conductivity and 

a volumetric heat capacity of 1.5 W/m°C and 2.2 MJ/m3°C, respectively 

(Hamdhan and Clarke, 2010). 

5) Annular A53 Steel  

a. Placed along the vertical BHE (excluding the top 1.5 m with insulation) with a 

thermal conductivity of 51 W/m°C and a volumetric heat capacity of 3.6 

MJ/m3°C. 

 

The unfrozen thermal properties of the heterogeneous MSW were initially estimated from the 

results of the ILS analysis at the TH19-02A thermistors and were assumed to vary linearly with 

depth, similar to previous models (Megalla et al., 2016). The frozen MSW thermal properties 
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were estimated as though the flow of heat is parallel through all three material phases present in 

MSW as shown in Equation 2.2. 

 

The materials used for this model were characterized as “Simplified Thermal” and “Full 

Thermal”. Simplified thermal materials are characterized to have all the latent heat either 

released or absorbed at the phase change temperature, rather than over a range of temperatures 

(GEOSLOPE International Ltd., 2020). In other words, the phase change of the material occurs 

instantaneously at the phase change temperature. This results in the thermal conductivity and 

volumetric heat capacity of the material changing from their unfrozen properties to their frozen 

properties (or vice versa) in one modelled time step. To ensure proper convergence for the 

Winter 2021 modelling, the cover material and the top 1 m of MSW was modelled as a full 

thermal material. Full thermal materials consider the water content gradually transitioning from 

unfrozen to frozen (or vice versa) at temperatures near the phase change (0°C). As a result, the 

thermal conductivity and unfrozen water content of the material gradually change as the 

temperature increases to 0°C. The change is more gradual for fine-grained soils and more steep 

coarse-grained soils. For this analysis, the intermediate cover and top 1 m of MSW was 

characterized to have thermal conductivity and unfrozen water content according to the 

GeoStudio’s function for silty sand material. The silty sand function was selected for each 

material due to: 

1)  the Floral till previously being described as a clayey-to-silty sand (Yanful et al., 1990), 

and 

2) the soil-like portion of MSW being previously characterized as a silty sand (Rawat and 

Mohanty, 2021). 

 

3.6.3 Initial and Boundary Conditions 

Due to different initial temperatures at the observational wells, the initial MSW temperature with 

depth was modelled to be the average MSW temperature from each observational well. To 

ensure that the temperature-depth relationship in MSW was maintained, the temperatures were 

then extended along the entire MSW in 1 m increments, as shown in Table 3.5.  
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Table 3.5: Initial MSW Temperature for GeoStudio® Modelling 

Depth with respect to the 

bottom of the intermediate 

cover (m) 

Initial MSW Temperature for 

Summer 2020 Model (°C) 

Initial MSW Temperature for 

Winter 2021 Model (°C) 

0 18.9 3.0 

1 12.2 7.4 

2 9.5 11.4 

3 10.9 15.4 

4 16.2 19.3 

5 20.0 21.9 

6 22.7 24.0 

7 25.0 25.7 

8 26.8 27.2 

9 28.3 28.4 

10 29.5 29.4 

11 30.3 30.0 

12 30.7 30.4 

13 30.7 30.5 

14 30.3 30.4 

15 29.9 30.0 

16 29.4 29.5 

17 28.6 28.8 

18 27.7 27.9 

19 26.6 26.9 

20 25.4 25.7 

21 23.9 24.3 

22 22.3 22.7 

23 20.5 21.0 

24 18.5 19.0 

25 17.4 17.9 

 

The bottom boundary condition was a constant temperature based on the bottom waste from 

Table 3.5. The radial far field boundary conditions were also influenced by the results in Table 

3.5, as each incremental depth had a constant temperature boundary condition that was the 

average of the two closest depths. For example, the 1 m depth waste material with the Winter 

2021 model had a constant temperature of 5.2°C (average between 3.0°C and 7.4°C) at the radial 

far field.  

 

The vertical BHE and the top boundary conditions were transient, based on recorded fluid and 

atmospheric temperatures, respectively. As shown in Table 3.6, the fluid temperatures recorded 
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in the annular spacing of the well were interpolated along the entire well depth. Meanwhile, the 

atmospheric temperatures were measured at observational well TH19-02 with a shielded 

thermistor. Both the vertical BHE and atmospheric boundary conditions had their data curve 

fitted to 50%, as it was found to provide similar results to the intact data while decreasing the 

computation time.     

 

Table 3.6: Thermal Boundary Condition for Circulating Fluid 

Vertical BHE Depth into MSW (m) 
GT20-02 Annulus Thermistor Used for 

Fluid Boundary Condition 

0 to 1 0 m 

1 to 5 2 m 

5 to 7 Average between 2 m and 9 m 

7 to 10 9 m 

10 to 12 Average between 9 m and 14 m 

12 to 17 14 m 

17 to 21 21 m 

21 to 23 23 m 

 

3.6.4 Procedure for Estimating Thermal Properties and Heat Extraction Rate 

To determine the thermal properties of the MSW with depth, the optimal properties obtained 

from the Cooper Jacob distance-drawdown and the ILS results were placed into the two-

dimensional axisymmetric model as a base case. Through trial and error, the thermal properties 

of the waste were then calibrated to the measured MSW field response. This was performed with 

and without the backfilled filter sand, as well as the annular A53 steel pipe material for both 

tests. With the duration of the Winter 2021 Test being nearly three months, an analysis with heat 

generation was also performed to evaluate its effect on the model. The Winter 2021 model was 

also used to consider the radius of influence and the cumulative heat extracted from the test.   
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Chapter 4 Results and Discussion 

4.1 Field Temperature Data  

The temperature data collected from the Summer 2020 and Winter 2021 Tests are presented and 

discussed. The Summer 2020 Test occurred from July 23, 2020 (day 0) to August 27, 2020 (day 

35) with 25 days of recovery (day 60). The Winter 2021 Test occurred from December 13, 2020 

(day 0) to March 5, 2021 (day 82) with 83 days of recovery (day 165). Gaps of data at TH19-

02A (mainly the 24 m depth) are due to uncharacteristic temperature readings.  

 

4.1.1 Fluid Response  

Figure 4.1 and Figure 4.2 present the measured inflow and outflow temperatures from the 

Summer 2020 Test and the Winter 2021 Test, in addition to their heat transfer rates using 

Equation 2.6.  

 

 

Figure 4.1: Circulation Fluid TRT Measurements (left) and heat transfer rate (right) for Summer 

2020 Test 



   

64 

 

 

 

As previously discussed in Section 3.4.2, both tests were not able to maintain a constant 

temperature due to extreme ambient temperatures. This is most evident during: 

1) two separate instances within the first 10 days of the Summer 2020 Test (system 

malfunctions) and after 24 days into the test (during a local heat wave) and 

2) between 42.5 days and 50 days into the Winter 2021 Test (due to the breakdown of the 

external cooling radiator) and other instantaneous spikes through the test duration. 

The instantaneous spikes in fluid temperature throughout the Winter 2021 Test are due to the 

thermal gradient between the atmospheric temperature (Figure 4.3) and the target circulation 

fluid being the limiting factor for the efficiency of the cooling system. Each instantaneous spike 

in fluid temperature occurred when the atmospheric temperature was near (or above) 0°C. When 

the heating and cooling systems were able to control the fluid temperature, minor fluctuations 

resulted from a combination of the span of the thermostat and the atmospheric temperature. Due 

to the thermal gradient between the temperature of the circulation fluid and the waste being 

significantly greater for the Winter 2021 Test, it was unexpected that the Summer 2020 Test 

calculated a greater heat rate. A possible cause is the atmospheric temperature influencing the 

measured temperatures above the surface.  

Figure 4.2: Circulation Fluid TRT Measurements (left) and heat transfer rate (right) for Winter 

2021 Test 
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Despite the temperature of the circulating fluid not being constant for either test, the thermal 

gradient inside the well was constant throughout each test. The different thermal gradient 

between the circulating fluid and the waste resulted in a change in direction of heat flow between 

the 9 m and 14 m depths. In addition, a greater thermal gradient was observed between the 21 m 

and 23 m depths for the Summer 2020 Test. A probable cause is a higher leachate level for the 

Summer 2020 Test. The temperature of the fluid inside the vertical BHE during the testing and 

recovery stages of each test and the thermal gradient with depth is presented in Appendix F.  

 

4.1.2 MSW Response 

Due to the spatial variation in temperature at the test location (Hucl, 2021), the thermal response 

in the waste was normalized for each test. The initial temperature for each thermistor was 

reported to be: 

1) the immediate data point prior to the test for shallow depths influenced by atmospheric 

temperatures and 

2) the average of all the data points 24 hours prior to the test, if the difference in temperature 

between the immediate data point and the 24-hour average being greater than 0.05°C. 

This normalization was performed to ensure that the initial temperatures were not influenced by 

either the accuracy of the thermistors or the cyclical cycles experienced in the waste over time. A 

summary of this analysis is presented in Appendix E. The 1 m and 24 m depth thermistors at 

Figure 4.3: Atmospheric Temperature During Summer 2020 (left) and Winter 2021 (right) Tests 
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TH19-02 were not included due to their breakdown over time. In addition, the 5 m depth 

thermistor at BH19-02A was not included due to the temperature trend directly replicating the 

atmospheric trend (Hucl, 2021). 

 

4.1.2.1 Summer 2020 Heat Injection Test 

Figure 4.4 to Figure 4.10 present the normalized thermal response from the heat injection test for 

the observation thermistor arrays in the order of thermistor depth. Discontinuous plots of data at 

the TH19-02A 24 m depth are a result of excluding data point outliers that did not record 

realistic temperature values (either exceedingly high or low). As mentioned in Section 3.3.1, the 

fluctuations in the data are diurnal due to exposure of each thermistor string at the surface. 

 

Figure 4.4: Normalized MSW Thermal Response at 1 m Depth During the Summer 2020 Test 
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Figure 4.5: Normalized MSW Thermal Response at 3 m Depth During the Summer 2020 Test 

 

 

Figure 4.6: Normalized MSW Thermal Response at 5 m Depth During the Summer 2020 Test 

 



   

68 

 

 

Figure 4.7: Normalized MSW Thermal Response at 10 m Depth During the Summer 2020 Test 

 

 

Figure 4.8: Normalized MSW Thermal Response at 15 m Depth During the Summer 2020 Test 
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Figure 4.9: Normalized MSW Thermal Response at 20 m Depth During the Summer 2020 Test 

 

 

Figure 4.10: Normalized MSW Thermal Response at 24 m Depth During the Summer 2020 Test 

 

From Figure 4.4 to Figure 4.10, it is evident that there was a thermal response at the TH19-02A 

thermistor string (r = 1.8 m). The greatest thermal response was observed at the depths less than 

10 m (1 m, 3 m, and 5 m). This thermal response is to be expected, since the temperatures of 

MSW has been reported to be influenced by atmospheric temperatures to a depth between 6 m 

and 8 m depths at various landfills in North America (Yeşiller et al., 2005) and between 5 m and 
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10 m depth at the project site (Hucl, 2021). The remaining thermistor depths (10 m, 15 m, 20 m, 

and 24 m) began to increase in temperature approximately 20 days into the test and continued to 

increase until approximately 10 days into the recovery stage (day 45). After this time, the 

temperature at each depth was maintained and did not show any indication of decreasing to its 

initial temperature. Table 4.1 compares the increase in temperature at the TH19-02A central and 

lower depths. As shown, the 24 m depth had less of a response compared to the 10 m, 15 m, and 

20 m depths. This may be due to: 

1) the thermal diffusivity of the MSW being lower at this depth and/or 

2) the 24 m thermistor being at a lower depth than the vertical BHE, thereby increasing the 

required heat transfer distance to the thermistor. 

Due to the small temperature increase from the heat injection test, each depth experienced a 

significant increase in temperature during the recovery stage relative to the increase experienced 

during pumping. A possible explanation is that a portion of the heat injected into the landfill 

continued to transfer to the thermistors during the recovery stage. Another possible explanation 

could be having an insufficient amount of insulation placed at the top of the well for the Summer 

202 Test. This could promote greater thermal trends in the waste than expected with a section of 

the annular steel and centred pipe being exposed to solar radiation. With more insulation being 

added to the system prior to the Winter 2021 Test, this hypothesis is only valid for the Summer 

2020 Test. 

 

Table 4.1: Increased Normalized Temperatures at TH19-02A Central and Lower Depths After 

the Testing and Recovery Stages of the Summer 2020 Heat Injection Test 

Depth (m) 
Increase at end of 

testing stage (°C) 

Increase at end of 

recovery stage (°C) 

Increase during 

recovery stage (%) 

10 0.50 0.85 70 

15 0.45 0.65 44 

20 0.50 0.90 80 

24 0.35 0.65 86 

 

No thermal response was observed at the TH19-02 (r = 5.1 m) and BH19-02A (r = 7.2 m) 

locations. This is due to a combination of the low thermal gradient between the circulating fluid 

and the waste, as well as to the duration of the test. Since there was only a thermal response from 
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one of the observational MSW thermistor locations, the distance drawdown method cannot be 

used to analyze this test. This is further discussed in Section 4.2.1.   

 

4.1.2.2 Winter 2021 Heat Extraction Test 

Figure 4.11 and Figure 4.17 present the normalized thermal response from the heat extraction 

test for the observation thermistor arrays in the order of thermistor depth. The timeframe for each 

figure extends from the beginning of the test (December 13, 2020) to 83 days after the 

completion of the test (May 27, 2021). Discontinuous plots of data (such as at the TH19-02A 3 

m and 24 m depths for the testing stage and TH19-02 5 m, 10 m, and 24 m depths for the 

recovery stage) are a result of excluding data point outliers that did not record realistic 

temperature values (either exceedingly high or low). Similar to the results from the Summer 

2020 Test, there are diurnal fluctuations in the data.  

 

Figure 4.11: Normalized MSW Thermal Response at 1 m Depth During the Winter 2021 Test 
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Figure 4.12: Normalized MSW Thermal Response at 3 m Depth During the Winter 2021 Test 

 

 

Figure 4.13: Normalized MSW Thermal Response at 5 m Depth During the Winter 2021 Test 
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Figure 4.14: Normalized MSW Thermal Response at 10 m Depth During the Winter 2021 Test 

 

 

Figure 4.15: Normalized MSW Thermal Response at 15 m Depth During the Winter 2021 Test 

 



   

74 

 

 

Figure 4.16: Normalized MSW Thermal Response at 20 m Depth During the Winter 2021 Test 

 

 

Figure 4.17: Normalized MSW Thermal Response at 24 m Depth During the Winter 2021 

 

Due to the greater thermal gradient between the circulating fluid and the waste, a more 

significant thermal response was achieved from the Winter 2021 Test. Unlike the Summer 2020 

Test, the greatest thermal response from the Winter 2021 Test was located at the 15 m depth 

followed by the 10 m and 20 m depths. This is anticipated to be due to the increased amount of 

thermistor noise at the 15 m depth, influencing the response analysis from the shorter Summer 
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2020 Test (Figure 4.8). The longer duration of the Winter 2021 Test allows the “noise” from the 

15 m depth thermistor to have less of an influence on the test analysis. The thermistor location 

TH19-02 (r = 5.1 m), the 15 m depth thermistor decreases, at a greater rate than the 10 m and 20 

m depths. At the beginning of the recovery stage, the 15 m depth has decreased 1.0°C while the 

10 m and 20 m have decreased by only 0.5°C. A possible explanation is an increased thermal 

diffusivity at the central portion of the landfill, or a potential localized material near the 15 m 

thermistor characterized with a higher thermal conductivity (such as pieces of metal).   

 

The change in temperature at the 24 m depth from the Winter 2021 Test is significantly less than 

the other depths. Since this was not the case for the Summer 2020 Test, this may be a result of: 

1) the 24 m thermistor beginning to breakdown between the Summer 2020 and Winter 2021 

Test, and/or 

2)  the short duration and minimal thermal response at the thermistors from the Summer 

2020 Test creating a false indication that the 24 m thermistor should have a similar 

thermal response as the 10 m, 15 m, and 20 m depths. 

A summary of the thermal response at the central and lower depths for the TH19-02A thermistor 

string is shown in Table 4.2. 

 

Table 4.2: Decreased Normalized Temperatures at TH19-02A Central and Lower Depths After 

the Testing and Recovery Stages of the Winter 2021 Heat Extraction Test 

Depth (m) 
Decrease at end of 

testing stage (°C) 

Decrease after 18 

days of recovery 

(°C) 

Decrease after entire 

recovery stage (°C) 

10 2.40 2.60 2.70 

15 2.83 2.95 2.70 

20 2.25 2.40 2.10 

24 0.50 0.65 0.70 

 

During the first 18 days of the recovery stage (day 100), the 10 m through 24 m depths at TH19-

02A continued to decrease. After this period, the temperature at the 10 m depth stabilized while 

the temperatures at the 15 m and 20 m depths each began to increase. A possible explanation is 

the less spatial variation in temperature at the 10 m depth compared to the 15 m and 20 m depths. 

The 15 m and 20 m depths appear to begin to stabilize after day 150, but this hypothesis can only 

be validated with more recovery data. Since there is more noise at the 24 m depth, it is more 
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difficult to interpret the thermal response during the recovery stage, but it appears to be similar to 

the 10 m depth trend. Comparing the recovery trends for the 10 m through 24 m depth 

thermistors at TH19-02A to hydrogeological pumping tests, the linear increase in temperature 

during the recovery stage (rather than exponential) suggests that a recharge boundary may have 

been reached.   

 

The 5 m through 20 m depths at TH19-02 and BH19-02A appear to be approaching equilibrium 

with the TH19-02A thermistor string by the end of the recovery stage (heat from the further 

TH19-02 and BH19-02A locations moving towards TH19-02A). The equilibrium trends are 

more apparent at the 15 m and 20 m depths (TH19-02A temperatures are increasing at the end of 

the monitoring period and the temperatures at TH19-02 and BH19-02A are decreasing) 

compared to the 5 m and 10 m depths (TH19-02A temperatures are not increasing at the end of 

the monitoring period and the TH19-02 and BH19-02A temperatures are decreasing).  

 

At the 5 m depth, the TH19-02A and TH19-02 thermistors are measuring similar changes in 

temperature by the end of the recovery period. While a portion of this trend may be due to the 

waste temperature equilibrating, the waste temperatures at this site depth are known to be 

influenced by the atmospheric temperature up to a depth between 5 m and 10 m (Hucl, 2021). 

This external heat sink may have resulted in the thermistors having similar changes in 

temperature at the end of the measured recovery period. Specifically, thermistor location TH19-

02 has been recorded to seasonally decrease in temperature between mid-November and mid-

July (Hucl, 2021). As previously mentioned, the trend towards equilibrium at the 10 m depth 

may not be as evident due to less spatial variation in temperature at the 10 m depth compared to 

the other depths. Another possible explanation is the heat transferring both towards the upper 

waste (influenced by the atmosphere) in addition to the TH19-02A location.  

 

For thermistor string TH19-02 (r = 5.1m), a 0.9°C thermal drawdown was experienced at the 15 

m depth after 82 days (Figure 4.15). In comparison, the 10 m and 20 m depths at this thermistor 

string (Figure 4.14 and Figure 4.16) each experienced a thermal drawdown of 0.5°C and 0.4°C, 

respectively. However, the trend at the 10 m and 20 m depths at TH19-02 and BH19-02A (r = 

7.2 m) are similar, which may indicate that a thermal response was not observed at this location. 
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Hucl (2021) also found that this location at the project site is slightly decreasing in temperature 

over time. The radius of influence from this test is further discussed in Section 4.3.  

 

4.1.2.3 Comparison to Previous Research 

A comparison of the thermal drawdown from the Winter 2021 Heat Extraction Test with the 

MSW heat extraction test utilizing vertical BHE from Yeşiller et al. (2016) is shown in Figure 

4.18. To account for the atmospheric influence on the thermistors shallower than 10 m, the 

thermal drawdown from the test was taken to be the difference in normalized thermal drawdown 

between the TH19-02A thermistor and the two remaining observation MSW thermistors.  

 

 

Figure 4.18: Comparison of maximum drawdown with depth the Winter 2021 Heat Extraction 

Test and Yeşiller et al. (2016) 

 

From Figure 4.18, it is evident that the thermal drawdown experienced in California was greater 

than the one achieved in Saskatchewan. There are several reasons the thermal drawdown was 

likely to be greater for Yeşiller et al. (2016) than this project:  
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1) The MSW temperatures measured were closer to the vertical BHE (1.0 m compared to 

1.8 m for this project).  

2) The temperatures at the California landfill are almost twice the amount as the project 

landfill. The initial MSW temperatures at the California landfill were between 55°C and 

58°C for depths between 9.4 m and 23.9 m (Yeşiller et al., 2016). In comparison, the 

initial temperatures for the Winter 2021 Test in Martensville did not exceed 31°C. As 

discussed in Section 2.2.2, this difference in initial temperature is to be expected due to 

the difference in climate between the two locations. The greater initial temperatures at the 

California landfill allows a greater thermal gradient between the circulating fluid and the 

waste at the California location. This greater thermal gradient would promote an 

increased decrement in waste temperature. Since Yeşiller et al. (2016) did not regulate 

the temperature of their circulating fluid (as it was in equilibrium with the atmospheric 

temperature) this reasoning cannot be verified.  

3) The heat extraction system designed by Yeşiller et al. (2016) used water as the circulation 

fluid since their testing was performed in California. As shown in Table 3.2, water is a 

more efficient circulation fluid for heat exchange in comparison to the circulation fluid 

used for this project. This allowed Yeşiller et al. (2016) to achieve turbulent flow during 

their testing and likely promote greater heat extraction rates.     

 

In addition, while there was a consistent thermal drawdown from the heat extraction test at the 

intermediate depths (10 m to 20 m), Yeşiller et al. (2016) recorded this relationship along entire 

landfill depth, except for the top few metres. Depending on the accuracy of the estimated thermal 

response at the 1 m through 5 m depths, this relationship may also extend to the top section of 

the waste from the Winter 2021 Test. Since Yeşiller et al. (2016) recorded data for an entire year, 

it is likely that their top section of waste was not as impacted by the atmospheric temperature. 

Reasons for the reduced thermal response at the 24 m depth are described in Section 4.1.2.2. The 

location of the greatest thermal response for both tests was close to the central location of the 

waste. The Winter 2021 Test was at 15 m (normalized depth of 0.6) while Yeşiller et al. (2016) 

was 9 m (normalized depth of 0.4) indicating that they are both relatively in the central location 

of the waste.  
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Figure 4.19 illustrates a comparison between the greatest thermal drawdowns experienced at this 

project compared to Yeşiller et al. (2016) in California and Shi et al. (2018) in China. The 

thermal response from each test decreases with increase radial distance from the heat exchanger. 

As described in Section 2.5, the thermistors placed by Shi et al. (2018) were saturated in 

leachate, thereby promoting their trends to be a function of conduction of the waste, as well as 

convection of the leachate. As a result, the thermal trend from the testing at Loraas has a closer 

resemblance to the trend observed by Yeşiller et al. (2016) with the thermal drawdown 

significantly decreasing with increasing distance from the heat exchanger. The thermal responses 

at TH19-02 and BH19-02A being similar to the 5.0 m and 7.0 m responses from Yeşiller et al. 

(2016) suggests that the radius of influence is similar for both tests.  

 

 

Figure 4.19: Comparison to previous MSW heat extraction research (modified from Shi et al., 

2018) 

 

To estimate the radius of influence of the Winter 2021 Test using the observational method, the 

temperature change from the active thermal response testing (thermal response of the test) are 

compared to the rate of temperature change from passive thermal response data. Table 4.3, 

compares the passive decrement in temperature at the TH19-02 central thermistors found by 

Hucl (2021) to the decrement in temperature during the Winter 2021 Test. Since the decrement 
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in temperature for each depth is similar, the radius of influence from the Winter 2021 Test is less 

than 5.1 m and must be estimated numerically. The radius of influence cannot be compared to 

the test performed by Yeşiller et al. (2016) since they do not present any passive thermal 

response data.   

 

Table 4.3: Comparison of Decrement in Temperature from Passive and Active TRTs at 

Thermistor TH19-02 Central Depths 

Time\Thermistor 
Decrement in Temperature 

TH19-02 - 10 m TH19-02 - 15 m TH19-02 - 20 m 

Passive TRT from 

Dec 13/19 to Mar 

5/20 (Hucl, 2020) 

0.38 0.92 0.24 

Heat Extraction Test 

from Dec 13/20 to 

Mar 5/21 

0.36 0.83 0.36 

 

4.2 Analytical Model Analysis 

4.2.1 Distance Drawdown Analysis 

As discussed in Section 3.5.1, the Cooper-Jacob distance drawdown method can theoretically 

relate the thermal properties of the waste with the logarithmic cone of depression experienced 

while performing an active TRT. Since it is known that the Summer 2020 Test only had a 

thermal response at the TH19-02A observation thermistor, this analysis was only investigated for 

the Winter 2021 Test. As shown in Figure 4.20, the only thermistor depth not influenced by 

atmospheric temperatures that displayed a logarithmic cone of depression at the end of the 

Winter 2021 Test was at 15 m. The 10 m and 20 m profiles had a profile that closer resembled a 

power function and the 24 m depth could not be analyzed due to the breaking of the TH19-02 

thermistor. Applying Cooper and Jacob’s (1946) distance drawdown method to heat flow 

(Loáiciga, 2010, Raymond et al., 2011) with Equation 3.1 and Equation 3.2, the thermal 

diffusivity for the 15 m depth was found to be 4.0 x 10-6 m2/s, an order of magnitude greater than 

the values found in previous literature. The constant heat rate per pipe length (𝑞1) was estimated 

to be the weighted average of the heat rate for the 15.9 LPM and 32.2 LPM portions of the test. 

The 𝑟0 for the trend (which suggests the radial distance at which no temperature change occurs) 

is approximately 8.1 m. This distance should not be concluded as the radius of influence since 
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both the decrease in temperature is less than 0.5°C close to 2 m before this distance and the 

radial temperature gradient would be negligible at 8.1 m.  

 

Figure 4.20: Distance drawdown plot at 15 m depth concluding the Winter 2021 Test 

 

While the Distance Drawdown method was not evaluated for each measured timestep, a similar 

thermal diffusivity (with similar R-squared values) was estimated at 25 and 50 days into the test. 

This suggests that the MSW, at a constant depth, can be treated as a homogeneous material 

within the radial extent of the test. The thermal diffusivity value from the Distance Drawdown 

analysis is compared to other methods of analysis in Section 4.3.2. 

 

4.2.2 Infinite Line Source Analysis 

The effective thermal properties for the heat exchange system were calculated using the ILS 

method of radial analysis for both tests. The change in temperature used for Equation 2.6 in this 

analysis was assumed to be the average difference in temperature between the inflow and bottom 

thermistor inside the annulus spacing of the well. The initial MSW temperature for each location 

was evaluated to be either the immediate temperature or the 24-hour average temperature prior to 

the test. The initial temperature was dependent on the depth of the thermistor as well as the 

difference in temperature between the immediate temperature and the 24-hour average. This is 

further discussed in Appendix E. Since the atmospheric temperature influences the shallow 

depths, this analysis was only performed for the middle and lower thermistor depths. The plots 
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for the middle and lower depths are shown in Figure 4.21 and Figure 4.22 for the Summer 2020 

and Winter 2021 Tests, respectively. Each plot presents thermal responses for effective thermal 

conductivity values between 0.4 W/m°C and 0.9 W/m°C for a specific volumetric heat capacity. 

No thermal properties were found for the 24 m depth data from the Winter 2021 Test due to the 

inconsistent data. In addition, since the 24 m depth thermistor is deeper than the vertical BHE, 

the analysis for the Summer 2020 Test is not a true radial analysis. Since this method of analysis 

assumes that heat is only transferred by conduction and neglects heat generation within the 

waste, the trends observed in Figure 4.21 and Figure 4.22 are expected to be similar to the 

observed thermal responses. 
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     (a)                 (b)                                             

    

     (c)                 (d)                                             

 

 

 

 

 

Figure 4.21: Infinite line source analysis from the Summer 2020 Heat Injection Test applied to 

TH19-02A: a) 10 m depth; b) 15 m depth; c) 20 m depth; and d) 24 m depth 
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(a)                                                                        (b) 

 

 

 

 

 

 

 

 

 

 

 

      (c) 

 

Table 4.4 presents a summary of the best-fit thermal properties with the theoretical responses 

shown in Figure 4.21 and Figure 4.22. Comparing the results from the Summer 2020 and Winter 

2021 Tests, the thermal diffusivity for the 15 m and 20 m depths are similar, with the thermal 

Figure 4.22: Infinite line source analysis from the Winter 2021 Heat Extraction Test applied to 

TH19-02A: a) 10 m depth; b) 15 m depth; and c) 20 m depth 
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diffusivity being greater at the 15 m depth for each test. This suggests that the thermal properties 

at the middle depths of the landfill are slightly preferable for heat transfer than the lower depths. 

No conclusion can be made for the thermal diffusivity at the 10 m depth since the Summer 2020 

and Winter 2021 tests indicate it having the highest and lowest thermal diffusivity, respectively. 

Knowing that the assumptions for the ILS analysis were not met during the field tests, the values 

were used as initial estimates of the MSW thermal properties with depth for the finite element 

model.   

 

Table 4.4: Effective Thermal Properties from ILS Analysis at TH19-02A 

Thermistor 

Depth (m) 

Summer 2020 Test Winter 2021 Test 

kt 

(W/m°C) 

HC 

(MJ/m3°C) 

α  

(m2/s) 

kt 

(W/m°C) 

HC 

(MJ/m3°C) 

α  

(m2/s) 

10 0.7 1.8 3.9 x 10-7 0.6 2.2 2.7 x 10-7 

15 0.6 1.8 3.3 x 10-7 0.7 2.2 3.2 x 10-7 

20 0.6 2.0 3.0 x 10-7 0.7 2.4 2.9 x 10-7 

24 0.7 2.0 3.5 x 10-7 NA NA NA 

 

4.3 Finite Element Model Analysis 

The objectives for the model were the following: 

1) Determine and compare the heterogeneous thermal properties at the test location with 

depth for the Summer 2020 and Winter 2021 Tests. This included evaluating the 

influence of the annular steel from the vertical BHE and the backfill sand at the 

thermistor locations.  

2) Compare the estimated thermal properties with depth between the Cooper-Jacob Distance 

Drawdown, radial ILS, and cylindrical GeoStudio analyses. 

3) Determine the radius of influence and heat extracted from the Winter 2021 Test and 

compare it to previous MSW heat extraction models at landfills with different climates.    

As discussed in Section 3.6.3, the top boundary of the model was based on measured 

atmospheric temperatures. Since it is known that the shallow depths can also be influenced by 

solar radiation, wind, and snow (Hanson et al., 2010; Megalla et al., 2016), the results for the 

first objective were influenced more by the thermal response at the middle and lower depths of 

the model (10 m to 24 m thermistors).   
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4.3.1 Modelling Strategy 

As discussed in Section 3.6.2, the finite element model includes Floral Till material (as the 

landfill intermediate cover), and vertical BHE insulation. The finite element model also 

considered the thermal response, with and without the backfilled filter sand, as well as the 

annular A53 steel pipe material. In terms of the MSW, twenty-five (25) 1 m thick layers of MSW 

were placed into the finite element model, with the thermal properties varying with depth.  

 

Section 3.6.3 identified the finite element model having the following boundary conditions: 

1) The top boundary condition was the atmospheric temperature that was measured at 

observational well TH19-02 (r = 5.1 m) with a shielded thermistor.  

2) The bottom boundary condition was a constant temperature based on the initial 

temperature of the bottom MSW layer (25 m) depth in Table 3.5. 

3) The radial far field boundary condition consisted of a constant temperature which was the 

average of the initial temperature for the two closest depths.  

4) The vertical BHE boundary was set as the temperature of the circulating fluid since it 

varied with depth and time throughout the test. Since only six thermistors were measuring 

the temperature of the fluid inside the annular spacing during the tests, the temperatures 

were interpolated along the entire well depth. Table 3.6 summarized the thermistor depths 

used for the vertical BHE boundary condition.  

   

A trial-and-error approach was taken to have the finite element model replicate the independent 

measured thermal response within the surrounding MSW during the Summer 2020 and Winter 

2021 Tests. As discussed in Section 3.3.1, the thermal response of the MSW was measured using 

thermistors placed at radial distances of 1.8 m, 5.1 m, and 7.2 m from the vertical BHE. Each 

radial distance had thermistors installed at targeted depths of 1 m, 3 m, 5 m, 10 m, 15 m, 20 m, 

and 24 m below the top of the existing ground surface. As mentioned in Section 3.6.4, the base 

case for the MSW thermal properties with depth for the finite element model were set according 

to the optimal properties that were determined using the Cooper Jacob-drawdown and the ILS 

methods of analysis. The base case was first analyzed for the Winter 2021 Test and followed 

with a ± 30% sensitivity analysis (in 10% increments) for varying α. For the calibrated model, 

the MSW was separated into five groups (with their thermal properties varying with depth) based 
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on best-fit modelled thermal responses to the field measured MSW data. Figure 4.23 presents the 

sensitivity of the finite element model to changing kt and HC at the 15 m depth from the 

calibrated Winter 2021 model considering the backfilled filter sand and annular A53 steel. As 

expected, the thermal response within the modelled MSW is accelerated with increased kt and 

decreased HC and delayed for decreased kt and increased HC. All subsequent analysis presented 

for the finite element model followed the same approach.  

 

 

Figure 4.23: MSW model sensitivity to changing thermal properties. Considering backfilled filter 

sand and annular steel (TH19-02A 15 m depth for Winter 2021 Test) 
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4.3.2 GeoStudio Model Results 

A homogeneous sensitivity analysis was performed on the Winter 2021 model. The base case 

consisted of the following for the landfill: 

1) homogeneous thermal properties of kt =0.7 W/m°C and HC=2.2MJ/m3°C (average of the 

Winter 2021 ILS analysis in Table 4.4), 

2) a constant liner temperature of 17.9°C. This value is based on the extrapolation of the 

initial average MSW temperatures at the lower depths (Table 3.5). This methodology is 

similar to Hucl’s (2021) short-term bottom boundary condition and is supported with the 

measured field data at 24 m thermistor at BH19-02A being relatively constant for both 

the Summer 2020 and Winter 2021 Tests (Figure 4.10 and Figure 4.17 respectively). In 

addition, Onnen (2014) concluded that landfill liner temperatures are not significantly 

impacted by the presence of a vertical heat extraction system,   

3) a 0.5 m-thick Floral till intermediate cover, 

4) no heat generation present during the analysis (short testing duration), and 

5) the annular A53 steel for the vertical BHE (with insulation along the top 1.5 m of the 

landfill) and backfilled filter sand surrounding the observational thermistor strings as 

described in Section 3.6.2. 

 

The sensitivity analysis simulated the following scenarios: 

1) the absence of materials inside the landfill (removal of the annular steel pipe and 

backfilled sand), 

2) a reduced thickness of the Floral till intermediate cover (reducing the thickness from 0.5 

m to 0.25 m), 

3) the presence of heat generation inside the landfill (details to this simulation are discussed 

below), and 

4) the influence of the liner temperature (simulations with the liner temperature being 1°C 

colder and warmer than the initial estimate). 

 

The heat generation values used for the sensitivity analysis were taken to be the short-term heat 

rates previously calculated at Clusters 1 and 3 illustrated in  
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Figure 3.4 and presented in Table 4.5 (Hucl. 2021). Hucl (2021) estimated the present-day heat 

rates by measuring the passive thermal response at the Clusters and calibrating the heat rates 

with a 386-day 1D numerical model. Since Cluster 2 (the location of the active TRTs) is 

composed of waste younger than Cluster 1 and older than Cluster 3, Hucl’s estimated present-

day heat rates can be used to identify whether heat generation is a contributing factor of the 

Summer 2020 and Winter 2021 Tests. Similar to Hucl’s model, the heat rate was applied to the 

model by placing the heat rate on points spaced 1 m between each other. This allows each point 

to represent a cubic metre of waste.  

 

Table 4.5: Estimated Present-Day Heat Rates at Clusters 1 and 3 (modified by Hucl, 2021) 

Depth below intermediate 

cover (m) 

Cluster 1 

Present-day heat rate (W) 

Cluster 3  

Present-day heat rate (W) 

0 – 4 0.0 0.0 

4 – 7 0.186 0.148 

7 – 10 0.205 0.107 

10 – 13 0.069 0.103 

13 – 16 0.069 0.062 

16 – 19 0.069 0.031 

19 – 21 0.011  0.026 

21 – 25  0.009 0.020 

Thickness Weighted Average 0.099 0.071 

 

The plotted results of the sensitivity analysis are presented in Appendix G. The following 

conclusions were made from the sensitivity analysis: 

1) The annular steel and the backfilled sand have the greatest influence at the central depths 

and become negligible near the cover and liner.   

2) The thickness of the intermediate cover only has an impact on the thermal response at the 

1 m and 3 m depths. The difference in the thermal response at the 5 m depth is negligible. 

3) The temperature of the liner influences the thermal response at the 24 m thermistor depth. 

As a result, the thermal properties found from the heterogeneous analysis at this depth are 

dependent on the estimated initial temperatures at the bottom of the waste. 

4) The impact of present-day heat rates (Table 4.5) is negligible and is not required for the 

heterogeneous analysis. A possible explanation is the short duration of the test with 

respect to the lifespan (and therefore heat generation) of the landfill. This conclusion is 

significant for two reasons. First, it eliminates the process of estimating the present-day 
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heat rates at Cluster 2 for the finite element model (and performing a sensitivity analysis). 

This simplifies the finite modelling process while not having an impact on the accuracy 

of the model. Second, it supports the assumption of negligible heat generation for the 

Cooper-Jacob Distance Drawdown and radial ILS analyses. 

 

The findings from the sensitivity analysis were used to evaluate the heterogeneous thermal 

properties with depth for the Summer 2020 and Winter 2021 Tests. The thermal properties of the 

waste (thermal conductivity and volumetric heat capacity) were evaluated to be calibrated best-

fit parameters based on back-analyzing the field data. The base case of the heterogeneity analysis 

characterized the kt and HC of the waste as increasing linearly with depth from 0.30 W/m°C and 

1.84 MJ/m3°C at the top layer to 0.88 W/m°C and 2.80 MJ/m3°C at the bottom layer (25 m 

depth). This approach of modelling the heterogeneous thermal properties of waste is similar to 

the approach outlined by Megalla et al. (2016) and Hucl (2021). Based on the findings of the 

homogeneous sensitivity analysis, the heterogeneous model consisted of the following for the 

landfill: 

1) a constant liner temperature of 17.4°C and 17.9°C for the Summer 2020 and Winter 2021 

Tests respectively, as based on the extrapolation of the initial average MSW temperatures 

at the lower depths (Table 3.5), 

2) a 0.5 m-thick Floral till intermediate cover, and 

3) no heat generation present during the analysis. 

Modelling was performed with and without the annular A53 steel for the vertical BHE and the 

backfilled filter sand surrounding the observational thermistor strings to evaluate the impact of 

the materials on the best-fit parameters for each test. The results for each test are identified by 

the test modelled, followed by the presence or absence of the steel and sand. For example, model 

“Winter 2021 Heterogeneous – Steel and Sand” identifies the heterogeneous model for the 

Winter 2021 Test that accounts for the steel and sand placed inside the landfill.  

 

A sensitivity analysis for the Winter heterogeneous model was performed to evaluate the 

calibration fitting at α values ±30% of the base case (in 10% increments). The modelled waste 

layers were then separated into groups with the thermal properties for the most accurate best-fit 
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response for each group being modelled. These groups were characterized as the following 

depths: 

1) the top metre of waste (directly below the intermediate cover) to 4 m, 

2) 5 m to 9 m, 

3) 10 m to 13 m,  

4) 14 m to 18 m, and 

5) 19 m to the bottom of the landfill (25 m).   

The best-fit parameters for Group 5 (19 m to 25 m) were found to have an α 36% lower than the 

base case (outside the of the ±30% sensitivity analysis). This marginal difference resulted in a 

translation of the modelled response at the 20 m and 24 m depths for TH19-02A. The modelled 

response was translated up (reduced thermal response) to have the model more accurately 

reproduce the field data response. 

 

Once the models of the Winter 2021 test were complete, the resulting best-fit parameters were 

used to calibrate models for the Summer 2020 Test. As shown in Figure 4.24, Figure 4.25, and 

Table 4.6, there is a significant difference in the best-fit thermal properties between the Summer 

2020 and Winter 2021 models. This is due to the following: 

1) There is a considerable difference in initial temperature of the waste at the shallow depths 

for each model (Table 3.5). This increased vertical thermal gradient within the waste 

resulted in most of the heat transfer from the vertical BHE boundary condition traveling 

upwards to the surface and causing a minimal thermal response at the central depths. As a 

result, it was necessary to increase the thermal diffusivity (by changing both the thermal 

conductivity and volumetric heat capacity values of the waste) at the central depths to 

ensure the thermal response resembled the field data. Since the thermal diffusivity was 

increased for the Summer 2020 Test, the recovery data from the test was not able to fit 

the field data since the heat would transfer back to the vertical BHE more rapidly. As a 

result, the recovery data was only modelled for the Winter 2021 Test which was able to 

present the correct trend for the thermistor depths.     

2) The shorter time duration and less thermal response for the Summer 2020 Test may result 

in thermal trends observed (Figure 4.4 to Figure 4.10) not being as reliable as the thermal 

response observed from the Winter 2021 Test (Figure 4.11 to Figure 4.17).  
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    (a)                                                                          (b) 

 

    (c)                 (d) 

 

 

 

Figure 4.24: Heterogeneous thermal properties for: (a) Summer 2020 Test - MSW Only (top 

left), (b) Summer 2020 Test - Steel and Sand (top right), (c) Winter 2021 Test - MSW Only 

(bottom left), and (d) Winter 2021 Test - Steel and Sand (bottom right) 
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Figure 4.25: Heterogeneous thermal diffusivity for Summer 2020 (left), and Winter 2021 Test 

(right) 
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Table 4.6: Best-Fit Thermal Properties with Depth from the Summer 2020 and Winter 2021 

Models 

Depth 

(m) 

Summer 2020 Winter 2021 

MSW Only Steel and Sand MSW Only Steel and Sand 

kt 

(W/m 

°C) 

HC 

(MJ/m3

°C) 

kt 

(W/m 

°C) 

HC 

(MJ/m3

°C) 

kt 

(W/m 

°C) 

HC 

(MJ/m3

°C) 

kt 

(W/m 

°C) 

HC 

(MJ/m3

°C) 

1 0.24 1.84 0.24 1.84 0.30 1.84 0.24 1.84 

2 0.24 1.88 0.24 1.88 0.30 1.88 0.24 1.88 

3 0.26 1.92 0.26 1.92 0.33 1.92 0.26 1.92 

4 0.28 1.96 0.28 1.96 0.35 1.96 0.28 1.96 

5 0.30 1.60 0.30 1.60 0.38 2.00 0.30 2.00 

6 0.32 1.63 0.32 1.63 0.40 2.04 0.32 2.04 

7 0.34 1.66 0.34 1.66 0.43 2.08 0.34 2.08 

8 0.36 1.70 0.36 1.70 0.45 2.12 0.36 2.12 

9 0.38 1.73 0.38 1.73 0.48 2.16 0.38 2.16 

10 0.65 2.20 0.40 1.76 0.50 2.20 0.40 2.20 

11 0.68 2.24 0.42 1.79 0.53 2.24 0.42 2.24 

12 0.72 2.28 0.44 1.82 0.55 2.28 0.44 2.28 

13 0.75 2.32 0.46 1.86 0.58 2.32 0.46 2.32 

14 0.72 2.36 0.72 2.36 0.60 2.36 0.48 2.36 

15 0.75 2.40 0.75 2.40 0.63 2.40 0.50 2.40 

16 0.78 2.44 0.78 2.44 0.65 2.44 0.52 2.44 

17 0.81 2.48 0.81 2.48 0.68 2.48 0.54 2.48 

18 0.84 2.52 0.84 2.52 0.70 2.52 0.56 2.52 

19 0.58 2.56 0.51 2.56 0.58 2.56 0.46 2.56 

20 0.60 2.60 0.53 2.60 0.60 2.60 0.48 2.60 

21 0.62 2.64 0.54 2.64 0.62 2.64 0.50 2.64 

22 0.64 2.68 0.56 2.68 0.64 2.68 0.51 2.68 

23 0.66 2.72 0.58 2.72 0.66 2.72 0.53 2.72 

24 0.68 2.76 0.60 2.76 0.68 2.76 0.55 2.76 

25 0.70 2.80 0.62 2.80 0.70 2.80 0.56 2.80 

 

In general, the thermal conductivity and volumetric heat capacity values found from the 

heterogeneous analysis are in range with values found from previous literature shown in Table 

2.2. The exception to this is the maximum volumetric heat capacity of 2.8 MJ/m3°C being 

marginally greater than the previous values used since it is 7.5% greater than the 2.6 MJ/m3°C 

used by Khire et al. (2020) the lower portion of their model. Overall, the thermal diffusivity 

increases with depth, but translation does occur between various depths, depending on the test 

and parameters included. For example, as shown in Figure 4.24 and Figure 4.25, there is a 

decrease in the thermal properties between the 18 m and 19 m depths for each model. This 
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signifies the increased thermal properties at the central depths compared to the lower depths. To 

compare the thermal properties found from the models, the percent difference of the MSW 

thermal properties were calculated. As shown in Equation 4.1, the percent difference is the ratio 

of the absolute difference between the two values to the arithmetic mean. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
|𝑥1 − 𝑥2|

(𝑥1 − 𝑥2)
2

∗ 100% (4.1) 

 

Where 𝑥1 and 𝑥2 are the two values (either both experimental or both theoretical) being 

compared. Table 4.7 presents the maximum percent differences found when comparing the 

MSW thermal properties by material input and by seasonal test.  

 

Table 4.7: Material and Season Percent Differences for Modelled MSW Thermal Properties 

Comparison 

Method and 

Scenario 

Material Comparison Season Comparison 

Summer 2020 Winter 2021 MSW Only Steel and Sand 

MSW 
Depth (m) 

kt 
(%) 

HC 
(%) 

α 
(%) 

kt 
(%) 

 HC 
(%) 

α 
(%) 

kt 
(%) 

 HC 
(%) 

α 
(%) 

kt 
(%) 

 HC 
(%) 

α 
(%) 

1 – 4  0 0 0 22 0 22 22 0 22 0 0 0 
5 – 9 0 0 0 22 0 22 22 22 0 0 22 22 

10 – 13 48 22 26 22 0 22 26 0 26 0 22 22 

14 – 18 0 0 0 22 0 22 18 0 18 40 0 40 
19 – 25 13 0 13 22 0 22 0 0 0 9 0 9 

Thickness 

Weighted 

Average 

(%) 

11 4 8 22 0 22 16 4 11 11 8 19 

 

Table 4.7 indicates the percent difference in thermal diffusivity for the waste in the Winter 2021 

models was 22%. As a result of replicating a greater thermal response for a longer time duration 

as well as considering the annular A53 steel pipe and backfill material, the Winter 2021 model 

presents the most accurate thermal properties of the waste. 

 

For the remaining comparisons, the greatest percent difference is at the 10 m to 13 m depths for 

the Summer 2020 Material Comparison and the MSW Only Seasonal Comparison (26% percent 
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difference) and at the 14 m to 18 m depths for the Seasonal Comparison with the inclusion of the 

well and backfill materials (40% percent difference). A possible explanation is the varying 

thermal gradients from the central depths to the upper and lower depths between both sets of 

initial temperatures for the seasonal tests. This influence is then magnified with the inclusion of 

the steel and sand materials. There are more translations for the Summer 2020 Models (4 m and 

5 m; 9 m and 10 m; 13 m and 14 m, and 18 m and 19 m) than the Winter 2021 Models (18 m to 

19 m only). This is a result of a combination of the Winter 2021 model having: 

1) a decreased vertical temperature gradient between the upper and central depths, and  

2) an increased thermal gradient between the vertical BHE temperature boundary and the 

initial waste temperature. 

Both factors combined restrict the vertical heat transfer from influencing the response at all the 

thermistor depths.     

 

Since drilling fluid was required for the drilling and installation at the boreholes used for the 

active TRTs (Section 3.3.3), the dry density and VWC of the in-situ MSW cores at these 

locations (Appendix C) cannot be used to estimate what the thermal diffusivity-depth trend of the 

waste should be. As discussed in Section 3.3.3, the in-situ MSW cores from a previous borehole 

in the same proximity as the active TRT location (borehole BH18-02 from Appendix C) did not 

require drilling fluid. Although the radial distance between this borehole and the vertical BHE is 

11.2 m and MSW is a heterogeneous material, the following trends from the BH18-02 in-situ 

MSW cores support the thermal diffusivity with depth for the Winter 2021 model (Figure 4.25): 

1) From 12 m to 15 m below the intermediate cover, both the dry density and VWC 

increase. This implies that the thermal properties are expected to increase with depth 

inside this range.   

2) The dry density and VWC decrease from the 15 m depth to the 19 m depth. This implies 

that the thermal properties in this range may decrease with depth. This decrease is 

illustrated in the models between the 18 m and 19 m depths.  

3) The dry density and VWC increase from the 19 m depth until the bottom of the borehole 

implying that the thermal properties are expected to increase with depth in the lower 

potion of the waste.     
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It should be noted that the depths of the thermistor strings may have also had a marginal impact 

on the location of the translations for the Summer 2020 and Winter 2021 Models.  

A comparison of the thermal response at TH19-02A from the field test and the models are shown 

in Figure 4.26 to Figure 4.32 for the Summer 2020 Test and Figure 4.33 to Figure 4.39 for the 

Winter 2021 Test. 

 

Figure 4.26: Summer 2020 Test field data and model comparisons (TH19-02A 1 m depth) 

 

 

Figure 4.27: Summer 2020 Test field data and model comparisons (TH19-02A 3 m depth) 
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Figure 4.28: Summer 2020 Test field data and model comparisons (TH19-02A 5 m depth) 

 

 

Figure 4.29: Summer 2020 Test field data and model comparisons (TH19-02A 10 m depth) 
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Figure 4.30: Summer 2020 Test field data and model comparisons (TH19-02A 15 m depth) 

 

 

Figure 4.31: Summer 2020 Test field data and model comparisons (TH19-02A 20 m depth) 
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Figure 4.32: Summer 2020 Test field data and model comparisons (TH19-02A 24 m depth) 

 

 

Figure 4.33: Winter 2021 Test field data and model comparisons (TH19-02A 1 m depth) 
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Figure 4.34: Winter 2021 Test field data and model comparisons (TH19-02A 3 m depth) 

 

 

Figure 4.35: Winter 2021 Test field data and model comparisons (TH19-02A 5 m depth) 
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Figure 4.36: Winter 2021 Test field data and model comparisons (TH19-02A 10 m depth) 

 

 

 

Figure 4.37: Winter 2021 Test field data and model comparisons (TH19-02A 15 m depth) 
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Figure 4.38: Winter 2021 Test field data and model comparisons (TH19-02A 20 m depth) 

 

 

Figure 4.39: Winter 2021 Test field data and model comparisons (TH19-02A 24 m depth) 

 

From Figure 4.26 to Figure 4.39, the thermal response measured from the model and field data 

deviate more at the shallower depths (1 m, 3 m, and 5 m depths). This is expected since the top 

boundary condition of the model consisted of the atmospheric temperature and other factors 

(such as solar radiation, wind, and snow) have been shown to influence energy transfer at a 

landfill cover (Hanson et al., 2010, Megalla et al., 2016). As mentioned in Section 4.1, the 
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insulation that was applied onto the stickup of the vertical BHE also may have not been 

sufficient. Any direct exposure to the atmospheric temperature or sunlight (solar radiation) could 

have had an impact on the field data that was not directly measured during the test. This error 

would have a greater impact on the shallower thermistor readings since the energy introduced to 

the system would dissipate to the lower temperature waste. As previously discussed, the 

thickness of the intermediate cover only influenced the 1 m depth. This is a result of both the 

relatively short time modelled for each test compared to a short-term model from a passive TRT 

(Hucl, 2021) and the top boundary condition used.       

 

Figure 4.40 to Figure 4.45 present the thermal responses at the 10 m, 15 m, and 20 m depths at 

TH19-02 and BH19-02A during the Winter 2021 Test. These figures illustrate the heat inside the 

landfill moving towards the vertical BHE (and the nearby TH19-02A thermistor). The model 

accurately replicates the recovery trend for each thermistor excluding the 15 m depth thermistor 

at TH19-02 which underpredicts the field data. This may be a potential localized material near 

the thermistor as mentioned in Section 4.1.2.2. 

 

Figure 4.40: Winter 2021 Test field data and model comparisons (TH19-02 10 m depth) 

 



   

105 

 

 

Figure 4.41: Winter 2021 Test field data and model comparisons (TH19-02 15 m depth) 

 

 

Figure 4.42: Winter 2021 Test field data and model comparisons (TH19-02 20 m depth) 
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Figure 4.43: Winter 2021 Test field data and model comparisons (BH19-02A 10 m depth) 

 

 

Figure 4.44: Winter 2021 Test field data and model comparisons (BH19-02A 15 m depth) 
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Figure 4.45: Winter 2021 Test field data and model comparisons (BH19-02A 20 m depth) 

 

4.3.3 Comparison of Thermal Properties Between Models  

Table 4.8 compares the thermal diffusivities found between the distance drawdown, radial ILS 

analysis, and the cylindrical GeoStudio model for each test. As discussed in Section 4.2.1, the 

distance drawdown method was only able to be used for analyzing the Winter 2021 Test. The 15 

m depth was the only applicable location that displayed a logarithmic cone of depression (Figure 

4.20), and the resulting thermal diffusivity overestimated the ILS and GeoStudio methods by an 

order of magnitude.  

 

The ILS analysis overestimated the thermal diffusivity for each depth. The difference between 

the thermal diffusivity values for the Summer 2020 Test varies from negligible (15 m depth) to 

1.6 x 10-7 m2/s (10 m depth) and is consistent for the Winter 2021 Test (each approximately 1.0 x 

10-7 m2/s). The two major factors for the difference in thermal diffusivity values are as follows: 

1) The ILS method estimates the effective thermal properties (the entire heat exchanger 

system) and not solely the MSW thermal properties whereas the GeoStudio model values 

are specifically the MSW. 

2) The ILS analysis is a radial analysis while the GeoStudio model is cylindrical.  

In addition, the ILS and GeoStudio model each used a different method to calculate the heat 

transfer between the vertical BHE and waste: 
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1) The ILS analysis accounted for the circulating fluid flow for the heat transfer rate 

(Equation 2.6). It therefore considers the thermal properties of the fluid and pumping 

flow rate (and should have been constant for the entirety of each test). The change in 

temperature for Equation 2.6 was taken to be the difference between the inflow 

temperature and the temperature at the bottom of the vertical BHE.  

2) The GeoStudio model only accounted for the temperature of the fluid over time at each 

thermistor depth inside the well. This provides a more accurate thermal gradient between 

the waste and the vertical BHE but ignores the effect of the circulating fluid.     

However, the MSW thermal diffusivity estimated from the ILS analysis was found to be within 

the same order of magnitude as the GeoStudio model. This suggests that despite the 

inconsistencies between the analysis assumptions and the actual testing conditions, the ILS 

analysis was a suitable method for providing initial MSW thermal properties with depth for the 

GeoStudio model. 

 

Table 4.8: Comparison of Thermal Diffusivity with Depth Between the Distance Drawdown, 

Radial ILS, and Cylindrical GeoStudio Analyses 

Thermistor 

Depth (m) 

Summer 2020 Test Winter 2021 Test 

ILS  

Analysis 

(m2/s) 

GeoStudio 

Analysis 

(m2/s) 

Distance 

Drawdown 

(m2/s) 

ILS  

Analysis 

(m2/s) 

GeoStudio 

Analysis 

(m2/s) 

10 3.9 x 10-7 2.3 x 10-7 NA 2.7 x 10-7 1.8 x 10-7 

15 3.3 x 10-7 3.1 x 10-7 4.0 x 10-6  3.2 x 10-7 2.1 x 10-7 

20 3.0 x 10-7 2.0 x 10-7 NA 2.9 x 10-7 1.9 x 10-7 

24 3.5 x 10-7 2.2 x 10-7 NA NA 2.0 x 10-7 

 

4.3.4 Radius of Influence and Heat Extraction Rate 

Figure 4.46 presents the thermal drawdown profile at the 15 m depth for the Winter 2021 Test. 

The maximum drawdown beside the vertical BHE was approximately 18°C which is 2°C less 

than the maximum drawdown measured by Yeşiller et al. (2016). The radius of influence was 

defined to be the radial distance from the vertical BHE that experienced a radial drawdown of 

0.5°C. This temperature was decided since it is a temperature that is close to 0.0°C, while still 

being able to account for changes in temperature due to the vertical thermal gradient in the 

model. As shown in Figure 4.40, the model experiences a thermal drawdown of 0.5°C 

approximately 4.0 m from the well. Comparing this radius of influence to other models based in 
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different climates, it is greater than the 2 m radius of influence found from an Alaska landfill and 

less than the 8 m radius of influence found from a landfill in New Mexico (Onnen, 2014). This 

result is to be expected since, as shown in Figure 4.41, the initial temperature distribution of the 

waste with depth for the Winter 2021 is between the Alaska and the New Mexico temperature 

distributions (Onnen, 2014).  

 

 

Figure 4.46: Thermal Drawdown Along 15 m Depth for the Winter 2021 Model (with Steel and 

Sand) 
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Figure 4.47: Comparison of Initial Temperature Distribution of Waste in Various Landfills 

 

The cumulative heat extracted from the Winter 2021 model was found to be 458 W (3,242 MJ of 

energy) with an average heat transfer per length of the BHE as 19.5 W/m. This was calculated as 

the summation of the cumulative energy transfer along the vertical BHE (in 0.25 m increments) 

for the pumping period (82 days) in 0.25 m increments. Since the model does not consider 

convection, this assessment underestimates the heat extraction. Although, as shown in Figure 

4.2, the rate of heat extraction from the Winter 2021 Test was low. This is expected to be due to: 

1) unfavourable fluid properties for the circulation fluid (30% PG and 70% water). This 

made it not possible to have both the fluid flow be turbulent for a coaxial vertical BHE 

configuration and have enough travel time inside the vertical BHE to promote heat 

transfer, 

2) the atmospheric conditions during the test. This influenced the efficiency of the cooling 

system (causing the inlet temperature to not be constant) and potentially influenced the 

thermistor measurements at the inlet and outlet positions, and 
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3) the waste at the project site reaching lower maximum temperatures in comparison to 

landfills in warmer climates and climates with a greater amount of precipitation. 

 

According to the Government of Canada (2021), closed loop GHE units ranging from 1.8 kW to 

21.1 kW are available to Canadian residents. Assuming the Loraas landfill operators require an 

average unit (11.5 kW) for direct utilization at their landfill, this will require a well field of 26 

vertical BHEs. This does not include considerations for heat loss in the system and heat 

exchanger efficiency. 

 

Since the inlet fluid temperature was influenced by the atmospheric conditions for each active 

thermal response test performed, the pumping period of the Winter 2021 Test (82 days) was also 

modelled with lower fluid temperatures. Simulations were performed for a constant fluid 

temperature of 0.0°C and -4.0°C. The BHE was also assumed to have sufficient insulation for the 

top 2 m from the landfill cover. For the 0.0°C fluid temperature simulation, the cumulative heat 

extracted was 665 W (4,714 MJ of energy) which indicates 18 vertical BHEs would be required 

by Loraas to extract 11.5 kW. For the -4.0°C fluid temperature simulation, the cumulative heat 

extracted was 876 W (6,208 MJ of energy) indicating that Loraas would require 14 vertical 

BHEs.  

 

The average heat transfer per BHE length in the simulated scenarios were 28.3 W/m and 37.3 

W/m for the 0.0°C and -4.0°C fluid simulations, respectively. These values exceed the 11.7 W/m 

heat transfer rate per pipe length found from testing in Ireland (Grillo, 2014) and are within the 

26 W/m to 48 W/m range found in California (Nocko, 2020). Grillo (2014) and Nocko (2020) 

reported average heat transfer rates of 28 kW and 34.7 kW (over three sections of pipe), 

respectively which both exceed the assumed 11.5 kW requirement for Loraas. However, both 

Grillo (2014) and Nocko (2020) conducted tests with horizontal GHE configurations, which 

allow a greater length of pipe to be placed in the MSW, at a reduced cost, compared to vertical 

BHE installation by drilling (Coccia, 2013). Using a horizontal configuration allowed Grillo 

(2014) and Nocko (2020) to implement 2,400 m and 930 m (three layers of 310 m) of pipe into 

their respective MSW landfills.  
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Grillo (2014) reported the Ireland GHE having a payback period of 4.5 to 6 years. Assuming a 

consistent average cost associated with installation of the vertical BHE (drilling and materials) 

for this project, as well as an electricity cost of $0.14/kWh (Canada Energy Regulator, 2021), the 

payback period would be 18, 13, and 10 years for the measured, 0.0°C and -4.0°C fluid 

temperature conditions, respectively for the required vertical BHE well fields. This evaluation 

does not consider the cost to operate the system. Therefore, while it is possible to use cold 

climate MSW landfills for low-grade geothermal energy recovery, it should be done feasibly by 

utilizing horizontal GHE configurations when the landfill cell is constructed.    
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Chapter 5 Conclusion and Recommendations 

The purpose of this project was to assess the applicability of low-grade geothermal energy 

recovery from MSW landfills located in cold, semi-arid climates. There were four milestones for 

the project: 

1) perform active TRTs at the Northern Landfill,  

2) use the observational method to compare the measured thermal responses of the waste to 

previous literature,  

3) use analytical and finite element modelling methods to determine the heterogeneous 

thermal properties of the waste with depth and evaluate the heat transfer rate from the 

testing, and 

4) evaluate the feasibility of low-grade geothermal energy recovery from medium sized 

landfills in Canada for direct utilization at the landfill and/or nearby. 

 

The first milestone for the project was to perform TRTs at the Northern Landfill. The tests 

performed included a heat injection test (35 days of testing and 25 days of recovery) and a heat 

extraction test (82 days of testing and 83 days of recovery). A 30:70 PG:water mixture (by 

volume) fluid was used as the circulation fluid through the coaxial BHE. To achieve a greater 

thermal response (and simplify the analysis portion of the project), a thermostatic system was 

designed and constructed to maintain a constant inlet fluid temperature throughout each test. This 

thermostatic system was consistently able to provide sufficient heating to the fluid in the storage 

tank, but the efficiency of the cooling portion was highly dependent on the atmospheric 

temperature. The temperature of the circulation fluid inside the annular spacing of the well was 

recorded, in addition to the waste at radial distances of 1.8 m, 5.1 m, and 7.2 m (1 m, 3 m, 5 m, 

10 m, 15 m, 20 m, and 24 m depths).  

 

The second milestone for the project was to compare the measured thermal responses from the 

two tests performed at the Northern Landfill to each other, and previous active TRTs performed 

at MSW landfills. For the heat injection test, a similar thermal response was observed for the 10 

m to 24 m depths (0.4 to 0.96 normalized depth). In comparison, the 10 m to 20 m depths (0.4 to 

0.8 normalized depth) experienced a similar thermal response for the heat extraction test. The 24 
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m thermistor not having a similar response as the 10 m to 20 m depths for the heat extraction test 

may have been due to: 

1) the 24 m thermistor string beginning to breakdown during the time between the tests, or 

2) the short duration and minimal thermal response from the heat injection test creating a 

false indication that the 24 m thermistor should have had a similar thermal response. 

The depth range of similar thermal response from the tests may be extended to shallower depths 

depending on the influence of the external elements (atmospheric temperature, solar radiation, 

etc.). As a result, the normalized range of depths with a similar thermal response cannot directly 

be compared to the 0.14 to 0.96 observed in California (Yeşiller et al., 2016), but it can be 

concluded that they may be similar. The comparable normalized depths for maximum thermal 

decrement (0.6 at the Northern Landfill and 0.4 at California) from heat extraction testing 

support this conclusion. 

 

The third milestone for the project was to analyze the field data using analytical and finite 

element modelling methods. The analytical methods that were used involved applying a radial 

ILS model at each observed thermal response and a distance-drawdown analysis at each depth. 

The finite element model was cylindrical, axisymmetric, and heterogeneous. Each method 

(analytical and finite element model) only considered heat transfer by conduction and neglected 

heat generation. For the analytical methods, this was a requirement for the analysis. In terms of 

the finite element model, excluding heat transfer by convection reduced the amount of required 

parameters required for the model while still providing thermal responses in the waste that 

closely replicated the field data.  

 

A sensitivity analysis was performed for the finite element model by changing various 

parameters for the heat extraction model and recording the influence they had on the thermal 

response at each depth. The two main conclusions from sensitivity analysis were that:  

1) the addition of present-day heat generation rates was negligible to the model, and 

2) the additional materials (annular steel pipe and sand backfill) modelled greatly varied the 

thermal response results at the central depths and was negligible at the shallow and lower 

depths. 
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The results from the finite element model were found to be within the range of previous literature 

in terms of the thermal properties and thermal response of the waste. The maximum decrement in 

temperature beside the vertical BHE for the heat extraction model was 18°C. This is 2°C less 

than the maximum thermal drawdown measured by Yeşiller et al. (2016). In addition, the radius 

of influence from the model was found to be 4.0 m. This radius of influence is between the 

Alaska (2 m) and the New Mexico (8 m) values determined by Onnen (2014). While these 

results are not surprising, due to the MSW temperature distribution at the Northern Landfill only 

having peak temperatures greater than the Alaska landfill, it was not expected to have the radius 

of influence be more similar to the Alaska model than the New Mexico model. This may be due: 

1) Onnen’s model having a favourable fluid (20:80 PG:water mixture) in terms of fluid and 

thermal properties, and/or 

2) Onnen’s analysis being solely based on modelling, which may vary from experimental 

testing. This includes his assumption that the vertical heat exchanger would be installed 

immediately following the cover placement, resulting in a greater heat extraction rate.     

 

The final milestone for the project was to evaluate the practicality of low-grade geothermal 

energy recovery from the Loraas landfill. The heat extraction rate from the field data and the 

model were determined to be minimal and not practical for the Loraas landfill operators. 

Ignoring heat loss and heat exchanger efficiency, a well field of 26 vertical BHEs would be 

required to provide the Loraas landfill operators 11.5 kW of power. Since the chosen circulation 

fluid, non-constant inlet temperature, and potential atmospheric influence on the measured 

temperatures may be contributing factors to this result, two additional simulations were 

conducted with the calibrated Winter 2021 Test GeoStudio model. With constant fluid 

temperatures of 0.0°C and -4.0°C, the number of required vertical BHEs was reduced to 18, and 

14, respectively. However, this only provided an optimal payback period of 10 years before 

considering the operating costs of the system. Comparing the average rate of heat transfer per 

length of pipe and payback period to previous tests, it is possible that the temperature distribution 

inside the Northern Landfill does not promote an optimal thermal gradient for heat extraction 

with a vertical GHE configuration and would require a horizontal configuration for practical 

low-grade geothermal energy recovery. 
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5.1 Conclusions from the Active Thermal Response Tests 

The following are conclusions based on performing and analyzing the active TRTs: 

1) When possible, the observational method should be used to compare the thermal response 

of the waste from an active TRT to the passive thermal response. This can be a simple 

method of estimating the approximate radius of influence range from the active TRT.     

2) Despite all assumptions not being met during the field testing, the ILS method is a 

suitable method to provide initial MSW thermal properties with depth for a more 

complex finite element model. The only depths where the difference between the thermal 

diffusivity from the ILS method and the GeoStudio model was significantly greater than 

1.0 x 10-7 m2/s were the 10 m and 24 m depths from the Summer 2020 heat injection test. 

Traditionally, the ILS analysis only considers the temperature of the fluid at the inlet and 

outlet locations of the heat exchanger, but this project indicates that the measured 

response within the surrounding medium is also an effective method that can be used to 

consider spatial variability. 

3) Cooper and Jacob’s (1946) distance-drawdown method may be a possible analytical 

method for indicating the homogeneity of the MSW radially within the testing area, but 

for this project the method overestimated the thermal properties of the waste.  

4) For each test, the seasons and well materials caused the thermal diffusivity of the waste to 

vary with depth although this conclusion may be due to: 

a. the difference in the initial MSW temperature distribution between the seasonal 

tests (especially at the shallower depths),  

b. the thermal conductivity of the annular steel pipe being a magnitude greater than 

the MSW,  

c. the insulation applied to the annular steel pipe above the landfill cover and within 

the top 1.5 m section of the waste being insufficient, and/or  

d. the relatively short duration of the heat injection test and the minimal thermal 

response not being representative of a long-term response. 

For this project, the most representative model was the heat extraction model with the 

inclusion of the annular steel and backfilled sand. The thermal diffusivity for this model 

was 22% lower than heat extraction test that only accounted for the MSW material.     
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5) Site exploration and instrument installation, without the use of drilling fluid, can provide 

in-situ MSW cores with moisture contents that are more valid. As shown in the 

determined thermal diffusivity trend with depth from the heat extraction models and the 

MSW borehole previous extracted without drilling fluid, the dry density and VWC 

measurements from these cores may be able to predict the thermal diffusivity trend with 

depth. Due to the heterogeneity of MSW, this may not always be the case. 

 

5.2 Recommendations for Future Research 

5.2.1 MSW Active Thermal Response Field Testing  

The following are recommendations for future research regarding the testing portion of active 

TRTs at MSW landfills:  

1) Landfills containing mesophilic bacteria have been previously found to optimize methane 

generation when waste temperatures are between 35°C and 40°C (Lefebvre, et al., 2000; 

Yeşiller et al., 2005; Grillo, 2014; Nocko et al., 2020). A long-term active TRT should be 

performed at a landfill (with mesophilic bacteria) with a vertical BHE configuration in 

similar climate with the purpose of regulating the waste to these optimal temperatures. A 

comparison can then be performed on the net energy recovered by heat extraction (as 

performed at the Northern Landfill) and by optimal gas extraction.  

2) Due to unfavourable fluid and thermal properties, a circulation fluid of 30:70 PG:water 

mixture by volume should not be used for heat extraction tests in any climate. For cold 

and semi-arid climates, a fluid such as an EG:water mixture should be used to ensure that 

freezing of pipes (and the potential destruction of the pipe) will not occur. The 

proportions of the fluid mixture should be dependent on: 

a) the expected minimum atmospheric temperatures, 

b) the thermal and fluid properties of the mixture, 

c) any possible chemical reactions between the mixture and choice of pipe material 

(such as oxidation), and  

d) the environmental consequences in the case of a leak.  

3) If a constant inlet temperature is desired, a thermostatic system should be used to heat (if 

applicable) and cool the circulation fluid. The cooling portion from the project’s 

thermostatic can be improved by:  
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a) using a chiller that does not rely on the atmospheric temperature, or 

b) placing the storage tank and thermostatic system inside a small room (near the 

heat exchanger) with a regulated room temperature. A trial-and-error approach 

may be required to evaluate the optimal room temperature to provide efficient 

cooling. This alternative may also be expensive and require additional design and 

planning. 

4) Based on the 4.0 m radius of influence found from the heat extraction test, a theoretical 

analysis (based on the method of superposition) should be performed on the optimal 

spacing between BHEs for the purpose of implementing a geothermal well field. This 

analysis could then be implemented as a field scale test. 

 

5.2.2 Modelling of MSW Active Thermal Response Tests  

The following are recommendations for future research regarding the modelling of active TRTs 

at MSW landfills:  

1) Since there are mechanical, hydraulic, and pneumatic processes known to influence heat 

transport and material properties inside landfills, a model should be constructed to couple 

these other processes. In addition, the BHE should be modelled to include the effects of 

convection. This would involve modelling the flow rate, flow direction, and thermal 

properties of the circulation fluid. 

External factors such as radiation, wind, and snow should be included in future models to 

improve the prediction of thermal responses at shallow depths. This would involve the top 

boundary condition of the model not being exclusively an atmospheric temperature boundary. 
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Appendix A: Thermistor Calibrations and Locations 

Table A.1 through Table A.6 present the thermistor calibrations and their respective location for 

each thermistor. A negative installed depth indicates that the thermistor is placed above the 

landfill cover.  

Table A.1: Thermistor Calibrations for GT20-02 Annular Spacing 

GT20-02 - 

Annulus 
Water Bath Reading (°C) 

Linear 

Correction 
Installed 

Depth 

(m) Thermistor 5.0 15.0 25.0 35.0 45.0 m b 

0m 3.51 14.58 25.42 36.41 47.39 0.9125 1.7663 -0.46 

2m 3.27 14.25 25.25 36.26 47.18 0.9105 2.0173 1.54 

9m 3.15 14.05 24.99 35.77 46.62 0.9203 2.0699 8.54 

14m 3.97 14.37 24.63 35.11 45.46 0.9641 1.1784 13.54 

21m 3.19 14.07 24.92 35.84 46.65 0.92 2.0596 20.54 

23m 3.11 14.00 24.82 35.74 46.50 0.9215 2.1158 22.54 
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Table A.2: Thermistor Calibrations for GT20-02 Centre Spacing 

GT20-02 - 

Centre 
Water Bath Reading (°C) 

Linear 

Correction 

Installed 

Depth 

(m) Thermistor 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 m b 

23m 3.18 9.05 14.44 19.66 25.10 30.62 36.19 41.67 47.25 0.9072 2.181 22.50 

Outflow 3.56 9.50 14.96 20.06 25.80 31.33 36.71 42.29 47.75 0.9036 1.7898 -1.50 

 

Table A.3: Thermistor Calibrations for Custom-assembled Plugs 

Custom-

assembled 

Plugs 

Water Bath Reading (°C) 
Linear 

Correction 

Installed  

Depth 

(m) 
Thermistor 5.0 10.0 12.5 15.0 20.0 25.0 30.0 35.0 40.0 45.0 m b 

Inflow 5.11 10.46  15.49 20.18 25.22 30.29 35.36 40.46 45.43 0.9899 0.0  

Storage Tank 7.14 11.72  16.64 21.25 26.11 31.27 36.10 41.20 46.26 1.0142 -1.7075  

Outflow-

Elbow 
5.14 10.21 12.74 15.17 20.35           0.9865 0.0299 -1.70 
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Table A.4: Thermistor Calibrations for TH19-02A 

TH19-02A Water Bath Reading (°C) 
Linear 

Correction 
Installed 

Depth 

(m) Thermistor 5.0 15.0 25.0 35.0 m b 

1m 5.13 15.23 25.20 35.24 0.997 -0.1395 0.93 

3m 5.16 15.30 25.27 35.33 0.9952 -0.168 2.93 

5m 4.92 15.00 25.01 34.99 0.9978 0.064 4.93 

10m 5.03 15.08 25.10 35.08 0.9983 -0.0384 9.93 

15m 5.17 15.18 25.13 34.97 1.0065 -0.2438 14.93 

20m 4.70 14.69 24.64 34.59 1.0038 0.27 19.93 

24m 4.94 14.93 24.86 34.72 1.0073 -0.0084 23.70 

 

Table A.5: Thermistor Calibrations for TH19-02 

TH19-02 Water Bath Reading (°C) 
Linear 

Correction 
Installed 

Depth 

(m) Thermistor 5.0 15.0 25.0 35.0 45.0 m b 

Surface 2.95 13.75 24.56 35.38 46.23 0.9243 2.2863   

0m 3.50 14.26 25.15 35.94 46.89 0.922 1.8138   

1m 3.35 14.19 25.08 35.87 46.72 0.9223 1.9028 0.36 

3m 3.19 14.04 24.93 35.80 46.69 0.9195 2.078 2.36 

5m 3.39 14.12 25.08 35.91 46.79 0.9209 1.9244 4.36 

10m 3.28 14.09 24.81 35.61 46.56 0.9252 1.9896 9.36 

15m 3.16 13.89 24.65 35.44 46.18 0.9295 2.076 14.36 

20m 3.18 13.91 24.66 35.42 46.12 0.9312 2.0388 19.36 

24m 3.14 13.89 24.69 35.50 46.26 0.9272 2.1016 23.86 

 

Table A.6: Thermistor Calibrations for BH19-02A 

BH19-02A Water Bath Reading (°C) 
Linear 

Correction 
Installed 

Depth 

(m) Thermistor 5.0 15.0 25.0 35.0 45.0 m b 

Surface 3.13 13.94 24.78 35.64 46.48 0.9225 2.1273   

0m 3.25 14.19 25.08 36.00 46.89 0.9167 2.008   

1m 3.26 14.11 24.89 35.82 46.49 0.9245 1.968 0.79 

3m 3.62 14.44 25.16 35.96 46.72 0.9283 1.6246 2.79 

5m 3.52 14.40 25.15 36.05 46.62 0.9272 1.683 4.79 

10m 3.40 14.24 25.15 36.00 46.82 0.9208 1.8674 9.79 

15m 3.52 14.20 24.86 35.53 46.26 0.9362 1.7119 14.79 

20m 3.07 13.84 24.58 35.36 46.08 0.9299 2.1378 19.79 

24m 3.10 13.90 24.69 35.50 46.27 0.9264 2.1243 23.39 
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The linear correction for each individual thermistor is in the form 𝑌 = 𝑚 ∗ 𝑇 + 𝑏, where 𝑌 is the 

actual (corrected) temperature and 𝑇 is the recorded (raw) temperature. Table A.7 presents the 

surveyed borehole locations. 

 

Table A.7: Surveyed Borehole Locations 

Borehole Northing (m) Easting (m) Elevation (m) 

GT20-02 5,791,904.603 387,215.476 530.643 

TH19-02A 5,791,906.417 387,215.435 530.624 

TH19-02 5,791,907.432 387,211.204 530.691 

BH19-02A 5,791,910.789 387,211.844 530.848 
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Appendix B: Landfill Contour Map and Cross-Sections 

The contour map (Figure B.1) and cross-sections (Figure B.2 and Figure B.3) below were used to determine target depths while 

drilling. These were reported to Loraas Disposal in 2015 from a local consulting firm. Cross-section B is not shown, as it was not used 

for instrument installation at Cluster 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1: Landfill contour map 

A 

C 

B 
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Figure B.2: Cross-section A 
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Figure B.3: Cross-section C 
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Appendix C: In-situ MSW Core Densities and VWC 

Table C.1 to Table C.4 present the dry density and VWC for each sampled borehole at the 

Cluster 2 location where the TRT occurred. As stated in Section 3.3.3, the only sample that was 

drilled in this location without the use of drilling fluid was from a previous drilling expedition 

and had a thickness-weighted average VWC of 0.29 m3/m3. The VWC for the other boreholes 

ranged between 0.35 m3/m3 to 0.42 m3/m3.      

 

Table C.1: BH18-02 In-situ MSW Properties (adapted from Hucl, 2021) 

Sample 
Wet weight 

(kg) 

Dry Weight 

(kg) 
Length (m) 

Dry Density 

(kg/m3) 

VWC 

(m3/m3) 

1A 22.74 19.84 
3.05 1489 0.20 

1B 10.50 9.44 

2A 8.02 6.50 

3.05 1093 0.23 2B 14.99 12.76 

2C 3.23 2.48 

3A 13.00 11.11 
3.05 790 0.28 

3B 8.19 4.58 

4A 12.87 10.76 
3.05 1002 0.24 

4B 12.54 9.06 

5A 11.57 7.14 

3.05 1230 0.37 5B 14.34 11.57 

5C 6.73 5.69 

6A 5.90 4.52 1.52 448 0.14 

7A 6.18 5.16 1.83 428 0.09 

8A 10.37 7.15 
2.74 941 0.41 

8B 13.59 9.65 

9A 9.03 6.73 

3.35 1237 0.51 9B 16.52 11.90 

9C 12.31 8.32 

Sum: 212.62 164.36 24.69   

Thickness-weighted average 1024 0.29 
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Table C.2: GT20-02 In-situ MSW Properties 

Sample 
Wet weight 

(kg) 

Dry Weight 

(kg) 
Length (m) 

Dry Density 

(kg/m3) 

VWC 

(m3/m3) 

1A 17.90 15.41 
3.05 1659 0.24 

1B 19.31 17.2 

2A 9.70 8.14 
1.68 1117 0.36 

2B 6.39 4.14 

3A 16.97 12.69 
3.05 777 0.26 

3B 3.48 2.76 

4A 12.09 7.39 
3.05 680 0.49 

4B 11.00 6.16 

5A 12.00 9.32 

3.05 1190 0.39 5B 15.13 12.8 

5C 4.06 1.52 

6A 11.62 8.65 

3.05 1112 0.35 
6B 4.42 3.42 

6C 9.87 1.72 

6D 3.11 8.49 

7A 14.36 9.85 
3.05 1357 0.44 

7B 20.88 16.88 

8A 15.53 11.4 
2.44 1452 0.59 

8B 16.62 11.53 

Sum: 224.44 169.47 22.42   

Thickness-weighted average 1163 0.39 
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Table C.3: TH19-02A In-situ MSW Properties 

Sample 
Wet weight 

(kg) 

Dry Weight 

(kg) 
Length (m) 

Dry Density 

(kg/m3) 

VWC 

(m3/m3) 

1A 16.51 13.21 
3.05 1705 0.28 

1B 22.48 20.29 

2A 10.77 9.42 

3.00 1369 0.41 2B 16.21 11.9 

2C 8.11 5.81 

3A 14.82 12.33 
3.00 1016 0.39 

3B 12.88 7.77 

4A 12.91 10.53 
3.05 1060 0.25 

4B 12.88 10.43 

5A 9.72 6.86 
NA 764 0.37 

5B 12.58 8.33 

6A 12.40 9.32 
Sloughed 926 0.28 

6B 11.37 9.03 

7A 11.00 7.99 
2.79 855 0.32 

7B 12.13 8.98 

8A 14.53 10.38 
2.36 1148 0.46 

8B 17 12.28 

Sum: 228.30 172.14 17.25   

Thickness-weighted average 1199 0.35 

 

The first 6.71 m of sample for the borehole BH19-02A was drilled from a direct push method of 

drilling. This method provided significantly smaller sample lengths and diameters when 

compared to the sonic drilling method used for the other MSW cores of the project. The location 

of the push samples shown (E19-02, subsample 6) was within a foot of BH19-02A. As a result, 

the first 6.71 m of sample in Table C.4 are from the direct push method and the remaining cores 

(9.14 m to 24.07 m) are from the sonic drilling method described in Section 3.3.3. 
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Table C.4: BH19-02A In-situ MSW Properties 

Sample 
Wet weight 

(kg) 

Dry Weight 

(kg) 
Length (m) 

Dry Density 

(kg/m3) 

VWC 

(m3/m3) 

E19-02: 6-1 12.01 10.72 1.52 3472 0.47 

E19-02: 6-2 5.14 4.12 1.52 1334 0.38 

E19-02: 6-3 5.12 3.69 1.52 1195 0.51 

E19-02: 6-4 1.95 1.35 1.52 437 0.25 

E19-02: 6-5 2.72 2.40 0.61 1563 0.51 

3A 16.29 13.67 
3.05 856 0.39 

3B 7.87 3.31 

4A 9.14 7.02 
3.05 578 0.29 

4B 7.71 4.54 

5A 10.84 7.71 
3.05 805 0.41 

5B 12.71 8.26 

6A 8.47 6.96 
3.05 692 0.20 

6B 8.93 6.83 

7A 16.07 10.46 1.52 1043 0.59 

8A 22.84 6.92 3.66 283 0.69 

Sum: 147.81 97.96 24.07   

Thickness-weighted average 926 0.42 
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Appendix D: Flowmeter Field Calibration and Test Flowrates 

The flowmeter used for the active TRTs was calibrated for each test to ensure its accuracy with 

the different fluid temperatures of each test. These were performed once the test apparatus was 

set up prior to connecting the supply line to the annular BHE spacing. The materials used 

included the following: 

1) the main circulation pump, 

2) the flowmeter, 

3) a 5-gallon pail with internal 5-L increments indicated on the inside, and 

4) a 1-L measuring cup. 

 

The one-person field flowmeter calibration procedure for the Summer 2020 Heat Injection Test 

is shown below: 

1) Run the main circulation pump for one minute. 

2) Record the measured flow from the flowmeter. This value would be reached after the first 

few seconds of the calibration trail. 

3) Stop the main circulation pump when one minute was reached. 

4) Use the 1-L measuring cup to remove fluid inside the pail until the closest 5-L increment 

was reached. The amount of fluid removed was recorded. 

5) Record the amount of fluid pumped into the pail by adding the remaining fluid in the pail 

and the amount removed from the pail in Step 4.   

 

Since a colleague was available for the Winter 2021 Heat Extraction Test flowmeter calibration, 

the calibration procedure was modified to allow greater flowrates and therefore, a greater 

calibration range. The modified calibration procedure is shown below: 

1) Run the main circulation pump. 

2) One person verbally indicates the amount of time required for the fluid to reach each 

internal 5-L increment in the 5-gallon pail and the measured flow rate. The second person 

records the values during the test. 

3) Stop the main circulation pump once the 5-gallon pail was almost filled.    
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Figure D.1 and Figure D.2 below present the flowmeter calibration curves from the Summer 

2020 and Winter 2021 field calibrations.  

 

 

Figure D.1: Calibration curve for Summer 2020 Heat Injection Test 

 

 

Figure D.2: Calibration curve for Winter 2021 Heat Extraction Test 

 

While both calibrations have a sufficient R-squared value (both greater than 0.98), the difference 

in the calibration equations may be attributed to: 

1) human measurement error for time and/or fluid volume measurement, 
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2) different calibration procedures and flowrate ranges, and/or  

3) difference in fluid properties due to a difference in fluid temperature.  

In addition to each calibration curve having a sufficient R-squared value, each equation provides 

similar corrected values for the range of flowrates recorded for each test. This is shown in Figure 

D.3 below. As a result, both curves were found to be acceptable for their respective test. 

 

 

Figure D.3: Comparison between Summer 2020 and Winter 2021 flowmeter calibration curves 

 

Table D.1 and Table D.2 present the flowrate data taken during the Summer 2020 Heat Injection 

Test and the Winter 2021 Heat Extraction Test, respectively. 
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Table D.1: Flowrate Data from Summer 2020 Heat Injection Test 

Date Time Raw Flow Rate (USGPM) Average Raw Flow Rate (USGPM) 

23-Jul-20 

13:40 4.00 

4.11 

13:48 3.96 

13:56 4.13 

14:06 4.16 

14:20 4.20 

14:31 4.11 

14:36 4.16 

14:46 4.14 

15:01 4.14 

15:14 4.14 

15:22 4.14 

15:33 4.13 

15:37 4.13 

15:53 4.11 

16:07 4.11 

16:28 4.08 

16:45 4.11 

17:07 4.23 

17:23 4.23 

17:33 4.10 

17:43 4.11 

17:53 4.00 

20:03 4.00 

20:14 4.1 

20:28 4.13 

20:57 4.01 

21:03 4.00 

24-Jul-20 

10:14 4.18 

4.17 

10:52 4.18 

11:20 4.16 

11:33 4.07 

12:44 4.19 

13:03 4.19 

13:28 4.20 

14:04 4.20 

14:20 4.18 

25-Jul-20 

10:10 0.00 

3.89 12:59 started system 

13:18 4.20 
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13:24 3.92 

14:03 4.32 

14:21 4.06 

14:27 4.06 

14:53 4.06 

15:20 4.38 

15:22 4.00 

15:25 3.55 

15:40 3.23 

15:44 3.2 

16:00 3.7 

26-Jul-20 10:36 0.00  

27-Jul-20 

11:00 started system 

4.09 

11:02 4.11 

11:06 4.08 

11:15 4.04 

11:31 4.04 

11:39 4.03 

11:48 4.02 

12:02 4.03 

12:18 4.06 

12:38 4.04 

12:56 4.06 

13:01 4.18 

13:10 4.16 

13:20 4.04 

13:22 4.16 

13:42 4.11 

14:15 4.13 

14:50 4.11 

15:00 4.12 

15:35 4.14 

15:44 4.14 

16:00 4.12 

16:12 4.13 

28-Jul-20 

9:06 4.13 

4.12 

9:22 4.14 

9:34 4.14 

16:03 4.11 

16:11 4.11 

16:17 4.11 
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16:25 4.11 

29-Jul-20 

10:39 4.14 

4.13 

10:51 4.14 

11:05 4.12 

11:14 4.12 

18:24 4.12 

30-Jul-20 

11:14 4.13 

4.12 

11:41 4.12 

11:56 4.12 

12:24 4.12 

12:35 4.11 

12:45 4.12 

12:58 4.13 

31-Jul-20 11:09 0.00  

01-Aug-20 

16:02 started system 

3.87 

16:04 3.91 

16:07 3.91 

16:13 3.89 

16:14 3.88 

16:20 3.88 

16:26 3.85 

16:36 3.85 

16:57 3.83 

17:04 3.83 

17:08 3.81 

17:31 3.81 

17:37 3.81 

17:52 3.83 

17:58 3.84 

18:08 3.95 

18:17 3.94 

18:29 3.95 

02-Aug-20 

10:47 3.95 

3.91 

10:59 3.83 

11:17 3.95 

11:45 3.94 

12:06 3.93 

19:02 3.93 

19:24 3.80 

19:32 3.93 

03-Aug-20 10:09 3.92 3.92 
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10:20 3.92 

10:30 3.92 

04-Aug-20 

12:52 3.90 

3.9 13:01 3.91 

13:20 3.89 

05-Aug-20 

13:48 3.92 

3.92 
14:04 3.92 

14:15 3.92 

14:25 3.92 

06-Aug-20 

10:32 3.89 

3.88 

10:47 3.88 

11:21 3.87 

11:40 3.89 

12:10 3.87 

07-Aug-20 

10:53 3.86 

3.85 11:41 3.85 

11:55 3.85 

08-Aug-20 
10:16 3.89 

3.89 
10:47 3.88 

09-Aug-20 
16:11 3.85 

3.84 
16:28 3.83 

10-Aug-20 

14:31 3.85 

3.80 
15:00 3.79 

15:26 3.86 

16:10 3.71 

11-Aug-20 

10:13 3.88 

3.88 
10:22 3.89 

10:48 3.87 

11:03 3.87 

12-Aug-20 

9:45 3.86 

3.87 10:05 3.87 

10:28 3.89 

13-Aug-20 

16:56 4.02 

4.02 
17:14 4.02 

17:24 4.02 

17:46 4.02 

14-Aug-20 
16:07 3.98 

3.95 
17:23 3.92 

15-Aug-20 

11:12 3.96 

3.96 11:40 3.97 

14:52 3.96 
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16:14 3.95 

16-Aug-20 

11:46 3.97 

3.97 
13:22 3.97 

14:58 3.96 

15:25 3.96 

17-Aug-20 

7:48 3.96 

3.98 

8:01 3.94 

8:52 3.93 

9:24 3.92 

9:46 NA 

9:50 3.95 

10:01 4.08 

10:20 4.04 

10:42 4.04 

15:34 3.97 

16:20 3.97 

16:49 3.98 

18-Aug-20 

11:20 4.01 

4.00 

12:14 4.00 

12:46 4.00 

13:15 4.00 

13:42 3.99 

14:23 4.00 

15:14 3.97 

19-Aug-20 

15:04 3.98 

3.98 15:10 3.98 

15:52 3.98 

20-Aug-20 
14:05 3.92 

3.92 
14:28 3.91 

21-Aug-20 
14:38 3.90 

3.90 
15:06 3.90 

23-Aug-20 
20:21 3.91 

3.91 
20:35 3.91 

24-Aug-20 
16:02 3.90 

3.90 
16:29 3.90 

26-Aug-20 
9:40 3.91 

3.92 
10:30 3.92 

28-Aug-20 
14:38 0.00 

0.00 
15:10 0.00 

Average raw flow rate measured (USGPM) 3.95 

Average corrected flow rate measured (USGPM) 4.05 
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Average corrected flow rate measured (LPM) 15.3 
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Table D.2: Flowrate Data from Winter 2021 Heat Extraction Test 

Date Time Raw Flow Rate (USGPM) Average Raw Flow Rate (USGPM) 

13-Dec-20 

11:03 3.90 

4.36 

11:33 4.44 

12:06 4.42 

12:36 4.40 

12:55 4.40 

13:50 4.38 

14:08 4.38 

14:35 4.38 

14:51 4.39 

15:17 4.40 

15:52 4.38 

16:07 4.40 

16:29 4.38 

16:57 4.38 

17:15 4.35 

17:30 NA 

14-Dec-20 
9:06 NA 

4.38 
9:16 4.38 

15-Dec-20 

11:30 NA 

4.40 

11:48 NA 

11:56 4.42 

11:59 4.38 

12:06 4.38 

12:08 4.43 

16-Dec-20 
14:40 4.41 

4.42 
15:50 4.42 

17-Dec-20 

10:01 4.44 

4.45 10:42 4.42 

17:40 4.50 

19-Dec-20 
12:54 4.52 

4.54 
13:17 4.55 

20-Dec-20 
12:08 4.52 

4.52 
12:22 4.52 

23-Dec-20 

15:45 4.49 

4.45 16:35 4.45 

16:46 4.42 

24-Dec-20 
11:36 4.46 

4.47 
11:48 4.48 

25-Dec-20 16:00 4.48 4.48 
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26-Dec-20 16:00 4.48 

4.47 
27-Dec-20 

15:24 4.47 

15:45 4.46 

16:05 4.46 

16:27 4.46 

17:01 NA 

28-Dec-20 

16:00 4.46 

4.44 
16:19 4.45 

16:43 4.40 

17:05 4.45 

29-Dec-20 

14:21 4.45 

7.95 

14:25 8.40 

14:41 8.45 

15:10 8.46 

15:25 8.46 

16:22 8.46 

16:40 8.45 

16:55 8.46 

30-Dec-20 

12:50 8.25 

8.24 

13:30 8.25 

14:05 8.22 

14:26 8.21 

14:44 8.22 

14:47 NA 

14:50 NA 

14:52 NA 

15:07 NA 

15:10 8.28 

31-Dec-20 

11:43 8.24 

8.21 12:32 8.15 

12:38 8.25 

01-Jan-21 17:30 8.14 8.14 

02-Jan-21 17:30 8.18 8.18 

03-Jan-21 

15:27 8.10 

8.10 16:22 8.09 

16:53 8.10 

05-Jan-21 
12:34 8.10 

8.10 
13:25 8.10 

07-Jan-21 

11:10 8.10 

8.22 11:55 8.11 

12:12 8.32 
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13:46 8.30 

14:40 8.28 

08-Jan-21 
16:52 8.31 

8.32 
17:30 8.32 

09-Jan-21 

13:28 8.26 

8.26 13:55 8.25 

14:05 8.27 

10-Jan-21 
12:49 8.2 

8.21 
13:28 8.22 

11-Jan-21 
14:46 8.29 

8.29 
15:36 8.28 

12-Jan-21 

9:51 8.27 

8.37 

14:06 8.28 

14:08 NA 

14:10 8.32 

14:25 8.34 

14:45 8.34 

14:49 8.34 

14:51 8.50 

15:02 8.48 

15:14 8.42 

15:23 8.40 

13-Jan-21 

9:20 8.20 

8.25 15:42 8.28 

16:22 8.28 

14-Jan-21 

10:00 0.00 

8.26 

10:08 8.22 

10:28 8.28 

11:12 8.28 

12:13 8.27 

15-Jan-21 

9:30 8.17 

8.16 

9:39 8.14 

9:45 8.25 

10:18 8.09 

10:46 8.16 

16-Jan-21 

10:01 8.08 

8.07 10:22 8.07 

10:40 8.06 

17-Jan-21 

12:20 8.06 

8.07 12:38 8.07 

13:05 8.08 
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20-Jan-21 

10:05 7.12 

7.83 10:42 8.20 

11:06 8.18 

21-Jan-21 

9:52 8.13 

8.18 

10:05 NA 

10:30 NA 

10:41 NA 

10:56 NA 

11:11 8.20 

11:20 NA 

11:26 8.20 

23-Jan-21 

11:13 9.13 

8.50 

11:41 9.15 

11:42 9.25 

11:44 8.28 

11:49 NA 

11:58 8.24 

12:23 8.08 

12:42 NA 

13:02 8.22 

13:07 NA 

13:12 8.08 

16:22 8.10 

24-Jan-21 17:38 8.10 8.10 

26-Jan-21 

13:10 8.14 

8.14 
14:24 8.15 

15:01 8.13 

17:30 8.12 

27-Jan-21 

12:46 8.14 

8.14 

13:10 8.14 

13:39 NA 

13:47 NA 

13:51 NA 

14:01 NA 

14:18 NA 

14:27 8.15 

16:56 8.15 

17:39 8.14 

30-Jan-21 

10:47 8.08 

8.09 11:50 8.09 

11:55 NA 
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12:02 NA 

12:13 8.08 

12:39 NA 

13:33 8.08 

13:52 8.10 

14:14 8.08 

31-Jan-21 

15:23 8.02 

8.03 

16:11 8.02 

16:32 NA 

17:13 NA 

17:22 8.03 

17:33 8.04 

01-Feb-21 

11:31 8.01 

8.03 

12:51 8.02 

13:29 8.01 

14:18 8.04 

14:55 8.05 

02-Feb-21 10:57 8.04 8.04 

03-Feb-21 

11:55 8.07 

8.07 
11:59 NA 

12:00 NA 

12:43 8.07 

04-Feb-21 
16:32 8.08 

8.08 
17:18 8.07 

05-Feb-21 

14:57 8.11 

8.07 
15:01 7.96 

15:08 8.12 

15:33 8.08 

06-Feb-21 

12:52 8.09 

8.04 

13:06 8.08 

13:27 8.09 

13:28 7.92 

13:29 7.95 

13:40 8.09 

08-Feb-21 
12:09 8.05 

8.07 
12:48 8.08 

13-Feb-21 

10:53 7.98 

8.03 
10:58 NA 

10:59 NA 

11:12 8.07 

14-Feb-21 10:27 8.03 8.02 
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10:29 NA 

10:57 8.01 

15-Feb-21 
10:35 7.97 

8.00 
10:55 8.02 

16-Feb-21 
15:25 8.11 

8.13 
16:17 8.14 

20-Feb-21 

11:30 8.09 

8.13 

13:00 NA 

14:37 8.17 

14:54 NA 

15:07 NA 

15:28 8.14 

21-Feb-21 

10:50 8.08 

8.08 
12:04 NA 

13:35 8.08 

14:21 8.08 

27-Feb-21 

11:30 8.02 

8.05 

11:44 8.00 

11:45 8.07 

13:50 7.96 

14:05 8.12 

14:56 8.12 

01-Mar-21 

16:22 8.12 

8.12 16:57 8.12 

17:25 8.13 

05-Mar-21 
15:57 8.14 

8.11 
16:01 8.08 

Average raw flow rate measured before increase 4.45 

Average corrected flow rate measured before increase 

(USGPM) 
4.19 

Average corrected flow rate measured before increase 

(LPM) 
15.9 

Average raw flow rate measured after increase 8.13 

Average corrected flow rate measured after increase 

(USGPM) 
8.49 

Average corrected flow rate measured after increase 

(LPM) 
32.2 
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Appendix E: Initial MSW Temperatures  

As discussed in Section 4.2.2, the initial temperatures of the waste were evaluated to be either 

the immediate temperature or the 24-hour average prior to the test. Table E.1 to Table E.3 

present the initial temperatures used for the Summer 2020 Heat Injection Test at locations TH19-

02A, TH19-02 and BH19-02A, respectively. The immediate temperature value was used as the 

initial temperature for all the thermistors, unless the two following conditions were met: 

1) the thermistor was not at a depth known to be influenced by ambient temperature (i.e., 

greater than 5m depth), and 

2) the temperature difference between the immediate temperature and the 24-hour average 

was greater than 0.05°C. 

If both conditions were met, the 24-hour average temperature was used as the initial temperature 

for the test. While 0.05°C is a relatively small temperature to use for this analysis, it is necessary 

to have this value be as accurate as possible, since the thermal responses for the Summer 2020 

Heat Injection Test were less than 1.0°C. The exception to this rule is the TH19-02A 24m depth 

(Table E.1) thermistor, since the 24-hour average did not accurately represent the actual 

temperature due to an uncharacteristic increase in temperature. 

 

Table E.1: Initial MSW Analysis for TH19-02A Summer 2020 Test 

Analysis\Depth 1m 3m 5m 10m 15m 20m 24m 

Immediate 

(°C) 
15.15 8.54 15.79 29.11 29.63 25.44 19.13 

24-hour 

Average (°C) 
15.15 8.54 15.84 29.17 29.72 25.50 19.20 

Absolute 

Difference 

(°C) 

0.00 0.00 0.05 0.06 0.08 0.06 0.07 

Temperature 

Used (°C) 
15.15 8.54 15.79 29.17 29.72 25.50 19.20 
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Table E.2: Initial MSW Analysis for TH19-02 Summer 2020 Test 

Analysis\Depth 1m 3m 5m 10m 15m 20m 24m 

Immediate 

(°C) 
NA 10.03 12.52 27.81 30.98 27.31 NA 

24-hour 

Average (°C) 
NA 10.01 12.54 27.83 31.01 27.31 NA 

Absolute 

Difference 

(°C) 

NA 0.02 0.02 0.02 0.03 0.00 NA 

Temperature 

Used (°C) 
NA 10.03 12.52 27.81 30.98 27.31 NA 

 

Table E.3: Initial MSW Analysis for BH19-02A Summer 2020 Test 

Analysis\Depth 1m 3m 5m 10m 15m 20m 24m 

Immediate 

(°C) 
16.89 9.80 24.62 28.84 29.84 26.31 20.90 

24-hour 

Average (°C) 
16.73 9.81 24.81 28.90 29.89 26.34 20.94 

Absolute 

Difference 

(°C) 

0.16 0.01 0.19 0.06 0.05 0.03 0.04 

Temperature 

Used (°C) 
16.89 9.80 24.81 28.90 29.84 26.31 20.90 

 

Table E.4 to Table E.6 present the initial temperatures used for the Winter 2021 Heat Extraction 

Test at locations TH19-02A, TH19-02 and BH19-02A. The initial temperature for each 

thermistor for this location followed the same method as the one used for the Summer 2020 Heat 

Injection Test. 

 

Table E.4: Initial MSW Analysis for TH19-02A Winter 2021 Test 

Analysis\Depth 1m 3m 5m 10m 15m 20m 24m 

Immediate 

(°C) 
3.95 13.26 20.26 30.04 30.51 26.23 19.74 

24-hour 

Average (°C) 
3.92 13.18 20.27 29.98 30.22 26.10 19.79 

Absolute 

Difference 

(°C) 

0.03 0.08 0.01 0.06 0.29 0.13 0.05 

Temperature 

Used (°C) 
3.95 13.26 20.26 29.98 30.22 26.10 19.74 
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Table E.5: Initial MSW Analysis for TH19-02 Winter 2021 Test 

Analysis\Depth 1m 3m 5m 10m 15m 20m 24m 

Immediate 

(°C) 
NA 11.29 17.57 27.67 30.91 27.55 NA 

24-hour 

Average (°C) 
NA 11.25 17.58 27.83 30.82 27.47 NA 

Absolute 

Difference 

(°C) 

NA 0.04 0.01 0.16 0.09 0.08 NA 

Temperature 

Used (°C) 
NA 11.29 17.57 27.83 30.82 27.47 NA 

 

Table E.6: Initial MSW Analysis for BH19-02A Winter 2021 Test 

Analysis\Depth 1m 3m 5m 10m 15m 20m 24m 

Immediate 

(°C) 
4.21 11.92 22.37 27.60 29.77 26.87 21.21 

24-hour 

Average (°C) 
4.19 11.88 23.56 28.12 29.85 26.45 21.15 

Absolute 

Difference 

(°C) 

0.02 0.04 0.19 0.52 0.08 0.42 0.06 

Temperature 

Used (°C) 
4.21 11.92 23.56 28.12 29.85 26.45 21.15 
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Appendix F: Temperatures and Gradients in the Vertical BHE 

Figure F.1 to Figure F.12 present the temperatures of the circulating fluid inside the annular 

spacing of the vertical BHE for the Summer 2020 and Winter 2021 Tests. 

 

Figure F.1: Annular fluid response at 0 m depth during Summer 2020 Heat Injection Test 

 

 

Figure F.2: Annular fluid response at 2 m depth during Summer 2020 Heat Injection Test 
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Figure F.3: Annular fluid response at 9 m depth during Summer 2020 Heat Injection Test 

 

 

Figure F.4: Annular fluid response at 14 m depth during Summer 2020 Heat Injection Test 
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Figure F.5: Annular fluid response at 21 m depth during Summer 2020 Heat Injection Test 

 

 

Figure F.6: Annular fluid response at 23 m depth during Summer 2020 Heat Injection Test 
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Figure F.7: Annular fluid response at 0 m depth during Winter 2021 Heat Extraction Test 

 

 

Figure F.8: Annular fluid response at 2 m depth during Winter 2021 Heat Extraction Test 
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Figure F.9: Annular fluid response at 9 m depth during Winter 2021 Heat Extraction Test 

 

 

Figure F.10: Annular fluid response at 14 m depth during Winter 2021 Heat Extraction Test 
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Figure F.11: Annular fluid response at 21 m depth during Winter 2021 Heat Extraction Test 

 

 

 

Figure F.12: Annular fluid response at 23 m depth during Winter 2021 Heat Extraction Test  

 

Table F.1 and Table F.2 present the thermal gradient between the annular fluid thermistors. The 

thermal gradient was calculated based on the average temperature at each thermistor over a 24-

hour period. The thermal gradients were calculated as (T1 – T2)/z, where T1 and T2 are the 

average temperature closer to and further from the intermediate cover, respectively and z is the 
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vertical distance between the two thermistors. As a result, a positive thermal gradient indicates 

upward heat flow towards the intermediate cover while a negative thermal gradient indicates 

downward heat flow towards the liner. Comparing Table F.1 and Table F.2, a different direction 

of heat flow between 9 m to 14 m and 14 m to 21 m is experienced for each test. Since the 

maximum temperature inside the landfill is at the central depth, the 14 m thermistor location has 

the lowest thermal gradient towards the waste and the highest average temperature for the 

Summer 2020 Test and the highest thermal gradient and the lowest temperature for the Winter 

2021 Test. This may also have an impact the difference in magnitude between 21 m to 23 m for 

each test. Alternatively, there may have been a higher leachate level during the Summer 2020 

Test, promoting more heat transfer to occur with the inclusion of convection.  

 

Table F.1: Thermal Gradient Inside Vertical BHE During Summer 2020 Heat Injection Test 

Time 

Period 

(days) 

Average Temperature (°C) Thermal Gradient (°C/m) 

0 m 2 m 9 m 14 m 21 m 23 m 

0 m  

to  

2 m 

2 m  

to  

9 m 

9 m  

to  

14 m  

14 m 

to  

21 m 

21 m 

to  

23 m 

10 to 

11 
39.13 38.71 38.96 39.84 38.81 38.36 0.21 -0.04 -0.18 0.15 0.23 

11 to 

12 
39.07 38.62 38.92 39.81 38.80 38.34 0.23 -0.04 -0.18 0.14 0.23 

16 to 

17 
38.59 38.63 39.04 39.94 38.91 38.48 -0.02 -0.06 -0.18 0.15 0.22 

20 to 

21 
38.68 38.71 39.11 40.02 38.98 38.55 -0.02 -0.06 -0.18 0.15 0.22 

25 to 

26 
40.24 40.30 40.65 41.58 40.51 40.00 -0.03 -0.05 -0.19 0.15 0.25 

30 to 

31 
39.26 39.36 39.73 40.66 39.64 39.17 -0.05 -0.05 -0.19 0.15 0.23 
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Table F.2: Thermal Gradient Inside Vertical BHE During Winter 2021 Heat Extraction Test 

Time 

Period 

(days) 

Average Temperature (°C) Thermal Gradient (°C/m) 

0 m 2 m 9 m 14 m 21 m 23 m 

0 m  

to  

2 m 

2 m  

to  

9 m 

9 m  

to  

14 m  

14 m 

to  

21 m 

21 m 

to  

23 m 

10 to 

11 
5.35 5.60 5.94 5.39 6.35 6.26 -0.13 -0.05 0.11 -0.14 0.04 

11 to 

12 
6.84 7.08 7.40 6.88 7.71 7.62 -0.12 -0.05 0.10 -0.12 0.04 

20 to 

21 
9.59 9.79 10.07 9.66 10.19 10.07 -0.10 -0.04 0.08 -0.08 0.06 

30 to 

31 
6.28 6.49 6.78 6.22 6.93 6.84 -0.11 -0.04 0.11 -0.10 0.04 

40 to 

41 
6.17 6.41 6.68 6.11 6.83 6.73 -0.12 -0.04 0.11 -0.10 0.05 

50 to 

51 
6.13 6.34 6.65 6.06 6.81 6.71 -0.11 -0.04 0.12 -0.11 0.05 

60 to 

61 
6.50 6.74 7.03 6.44 7.13 7.07 -0.12 -0.04 0.12 -0.10 0.03 

70 to 

71 
9.12 9.32 9.61 9.14 9.71 9.59 -0.10 -0.04 0.09 -0.08 0.06 

80 to 

81 
5.97 6.19 6.48 5.87 6.65 6.53 -0.11 -0.04 0.12 -0.11 0.06 
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Appendix G: Winter 2021 Model Homogeneous Sensitivity Analysis  

As discussed in Section 4.3.1, a homogeneous sensitivity analysis was performed for the Winter 

2021 heat extraction model. The goal of the sensitivity analysis was to observe the model 

response in order to analyze the following: 

1) The removal of the annular pipe material at the vertical BHE (steel) and the thermistor 

backfill (fine sand). This analysis is referred to as “MSW Only”. 

2) The thickness of the floral intermediate cover. This analysis was done by reducing the 

thickness of the cover from 0.5 m to 0.25 m. It is referred to as “0.25 m Cover”.  

3) The presence of heat generation using values from Cluster 1 and Cluster 3 (Table 4.5).  

4) The influence of the liner temperature at the bottom of the waste. This was done by 

changing the liner temperature by ±1.0°C.    

Figure G.1 to Figure G.7 present the results from the analysis. 

 

Figure G.1: Sensitivity Analysis for Winter 2021 Model at 1 m Depth 
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Figure G.2: Sensitivity Analysis for Winter 2021 Model at 3 m Depth 

 

Figure G.3: Sensitivity Analysis for Winter 2021 Model at 5 m Depth 
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Figure G.4: Sensitivity Analysis for Winter 2021 Model at 10 m Depth 

 

Figure G.5: Sensitivity Analysis for Winter 2021 Model at 15 m Depth 
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Figure G.6: Sensitivity Analysis for Winter 2021 Model at 20 m Depth 

 

Figure G.7: Sensitivity Analysis for Winter 2021 Model at 24 m Depth 

 

The following can be concluded from the homogeneous sensitivity analysis for the Winter 2021 

Test: 

1) Comparing the Base Case (inclusion of steel and sand) to the MSW Only analysis, the 

difference in thermal response at each location is dependent on the thermistor depth. The 

maximum difference at the end of 82 days was 0.5°C at the 10 m and 15 m depths. This 

difference in temperature decreases at the upper and lower depths, since the difference in 



   

165 

 

temperature at the 1 m and 24 m depths are negligible and 0.1°C, respectively. This is 

due to a combination of the steel and sand having greater thermal conductivity values 

compared to the MSW and the initial temperature of the MSW.  

2) The thickness of the intermediate cover only effects the 1 m and 3 m thermistor depths. 

Throughout the analysis, the maximum difference in temperature at the 1 m and 3 m 

depths are 0.6°C and 0.15°C, respectively.  

3) The temperature of the liner only has an impact on the thermal response at the 24 m 

thermistor for both tests. A possible explanation is the short time modelled. The 20 m 

thermistor may had been impacted if a larger duration was modelled (Hucl, 2021). 

4) Both the Cluster 1 and Cluster 3 present-day heat generation rates estimated by Hucl 

(2021) had a negligible impact on the thermal responses. As a result, estimating and 

including present-day heat generation rates at Cluster 2 is not necessary for this analysis. 

To allow the base case to be visible, the results were not included in the plots above.  

 

 

 


