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ABSTRACT OF THE DISSERTATION 

 

Heat Extraction from Municipal Solid Waste Landfills: 

Measurement of Thermal Properties and Assessment of Heat Generation and Transfer Processes 

 

by 

 

Leticia Maria Nocko 

 

Doctor of Philosophy in Structural Engineering 

University of California San Diego, 2019 

Professor John Scott McCartney, Chair 

 

Municipal solid waste (MSW) in landfills can reach temperatures greater than 50°C that 

may be sustained for several decades due to methanogenic bacterial activity. The generated heat 

is an alternative energy source that can be exploited for direct heating of nearby infrastructure or 

for augmenting industrial processes. However, the proper design of heat extraction systems for 

landfills requires in-situ measurements of MSW thermal properties and knowledge of the process 

of heat generation within the waste. Accordingly, the main objective of this study is to understand 
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the processes governing heat generation and heat extraction in MSW and to characterize the 

thermal properties of the waste. To reach this objective a new MSW landfill cell at the Sycamore 

Landfill in Santee, California was instrumented with temperature sensors and geothermal heat 

exchangers, installed at three different elevations in the cell during waste placement. The spatial 

and temporal evolution of the waste temperature was monitored during 13 months of a self-heating 

period, followed by a 17-day heat extraction thermal response test, and lastly, a 3-month 

temperature recovery period. The data collected during the monitoring was analyzed using three 

different methods of increasing complexity: an infinite line source analysis, a two-dimensional 

inverse analysis using a finite difference model with simplified heat transfer boundary conditions, 

and a three-dimensional inverse analysis using a finite element model for heat transfer and 

nonisothermal pipe flow. The estimated values of in-situ thermal conductivity and thermal 

diffusivity of the MSW were consistent with values on the higher range of those obtained from 

laboratory tests on MSW reported in the literature. The data also suggests a dependence of the heat 

generation rate on the temperature of the surrounding waste, similar to that observed for 

methanogenic bacterial activity. The experimental and simulation results constitute the basis for 

the design of geothermal heat exchange systems in MSW landfills. The successful implementation 

of the heat exchange system in MSW landfill indicates that similar systems can be used for long-

term heat extraction, or for maintenance of waste temperatures to enhanced methane generation or 

waste settlement, or to protect landfill liner or cover systems. 
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1. Introduction 

 

It is well known that heat is generated as a biproduct of the biological decomposition of 

organic matter present in municipal solid waste (MSW) and has been observed to lead to an 

increase in temperature in MSW landfills (Rees 1980a and 1980b; Young 1992; Yeşiller et al. 

2005). Other biproducts of biodegradation include a liquid fraction referred to as leachate, and a 

gas fraction known as landfill gas (LFG), which is composed predominantly by methane and 

carbon dioxide (Pohland and Harper 1986). The biodegradation under the moist, mesophilic and 

anaerobic conditions existing within closed landfills can sustain temperatures significantly above 

ambient conditions for several decades (Bookter and Ham 1982; Kjeldsen et al. 2003). The heat 

generated from biodegradation processes is an alternative energy resource that can potentially be 

extracted from the waste mass and used for direct heating of nearby facilities (Emmi et al. 2016). 

In addition to the potential economic benefits of collecting thermal energy, heat extraction from a 

waste mass may permit engineered modification of processes in landfills. For example, Coccia et 

al. (2013) summarized several potential effects of heat extraction from landfills, including: 

(i) maximizing LFG capture for electricity generation by maintaining stable mesophilic 

temperatures (between 35 °C and 40 °C) to optimize microbial methane generation (Farquar and 

Rovers 1973; Rees 1980a); (ii) reducing the temperature gradient across the landfill base liner to 

minimize the potential for clay liner desiccation (Southen and Rowe 2005) or geomembrane 

damage (Jafari et al. 2014b); and (iii) exploiting the increased waste settlement rate observed at 

higher temperatures due to higher decomposition rates (e.g., Lamothe and Edgers 1994; Bareither 

et al. 2012) to maximize the landfill disposal capacity. 

These multiple uses of a heat extraction system are especially pertinent to countries and 

regions where landfilling is the main destination of waste. While in the European Union only 24% 
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of the 244 million tons1 of MSW generated were destined to landfills in 2016 (Eurostat 2018), The 

World Bank estimates that this percentage increases to approximately 44% for the world average 

(Hoornweg and Bhada-Tata 2012). In the United States only, the last reports of the United States 

Environmental Protection Agency on the topic show that a total of 234 million tons of MSW were 

generated in 2014, of which 52.6% were destined to one of the more than 1900 landfills existing 

in the country (U.S. EPA 2016a and 2016b). Given the amount of MSW still being destined to 

landfills and the several purposes of use for a heat extraction system, the understanding of how the 

heat generated by biodegradation processes can be extracted from waste becomes increasingly 

relevant.  

The goal of this research is to contribute to the development of design guidelines for 

installing heat exchange systems in MSW landfills using a range of techniques to estimate the in-

situ thermal properties of the waste and understanding the variation of the heat generation rate in 

MSW as a function of time and temperature. While several studies have measured the thermal 

properties of waste in the laboratory, the scale and variability in MSW are issues that add emphasis 

to the need for in-situ estimates of thermal conductivity to confirm these laboratory measurements. 

To achieve the goal of this study, a full-size, instrumented heat exchange system was installed 

within a new MSW landfill cell in Santee, California. After the waste temperatures reached stable 

values, a heat extraction thermal response test (TRT) was performed on the horizontal geothermal 

heat exchangers installed at three different elevations within the cell. Different from previous 

studies that explored the use of geothermal heat exchangers in MSW (e.g., Faitli et al. 2015a; 

Yeşiller et al. 2016; Shi et al. 2018), this study employs a chiller to provide a controlled heat 

extraction rate to the geothermal heat exchangers in the MSW. A controlled heat extraction rate is 

 
1 Metric tons (1 metric ton = 1000kg) 
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necessary for in-situ thermal property estimation. The results from the heat extraction tests are 

used to estimate the in-situ thermal conductivity of the waste mass using the line source analysis 

(Mogensen 1983; Gehlin and Hellstrom 2003; Sanner et al. 2005, 2008; Raymond et al. 2011; 

Stauffer et al. 2013; Murphy et al. 2014). After the TRT, the waste continued to have its 

temperatures monitored for another 3 months, to understand the flow of heat and temperature 

recovery following the heat extraction. Embedded instrumentation in the MSW landfill cell was 

used to evaluate the spatial and temporal evolution of temperature inside the cell during the 

13-month period of self-heating of the MSW due to biodegradation, as well as during the 17-day 

heat extraction thermal response test and the 3-month period of temperature recovery. 

This dissertation is divided into 7 chapters, which cover different phases of the research, 

including literature review, field instrumentation and testing, analysis of experimental results, 

implementation of models, discussion and conclusions. Relevant background related to heat 

generation in MSW landfills is presented in Chapter 2. Emphasis is given to the relationship 

between the biodegradation of organic matter and the heat generation, and to the values of 

temperatures observed in different landfills mentioned in the literature. Previous works that 

performed heat extraction from landfills with different goals are discussed. Lastly, the chapter 

includes a review of the range of values proposed in literature for the thermal properties of MSW, 

as well as the main methods used to obtain those values. The setup of the heat extraction system 

installed for this study in Santee, California is presented in Chapter 3. The climate of the region is 

discussed, as that can strongly affect the decomposition rate of the waste, and consequently the 

heat generation rate. The position of the geothermal heat exchangers in the cell, as of the 

temperature sensors, is shown in schematics and in pictures taken during the installation process. 

The three stages of the experimental field – self-heating, heat extraction, and temperatures 
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recovery – are also discussed in this chapter. Chapter 4 includes a discussion on the heat generation 

observed in the field, and temperature time histories resulting from the stages of self-heating and 

temperatures recovery are presented. The peak temperatures observed in the different layers are 

analyzed and compared with peak temperatures of MSW from different landfills characterized in 

the literature. Estimates of heat generated and heat generation rates are presented for the self-

heating stage. Results from the heat extraction thermal response test are presented in Chapter 5. In 

this chapter, the time histories for volumetric heat flow and fluid and waste temperatures are shown 

for the period of the test. The heat transfer rates and total amount of heat extracted are calculated, 

and horizontal profiles of temperatures are presented for different times. Chapter 6 covers the 

analyses made to determine the thermal properties of MSW based on the experimental results 

obtained, and the heat generation rates during the anaerobic phase of the biodegradation. Three 

approaches are used: one analytical and two numerical. The analytical approach, called the infinite 

line source, is used to determine the thermal conductivity of the waste. The numerical approach 

using a finite difference method provides the thermal diffusivity of the waste, while the one using 

the finite element method provides its thermal conductivity and thermal diffusivity. The results 

obtained for the three methods are presented and discussed. The conclusions drawn from this study 

are presented on Chapter 7 and are followed by cited references. 
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2. Background 

 

According to The World Bank (Hoornweg and Bhada-Tata 2012), the majority of MSW 

disposed worldwide is sent to landfills. Sanitary landfills, differently from dumps, are engineered 

and operated to protect the environment and public health. In the USA, federal regulations require 

landfills to address several aspects, including leachate collection, methane levels control, 

groundwater monitoring, and composite liners requirements, to protect groundwater and 

underlying soil form leachate contamination (Solid Wastes 2019). A schematic of a sanitary 

landfill is shown in Figure 2.1. The base liner generally includes a layer of compacted clay, a layer 

of geomembrane (synthetic material liner) and drainage soil around the leachate collection pipes. 

The cover liner generally presents layers of vegetation, soil, and geomembrane. The different 

components shown in this schematic emphasizes that landfills incorporate a range of technologies 

to control and augment processes in the MSW.  

 

 

Figure 2.1. Schematic of a closed landfill showing base and cover liners and leachate and biogas drainage systems. 
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After disposal in a landfill, the organic fraction of the waste starts to biodegrade. The main 

byproducts of MSW biodegradation in landfills are leachate, biogas, and heat. The relative quantity 

of each byproduct generated is dependent on the specific waste composition and the stage of 

biodegradation observed within MSW (Barlaz et al., 1990; Christensen et al. 1992; Baldwin et al. 

1998; Staley and Barlaz 2009). Biodegradation of organic matter in a closed landfill cell is initially 

dominated by an aerobic stage, lasting from a few weeks to two years, followed by an anaerobic 

stage, which can last several decades (Bookter and Ham 1982; Kjeldsen et al. 2003). Yeşiller et 

al. (2005, 2015) observed that the rapid increase in temperature during the aerobic phase 

corresponds to approximately 20 to 30% of the total increase in temperature in the landfill, while 

the remaining 70 to 80% of the increase occurs during the anaerobic phase. In the anaerobic phase, 

the slow increase in temperature can be sustained for several decades as long as organic material 

is available for consumption. 

With respect to the temperature ranges measured within MSW cells, Yeşiller et al. (2005) 

observed maximum temperatures of 57, 35, 23 and 42 °C within landfills located in Michigan, 

New Mexico, Alaska, and British Columbia, respectively, while Rees (1980a) observed a 

maximum temperature of 43 °C in an MSW landfill in the UK. Processes such as air intrusion or 

exothermic chemical reactions in reactive waste (e.g., aluminum production waste) have been 

reported to lead to waste temperatures of 100 °C or more, sometimes corresponding to smoldering 

combustion (Stark et al. 2012; Jafari et al. 2014a and 2017). Although elevated heat generation 

and accumulation is currently of considerable research interest (e.g., Hao et al. 2017), this study is 

focused on MSW landfills within the typical mesophilic range for anaerobic biodegradation. 

In addition to reporting maximum waste temperatures, several studies have been conducted 

to identify the temperatures distribution within MSW cells during the biodegradation process. The 
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temperature profile most frequently observed in MSW landfills, known as “bear belly curve”, 

shows an increase in temperature with depth below the cover, a peak value near the center of the 

waste mass, and a decrease in temperature to a value at the base of the cell that is greater than that 

at the cover (Yeşiller et al. 2005, 2015; Hanson et al. 2010; Jafari et al. 2017). An example of this 

vertical profile of temperatures is presented in Figure 2.2, in which temperatures observed at an 

MSW landfill in British Columbia are plotted as a function of depth for different times. The 

nonlinearity of the temperature profile diminishes over time, approaching a more linear 

relationship with depth for older wastes (Yeşiller et al. 2015).  

 

 

Figure 2.2. Example of characteristic vertical profile of temperatures observed at MSW landfills (Hanson et al. 2010). 

 

Since the temperatures inside MSW landfills can reach consistently higher and more stable 

values than their surrounding environment, demonstration projects have been performed to 
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evaluate the feasibility of using landfills as a source of thermal energy. Grillo (2014) installed 

horizontal heat exchangers on a landfill base liner in New Hampshire and used the extracted energy 

to heat a maintenance garage and melt snow and ice. Comparing the cost of the system with the 

heating savings, the author estimated a payback period of 7 years. Faitli et al. (2015a) installed 

horizontal “slinky”-loop and serpentine-loop heat exchangers and vertical concrete heat 

exchangers embedded in an MSW landfill in Hungary. Although they reported average heat 

transfer rates ranging from approximately 770 to 1152 W for the 16 m-long vertical heat 

exchangers, they did not investigate the in-situ thermal properties or report on the performance of 

the horizontal heat exchangers, which may be more convenient from a constructability perspective. 

Yeşiller et al. (2016) installed a series of vertical heat exchangers in an MSW landfill in California 

and performed a periodic heat extraction experiment where a fixed volume of water in equilibrium 

with the outside air temperature was circulated through the closed-loop heat exchangers once a 

week over the course of a year. They observed a slight decrease in waste temperature over the 

testing period, but because the heat transfer rate was not quantified it is not possible to evaluate 

the thermal properties of the waste from their results. Shi et al. (2018) conducted heat extraction 

experiments in an MSW landfill in China using 20 m-long horizontal heat exchangers. Heat was 

extracted in three different stages that lasted from 10 to 17 days and happened within the first 14 

months after the placement of the waste in the cell. The authors noted that the temperature variation 

occurred due to biodegradation and heat extraction, but their heat extraction results were not used 

to estimate the thermal conductivity of the waste. Instead, the values of thermal conductivity 

reported in their study (0.35 to 0.45 W/m°C) were estimated based on the void ratio and water 

content of the MSW at that landfill. 
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One of the main waste thermal properties required for the design of a geothermal heat 

extraction system in an MSW landfill is the thermal conductivity. Yeşiller et al. (2015) reviewed 

results from laboratory-scale thermal conductivity experiments and found that the thermal 

conductivity of MSW ranged from 0.044 to 1.5 W/m°C depending on the composition, density, 

and degree of saturation of the studied material. Faitli et al. (2015b) developed an experimental 

device to estimate MSW thermal conductivity in which a waste sample is placed in a steel box and 

compressed by a moveable lid. The vertical compression force is maintained during the test and 

heat is applied to the waste through resistance heating wires. The device is equipped with 

temperature and heat flux sensors on the lid and bottom of the box, and the thermal conductivity 

of the waste is estimated based on the heat flux observed at equilibrium and on the temperature 

gradient between the lid and bottom of the box. They reported MSW thermal conductivities 

ranging from 0.24 to 1.15 W/m°C. Hanson et al. (2000) used a needle probe apparatus to measure 

the thermal conductivity of MSW specimens ranging from 0.01 to 0.7 W/m°C. The study noted 

that the thermal conductivity measured using the needle probe method may lead to low values in 

heterogeneous MSW as the positioning of the needle in a specimen may be strongly affected by 

the presence of air-filled voids. The heterogeneity of the material, along with the wide range of 

values reported in literature, and the major effect the thermal conductivity has on heat extraction 

systems emphasize the need for in-situ thermal property characterization.  
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3. Field Experiment 

 

3.1. Landfill Location and Waste Characterization 

 

A full-scale instrumented geothermal heat extraction system was installed during 

construction of a new MSW cell at the Sycamore landfill in Santee, San Diego County, California. 

The climate in the region is warm and dry, with an average high temperature of 25.9 °C and low 

of 11.8 °C, and average annual precipitation of 224 mm, with most rainfall occurring during winter 

(historical series data obtained from the nearby El Cajon, CA weather station). The daily average 

temperature and the precipitation observed over the course of this study are shown in Figure 3.1. 

The system was installed between the months of August and October of 2016, which coincides 

with the dry season of the region. There was nearly no rain (2.5 mm) during the three month-long 

construction period. 

 

 

Figure 3.1. Daily average temperature and precipitation for Santee, CA during the monitoring period. 
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A plan view schematic of the new MSW cell, along with the location of the heat extraction 

system, is shown in Figure 3.2. The placement of the system started once the base liner 

construction was completed, and the pipes were placed parallel to the leachate collection trough, 

which runs parallel to the longer side of the cell. The center line of the system was placed above 

the base liner and align with the leachate collection trough. Although the heat extraction system 

looks small in comparison with the landfill cell, it is sufficient in size to evaluate the heat extraction 

process in the MSW. 

 

 

Figure 3.2. Plan view of the location of the system in the MSW cell. 

 

The MSW placed in the cell was not characterized in terms of gravimetric or volumetric 

composition but is assumed to be the overall disposed waste reported by the City of San Diego 

(2014a and 2014b), with its gravimetric composition shown in Table 3.1. After placement, the 

MSW was compacted to reach an average total unit weight of 8.7 kN/m3. Due to the dry conditions 

during the study period, and U.S. EPA design criteria for MSW landfills (U.S. EPA 1993), the 
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leachate head is assumed to be below the allowed maximum value of 300 mm above the liner 

system throughout the duration of the study.  

 

Table 3.1. City of San Diego overall disposed waste composition (City of San Diego 2014a and 2014b). 

Material type 
Percentage of total 

(in mass) 

Organics 38.9 % 

Construction and demolition 24.6 % 

Paper 16.8 % 

Plastic 8.9 % 

Metal 3.5 % 

Special waste 3.1 % 

Glass 1.7 % 

Mixed residue 1.6 % 

Electronics 0.6 % 

Household Hazardous Waste 0.2 % 

 

3.2. Instrumentation and Heat Extraction System Layout 

 

The heat extraction system consisted in circulating cold water through pipes embedded in 

a waste cell in which temperatures had naturally reached values greater than the ambient ground 

temperature due to the biodegradation of the organic matter. The geothermal heat exchanger 

(GHE) pipes were placed horizontally with a serpentine configuration in three different elevations 

of the MSW cell, with a length of 36.5 m inside the waste, as shown in Figure 3.3. The horizontal 
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configuration was chosen as a less expensive alternative when compared to vertical heat 

exchangers, which require drilling for installation (Coccia et al. 2013; Florides and Kalogirou 

2007). Placement of horizontal pipes is simpler and can also be integrated with placement of waste 

in the cell, minimizing interference with landfill operations. The first level of the system, or Layer 

1, was placed directly above the base liner and Layers 2 and 3 were placed 6 m and 12 m above 

the base liner, respectively. The vertical spacing corresponds to one lift of waste, so Layers 2 and 

3 were installed in the time interval between the placement of two lifts. The heat exchangers used 

are high density polyethylene (HDPE) pipes with an internal diameter of 25 mm. 

 

 

Figure 3.3. Cross-sectional elevation view parallel to the GHE pipes. 

 

Six thermistor strings (Model 3810 from Geokon, Inc. of Lebanon, NH), each containing 

four thermistors at different locations along a single 45 m-cable, were installed horizontally during 

placement of the waste. The spacing between each thermistor along the string was approximately 

15 m, with the first one positioned 1.5 m from the waste slope, as shown in the longitudinal profiles 

of the waste cell in Figure 3.3. Layers 1 and 3 were instrumented with one thermistor string each, 

while Layer 2 was more heavily instrumented, with four thermistor strings to obtain a more 

detailed profile of temperature around the heat exchangers, as shown in the perpendicular profile 
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in Figure 3.4. While the sensors were placed 2 m from the heat exchanger pipes in Layer 1 and 3, 

in Layer 2 they were positioned in a way to provide a horizontal profile of temperatures as a 

function of time and distance from the pipes. The first thermistor strings in each layer are referred 

to as String 1A, 2A, and 3A and were each placed 2 m away from the outermost segment of the 

heat exchanger pipe. In Layer 2, String 2B was placed 1 m from the outermost heat exchanger 

segment, String 2C was attached to the outermost heat exchanger segment and String 2D was 

placed between the first out-and-back segments of the serpentine heat exchanger (1 m from each). 

One additional thermistor was installed in the data logger to measure the air temperature during 

the experiment. The thermistors have an accuracy of 0.5 °C. 

 

 

Figure 3.4. Cross-sectional elevation view perpendicular to the GHE pipes. 

 

The serpentine configuration of the geothermal heat exchanger pipes is shown in Figure 

3.5. The pipes were connected in a closed loop manner, with a total length of 310 m of heat 

exchanger pipe in each layer. A serpentine rather than slinky arrangement was chosen as the latter 
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is generally used to fit more pipes into a given area when the space for installation is limited (e.g., 

Florides and Kalogirou 2007), which was not an issue in this study. Further, installation of a 

serpentine system is easier than a slinky system and the calculations of the length of heat exchanger 

pipe required to meet a given heat extraction demand are simpler. The overlap of pipes in a slinky 

configuration may also result in stress distribution issues under the high vertical stresses expected 

in landfill cells. The spacing between the serpentine segments of pipe in each heat exchanger was 

selected to be 2 m based on ease of installation for this testing program, but this dimension will 

change depending on the goals of the heat extraction system. For example, a system to control the 

temperature at a given elevation may have closer spacing between the serpentine segments to 

encourage overlapping effects, while a system to exchange heat will have a larger spacing to 

minimize those same effects. 

 

 

Figure 3.5. Serpentine configuration of the GHE pipes showing location of thermistor strings for Layer 2. 
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Pictures of the installation process are shown sequentially in Figures 3.6 to 3.9. A 

photograph taken facing north in Figure 3.6 shows the serpentine configuration of the heat 

exchangers of Layer 1 along with the direction of heat exchanger fluid circulation. The central 

coils of GHE were later cut and the pipes were connected outside the edge of the cell as a 

redundancy feature: if there was any damage in the pipe of one half of the layer, the other half 

could be isolated and kept extracting heat. After the pipes were properly positioned, they were 

filled with water and were pressurized to 300 kPa to minimize their likelihood of being compressed 

under the vertical load to be applied by the waste. Next, the sensors and heat exchangers were 

covered with 150 mm of soil to prevent puncturing by the waste components, as shown in Figure 

3.7. This figure also shows the back of the GHE serpentine of Layer 1 already covered by a layer 

of waste and daily cover soil. The cover material used in the cell was either just soil or a mixture 

of soil with shredded garden and landscape waste. In Figure 3.8, a photograph taken facing south 

shows the position of the four thermistor strings of Layer 2. The sensors placed the furthest from 

the cell slope (at the end of the thermistor string), were located 10.7 m from the back of the GHE 

serpentine. 
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Figure 3.6. GHE pipes placed on Layer 1 with indications of direction of water flow. 

 

 

Figure 3.7. 150 mm of cover soil atop the GHE pipes and thermistor string. 
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Figure 3.8. Distribution of thermistor strings on Layer 2. 

 

A picture of the final configuration of the system, approximately one year after the 

beginning of the installation, is shown in Figure 3.9. The position of the three layers of geothermal 

heat exchangers is indicated, as well as the data acquisition system (DAQ) and the chiller and 

generator used during the heat extraction. Three lifts of waste of 6 m each were placed atop Layer 

3, with a total of 30 m of waste in the cell. The lengths of pipe connecting each heat exchanger to 

the manifold outside the MSW cell were insulated with fiberglass batting to minimize transfer of 

heat between the fluid and the surrounding air.  
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Figure 3.9. MSW cell slope after installation of the heat extraction system. 

 

In addition to the thermistors installed within the waste and in the datalogger, six pipe plug 

thermistors (model TH44004 from Omega Engineering, with a resolution of ±0.2°C) were 

connected to the entrance and exit of each heat exchanger to measure the temperature of the water 

entering and exiting each layer of the system. Further, a flowmeter (model SM7601 from IFM 

Electronic gmbh, with a resolution of 6.30910-5 m3/s) was connected to each pipe. The fluid 

temperatures and flow rates can be used together to monitor the heat transfer rate in each heat 

exchanger, as will be described later. A schematic of the manifold setup is shown in Figure 3.5. 

The pipes in all three layers were connected so that water would circulate through a water tank and 

a chiller (i.e., a heat pump), which cooled the water prior to its return to the waste cell through 

three separate pipes. The mobile industrial chiller used in this study (model SQ2A1004 from 

Carrier) has a capacity of 10 thermal tons (35 kW) and was powered using a mobile diesel 

generator. 
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3.3. Testing Stages 

 

The heat extraction system was used to conduct three stages of field experiments: (i) 

monitoring of the self-heating of the waste during a 13-month period prior to heat extraction, (ii) 

a 17-day heat extraction thermal response test (TRT) performed simultaneously on all three heat 

exchanger layers, and (iii) monitoring of the temperatures recovery after the TRT during 90 days. 

The first stage consisted in uniquely monitoring the waste temperature increase due to the heat 

generated during the biodegradation of the organic matter present in the MSW. During that stage, 

waste temperatures were measured every 15 minutes, which permitted evaluating the evolution of 

temperatures over time to characterize peak temperatures and the distribution of temperature with 

elevation.  

After the waste temperatures stabilized, the heat extraction TRT was performed using an 

approach consistent with that proposed by Mogensen (1983). The test involved circulation of a 

heat exchanger fluid from the chiller through the closed-loop heat exchangers at a constant 

volumetric flow rate while tracking the changes in entering and exiting fluid temperatures. Since 

the temperatures in Santee do not reach freezing point, the heat exchanger fluid used during the 

TRT was just water, without any antifreeze additive. The chiller was connected in series with a 

3000 L water tank, as shown in Figure 3.5, which acted as a buffer as the chiller can only operate 

under a certain maximum heat exchanger fluid temperature difference that depends on its capacity 

(10 thermal tons). At the beginning of the test, the hot water exiting the heat exchangers mixed 

with the cooler water in the tank so that the temperature of the fluid drawn into the chiller was 

closer to its set point. The entering and exiting water temperatures were measured in the manifold 
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before entering and after exiting the waste, as shown in Figure 3.5, so the mixing in the water tank 

did not affect the TRT results. 

In this second stage of the field experiment, heat was extracted from the three layers for 

405 hours (approximately 17 days) without interruption. Although a TRT is typically performed 

for only 2-3 days, the heat extraction TRT was performed for a longer duration in this study to 

track the evolution in waste temperature surrounding the heat exchangers and permit additional 

analysis of the waste thermal properties. The target set point temperature for water entering the 

waste was 12 °C, but due to diurnal air temperature fluctuations this value oscillated daily. The 

total volumetric flow rate supplied by the chiller was 8.5×10-4 m3/s (0.85 L/s), which was balanced 

through each layer by adjusting ball valves in a pipe distribution manifold. The average volumetric 

flow rates through the heat exchangers in Layers 1, 2 and 3 were 3.2×10-4 m3/s (0.32 L/s), 2.1×10-

4 m3/s (0.21 L/s) and 3.2×10-4 m3/s (0.32 L/s), respectively. These flow rates were sufficient to 

maintain turbulent flow within the 25-mm diameter heat exchanger pipes (i.e., Reynold’s numbers 

of 20101, 13191 and 20101 for Layers 1, 2 and 3, respectively). Although the volumetric flow rate 

in Layer 2 was initially the same as the other two layers, due to the iterative process of adjusting 

the valves to balance the flow through the three layers it changed slightly over the first hours of 

operation to a lower value. The values were not adjusted to avoid disruptions in the results, and all 

three flow rates remained essentially constant during the test duration. During the heat extraction, 

the temperatures of the fluid and MSW were recorded every 2 minutes and the volumetric flow 

rates were recorded every 1 minute. After concluding the test, the fluid circulation was stopped, 

and the geothermal heat exchanger pipes were disconnected from the chiller and water tank, ending 

the second stage of the field experiment. 
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The third stage consisted in monitoring the waste temperature after the heat extraction. In 

this stage, temperatures continued to be read every 2 minutes, and the goal was to evaluate two 

different process which could contribute to the increase in temperature around the GHE pipes: the 

heat flow from warmer areas, and the heat generation due to biodegradation. The recovery phase 

was concluded after stable temperatures were observed. 

This chapter contains material as it appears in the following publications, where the author 

of this dissertation was the primary author: 

Nocko, L.M., McCartney, J.S., Gupta, R., Botelho, K., Morris, J.W.F. (2018). “Heat extraction 

from municipal solid waste landfills.” Proc. 43rd Workshop on Geothermal Reservoir Engineering. 

Stanford, 5p.  

Nocko, L.M., McCartney, J.S., Gupta, R., Botelho, K., Morris, J.W.F. (2018). “Heat exchange at 

landfills: evaluation of preliminary data from an instrumented municipal solid waste landfill.” 

Global Waste Management Symposium 2018. February 11–14, 2018. Indian Wells, CA. 2p. 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Thermal conductivity of 

municipal solid waste from in-situ heat extraction tests.” (under review) 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Estimate of heat generation 

rates in MSW landfills based on in-situ temperature monitoring.” (in preparation) 
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4. Heat Generation in Site 

 

4.1. Self-Heating Temperature Evolution 

 

Temperature readings from Layer 1 for the first 13 days of the self-heating period 

monitoring are presented in Figure 4.1, along with the air temperature for the same period. Before 

the placement of waste atop the sensors, a daily oscillation of temperature is observed. The 

difference in amplitude seen when comparing the readings from air temperature and from the 

MSW cell temperatures is due to the layer of soil placed on top of the later sensors. The soil stores 

heat during the day and, by delaying the decrease of temperatures when the air gets colder, it keeps 

the sensors warmer during the night. After the placement of waste, further daily fluctuations in 

temperature were not observed for the thermistors and the MSW temperatures started increasing. 

The curve showing temperature increase was initially very steep and tended to a constant value 

after approximately a year.  
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Figure 4.1. Temperature evolution during placement of MSW atop sensors of Layer 1. 

 

Temperature time histories from Layers 1, 2 and 3 for the 13 months of monitored self-

heating stage are presented in Figures 4.2, 4.3 and 4.4, respectively. Readings from thermistor 

strings A, B, C and D in Layer 2 were similar and are presented in Figures 4.3(a), 4.3(b), 4.3(c) 

and 4.3(d), respectively. Layers 1 and 3 were instrumented with only one thermistor string each 

(String A), and their readings are shown in Figures 4.2 and 4.4, respectively. For reference, the air 

temperature is also shown in the figures. The gap observed in the data was caused by a malfunction 

of the data logger battery, but the trend in all datasets is still clear. For all layers, a rapid increase 

in temperature was observed during the first month followed by a slower increase, which suggests 

a higher rate of heat generation due to aerobic decomposition followed by a slower heat generation 

rate as the decomposition process became anaerobic, consistent with observations by Yeşiller et 

al. (2015). The maximum temperatures registered were 32 °C for Layer 1 and 52 °C for Layers 2 

and 3, which are within the range reported in the literature for other landfills. These data, especially 

in Layers 2 and 3, not only confirm the potential for heat extraction in MSW landfills but also 
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show that the heat extraction process can start within a relatively short time (approximately 1 year) 

after waste placement. Temperatures in Layers 2 and 3 also show that there is potential to extract 

heat from MSW landfills even if the goal is only to maintain temperatures between 35 °C and 40 

°C to optimize the methane generation due to the activity of mesophilic bacteria (Pfeffer 1974; 

Rees 1980a).  

The sharp drop in temperature observed in all strings for the sensors at 1.5 m from the slope 

face occurred when strong winter rains eroded the side slope of the cell, resulting in cracks which 

reduced the waste cover overlying the outermost sensors. Due to the presence of these cracks, it is 

not possible to know how the air temperature would have influenced the readings in those sensors. 

However, it is clear from the results showed that the sensors placed 16.8 m from the slope do not 

show further seasonal variation in temperatures. Rees (1980b) observed that the minimum depth 

necessary to avoid seasonal fluctuations in temperature was 3.5 m below the surface, while Yeşiller 

et al. (2005) observed that the minimum depth and horizontal distance from external slopes 

necessary to avoid seasonal fluctuations were 7 m and 20 m, respectively. These distances depend 

on waste composition, and also on the temperature gradient induced by the surface temperature as 

well as the characteristics of the cover system.  
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Figure 4.2. Temperature time history for Layer 1 (String A) during MSW self-heating. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.3. Measurements from Layer 2 during MSW self-heating: (a) Temperature time history for String A; (b) 

Temperature time history for String B; (c) Temperature time history for String C; (d) Temperature time 

history for String D. 
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Figure 4.4. Temperature time history for Layer 3 (String A) during MSW self-heating. 

 

Vertical profiles of the cell temperatures from Strings A at the end of the self-heating 

monitoring period are shown in Figure 4.5. The profiles indicate that the central part of the landfill 

holds the highest temperatures, while the sensors in Layer 1, located at the base liner of the cell, 

present the lowest values. This is likely due to the lower temperature of the underlying subsurface, 

and the fact that the MSW, which is the heat generating material, is only above the first layer of 

the system, not above and below, as it happens for Layers 2 and 3. Given the fact that Layer 3 is 

not at the surface of the cell and is covered by approximately 18 m of waste, it can be considered 

to be in the central depth of the cell, making the trend shown in Figure 4.5 consistent with waste 

temperature vertical profiles described in the literature (e.g., Yeşiller et al. 2005, 2015; Hanson et 

al. 2010; Jafari et al. 2017).  
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Figure 4.5. Vertical profiles of temperature as a function of elevation and distance from slope 13 months after waste 

placement. 

 

4.2. Models for Initial Estimate of Heat Generation 

 

Different simplified models are proposed in literature to estimate the amount of heat 

generated by MSW during biodegradation, or the heat available for extraction in a MSW landfill. 

These models are generally based on weather characteristics or on the exothermic chemical 

reactions which happen during biodegradation. For a MSW cell with known internal temperatures, 

Yeşiller et al. (2005) introduced the concept of heat content, HC, to estimate the heat gained due 

to biodegradation in terms of temperature, where HC is the average difference between the 

measured temperature of the waste and its estimated unheated temperature (or temperature of the 

MSW in the absence of biodegradation). The unheated baseline waste temperature of the new cell 

in Santee, T, as a function of day of the year t and depth x, was estimated using the analytical 

solution to the heat conduction equation proposed by ORNL (1981): 
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𝑇(𝑥, 𝑡) = 𝑇𝑚 − 𝐴𝑠 ∙ 𝑒
−𝑥√

𝜋
365𝛼 ∙ cos [

2𝜋

365
(𝑡 − 𝑡0 −

𝑥

2
√

365

𝜋𝛼
)] (4.1)  

where Tm is the mean annual earth temperature, t0 is a phase constant, As is the amplitude of a 

surface temperature wave, and α is the thermal diffusivity of the waste. The day of the year, t, is 

equal to zero at midnight of December 31st. Tm was calculated as the average annual temperature 

for the period monitored, obtained from the historical series previously presented for the city of 

Santee, and equal to 18.6 °C. As was obtained from the same data set and equals to 12.1 °C. The 

phase constant t0, necessary to synchronize the model to the proper phase within the calendar year, 

was used as 29.8 days. The waste was assumed to be homogeneous and α was assumed to be 

4.9×10-7 m²/s, representative of the MSW of a landfill in New Mexico (Yeşiller et al. 2005; Hanson 

et al. 2008).  

The heat content, calculated as the area between the curves of measured and estimated 

unheated temperatures divided by the duration of the analysis (Yeşiller et al. 2005), was estimated 

for the landfill in Santee using the readings from Strings A, from sensors placed at 32.0 m from 

the cell slope. The temperature evolution during the self-heating period, along with the estimated 

unheated temperatures for all 3 layers are shown in Figure 4.6. The shaded area between the curves 

is the one used for the calculation of HC. The heat content obtained for the whole self-heating 

period for Layers 1, 2 and 3 was 12.4 °C.day/day for Layer 1, and 30.1 °C.day/day and 29.0 

°C.day/day for Layers 2 and 3, respectively. These results show that the location with the highest 

potential for heat extraction on the installed system was in the center of the cell, around Layers 2 

and 3.  
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(a) 

 
(b) 

 
(c) 

Figure 4.6. Approach to calculate the heat content of the waste showing measured and estimated undisturbed 

temperatures for (a) Layer 1, (b) Layer 2, and (c) Layer 3. 

 

In some cases, it may not be desirable to reduce the temperature of the waste below 35 °C 

as it may slow the biodegradation process and reduce the methane generation (Farquhar and 

Rovers 1973; Pfeffer 1974; Rees 1980a). In that case, the heat content can be evaluated using the 

threshold of 35 °C instead of the unheated baseline waste temperature. For the MSW cell being 

studied, only Layers 2 and 3 have potential for heat extraction aiming the optimization of methane 

generation, since those locations reached temperatures that are higher than the optimum for 
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mesophilic bacterial activity (35 to 40 °C). The values obtained for heat content above 35 °C, or 

HC35, were 13.7 °C.day/day and 12.5 °C.day/day for Layers 2 and 3, respectively.  

Using a different approach to predict the heat generation in MSW landfills, Hanson et al. 

(2008) developed an empirical exponential growth and decay function to model the heat generated 

within the waste based on climatic and operational condition factors. The heat generation rate H 

as a function of time t is given by: 

𝐻 = 𝐴 [
𝐵𝑡

𝐵2 + 2𝐵𝑡 + 𝑡2
] 𝑒

−√
𝑡
𝐷 (4.2)  

where A is a peak heat generation rate factor, B is a shape factor, and D is a decay rate factor. The 

values of A, B and D are defined using the following expressions: 

𝐴 = −7.92 + 0.12𝜆𝐻 (4.3)  

𝐵 = −2027 + 20.47𝜆𝐻 − 0.015𝜆𝐻
2
 (4.4)  

𝐷 = 55.5 + 2.79𝐹 (4.5)  

where λH is a climatic-operation condition factor that can be calculated as the product of the 

average daily air temperature and the average annual precipitation divided by the compacted unit 

weight of the waste, and F is the operational condition factor defined as the vertical waste filling 

rate in m/year. As stated previously, for the landfill in Santee, the average daily air temperature is 

18.6 °C, the average annual precipitation is 224 mm and the average compacted unit weight of the 

waste is 8.7 kN/m3. The vertical waste filling rate of the cell was assumed as the filling rate of the 

first year of monitoring, which was approximately 25 m/year. 

The results from the model of Hanson et al. (2008) are shown in Figure 4.7. The heat 

generation rate as a function of time is presented in Figure 4.7(a), and a peak of 0.64 W/m3 is 

observed with approximately one year after the placement of the waste. This rate decreases to 0.06 

after 10 years of placement, and to 0.01 W/m3 after 17 years.  The cumulative heat generated 
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during the first 10,000 days of biodegradation (nearly 27 years) is presented in Figure 4.7(b), and 

it was obtained by integrating the heat generation rate over time. The model indicates that during 

that period, 96 MJ will be generated per cubic meter of MSW, with 92% of that heat (88.5 MJ) 

being generated in the first 10 years of the process. 

 

 
(a) 

 
(b) 

Figure 4.7. Results of the model of Hanson et al. (2008) applied to the landfill in Santee: (a) Heat generation rate over 

time; (b) Cumulative heat generated over time. 

 

However, while the model of Hanson et al. (2008) estimates all the heat generated during 

the entire process of biodegradation, it doesn’t specify the fraction of it that is used to increase the 

temperature of the waste and, consequently, is available for extraction. In the model proposed by 

Young (1992), the heat generated is obtained based on the stoichiometry of the exothermic 

chemical reaction for transformation of glucose (C6H12O6) into methane (CH4) and carbon dioxide 

(CO2) (landfill gases). The author states that only a fraction of the total energy released during this 

reaction, ETOT, is used for heating the waste, while the rest of the energy is used in evaporating 

water and is lost to the surroundings. The energy used to heat the MSW, EΔT, is calculated as: 

𝐸Δ𝑇 = 𝐸𝑇𝑂𝑇 . 𝑀(𝑡) = Δ𝑇. 𝐶 (4.6)  
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where ΔT is the variation in temperature of the MSW (difference between the measured 

temperature of the MSW and its estimated unheated temperature), C is the volumetric heat capacity 

of the MSW and M(T) is the fraction of the total energy used to heat the waste. M(T) is a function 

of temperature and its values are determined by a curve given by the author, and that can be used 

for all types of waste. According to Young (1992), for a MSW landfill in which the heat generation 

is exclusively due to the biodegradation of organic matter, the temperatures can reach a maximum 

of 73 °C during the anaerobic process. If temperatures reach higher values, there are alternative 

processes occurring within the waste. 

Applying the model of Young (1992) to the conditions observed in field, ΔT was used as 

the difference between the peak temperature read for each layer and the undisturbed temperature 

calculated by ORNL (1981). Heat losses were neglected and the volumetric heat capacity of the 

MSW was assumed to be 2.1 MJ/m3°C. The results obtained for the three layers monitored are 

shown in Table 4.1, where the amount of heat available for extraction was calculated assuming 

that all the energy used to increase the waste temperature can be withdrawn as heat. Thus, 

according to this model, the total energy generated by the waste around Layer 2 was 80 MJ/m3. 

The energy used to elevate the temperature from the undisturbed value to the peak value observed 

in the field, and consequently the energy available for extraction as heat, is nearly 70 MJ/m3. The 

remaining 10 MJ/m3 are used in the process of water evaporation. For the case in which the heat 

extraction aims to optimize the methane generation, thus keeping the waste temperature at 35 °C, 

nearly 36 MJ/m3 would be available for extraction at Layer 2. Since Layer 1 didn’t reach 

temperatures greater than 35 °C, heat would not be available for extraction at that layer if the main 

goal is to optimize the methane generation as this is the optimal temperature for methane 

generation. 
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Table 4.1. Results from Young’s model (1992) applied to the conditions observed in the landfill in Santee. 

 
Energy generated 

(MJ/m3) 

Energy available for extraction 

(MJ/m3) 

Energy available for extraction 

to keep T = 35 °C 

(MJ/m3) 

Layer 1 30 28 - 

Layer 2 80 70 36 

Layer 3 77 68 34 

 

The quantification of thermal energy available per cubic meter can also be evaluated for 

the whole cell that is under study. The approximate area of the new cell is 33,098 m² with a total 

height of approximately 30 m. Neglecting the slope of the cell (assuming a box of waste), the total 

volume of MSW is nearly 993,000 m3. Using the total heat generated of 96 MJ/m3, according the 

model of Hanson et al. (2008), the total amount of heat generated in this landfill cell after 27 years 

would be 95,322 GJ. According to the model of Young (1992), which accounts for the energy used 

in the evaporation of water, the total energy available for extraction would be 69,645 GJ. As there 

are several other similar-sized cells at the landfill, this quantity of heat represents a large amount 

of localized thermal energy that can be exploited for practical purposes.  

 

4.3. Heat Generation During Self-Heating Stage 

 

Although the model of Young (1992) estimates heat generation based on the temperature 

gain observed in the field, it does not specify how the heat generation rate varies with time. To 

obtain the heat generation rate and cumulative heat generated in time for the Santee landfill cell, 

the concept used by Young (1992) was applied to the field data in daily increments. The energy 

used to elevate the temperature of the waste was calculated using Equation (4.6), assuming the 

same MSW volumetric heat capacity of 2.1 MJ/m3°C. However, ΔT was used as the difference 
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between the average temperatures of two consecutive days, Tave,i and Tave,i-1. The heat generated 

per day, EΔT,i, was calculated as follows: 

𝐸Δ𝑇,𝑖 = (𝑇𝑎𝑣𝑒,𝑖 − 𝑇𝑎𝑣𝑒,𝑖−1). 𝐶 (4.7)  

The cumulative heat generated, which is the summation in time of the daily heat generated, 

was calculated using readings from Strings A at all layers, from sensors at 32.0 m from the cell 

edge, and the results for the self-heating period are presented in Figure 4.8. Layer 1 presents 

monitoring data for a longer time because, being at the lowest elevation, it was the first layer to be 

installed and covered by waste. Layers 2 and 3 were installed and covered later in time, so their 

monitoring time is shorter. For the two upper layers, the trend observed in Figure 4.8 is similar to 

the observed for the temperature evolution: the gain of heat is faster in the first months, decreasing 

to low values later, which makes the cumulative heat generated tend to maximum values. A nearly 

stable value of accumulated heat generated suggests a low heat generation rate, enough only to 

balance potential heat losses and keep the temperatures nearly constant. For Layer 1, the decrease 

in temperatures observed a few months after the placement of the waste is shown as a decrease in 

the cumulative heat generated. 

Since the waste at the sensors’ locations was not affected by daily variations in temperature, 

it was assumed that no significant amount of heat was lost to the environment. Thus, at the end of 

the self-heating period, the heat generated at Layers 2 and 3 was 48 MJ/m3, and 46 MJ/m3, 

respectively. At Layer 1, the heat generated to reach the peak temperature observed in the first 

month after placement was 5 MJ/m3, but at the end of the self-heating period, the balance of heat 

generated was 2 MJ/m3. The low values of heat generated can be partially explained by the fact 

that the waste, which is the material that generates heat, is only above the first layer, not above and 

below, as it happens for Layers 2 and 3 and was previously discussed. Also, although the real 
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reason for the drop in temperatures of Layer 1 is unknown, that change might have been caused 

by flow of heat towards the base liner of the landfill and the underlying subsurface. The materials 

at these layers do not generate heat, thus are likely to present temperatures closer to the undisturbed 

values calculated using the model of ORNL (1981) (approximately 18.6 °C). Therefore, the 

temperature gradient would explain the direction of the heat flow. 

 

 

Figure 4.8. Cumulative heat generated calculated for the three layers of the system during the self-heating stage.  

 

The heat generation rates were calculated as the heat generated per unit time. The monthly 

averages obtained for the three layers (String A, 32.0 m from the cell edge) are shown in Figure 

4.9. The choice to show monthly averages instead of daily averages when analyzing the whole 

self-heating period was made to avoid daily noise in the data, which could make it harder to 

observe trends for the variation in time. The peak monthly heat generation rates calculated were 3 

W/m3 for Layer 1, 21 W/m3 for Layer 2 and 30 W/m3 for Layer 3. Although the values are different, 

for all layers the peaks occurred in the first month after the waste placement, which most likely 
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corresponds to the aerobic stage of the biodegradation. The values of monthly heat generation rate 

kept decreasing during the remaining monitored period, reaching about 0.1 W/m3 at the last month 

of the self-heating stage for all three layers. 

 

 

Figure 4.9. Monthly heat generation rate calculated for the three layers of the system during the self-heating stage. 

 

To gain a better understanding of how the heat generation rate varies, the results for the 

daily heat generation rates were plotted as a function of time and temperature, as shown in Figures 

4.10(a) and 4.10(b), respectively. Since the peak monthly heat generation rates occurred in the first 

month after the placement of the waste, a more detailed plot of this variable is presented in Figure 

4.10(a), where the daily heat generation rates are plotted as a function of time just for the first two 

months of monitoring. When divided into daily values, it is observed that the heat generation rates 

reach higher peak values, and in a shorter time. The peak daily heat generation rates calculated for 

Layers 1, 2 and 3 were 14 W/m3, 83 W/m3 and 60 W/m3, respectively, and all occurred in the first 

10 days of monitoring. According to Yeşiller et al. (2005), the aerobic stage of the biodegradation 
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corresponds to 20 to 30% of the total increase in temperature in the landfill, while the remaining 

occurs due to anaerobic biodegradation. However, since the gain in temperature observed for the 

landfill in Santee in the first 10 days of monitoring corresponds to nearly 50% of the total increase 

in temperature for Layers 2 and 3, it is possible that the biodegradation of the monitored waste is 

already partially anaerobic at this point. 

The variation of the daily heat generation rate as a function of temperature is shown in 

Figure 4.10(b) for the three layers of the system. For Layers 1 and 3, the peak in heat generation 

rate occurs at 31 °C, while for Layer 2, it occurs at 35 °C. The data suggests a correlation between 

the waste temperature and its heat generation rate, indicating that the peak rate occurs between 30 

°C and 35 °C. Temperatures between 35 °C and 40 °C correspond to the peak mesophilic bacterial 

activity (Pfeffer 1974; Rees 1980a), which is responsible for the generation of methane and heat 

during the anaerobic stage of biodegradation. However, although there seem to be a clear 

correlation between the peak methanogenic bacterial activity and the peak heat generation rate, the 

percentage of temperature increase and the time of monitoring indicate that, for at least the first 

days after the waste placement, some of the heat may have been generated in the presence of 

oxygen. Thus, the correlation observed might not correspond purely to an anaerobic process. 
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(a) 

 
(b) 

Figure 4.10. Daily heat generation rate variation during field monitoring: (a) As a function of time for the first two 

months after placement; (b) As a function of waste temperature. 

 

When compared to the results from the model of Hanson (2008), which provided a peak 

heat generation rate of 0.64 W/m3 observed one year after placement, the heat generation of the 

landfill in Santee occurred substantially faster. The experimental data provides an amount of heat 

generated of 48 MJ/m3 after 13 months for Layer 2, while the model of Hanson (2008) suggests 

only 18 MJ/m3 for the same period of time. However, the model also suggests the waste would 

generate 96 MJ/m3 of heat by the time the value of heat generated reaches a nearly constant value, 

which is twice the value obtained for Layer 2 with the experimental data. The values obtained from 

the field data might be lower because they account only for the heat used to increase the waste 

temperature, neglecting the heat used to evaporate water or potentially lost to the surroundings. 

Another difference might also be because the model of Hanson (2008) simplifies the heat 

generation process by using averaged climatic and operational variables, not considering waste 

characteristics or weather during placement of the waste, which may affect the biodegradation 

processes. 
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When comparing the experimental results with the results from the model of Young (1992), 

the only difference is due to the reference temperature used. In the model calculations, the 

maximum temperature of the waste is compared to the estimated undisturbed temperature, which 

is 18.6 °C. For the time dependent heat generation, the reference used to estimate the heat gain was 

the temperature at the time the waste was placed over the sensors, which was 28.9 °C for Layer 2. 

The heat required to increase the temperature of one cubic meter of waste from 18.6 °C to 28.9 °C, 

assuming the same volumetric heat capacity used in the previous calculations, is 22 MJ, which is 

exactly the difference between the accumulated heat generated in the field (48 MJ/m3) and the heat 

available for extraction calculated using the model of Young (1992) (70 MJ/m3). 

 

4.4. Monitoring of Temperature Recovery 

 

Temperature time histories from Layers 1, 2 and 3 for the three months of monitored 

temperature recovery stage are presented in Figures 4.11, 4.12 and 4.13, respectively. Time 

histories for the 17 days of the TRT are also shown for better understanding of the trends observed, 

although the results from the heat extraction stage will be discussed only in the next chapters. For 

all the sensors placed at 1.5 m from the slope on Layers 2 and 3, a continuous decrease in 

temperature with time is observed and it is likely due to the influence of the outside air temperature, 

which was decreasing due to the start of winter. As previously mentioned, the readings of these 

sensors were affected by the presence of cracks on the slope face, which reduced the thickness of 

waste covering the sensors. For thermistor Strings A, shown in Figures 4.11, 4.12(a), and 4.13 for 

Layers 1, 2 and 3, respectively, the temperatures decreased at very slow rates before stabilizing 

nearly 7 days after the end of the TRT and thereafter remaining approximately constant until the 
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end of the monitored period. Temperatures at Layer 1 varied the least of the three layers: except 

for the sensor at 47.2 m, which didn’t present any temperature variation, the changes observed in 

those sensors were of less than 1 °C. For sensors on Strings B, C and D of Layer 2, shown in 

Figures 4.12(b), 4.12(c) and 4.12(d), respectively, a faster recovery was observed for locations that 

presented lower temperatures after the heat extraction experiment. This may be due to the greater 

thermal gradient at these locations, which increases the heat flux, but it may also reflect different 

rates of heat generation for different waste temperatures. For Layers 2 and 3, all sensors at 47.2 m 

showed a continuous decrease in temperature throughout the TRT and the recovery stages. Out of 

those sensors, the ones located at String B, Layer 2, and String A, Layer 3, were already presenting 

a clear drop in temperature at the end of the self-heating stage. Since sensors from different strings 

are placed only 1 m apart from each other, the decrease in temperature read at Strings A, C and D 

of Layer 2 was possibly due to the proximity of those sensors to the cooling areas. The thermistor 

at 32.0 m from the cell edge at Layer 3 (String A) presented unusual readings, with a clear 

reduction in temperature over all the recovery stage. That can be a malfunction of the sensor, but 

the real reason for this behavior is unknown. 

The trend observed for the data at the temperature recovery stage is of a short period where 

the temperatures are still decreasing, keeping the trend observed during the TRT, followed by a 

recovery period in which the temperatures return to values similar to those observed prior to the 

heat extraction process. The lower the temperatures went during the TRT, the faster the 

temperature recovery started, and the higher were the temperature recovery rates observed. The 

fact that the temperatures return to higher values after the TRT suggests that it should be possible 

to specify an appropriate duration of the heat extraction and the recovery stages, establishing a 

cycle that can be repeated over long periods of time without ceasing the biodegradation process. 
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Figure 4.11. Temperature time history for Layer 1 (String A) during TRT and temperature recovery. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.12. Measurements from Layer 2 during TRT and temperature recovery: (a) Temperature time history for 

String A; (b) Temperature time history for String B; (c) Temperature time history for String C; (d) 

Temperature time history for String D. 
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Figure 4.13. Temperature time history for Layer 3 (String A) during TRT and temperature recovery. 

 

  



 

46 

 

The author of this dissertation was the primary author of this chapter, which contains 

unpublished material coauthored with J. S. McCartney, R. Gupta, J. W. F. Morris and K. Botelho. 

This chapter also contains material as it appears in the following publications, where the author of 

this dissertation was the primary author: 

Nocko, L.M., McCartney, J.S., Gupta, R., Botelho, K., Morris, J.W.F. (2018). “Heat extraction 

from municipal solid waste landfills.” Proc. 43rd Workshop on Geothermal Reservoir Engineering. 

Stanford, 5p.  

Nocko, L.M., McCartney, J.S., Gupta, R., Botelho, K., Morris, J.W.F. (2018). “Heat exchange at 

landfills: evaluation of preliminary data from an instrumented municipal solid waste landfill.” 

Global Waste Management Symposium 2018. February 11–14, 2018. Indian Wells, CA. 2p. 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Thermal conductivity of 

municipal solid waste from in-situ heat extraction tests.” (under review) 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Estimate of heat generation 

rates in MSW landfills based on in-situ temperature monitoring.” (in preparation)  



 

47 

 

5. Heat Extraction Thermal Response Test 

 

The thermal response test was the second stage of the field experiment carried out using 

the heat extraction system installed in the landfill in Santee. During that stage, heat was extracted 

from the MSW cell for 405 hours, or 17 days, by circulating cold water through the GHE pipes. 

The results of the TRT in terms of volumetric flow rate and temperature of water entering and 

exiting the heat exchangers on Layers 1, 2, and 3 are shown in Figures 5.1(a), 5.1(b) and 5.1(c), 

respectively. The evolution of fluid temperatures was similar for all layers, with each starting the 

test with a drop before tending to a stable average value. After the first few hours of heat extraction, 

the difference between entering and exiting fluid temperatures in each layer (i.e., 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) was 

nearly constant and was approximately -6 °C for Layer 1, -13 °C for Layer 2 and -11 °C for Layer 

3. The negative sign means that the temperature of the fluid leaving the MSW cell was higher than 

the temperature of the fluid entering, thus indicating the flow of heat from the waste to the fluid 

along the pipe length. 

The results in Figure 5.1 can be synthesized to calculate the heat transfer rate for the three 

heat exchangers, as follows: 

�̇� = 𝑐𝑓𝑙. 𝜌𝑓𝑙. �̇�. (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) (5.1)  

where �̇� is the heat transfer rate, 𝑐𝑓𝑙 is the specific heat capacity of the fluid, 𝜌𝑓𝑙 is the fluid density, 

�̇� is the volumetric flow rate, and 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the temperatures of the fluid entering and exiting 

the heat exchanger loop, respectively. The heat transfer rates during the test for the heat exchangers 

in each layer are shown in Figure 5.2. Although all three heat transfer rates tend toward stable 

values, the heat transfer rate for Layer 1 showed an increasing trend while the heat transfer rates 

for Layers 2 and 3 showed a decreasing trend. This difference can be explained by observing the 
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waste temperature at each layer before the start of the heat extraction. While the waste in Layers 2 

and 3 was at a temperature of 52 °C, the waste in Layer 1 was at 32 °C, which is close to the 

entering fluid temperature at the beginning of the test. Thus, the amount of heat exchanged, which 

is proportional to the difference in temperature between the waste and the fluid, is small at that 

time. As the temperature of the entering fluid drops, this difference increases, and so the heat 

extracted, which can be observed by higher temperatures of the exiting fluid. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5.1. (a) Heat extraction TRT fluid temperatures and volumetric flow rate measurements for (a) Layer 1; (b) 

Layer 2; (c) Layer 3. 

 



 

49 

 

 

Figure 5.2. Calculated heat transfer rates for all three layers during the heat extraction TRT. 

 

Despite the influence of the ambient air temperatures on the water tank, the heat transfer 

rates tended to stable average values over time. The average heat transfer rates calculated were -

8.1 kW in Layer 1, -11.8 kW in Layer 2 and -14.8 kW in Layer 3, with the negative sign indicating 

that heat was being extracted from the waste and transferred to the circulating fluid. The average 

heat transfer rates per length of pipe were -26 W/m for Layer 1, -38 W/m for Layer 2 and -48 W/m 

for Layer 3. During the 405 hours of the experiment, a total of 50.7 GJ of heat were extracted from 

the MSW cell, with 11.9 GJ extracted from Layer 1, 17.2 GJ extracted from Layer 2, and 21.6 GJ 

extracted from Layer 3. 

The difference in heat transfer rates observed in the three layers can be explained by 

analyzing Equation (1). For all layers, the values of specific heat capacity and density of the fluid 

are the same, so the difference in the heat transfer rates calculated is due to variations of the 

volumetric flow rate between each layer, and differences between entering and exiting fluid 

temperatures (ΔT). For layers 1 and 3, the volumetric flow rate is the same, but ΔT is larger for 
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layer 3, corresponding to a higher value of heat transfer rate. Layer 2, however, presented the 

lowest volumetric flow rate. But although the volumetric flow rate is directly proportional to the 

heat transfer rate, a slower flow rate increases the residence time of the fluid within the pipes, 

which consequently increases the time available for heat transfer. This helps explain why the 

difference in entering and exiting fluid temperatures for Layer 2 was slightly higher than that for 

Layer 3, even though the waste at both elevations was at the same temperature before the heat 

extraction.  

As mentioned previously, the heat extraction TRT was performed for a longer duration 

than typical TRTs for geothermal heat exchangers to ensure changes in temperature in a larger 

area surrounding the heat exchangers. Time series of MSW temperatures during the TRT for 

Layers 1, 2 and 3 are shown in Figures 5.3, 5.4 and 5.5, respectively, in more details than in the 

previous chapter. Because Strings 1A, 2A, and 3A are 2 m from the outermost heat exchanger 

segment, the temperatures at this locations, shown in Figure 5.3 for Layer 1, Figure 5.4(a) for 

Layer 2, and Figure 5.5 for Layer 3, decreased only slightly during the heat extraction test. For 

Layer 1, the sensors positioned 1.5 m, 16.8 m and 32.0 m from the slope face registered a reduction 

in temperature of 1.1, 0.5 and 0.7 °C, respectively. For Layer 2, the decrease was of 0.7, 1.1 and 

1.0 °C, and for Layer 3, 0.2, 0.4 and 0.6 °C. For the sensors positioned 47.2 m from the slope face, 

no meaningful change in temperature was observed in any layer. 
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Figure 5.3. Waste temperature evolution during heat extraction TRT for Layer 1. 

 

Different from the readings for Strings A, greater changes in temperatures were observed 

at Strings B, C and D of Layer 2, as shown in Figures 5.4(b), 5.4(c), and 5.4(d), respectively. A 

sharp decrease in temperature was measured by sensors on String C, as this string was attached to 

the outermost heat exchanger segment, with the sensor at 32.0 m from the slope presenting a drop 

of nearly 28 °C. Decreases in temperature were also measured by sensors on Strings B and D, but 

although both strings were equally distant (1 m) from the first segment of heat exchanger, the 

sensors on String D were also influenced by an inner segment of heat exchanger, located 1m from 

this string, experiencing a superposition of effects and consequently a more accentuated drop in 

temperature when compared to String B. After 405 hours of test, for the sensors at 32.0 m from 

the slope, the decrease in temperature was 4.6 °C for String B, while for String D the drop was 9.2 

°C, twice the value observed for String B.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.4. Waste temperature evolution during heat extraction TRT for Layer 2: (a) String A; (b) String B; (c) String 

C; (d) String D. 

 



 

53 

 

 

Figure 5.5. Waste temperature evolution during heat extraction TRT for Layer 2. 

 

The daily fluctuations in air temperature during the TRT are shown in Figure 5.6. Although 

that fluctuation caused noise in the experimental data, the noise was cyclic and the average daily 

temperature did not change significantly over the 17 days of the experiment (i.e., 19.1  1.3 °C). 

The data did not present increase or decrease trends either. This implies that the daily variations in 

air temperature, although clearly visible in fluid temperature readings, are not expected to affect 

the test results that depend on averaged fluid temperatures. 
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Figure 5.6. Variation of air temperature during the heat extraction TRT. 

 

Horizontal temperature profiles at the locations of 16.8 m and 32.0 m from the slope face 

on Layer 2 are shown in Figures 5.7(a) and 5.7(b), respectively. The profile at t = 0 represents the 

initial conditions of the test. Before the start of the heat extraction test analyzed, three short 

simplified tests had to be carried out to calibrate the chiller, which reduced the temperatures around 

String C for t = 0. However, since the drop in temperature in this string occurs rapidly at the 

beginning of the heat extraction, as observed in Figure 5.4(c), and the data used for the estimate of 

the thermal conductivity is for later hours of test, as explained in the next chapter, it is assumed 

that this initial variation in temperature does not affect the future interpretation of data. The profiles 

at t = 405 hours in Figures 5.7(a) and 5.7(b) represent the final conditions of the test, with the zone 

of influence of the heat exchanger in the surrounding waste. 
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(a) 

 
(b) 

Figure 5.7. Horizontal profiles of temperature for different times during heat extraction at Layer 2: (a) 16.8 m from 

the slope face; (b) 32.0 m from the slope face. 
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municipal solid waste from in-situ heat extraction tests.” (under review) 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Estimate of heat generation 
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6. Analysis 

 

A key component in designing heat extraction systems for landfills is to know the thermal 

properties of the waste, which dictate how quickly the heat will be transferred to the fluid 

circulating through the GHE. To estimate these properties, many authors refer to traditional 

methods used with soils, like small scale laboratory tests or field apparatus as the needle probe 

(Faitli et al. 2015b; Hanson et al. 2000). However, while these approaches might be appropriate 

for soils, especially when there are homogeneous and present small grain size, they are often not 

adequate for MSW, which are highly heterogeneous and present variable particles and voids sizes. 

Experiments that use small samples or only consider small domains of material in the field risk 

estimating the thermal properties of a material that is not representative of the whole mass of waste. 

In this chapter, the heat extraction TRT is analyzed using three different approaches that 

take into account the variations taking place in different points of the MSW cell, in order to obtain 

representative values of the thermal properties of the waste. The approaches are presented here in 

increasing order of complexity. The first method applied is the infinite line source analysis, an 

analytical approach that uses a constant heat transfer rate during the test, along with the 

temperatures of the fluid entering and exiting the cell in each layer, to estimate the effective 

thermal conductivity of the heat extraction system. The second approach is a 2-dimensional 

numerical model in which the differential heat conduction equation is implemented using the finite 

difference method. This approach imposes a linear variation of the temperature along the GHE, 

understanding that the heat transfer will not be homogeneous along the GHE serpentine and will 

vary in time. An inverse analysis in which the model results are fitted to the field readings from 

different sensors provided the thermal diffusivity of the MSW. The third and most complex 

approach uses a commercial finite element software to model the TRT. In this approach, the 
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properties of the fluid, of the GHE pipe and of the waste are used as input. Thus, in addition to the 

waste temperatures around the GHE, this approach also provides the fluid temperature variation 

in time and along the pipe. Similar to the finite difference method, this approach uses an inverse 

analysis to match field and model data and estimates the thermal conductivity and the thermal 

diffusivity of the waste surrounding the GHE pipes. 

 

6.1. Infinite Line Source Analysis 

 

Although there are several analytical methods available to estimate the thermal 

conductivity of a heat extraction system embedded in the subsurface, there is no analytical model 

specifically developed for serpentine heat exchangers. However, if the segments of the serpentine 

heat exchanger are placed far enough that they do not interact significantly during the heat 

extraction, the serpentine can be assumed to be a line source, even though it does not form a single 

straight line. Further, if the diameter of the heat exchanger is small, an infinite line source analysis 

can be used to determine the system thermal conductivity. 

The solution of the differential equation for heat conduction in solids assuming an infinite 

linear heat source presented by Ingersoll and Plass (1948) and Carslaw and Jaeger (1959) is a 

common approach to interpret the results from a TRT and estimate the thermal conductivity of 

soils and rocks (e.g., Mogensen 1983; Gehlin and Hellstrom 2003; Sanner et al. 2005, 2008; 

Raymond et al. 2011; Stauffer et al. 2013; Murphy et al. 2014). The infinite line source analysis 

assumes a constant heat transfer rate per length of pipe 𝑄�̇� and an infinite length of heat exchanger 

embedded in the subsurface at an initial temperature T0, and it provides the temperature T of the 

medium at a radial distance r from the center line of the line heat source at a time t, as follows: 
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𝑇 = 𝑇0 +
𝑄�̇�

4𝜋𝜆
∫

𝑒−𝛽

𝛽
𝑑𝛽

∞

𝑟2

4𝛼𝑡

 (6.1)  

where λ and α are the thermal conductivity and thermal diffusivity of the material surrounding the 

line heat source, respectively, and β is a variable of integration. This analysis assumes the heat 

transfer occurs solely due to conduction, neglecting the effects of convection. It also neglects the 

effects of heat generation within the conductive material, which might be unsuitable for long-term 

applications with MSW. However, for the system presented in this study, the temperatures in the 

MSW had been nearly constant for months before the heat extraction, and there is no oxygen being 

introduced in the cell – which could potentially increase the heat generation rate. Therefore, it is 

assumed that the heat generation rate was low enough that its influence on waste temperature 

during the relatively short period of heat extraction can be neglected. 

For 𝑡 > 4𝑟2 𝛼⁄  (Mogensen 1983), the exponential integral in Equation (6.1) can be 

simplified and the following equation is obtained (Carslaw and Jaeger 1959): 

𝑇 − 𝑇0 =
𝑄�̇�

4𝜋𝜆
(ln 𝑡 + ln

4𝛼

𝑟2
− 𝛾) (6.2)  

where γ is Euler’s constant. This solution is suitable to analyze TRT results as the fluid 

temperatures are representative of the heat source and the duration of TRTs is typically several 

times longer than the minimum time required for this approximation to be valid. For example, for 

a 25 mm-diameter pipe in a medium with α = 3.010-7 m2/s, the minimum time required for this 

approximation to be valid at the wall of the pipe is 35 minutes. Regarding the suggested duration 

of the TRT, ASHRAE (2002) recommends 36 to 48 hours of test to ensure enough time for the 

data to converge. Sanner et al. (2005) recommends a minimum of 48 hours and Signorelli et al. 

(2007) suggests a test duration of 50 hours to obtain stable results. In all these cases, the duration 

of the test is longer than the time required to make Equation (6.2) valid.   
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To use Equation (6.2) to interpret TRT results, the value of temperature 𝑇∗ is plotted versus 

the natural logarithm of time 𝑡 (in seconds, to be consistent with the units used in this work), and 

the slope of the linear portion of the curve obtained is used to calculate the thermal conductivity λ 

of the material being tested, as follows: 

𝜆 =
�̇�

4𝜋𝐿
[

𝑑(𝑇∗)

𝑑(ln 𝑡)
]

−1

 (6.3)  

where 𝐿 is the length of the pipe through which there is exchange of heat and �̇� is the heat transfer 

rate, calculated using Equation (5.1). For heat exchangers with a small ratio 𝑟/𝐿, the source of heat 

can be approximated by an infinite line and 𝑄�̇� is equal to �̇� 𝐿⁄  (in this study, 𝑟/𝐿 = 4.010-5). 

Regarding the value of the temperature 𝑇∗, different approaches have been proposed in the 

literature. The approach of Mogensen (1983) and ASTM (2014), often referred to as the transient 

probe method, defines 𝑇∗ as the difference between the fluid temperature exiting the heat 

exchanger at time 𝑡 and the fluid temperature exiting the heat exchanger at the beginning of the 

test (i.e., the fluid temperature difference, ΔT, in time). This approach uses the original solution 

presented in Equation (6.2). The most common approach used in TRT analyses, however, is 

referred to as the average fluid temperature method, and defines 𝑇∗ as the average of the 

temperatures of the fluid entering and exiting the heat exchanger (i.e., the average fluid 

temperature, Tave) (ASHRAE 2002; Gehlin and Spitler 2002; Sanner et al. 2005; Murphy et al. 

2014). Although the transient probe method allows the convenience of estimating the thermal 

conductivity of the material with only one temperature sensor, the use of the two sensors in the 

average fluid method enables the observer to account for changes in heat transfer rate during the 

TRT. Both approaches were considered in this study. 
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Plots of 𝑇∗ as a function of the logarithm of time for the heat exchangers on Layers 1, 2 

and 3 are shown in Figures 6.1, 6.2 and 6.3, respectively. For each of these figures, the transient 

probe method using the exiting fluid temperature is presented in part (a), and the average fluid 

temperature method is presented in part (b). In all plots, an initial nonlinear decrease of temperature 

is observed in the first 20 hours of heat extraction, after which a log-linear decrease is observed. 

The best-fit linear trends for the period of 20 to 405 hours are shown. The influence of the daily 

fluctuations in air temperature is clearly observed in the data, but the best-fit lines follow the 

average slope of the curves. As mentioned previously, since the average daily temperature does 

not change significantly during the TRT, it does not lead to a bias that affects the slope of the data 

during the test. 

 

 
(a) 

 
(b) 

Figure 6.1. Infinite line source analyses applied to Layer 1: (a) Transient probe method applied to exiting fluid 

temperature; (b) Average fluid temperature method. 

 



 

61 

 

 
(a) 

 
(b) 

Figure 6.2. Infinite line source analyses applied to Layer 2: (a) Transient probe method applied to exiting fluid 

temperature; (b) Average fluid temperature method. 

 

 
(a) 

 
(b) 

Figure 6.3. Infinite line source analyses applied to Layer 3: (a) Transient probe method applied to exiting fluid 

temperature; (b) Average fluid temperature method. 

 

In addition to fitting lines to the data between 20 and 405 hours as shown in Figures 6.1 to 

6.3, which is referred to as long-term analyses, lines were also fitted to the data between 20 and 

100 hours, which is referred to as short-term analysis. The reason for performing two analyses is 

to guarantee that overlapping effects between two segments of the serpentine heat exchanger are 

not affecting the results obtained with this approach. A summary of the estimated values of system 
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thermal conductivity using both long-term and short-term analyses is shown in Table 6.1, and only 

slight differences between the short-term and long-term analyses are observed. Thus, it is likely 

that even after 17 days of heat extraction, the overlapping effect in the segments of the serpentine 

heat exchanger did not affect the assumption of a line source heat exchanger. Further, the fact that 

the values remained the same also confirms that, for the duration of this heat extraction test, the 

possible effects of heat generation can be neglected. Table 6.1 summarizes the results from the 

transient probe method and the average fluid temperature method, along with the specific sensors 

used in each analysis. Variations in the system thermal conductivity of about 10% were observed 

for the different analysis approaches. The values presented in Table 6.1, which range from 0.86 

W/m°C to 1.32 W/m°C, are consistent with the upper bound of the thermal conductivity values 

obtained from laboratory tests and reported in the literature, indicating the relevance of estimating 

this variable in-situ. It should be noted that this method does not distinguish between the effects 

of the GHE pipe, of the fluid or of the MSW on the heat transfer process. It is all considered one 

medium. Therefore, the thermal conductivity values summarized in Table 6.1 are “system” values 

that are representative of the thermal response of the water, heat exchanger pipes, and the waste. 

This is important to note when comparing thermal conductivity values from this approach with 

those from other analyses presented later in this thesis, which estimate the thermal conductivity of 

the waste exclusively. 
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Table 6.1. Summary of heat extraction TRT results. 

Method for 

defining T* in 

the infinite line 

source analysis 

Temperature 

sensor(s) used 

System thermal conductivity 

(W/m°C)1 

System thermal conductivity 

(W/m°C)2 

Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3 

Transient probe  

T* = ΔT 

Exiting fluid 

temperatures for each 

layer (Tout) 

0.94 1.12 1.17 0.94 1.03 1.16 

Average fluid 

temperature 

T* = Tave 

Entering and exiting 

fluid temperatures for 

each layer (Tin, Tout) 

0.86 1.11 1.28 0.89 1.12 1.32 

1Short-term analysis (20 to 100 hours) 

2Long-term analysis (20 to 405 hours) 

 

A trend of increasing system thermal conductivity is observed with increasing elevation in 

Figure 6.4, even when accounting for the spread in values resulting from the use of different 

methods and time intervals. While it was expected that the material near the base liner would have 

a higher thermal conductivity due to accumulation of leachate at the base of the landfill (e.g., 

Gibbons et al. 2014), this was not reflected in the results for Layer 1. Two main factors might have 

led to the unexpected trend in thermal conductivity with elevation. First, although the leachate 

head above the liner was not monitored in this study, the landfill is in a dry climate area and the 

precipitation in the six months preceding the test was of only 5mm (Gillespie Field Airport weather 

station), suggesting that the waste is relatively dry and might not be saturated above the liner. 

Second, the thermal response of the heat exchanger on Layer 1 is affected by the thermal 

characteristics of the base liner materials, as the MSW is only above the heat exchanger on Layer 

1, but not below it. Since the thermal conductivity obtained in this study reflects properties of the 

whole heat extraction system (fluid, pipe material, 150mm - thick protective layer of soil, waste), 

the half-space formed by the base liner material and subsurface soil may have a strong influence 

on the thermal conductivity estimated for Layer 1. The difference in thermal conductivity for the 
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elevations of Layers 2 and 3 may be associated with the difference in testing conditions for the 

two layers leading to different heat transfer rates, as greater values of �̇� in Equation (6.3) may lead 

to greater thermal conductivity values.  

 

 

Figure 6.4. Ranges of estimated system thermal conductivity values as a function of elevation. 

 

Although not monitored in this study, other variables might affect the trend of thermal 

properties with elevation. In addition to the effects of waste heterogeneity, it is expected that the 

thermal properties will vary with elevation due to density variations (e.g., Kavazanjian et al. 1995; 

Zekkos et al. 2006). It is also possible that a greater degree of biodegradation in the upper portion 

of the landfill led to an increase in density that contributed to the greater thermal conductivity in 

those regions.  
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6.2. Two-dimensional Finite Difference Analysis with Simplified Heat Sink  

 

To estimate the in-situ thermal diffusivity 𝛼 of MSW, a simplified inverse analysis was 

performed using a 2D finite difference implementation of the differential heat conduction equation, 

defined as: 

𝜕𝑇

𝜕𝑡
= 𝛼 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
) (6.4)  

where x and y are spatial variables. Specifically, the 405 hours of heat extraction from 

Layer 2 were simulated and the results were compared to the measured temperature data. The 

thermal diffusivity was varied until the best fit between field and modeled data was obtained. The 

finite difference explicit method used to calculate the temperature 𝑇𝑖,𝑗
𝑘+1 at position (xi,yj) and time 

tk+1 was implemented with a forward difference for the time derivative and a second-order central 

difference for the space derivative (FTCS), as follows: 

𝑇𝑖,𝑗
𝑘+1 = 𝑇𝑖,𝑗

𝑘 + ∆𝑡 × 𝛼 (
𝑇𝑖+1,𝑗

𝑘 + 𝑇𝑖−1,𝑗
𝑘 − 4 × 𝑇𝑖,𝑗

𝑘 + 𝑇𝑖,𝑗+1
𝑘 + 𝑇𝑖,𝑗−1

𝑘

ℎ2
) (6.5)  

where ∆𝑡 is the time increment and ℎ is the space increment, assuming ∆𝑥 = ∆𝑦 = ℎ. For this 

study, ∆𝑡 = 10 s and ℎ = 0.01 m. The stability of the method was verified by applying the von 

Neumann condition for a 2D problem: 

𝛼 × (
∆𝑡

∆𝑥2
+

∆𝑡

∆𝑦2
) ≤

1

2
, 𝑜𝑟 

 𝛼 × (
∆𝑡

ℎ2
) ≤

1

4
 

(6.6)  

The experimental data used in this analysis were obtained from sensors on Layer 2 

positioned at distances of 16.8 m and 32.0 m from the slope face. Similar to the infinite line source 
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in the previous chapter, it is assumed that heat transfer occurs only due to conduction, neglecting 

the effects of convection and the possible effects of heat generation within the waste. In other 

words, it is assumed that the time scale for anerobic heat generation is longer than the period of 

the heat extraction TRT. 

The geometry simulated is presented in Figure 6.5(a) and it corresponds to the same 

geometry of Layer 2 of the system installed in the field. The boundaries of the simulated region 

were fixed at 3 m from the outermost GHE segments. The initial temperatures used in this analysis 

are shown in Figure 6.5(b) and were assumed to vary as a function of the radial distance from the 

GHE segments. Initial temperatures used at 16.8 m from the slope face presented similar values to 

those at 32.0 m.  For points located at the same position as the thermistors, the temperatures at t = 

0 h were those measured by the sensors immediately before the start of heat extraction, as shown 

in Figures 5.7(a) and 5.7(b). For intermediate points, the temperature was approximated by fitting 

logarithmic functions to two consecutive sensors measurements. This logarithmic variation was 

assumed to be the same for all areas between GHE segments, and equal to the temperature variation 

around thermistor String 2D (only string placed between two heat exchangers). For radial distances 

larger than 1 m, the initial temperature was assumed to be 51.5 °C for the upper 4 m of the model. 

That temperature is supported by the waste temperature measurements at a distance of 47.2 m from 

the slope face, in addition to be the temperature reached by Layers 2 and 3 at the end of the self-

heating period. For the bottom 2 m of the simulated area, the temperature was assumed to decrease 

linearly with a function fitted to the average temperatures for Layers 1 and 2. At the borders of the 

simulated area, the initial temperature was also imposed as a constant boundary condition during 

the simulation. 
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(a) 

 

 
(b) 

Figure 6.5. Finite difference analysis of the heat conduction equation: (a) Vertical cross-section geometry of the waste 

layer simulated showing boundary conditions; (b) Initial 2D profile of temperatures at 32.0 m from cell 

slope. 

 

A time-dependent temperature boundary condition was applied to the location of each of 

the GHE segments in the 2D geometry, using the measured entering and exiting fluid temperatures 

to define this boundary condition, as shown in Figure 6.6(a). A decreasing logarithmic relationship 

was fit to the entering fluid temperature time history, and the daily temperature fluctuations were 

not considered. The exiting fluid temperature was obtained by adding the average temperature 

difference from Figure 5.1(b) (13 °C) to the entering temperature at each time step. It is assumed 

that the temperature of the heat exchanger increases linearly with distance along the serpentine 
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heat exchanger. Accordingly, the temperature gain in each point of the serpentine heat exchanger 

is proportional to the length of pipe travelled by the fluid to get to that point. Time series of the 

temperatures imposed to points at 16.8 and 32.0 m from the cell edge are shown in Figure 6.6(a), 

and the temperatures along the length of the heat exchanger for different times are presented in 

Figure 6.6(b). Simulations run by Philippe et al. (2011) show a linear variation in fluid temperature 

for times larger than the residence time. In this study, the fluid residence time within the 

geothermal heat exchanger of Layer 2 is approximately 12 minutes, which is significantly small 

compared to the simulated time, supporting the assumption of a linear variation in temperature 

along the length of the heat exchanger. 

 

 

(a) 

 

(b) 

Figure 6.6. Finite difference analysis of the heat conduction equation: (a) Time series of imposed heat exchanger 

temperatures at different locations; (b) Spatial distribution in imposed heat exchanger temperatures for 

different times. 

 

Several simulations were run varying the value of 𝛼, and the results obtained were 

compared with the data presented in Figure 5.4 to define the coefficient of determination, R2, 

obtained in each simulation. The trends in R2 and 𝛼 for the data at two distances from the slope 
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face are shown in Figure 6.7. The values of 𝛼 resulting in the highest R2 were 1.0510-6 m2/s at 

16.8 m from the slope face, and 7.8510-7 m2/s at 32.0 m from the slope face, resulting in an 

average 𝛼 of 9.210-7 m2/s. Comparison between the field measurements and the horizontal 

profiles of temperatures obtained with the best fitted 𝛼 for the end of the TRT are shown in Figures 

6.8(a) and 6.8(b). Two main reasons can explain the difference in 𝛼 obtained for the two distances 

from the slope face. The first, which is a common challenge when dealing with MSW, is the 

heterogeneity of the material. Depending on the type of waste placed around one set of sensors, its 

thermal, mechanical and hydrological properties might present variations when compared to other 

regions of the cell. The second reason for difference in the results is more practical and relates the 

accuracy of the sensors and possibility of wrong measurements, which affects the fitting process. 

 

 

Figure 6.7. Coefficient of determination obtained from inverse analysis with different values of thermal diffusivity for 

waste at 16.8 m and 32.0 m from the slope face. 



 

70 

 

 
(a) 

 
(b) 

Figure 6.8. Finite difference analysis applied to Layer 2: temperature profile obtained at the end of the heat extraction 

period for sensors at (a) 16.8 m and (b) 32.0 m.  

 

The 2D profile of temperatures obtained at the end of the heat extraction period at 32.0 m 

is presented in Figure 6.9, and the influence from the different fluid temperatures along the pipe 

can be observed. Since the cold water enters the waste cell at the GHE segment at the left, the 

waste around that segment is colder than in other regions. As the water flows through the pipe, the 

fluid temperature increases, which reduces the temperature gradient between the waste and the 

fluid, and consequently the amount of heat extracted. That way, the waste around GHE segments 

further from the fluid entry is not so strongly affected, as shown in Figure 6.9. 

 

 
Figure 6.9. Finite difference analysis: 2D profile of temperatures at 32.0 m from cell slope after the 405 h of heat 

extraction.  
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6.3. Three-dimensional Finite Element Analysis with Simulation of Fluid Flow  

 

The third analysis of this study was carried out using the finite element commercial 

software COMSOL Multiphysics, version 5.4. The 3-dimensional model was built with two 

coupled physics: Heat Transfer in Solids and Nonisothermal Pipe Flow, which are available as 

separate modules of the software. The Heat Transfer in Solids physics was used to simulate the 

flow of heat in the waste, while the Nonisothermal Pipe Flow, the flow of matter and heat within 

the GHE pipes. As in the two previous analysis, the heat transfer within the waste was assumed to 

occur only due to conduction, neglecting the effects of convection.  Thus, instead of modelling the 

waste as a porous material, it was possible to model it as a solid with effective thermal properties 

that already account for the presence of voids. The general equation used by the Heat Transfer in 

Solids physics to model the conductive heat transfer is given by: 

𝜌𝐶
𝜕𝑇

𝜕𝑡
+ ∇ ∙ 𝑞 = 𝑄 (6.7)  

where ρ is the density of the waste, C is the specific heat capacity of the waste, and Q is a heat 

generation rate, added when a heat source is present. The variable q is the heat flux by conduction, 

described by Fourier’s law of heat conduction as: 

𝑞 = −𝜆𝛻𝑇 (6.8)  

where λ is the thermal conductivity of the waste. Substituting Equation (6.8) into Equation (6.7) 

and assuming that no substantial heat generation occurs during the TRT (Q = 0), Equation (6.7) 

becomes the differential heat conduction equation, shown in its two-dimension form in Equation 

(6.4). 

The Nonisothermal Pipe Flow physics uses two main groups of equations: one to describe 

the fluid flow in a pipe, and other to describe the heat transfer within that fluid. The fluid flow is 
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described by the Navier-Stokes equation (conservation of momentum) and mass continuity 

equation, respectively given by: 

𝜌𝑓𝑙

𝜕𝒖

𝜕𝑡
+ 𝜌𝑓𝑙𝒖 ∙ ∇𝒖 = −∇𝑝 − 𝑓𝐷

𝜌𝑓𝑙

2𝑑ℎ
𝒖|𝒖| + 𝑭 (6.9)  

𝜕𝐴𝜌𝑓𝑙

𝜕𝑡
+ ∇ ∙ (𝐴𝜌𝑓𝑙𝒖) = 0 (6.10)  

where 𝜌𝑓𝑙 is the density of the fluid, u is the tangential velocity (cross-section velocity), p is 

pressure, fD is the dimensionless Darcy friction factor, which accounts for the pressure drop in a 

pipe due to viscous shear, dh is the hydraulic diameter, F represents body forces, and A is the pipe 

cross section area available for flow. The heat transfer within the fluid is described by the total 

energy equation for an incompressible fluid, or the temperature equation, as follows: 

𝜌𝑓𝑙𝐴𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝑓𝑙𝐴𝐶𝑝𝒖 ∙ ∇𝑇 = ∇ ∙ 𝐴𝜆𝑓𝑙∇𝑇 + 𝑓𝐷

𝜌𝑓𝑙𝐴

2𝑑ℎ

|𝒖|3 + 𝑄 (6.11)  

where Cp is the fluid heat capacity at constant pressure and Q, as before, represents a heat source, 

which might include the heat transfer from the surroundings to the fluid through the pipe wall.  

One of the advantages of the commercial software used is that the Pipe Flow module can 

be added to its library and it allows the user to attribute pipe properties to lines, without having to 

create the geometry and mesh of the tubulation, and of the liquid phase inside the pipe. The 

material properties of the pipe must be included in the model, along with geometry features as 

diameter and thickness. The software solves the equations for flow and heat transfer with a finite 

element method analysis and uses the temperatures at the pipe-waste interface as input for the heat 

transfer simulation outside the pipe. The coupling of the two physics modules in COMSOL 

(Nonisothermal Pipe Flow and Heat Transfer in Solids), is made by relating the fluid and waste 

temperatures at the interface between pipe and waste. This correlation was made using the heat 
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flux definition, presented in Equation (6.8), meaning that the amount of heat being extracted from 

the waste at that location must be equal to the amount of heat being transferred to the pipe system 

(pipe + fluid), as follows: 

𝑞 = −𝑘𝑀𝑆𝑊(𝑇𝑀𝑆𝑊 − 𝑇𝑓𝑙𝑢𝑖𝑑) (6.12)  

This term was included as a heat sink for the Heat Transfer in Solids physics, and as a heat source 

for the Nonisothermal Pipe Flow physics. The equation used was the same for both physics, but 

with opposite signs. 

Like the finite difference simulation, the geometry used in this model corresponds to Layer 

2 of the heat extraction system, since it was the most instrumented layer and thus, allowed for a 

better comparison between field and model data. As this is a 3-dimensional analysis, it was 

possible to include the whole serpentine embedded in the MSW into the geometry of the model, 

as presented in Figure 6.10. The distance between the pipes and the slope of the cell, 1.5 m, was 

the same as the one used in the field. The inclination of the slope, 2.5H:1V, was also the same 

observed in the landfill cell. Similarly, the distance between each serpentine segment is 2 m and 

the length of each segment is 36.5 m, as shown in Figures 3.3 and 3.4. The size of the domain 

representing the waste was defined after a convergence analysis in which the distances between 

the boundaries and the GHE serpentine were compared to the temperature of the fluid leaving the 

cell at the end of the 17 days of heat extraction. The result of the convergence analysis, presented 

in Figure 6.11, showed that for this specific simulation the exiting fluid temperature does not vary 

significantly for distances larger than 3 m. In fact, the difference between the exiting temperature 

for a distance of 3 m and for a distance of 6 m, is of 0.18 °C or 0.7%, which is less than half the 

accuracy of the sensors used in the field monitoring. Thus, to avoid unnecessary computational 

costs, the distance adopted for the model was of 3 m, which also brings the vertical domain limits 
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to the midpoint between Layer 2 and the other two layers of the system, showing that each layer 

can be modeled independently for the TRT duration.  

 

 

Figure 6.10. Three-dimensional geometry used for the finite element simulations. 

 

 

Figure 6.11. Convergence analysis for size of the MSW domain on the finite element model. 
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With exception of the GHE pipes temperature, the boundary and initial conditions applied 

to this model were the same as the ones applied to the finite difference model presented earlier for 

the 32.0 m simulation. For the initial conditions, the temperatures were assumed to vary as a 

function of the radial distance from the GHE segments, presenting slightly different variations for 

the area outside the serpentine and within the GHE segments. For radial distances larger than 1 m, 

the initial temperature was assumed to be 51.5 °C for the upper 4 m of the model. For the bottom 

2 m of the simulated domain, the temperature decreased linearly from 51.5 °C to 43 °C (assumed 

temperature at the midpoint between Layers 1 and 2). The initial profile of temperatures at 32.0 m 

from the slope is presented in Figure 6.12. The initial temperatures were imposed as constant 

boundary conditions for the boundaries that were in contact with waste in the field. For the face of 

the slope, which was in contact with air, the imposed boundary condition was the average air 

temperature for the period of the test, 18.9 °C. The imposed boundary conditions, along with 

additional geometry information, are presented in Figure 6.13 for the cross-sectional elevation 

view parallel to the GHE pipes. Temperatures at the GHE pipes were not imposed on this analysis: 

they were calculated through the Nonisothermal Pipe Flow module provided by the software and 

automatically attributed to the GHE location.  
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Figure 6.12. Finite element analysis: profile of initial temperatures at 32.0 m from the slope. 

 

 

Figure 6.13. Finite element analysis: boundary conditions for the cross-section elevation profile parallel to the pipes. 

 

The material properties and variables used as input for the simulations are presented in 

Table 6.2. The values of thermal conductivity and thermal diffusivity used for the convergence 

analyses were the average values obtained from the previous methods, but since the goal of this 

analysis is to estimate those properties, they are discussed again further in this chapter and are not 

presented as input variables. The properties of the GHE pipes were obtained from data sheets 

provided by the product supplier, and the variables for fluid flow are those observed for Layer 2, 

which is the layer to be modelled in this simulation. The software used has libraries with properties 

for common materials, including water, which was the fluid used in the field experiment, so it was 

not necessary to specify those values. 
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Table 6.2. Input variables and material properties used with the finite element model.  

Municipal Solid Waste 

Unit Weight 8.7 kN/m3 

Density 886.9 kg/m3 

Geothermal Heat Exchanger Pipe 

External diameter 0.033 m 

Internal diameter 0.027 m 

Thermal conductivity 0.5 W/m.K 

Density 1000 kg/m3 

Specific heat 2.070 kJ/kg.K 

Fluid (water) 

Volumetric flow rate 2.110-4 m3/s 

Cross-section velocity 0.367 m/s 

  

The temperature of the water entering the cell, Tfl,in, was imposed as a function of time t, 

in seconds, as follows: 

𝑇𝑓𝑙,𝑖𝑛 = −2.33 ln 𝑡 + 48.80 (6.13)  

This function was obtained by fitting a logarithmic function to the experimental data, as shown in 

Figure 6.14. Since the temperature values given by the logarithmic function were higher than the 

field readings for the first one hour of the test, the temperature during that time interval was 

assumed to be constant and equal to 29.7 °C (temperature obtained at t = 3600s with the logarithmic 

function). 
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Figure 6.14. Finite element analysis: imposed temperature for the entering fluid. 

 

The choice of the mesh used in the simulations was, as the size of the domain, based on a 

convergence analysis. The size of the mesh was selected to give accurate enough results, but 

without unnecessary computational costs. Because the radius of the GHE was substantially smaller 

that the dimensions of the MSW domain, the flow around the pipe had to be modelled more 

carefully, therefore with a finer mesh, than at regions closer to the boundaries. Thus, a homogenous 

mesh was not appropriate, although it was included in the convergence analysis. The results from 

the convergence analysis are presented in Figure 6.15, in which fluid and waste temperatures 

resulting from steady-state simulations are plotted versus the total number of elements obtained 

with a specific mesh. The fluid temperature 16.8 m and 32.0 m after entering the waste, and by the 

time it left the cell are plotted in Figure 6.15(a), while the waste temperature for all the sensors 

positioned at 16.8 m and 32.0 m are presented in Figure 6.15(b) and Figure 6.15(c), respectively. 

The mesh selected to be used in the model was required to present at least the same accuracy as 
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the temperature sensors, with a maximum error of 1% when compared to the results from the most 

refined mesh tested, located at the asymptote of the convergence curves.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 6.15. Convergence analysis for the mesh size of the finite element analysis: (a) Fluid temperature analysis; (b) 

MSW temperature at 16.8 m from the cell edge; (c) MSW temperature at 32.0 m from the cell edge. 

 

Using these criteria, the mesh selected was the one that discretized the geometry in 

1,196,057 tetrahedral elements, as indicated in the plots from Figure 6.15. The maximum size of 

the elements around the GHE pipe, or the refined mesh, was 0.08 m, while for the regions further 

from the pipes and closer to the domain boundaries, the elements had a maximum size of 1.7 m. 

For all the variables analyzed – fluid temperature at three locations and waste temperature at eight 
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– the maximum error obtained for the selected mesh was 0.9%, with 0.17 °C of difference between 

the value obtained with the mesh selected and the one obtained with the most refined mesh. The 

mesh selected is shown in Figure 6.16 as a horizontal cross-section at the serpentine elevation, and 

in Figure 6.17 as a vertical cross-section intercepting the GHE pipe segments. 

 

 

Figure 6.16. Horizontal cross-section of the geometry showing the mesh used for the finite element analysis.  

 

 

Figure 6.17.Vertical cross-section of the geometry showing the mesh used for the finite element analysis. 

 

As in the finite difference analysis, an inverse analysis was carried out to estimate the 

values of thermal conductivity and thermal diffusivity of the MSW. In order to get that, several 



 

81 

 

simulations were run varying the values of those two parameters, and the results obtained were 

compared to the field readings to calculate the coefficient of determination, R2, for each simulation. 

The combination that resulted in the highest values of R2, equal to 0.97, was with a thermal 

conductivity of 1.4 W/m°C and a thermal diffusivity of 9.010-7 m2/s. The cross-section elevation 

perpendicular to the pipes showing the temperatures reached after the 405 h of heat extraction is 

presented in Figure 6.18. 

 

 

Figure 6.18. Finite element analysis: profile of temperatures after the heat extraction TRT at 32.0 m from the slope. 

 

Once the thermal conductivity and thermal diffusivity of the waste are known, its 

volumetric heat capacity 𝐶𝑣 can be calculated from the relationship between these two variables, 

as follows: 

𝐶𝑣 =
𝜆

𝛼
 (6.14)  

The volumetric heat capacity calculated using the values of thermal conductivity and 

thermal diffusivity obtained for Layer 2, sensor at 32.0 m, was equal to 1.56 MJ/m3°C. This value 
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is lower than the volumetric heat capacity of water (4.2 MJ/m3°C) and is consistent with the range 

of 0.4 MJ/m3°C to 4.0 MJ/m3°C reported in the literature (Yeşiller et al. 2015). 

Figure 6.19(a) presents the waste temperature time histories obtained from the field 

readings and from the model for the four thermistors placed at 32.0 m from the cell slope. For 

String B, the two curves are almost overlapped. For String C, although there is a significant 

difference between the field and the model data, that difference reached a nearly constant value in 

time (approximate 3.5 °C). For Strings A and D, however, the model did not provide a good match, 

with the difference between the two sets of data increases with time, and in opposite directions: 

the model provides lower temperatures than the field for String A, but higher temperatures than 

the field for String D. The difference between the measured and the simulated temperatures at 32.0 

m from the slope at the end of the simulation was 1.2 °C, 0.2 °C, 2.9 °C and 1.8 °C, for the sensors 

at Strings A, B, C and D, respectively. Since the function used as an input for the entering fluid 

temperature was a smoothed function, the results obtained with the model do not present the daily 

temperature variation observed in the field data for String C and for the exiting fluid temperature, 

which is presented in Figure 6.19(b). In this figure, it is observed that, although the waste 

temperatures are not a perfect fit, the exiting fluid temperature obtained with the model is a good 

approximation of the average experimental data. The horizontal profile of temperatures at the end 

of the TRT, showing the field readings and the finite element model results for the waste 

temperatures, is presented in Figure 6.20, and shows the discrepancy obtained for temperatures at 

Strings A, C and D at the end of the simulation. 
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(a) 

 
(b) 

Figure 6.19. Finite element analysis results: (a) Time history for waste temperature during the TRT; (b) Time history 

for the exiting fluid temperature during the TRT. 

 

 

Figure 6.20. Horizontal temperature profile obtained with the finite element analysis for the end of the heat extraction 

TRT at 32.0 m from the cell edge. 

 

Using the results from the Nonisothermal Pipe Flow physics model in COMSOL, it was 

possible to plot the variation of fluid temperature along the GHE pipe for different times, as 

presented in Figure 6.21. From this figure, it is possible to observe two main points. The first, is 
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that the temperature variation along the pipe is not linear as assumed in the Finite Difference model 

presented previously. However, for short segments of pipe, a linear approximation may be 

acceptable. The second point is that there are no clear overlapping effects between two segments 

of the serpentine heat exchanger. The discontinuities observed after 50 hours of test occur where 

the serpentine gets the closest to the cell slope, suggesting that those drops in temperature are due 

to the influence of the colder air temperature.  

 

 

Figure 6.21. Fluid temperature along the GHE pipes for different times, obtained with the finite element analysis. 

 

Even though the finite element analysis takes into account the material properties of the 

GHE and the fluid flow inside the pipe, and the heat transfer between the fluid and the waste, the 

match obtained with this model was not better than the one obtained with the two-dimensional 

finite difference analysis. The fact that the waste is highly heterogeneous might have resulted in 

field readings that are not representative of the whole mass of waste, inducing error in the results 

analyses. However, even with the difference in accuracy of results and temperature profiles 
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obtained, the three different analyses presented in this study provided similar results. The infinite 

line source analysis suggested a system thermal conductivity between 0.9 W/m°C and 1.3 W/m°C, 

while the finite element analysis resulted in a thermal conductivity of 1.4 W/m°C for the MSW. 

This same analysis indicated a thermal diffusivity of 9.0  10-7 m2/s for the waste, while the average 

of the thermal diffusivity values obtained with the finite difference analysis was 9.2  10-7 m2/s. It 

is important to stress that, although presenting similar values, these properties represent different 

materials. For the infinite line source, which considers only one material in its analysis, the 

properties obtained are representative of the whole heat extraction system: fluid, GHE pipes and 

MSW. For the finite difference analysis, also only one material is simulated, but the temperatures 

imposed at the location of the serpentine are assumed to be the temperature at the interface between 

the GHE and the MSW, thus the thermal diffusivity obtained is representative of the waste only. 

For the finite element analysis, fluid, GHE pipe and waste mass are considered, but they are 

modelled separately, so the thermal properties estimated are also representative of the waste 

exclusively. With that, it is reasonable that the values of thermal conductivity obtained with the 

infinite line source analysis are lower than the ones obtained with the finite element analysis: the 

values obtained with the first method represent an effective thermal conductivity that accounts for 

MSW, but also for the GHE pipe and water, both presenting lower values of thermal conductivity 

when compared to the waste. Knowing what each value represents and given the consistency of 

results, it is safe to assume that the thermal properties presented above are representative of MSW 

in in-situ conditions, either for use as a property of the heat extraction system, or as a property of 

the MSW only. 
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6.4. Heat Generation During Temperature Recovery Stage 

 

After estimating the thermal properties of the waste, attention should be given to the 

influence of the heat generation on the temperature recovery data. The heat generation rate has 

been already estimated for the first year of biodegradation, however, the behavior characterized 

earlier involved both aerobic and anaerobic processes. To use values of heat generation rate for 

the design of heat extraction systems, the values for the anaerobic stage must be defined, since that 

is the long-lasting process in a landfill. The temperature recovery stage of the field experiment 

started approximately 14 months after the placement of the waste on the landfill, making it 

reasonable to assume there was no oxygen in the cell anymore, and the process of biodegradation 

was fully anaerobic. Thus, the increase in waste temperatures during that stage of the experiment 

can be attributed to two main factors: the heat flowing from warmer areas, and the heat being 

generated by anaerobic processes within the waste. Using a model to predict the heat flow, the 

difference in heat gain observed between model and field data would correspond to the heat 

generated within the waste. 

Due to the best match obtained between field and model results, the finite difference 

approach was used to model the heat transfer during the temperature recovery stage. The 

temperatures used as initial conditions for the temperature recovery simulation were those obtained 

at the end of the 17-day heat extraction simulation. The constant temperatures used as boundary 

conditions at the borders of the modelled domain were kept the same as the ones used to model 

the heat extraction: for the upper 4 m of the model, a constant temperature of 51.5 °C was imposed, 

and for the bottom 2 m, a linear decrease of temperatures was applied. One main difference in the 
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boundary conditions for this simulation is that no temperatures were imposed at the location of the 

GHE pipes, with the heat allowed to flow freely during the 89-day simulation. 

The temperature time histories obtained from the simulations for 16.8 m and 32.0 m from 

the cell edge are presented in Figures 6.22 and 6.23, respectively. Results from the heat extraction 

and the temperature recovery stages are presented for all the strings. For sensors at 16.8 m from 

the slope, the simulations resulted in faster temperature recovery for Strings A, C and D, when 

compared to field data, and almost identical final temperatures for String B, as shown in Figure 

6.22. The fact that the final temperatures observed in the field are the same, or even lower than the 

ones obtained with a model that covers only heat transfer, suggests that the heat generation does 

not represent a major factor on the heat gain of the waste for the time scale of this test. 

Data from sensors at 32.0 m from the slope are slightly different, given that the final 

temperatures obtained with the model are somewhat lower than the values measured in the field, 

as presented in Figure 6.23. No heat generation can be attributed to the sensor from String A, 

because once the temperatures stopped decreasing, the temperature gain obtained with the model 

(0.6 °C) is larger than the one observed in the field (0.4 °C) during the temperature recovery period. 

However, for sensors at Strings B, C and D, the temperature gain after the waste reached the lowest 

temperature value was of 3.1 °C, 29.8 °C and 7.4 °C, respectively, for the field data, and 2.6 °C, 

25.9 °C, and 5.7 °C, respectively, according to the model results. Those values indicate that the 

difference in temperature gain between the field readings and the model results is 0.5 °C, 3.9 °C 

and 1.7 °C, for Strings B, C and D, respectively. The heat gain during the temperature recovery 

stage was calculated for the time histories obtained from the field readings and from the finite 

difference model. It was calculated the same way it was done for the self-heating period, and the 

results for Strings B, C and D are presented in Figures 6.24(a), (b) and (c), respectively. In these 
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figures it is possible to observe that, while the initial slopes for the increase of heat accumulated 

are similar for all the strings, those values start decreasing earlier for the model, resulting in a 

larger amount of heat accumulation in the field, which suggests the presence of heat generating 

processes. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.22. Finite difference analysis of temperature recovery phase at Layer 2, 16.8 m from the cell slope for (a) 

String A; (b) String B; (c) String C; (d) String D. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.23. Finite difference analysis of temperature recovery phase at Layer 2, 32.0 m from the cell slope for (a) 

String A; (b) String B; (c) String C; (d) String D.  
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(a) 

 
(b) 

 
(c) 

Figure 6.24. Cumulative heat generated during temperature recovery stage. Calculated for field data and finite 

difference model results at Layer 2, 32.0 m from the cell slope for (a) String B; (b) String C; (c) String D.  

 

Based on the variation of the heat generated in time, the heat generation rates were 

calculated using the field data and the model results, and the results for Strings B, C and D are 

presented in Figures 6.25(a), (b) and (c), respectively. To reduce noise and facilitate the analysis, 

a function was fitted to the heat generation rate curves obtained from the field data. Figure 6.25(b) 

is shown with a different scale on Figure 6.26, so that the behavior of lower heat generation rates 

can be observed. The main difference observed between the field and the model curves is not 

necessarily the value of the peak heat generation rate, but the fact that in the field larger values are 

sustained for longer times. The results indicate that the steep initial increase in temperatures is 
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highly influenced by the flow of heat caused by large temperature gradients, but the continuous 

small increment in temperatures observed in the following days is a result of heat generation. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6.25. Heat generation rate during temperature recovery stage at Layer 2, 32.0 m from the cell slope, for (a) 

String B; (b) String C; (c) String D. 
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Figure 6.26. Heat generation rate during temperature recovery stage at Layer 2, 32.0 m from the cell slope, for String 

C. Focus on lower values of heat generation rate. 

 

For the heat transfer model, the values of heat generation rate represent the rate with which 

the waste is receiving heat from the surroundings. For the field data, those values also represent 

the amount of heat generated within the waste during the anaerobic stage of biodegradation. To 

isolate those two sources of heat and estimate how much heat is being generated as a result of the 

biodegradation exclusively, the values obtained from the model are subtracted from the values 

obtained from the field data, and a positive difference implies that heat is being generated. These 

differences are plotted as a function of time and temperature in Figures 6.27(a) and 6.27(b), 

respectively. In Figure 6.27(a), it is possible to observe negative values at the beginning of the 

period, which correspond to the stabilization of temperatures after the TRT. After that, a steep 

increase is observed, which brings the heat generation rates to a peak. This peak seems to be due 

to heat generation, but some of it might still be influenced by the heat being transferred from 

warmer regions. Differences between the field and the model results, as well as limited accuracy 
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of the sensors could induce error in these results. For String C, the peak heat generation rate, 21 

W/m3, reached a value similar to the initial monthly heat generation rate observed for Layer 2 

during the self-heating stage (Figure 4.9) but with a shorter duration, and in Figure 6.27(b), it is 

observed that the peak heat generation rate occurs between 35 °C and 40 °C for String C. Strings 

B and D did not reach similar values of peak heat generation rate during the temperature recovery. 

The peak rates observed for Strings B and D are 1.0 W/m3 and 2.0 W/m3, respectively, and these 

values occurred at 47.1 °C for String B and at 42.9 °C for String D. However, the waste temperature 

at those locations never went below 40.2 °C during the TRT. Thus, considering that the heat is 

generated by bacterial activity, and assuming that this activity reaches its peak between 35 °C and 

40 °C, it was expected that the waste at Strings B and D, which was kept above 40 °C during the 

heat extraction and temperature recovery stages, would not reach its peak heat generation rate. It 

is also observed that the higher the temperature of the waste before the start of the recovery stage, 

the lower the heat generation rate reach. 

 

 
(a) 

 
(b) 

Figure 6.27. Heat generation rate during temperature recovery stage at Layer 2, 32.0 m from the cell slope, as a 

function of (a) Time; (b) Temperature. 
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Although the optimum temperature for heat generation during the recovery stage (35 °C to 

40 °C) is higher than during the self-heating stage (30 °C to 35 °C), that temperature range 

corresponds to the range where the peak mesophilic and methanogenic bacterial activity occurs 

(Pfeffer 1974; Rees 1980a). This strengthens the idea that, during the anaerobic phase of the 

biodegradation, a correlation between the temperature of the waste and the heat generation rate 

can be established, and that the peak heat generation rate coincides with the peak methane 

generation rate. Thus, for landfills that collect biogas for economic reasons, a heat extraction 

system focusing on keeping temperatures between 35 °C and 40 °C might not only favor the 

methane generation, it might also optimize the heat harnessing. 

The author of this dissertation was the primary author of this chapter, which contains 

unpublished material coauthored with J. S. McCartney, R. Gupta, J. W. F. Morris and K. Botelho. 

This chapter also contains material as it appears in the following publications, where the author of 

this dissertation was the primary author: 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Thermal conductivity of 

municipal solid waste from in-situ heat extraction tests.” (under review) 

Nocko, L.M., Botelho, K., Morris, J.W.F., Gupta, R., McCartney, J.S. “Estimate of heat generation 

rates in MSW landfills based on in-situ temperature monitoring.” (in preparation) 
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7. Conclusions 

 

In this study, a new MSW landfill cell was instrumented with temperature sensors and 

geothermal heat exchangers, installed at three different elevations in the cell. The waste 

temperature was monitored during a 13-month self-heating stage, followed by a 17-day heat 

extraction TRT, and lastly, a 3-month temperature recovery period. The monitoring results provided 

information regarding the waste peak temperature and heat generation rates. The data collected was 

analyzed using the infinite line source method, a two-dimensional finite difference approach and a 

three-dimensional finite element analysis, and values for in-situ thermal conductivity and thermal 

diffusivity of the MSW were obtained. A final analysis was carried out to isolate the heat gain caused 

by heat transfer and the one cause by heat generation during the anaerobic stage of the biodegradation, 

and values of heat generation rate were presented. The main conclusions of this work are: 

• The placement of horizontal heat exchangers during MSW placement was found to be feasible 

in full-scale landfill applications, as it does not require drilling or interruption of the landfill 

operations. This approach significantly reduces the costs of installation over vertical borehole 

drilling in waste explored in previous studies. Also, the approach for installing the pipes, by 

filling them with water under pressure and then covering the system with 150 mm of soil, was 

proved to be successful, with the system being able to hold water pressure inside the pipes for 

over a year under high stresses in non-homogeneous MSW. 

• The waste temperature in the central areas of the cell reached high values in less than a year 

from the waste deposition, which confirms the potential for heat extraction and shows that this 

extraction can start in a relative short time period after the placement of the waste. 

• It was estimated that for the cell monitored, which presented a volume of approximate 993,000 

m3, the amount of heat generated will range from 69,645 GJ to 95,322 GJ. 
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• The estimated value of in-situ thermal conductivity of MSW was 1.4 W/m°C, while for in-

situ thermal diffusivity the values ranged from 7.85 to 10.510-7 m2/s. The volumetric heat 

capacity calculated from the analysis was 1.56 MJ/m3°C. These values are consistent with the 

upper bound of values from laboratory tests reported in the literature, indicating the relevance 

of determining theses variables in-situ. 

• The values of thermal conductivity obtained for a heat extraction system embedded in a MSW 

landfill cell, which consider properties of MSW but also of the GHE pipes and circulating 

fluid, ranged from 0.86 to 1.32 W/m°C. These values are below the values of thermal 

conductivity obtained for waste exclusively. 

• The data from the self-heating stage suggests that peak heat generation rates at the MSW cell 

were higher than the values suggested in the literature but with a shorter duration, tending to 

residual and stable values after one year. This may have been due to the high initial 

temperature of the waste and the rapid placement and closure of the MSW cell. 

• The data from the temperature recovery stage suggests a dependence of the heat generation rate 

on the temperature of the surrounding waste during the anaerobic phase of the biodegradation, 

reaching a peak between 35 and 40 °C, like that observed for methanogenic bacterial activity.  

• The experimental and simulation results presented in this study constitute the basis for the 

design of geothermal heat exchange systems in MSW landfills. With the values of in-situ 

thermal properties and anaerobic heat generation rates as a function of the waste temperature, 

it will be possible in future studies to estimate the optimum distance between GHE pipes, the 

appropriate duration of the heat extraction and temperature recovery stages, and the proper 

amount of heat extracted in each cycle, depending on the main goal of the heat extraction 

system.  
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