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ABSTRACT

As the consequences of green house gas productiamdéitls become more apparent to both the
public and private sectowork has been performed at many landfills over teeti@o decades to
explore the mechanisms controlling gas andt hgeneration within buried solid waste.
Mechanisms and numerical models of the physical, chemical, and biological processes have been
studied in order to better predict the conditions withi waste fill and the rates of gas and heat
production. These mdels are useful tools for operators and designers to develop plans for
mitigating some negative environmental impactdf landfilling, by collecting and using the

recoverable natural gas or thel energy to supplement conventional energy sources.

The Norhern Landfill near Saskatoon, SKagrivate landfill where themethaneand thermal
energy potential of the site is of interelte landfill has been in opera sirce 1987 and contains
approximately 2.5 megatonneswvediste Vertical temperature distributiomithin the buried waste
was measuredsing thermistorénstalledin boreholes which wereadvanced using a sonic drill
rig. Trarsient temperature data was collected ffoar locations across the top of the landfill, with
two of the locations providindaily average temperatures with depth over a pesfd®D0 days
(2.2 yr) A 1D heat transport model was developed to compare calculated outputsttoSite
temperaturedataover a lyear period The model was also uséd simulate cell constructm

waste placement, and heangration over the life of the landfill

The backgroundnd theory describingnaerobic landfill gas generatiamailable in tle literature
wasreviewed Research completed to date in the literature predicting or estimating heat generati
and transport within landfills was alseviewed In the literatureheat generatiors stated to be
relatedto gas generation through anaerobic diges though no exactconversionfactor was
agreed uponEmpirically derivedequationsthat definetransient heat generatioverereviewed
however it was found that the variabkasd methodologylid not relateheat generatioto gas
generation odegradablerganic matter of the wast€limatic factors of annual precipitation and
average annual temperature were two of the variables jogethe empirical heat generation
function however the climi@ experienced by the Northern Landflid not produce a useable
curve Therefore, a firsbrder decay function was derived to represent the transientdreagjon
rate associated with the anaéro digestion oforganic mattein the landfill environmentThis
offers a mechanistic approach to defining heat generation in landfills, as oppossetpitical



definitions which areavailable in the lterature.The two variables defining the function are
biochemical heat potentié@HPuLt), comparable tdiochemical methanpotential BMP or Lo)

in the gas generation literature, and a decaykrate

The results of the 1D heat transport modlich useda first-order decayfunction for heat
generation suggest that a singlgalue representinghe average decay rate poodgfinedthe
dependency of heat generation to microbial populations and environmental conditiongheith
landfill. As a resllt, heat generation rates predictgdthederivedfunctionover the2018 to 2019
monitoring peria were significantly higher than those estimated through model calibration.
Nonetheless, the model was able to simulate waste péatesnd theaccumulation of thermal
energy at the Northern Landfill, reaching temperatures at depth equivalent to those measured in
the field in the year 2019.wo locations were modelled within the core of the landfill. BHP

was predicted to be betwedrl5 and 240MJ per cubic metreof waste (MSW). BMP and
equivalent cellulose contentdgof the MSW wagalculated from BHEL T, resulting in ranges of

19 to 120 lchakgmsw and 4 to 27 % weight respectively. Peak heat generatiorfrateshe firg-

order decy function were between 0.13 and 0.28mWl/ The lower limits of the rangesesults

from the location within oldeaverageMSW age (16.2 y) anthe higher limitdfrom the younger
location(6.6 y). Calibrated preserday heat generation rates wéretween 0.020 and 0.148 W/m

at the older location and 0.009 and 0.205 Wdithe younger location.

It is recommendedhat an improvement to the firstrder decay functiobe implementedvhich
incorporates atepwisefunction governing the value dk, dependenbn the temperature of the
surroundingwaste Thek value should béimited by a maximum potential decay raig0.12y*
(3.3 x 10* d}) at temperature values reported in the literampémal for mesghilic microbial
activity (20 to 45 °C). Theé& valueshoulddecreaseaintil a threshold temperature reported in the
literature at which no methanogenesis takes plakevédue ofzerg. A depeneéncy of the decay
rate to moisture availability should alsoibeluded, as well as the inclusion of updated modelling
parameters owvaste layegeometries as they are investigated further.
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1.0 Introduction

1.1 ResearcBustification

Across Canadahere are hundreds ehgineered landfills that exist for the purpose of storing
municipal solidwaste (MSW) and limitingts negativeenvironmental impastas it degrades in
place. Landfills in theoperatingandclosure phase are potential sources of enetggh could
reducedemandrom conventional energy sous;@and in some casgsontributeenepgy to nearby
structures The most common form of energy extraction from landfills is @aectionand its
subsequent combustion and conversion to electrical enfrgyther source, which is not yet
commonat landfill sites, is geothermal heat eattion from the abovambient temperatures that
are present in the core of MSMhdills. Temperatureabove 30 °C were measurgehrroundat

the middepth region of the Northern Landfilly instruments installed on sit&n understanding

of the insitu thermal propertiesf mixed MSWis important for the prediction of how landfills
will respond to different heat extraction desigmsl predictingthe viability and lifespan ofthe
process As well, modelling the spatial temperature distribatis importantbecause othe
influence MSW temperaturehas on other processes taking place such as biodegradation,

settlement, gas generatideachate percolatiomnd liner degradation

MSW produces heat as a-pyoduct after placemerrimarily via thebiochemicabreakdown of
organic matter present in the wast@d secondarily fronmorganicchemical reactions taking
placeover time(Hansonet al.,2 0 1 O ; Y e k2016 Hao et &.2017a Similar tolandfill

gas, this heat will be generated ovexcades and slowly be released to the surrounding
environmentf not extracted for practical use on site or in the surroundorgmunity It is of
growing interest to landfill operators whether geothermatgnezcovery can be economically
included in fadity construction or closure designtn addition to heating structures, eat
extraction is also useful for managihggh temperature$>80°C) encountered in some landfills
which increasethe risk of underground firegleat extraction has also been explored as a means
of maintaining a low temperature along an HDPE liner to increase its servifRediféhart et a.
2017; Roweetal.,2 0 1 0 ; @&talk0lb). er



1.2 Project Overview and Objectives

1.21 Site Location and Background

The Northern Landfills located10km north of Saskatoon, Saskatchevesnshown irFigure 1.1

The landfill is located on a quartsection of landlivided into sixteen square &£[170 m in width.

Cell construction and aste placement began1987in the northeast corner of the site 2018,
theexistingwaste fillwasapproximately 25 m ithicknessat the centeof the northern eight cells
andapproximately 2.5 megatonnes MSW had been landfilleto date The MSWreceived by

the landfill ismainly categorized asonstruction/demolition (C/D) and institutional/commercial/
industrial (ICl)sourcesiIn recent years, a growing proportion of the waste received at the site has
included independent resident drofis and mixed MSW collected from growing communities
outdde the city. Thdocation of the landfill makes it an excellent candidate for energy recovery
researchat the University of Saskatchewan, bothtle form of landfill gas generation and low
grade geothermal energyhe geothermal energyg to be evaluated as a potential source of heat
for buildings on sitethe nearby community of Martensville, and as a means-wiinig scales and

roadwayson siteduring winter operations.

The Northern Landfill was designed as a hydraulic trap (hydrodynamic containment) as outlined
in the initial siteinvestigation landfill design, and liner study published Bguuget al.(1989 and

Yanful et al.(1990) Due to the higHocal water table reported from the site investigation, cell
liner elevations wes designed to be 5 m below ground surface so as to fully excavate the
hydraulically conductive surficial deposits while also inducing an upwards hydraulic gradient
across the linelSump pumps are present in locations across the liner to limit leachelteitethe
lower-most layer of MSW. The cell liners are constructed of 0.3 m thick unoxidized Floral till
reworked and compacted for low hydraulic conductivity (1ki@1x10'° m/s). A modified area
method of landfill operation was recommended to exieesaafficient cover material and minimize

the final height of the landfiHauget al, 1989; Yanful et a].1990)
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Figurel.1: Landfill location plan view map with weather station providing climate data for this research included

1.2.2 Research Obijectives

Prior toevaluating geothermal energy extractfoom a practical and economical perspective, th
energy potentiabf the MSW should be estimatadda numerical model developed to represent
the accumulation of thermal energy over tirlly. thesisobjectives are taleriveand evaluata
first-order decay heat generation function and pretietma energy potential of waste at the

Northern Landfillthroughcomparisorof heattransport model outpute temperatures measured



from instrumentatio installed at the landfill. The heat generation funct®omechanisticbeing
derived from theory efining methanogenesis in the anaerobic landfillironmentThe function
differs from empirical formulations presented in the literatiig research can be divided into

three main objectives:

A Determine the spatial and temporal temperaturérilgigion within the core of the
completed waste cells at the Northern Landfill.

A Define a transient heat generation rate function for waste at the Northern Landfill
dependent on energy potential and based on existing theory of methanogenesis. The
functionshould be applicable to different waste layers, locations, and landfill geometries.

A Determine upper and lower limits of anaerobic heat (energy) potential for waste at the
Northern Landfill via numerical modelling andalculate upper and lower bound
degradable cellulose contents and biochemical methane potentials for the waste.

Key tasks required to complete the objectives were:

A Estimate the age of wasimmediately surrounding the instrumented borehole locations
based on known operational conditiomgll construction schedule, and dated objects
recovered from MSW core samples.

A Detemine bounding minimum and maximum volumetric heat capacity and bulk thermal
conductivity properties of the waste at the Northern Landfill within limits published in the
literature.

A Perform a sensitivity analysis on the numerical model developed to evaheatffect
unknown parameters and assumed values have on the results as it relates to the main

objectives

1.2.3 Scope of Research

The landfill environment ia complex, fne-dependent system subjectcmupledphysical,
chemical, and biologicadrocessesThe scopeof this researchad to be definetb efficiently
plan andmplement dield instrumentation and data collection program and for successfully

developng a numertal modelto addresshe research objectiveEhe scopef this researchsi



A Measure temperatures in the core of the landfill in locations where instrumentation will

not interfee with site operations and only to the depth of the landfill liner
- Instrument#ion will measure atmospheric temperature at the surface of the
landfill, but no other weather data is to be collected

A The focus of the literature reviewed is to be on heat generation and transport. Gas
generationmigration and hydraulic contlonsin landfills is out of scope

A With limited or no information available regarding the initial M®Whditions,
properties, or composition and no recordh&landfill geometry as the site developed, a
physical modebf the landfill incorporatingettlementconsdidation, and density change
is not to be developed

A The MSW material model consigaviISW on a bulk basisidependent of timand
converts MSWpropertiedo units per cubic metre of MSWhich combineghe
volumetric fractions of solids, water, and gasses

A The priority is to develop eonductioronly heat transport modahd modelling

convectve or advectve processes of heat transpisrbut of scope

1.3 Significance of Research

The resultof my researchvill establisharange of MSWheat potentiaanddefinetransient heat
rate curveglerived fromgas generation thearffhese parameteras well as the installation of
tempeature measuring instrumentatiare the initial tasks required for evaluatthg geothermal
energy potential of MSW landfillsuch aghe Northern LandfillThis workwill aid in the design
and operation of landfills where operators are considegegthermal energy exploitation
Methods will be outlined foattainingMSW temperature data amdlibratecheat generation rates
in the field With the numerical model developeghgineers at the Northern Landfill or elsewhere
can explore the impact thatfférent construction or operaty techniques would have on the
thermal regne offuture or existingvastecells A few examples of applicatiorier the results of
my research includeomparingthe maximum waste temperature and rate of heating/cooling at
depthasinfluenced bydifferent liner or cover materia(such agire-derived aggregate @arious
final cover soil$, increasing the landfill height through additional waste |ay@rgariationof the
organiccontentin placed MSWdueto recyclables diersion, composting, andclusion/exclusion

of household wasg. By exploring different material and geometry alternativgsothermal



energy exploitation can be designedcording to the | a n d frasgomséts extraction
Additionally, more comprehensivehydrothermemechanicalmodels in 2D or 3D can be

constructedising the proposed heat rébmctionsand thermal propertiess baseline inputs

Loraas Disposak directly invested in the researbang undertakeras it will provide technial
information to aid engineers indin decision makingegardingoperatioml techniquesand the
potential for geothermal energy extraction at their. Sitee work is compelling because of the
number ofexisting and future landfills tat will exist across the Canadian prairies and other
regions. The potential to source thetmr@ergy fronthesesitesbeforethewaste heat is exhausted

to the atmosphere is a new field of ggovironmental engineering. Tapping into thesvigrade
geothermal energy source will help reduce the demand for other conventional sources of energy

and isa step towards sustainabiliéyd circular economies



2.0 Literature Review

Landfill temperatures have been measward publishedrom sitesspaining severatontinents
including North America, Europe, and A e K iet al, 206.5a) Numerical models have been
developed andsed over the lashree decades to predict gas, leachate, and heat genarration
transportn landfills (El-Fadel et a].1996c; Nastev et al2001; Rowe et al2010; Hanson et al.
2013; Kutsyi 201& Megalla et al.2016; Khire et al.2020)

The complex physical, chemical, and biologiiprocesses related to heat generation in a landfill
environment were reviewed and are summarize@eaation 2.1 This providedbackground
information on enthalpy of methanogenesis reactions and environmental featgusr@ature and
moisture content) within buried waste that could impact heat generation rates. Findihgs
literatureregarding heat generatiand energyotentialat other landfill siteare also summarized

for reference and to understand the theory behind exisgaggeneration functiorspplicable to
landfills. Section 2.2 summarizes the material properties of MSW as it relates to heat transport and
numerical models in the literatur€his provided reference values for properties such as density,
heat capacity, ral thermal conductivity whiclwverekey parameters for defining a heat transport
model Section 23 summarizes the results and methods of various stungiasuringemperature
distribution and variation acrossandfills. These studies provideexamples ofexpected
temperatures, temperature trends, and the theory behind tempacaturaulation and dissipation

at landfills of varying ages and geometri€gction 2.4 summarizes the methodology and results
of various landfill heat transport models published in the literature, identifying frameworks and
methods applicable tine Northern Landfill and what heat generation functions have tssehini

past researclit the end of the chapteknowledge gaps in the reviewed literature are identified
and discussed. A review of the geologyttze location of the Northern Lanliifand published

documents regarding the design of the landfill is idellin Section 2.6

2.1 Heat Generation in MSW

Heat isprimarily produced in landfill conditions as a result of exothermic decomposition processes
(Grillo, 2014) Because of the vatiée composition of MSW, numerous chemical and biological
pathways cabe initiated when the physical conditions exist to accommodate a given répktjon

temperaturgavailaility of reactants A waste layer at a landfitiypically experiencean aerobic,



transitional, and anaerobic environment fraiacpment to burialThe three phases are delineated

by changes in gas compositions within W@ spaces of the waste matedle k i | | er). et al
The mechanisms of landfill gas generation via methanogenesis aréosethented becausd

the establishedhethods forcapturingand convertinglandfill gasinto useablesnergy. It can be

inferred that heat generation is a direxguit of the four stepsvolved in landfill gas generation

based on the conservation of carbonic mass and enthalpy of known reéetibaslel et al,

1996). It therefore becameritical to quantify the amount of heat (energy) produced per unit of

gas generated.

The aerobic phase beginsvedsteplacementgoregas atatmospheric concentrations o énd

N2) and persistsintil oxygen concentrations areducel to zero or tracemounts The anaerobic
phase isnarkedby stable concentrations of methane C&hd carbon dioxide (Cfpat 60% and
40% by volume respectively(landfill gas) The transition phase is a period beem those
previously described, whereepleted oxygen concentrations and sharply increasing CO
concentrations can be observed, with unstable €@iHcentrations of less than 60%. The aerobic
phase lasts between a few weekghte@emonthsand the transition phase typically ends no later
than five months after waste placementY e Het lall, 2005) Although greater rates of heat
generation haveeen reported for thaerobic phasa&hen compared to the anabiq the peak
heat generation rateas beemeported to occur dahe onsetof the anaerobic phagkanini et al.,
2001 Hanson et al., 2008Because of the disparity in tifnamesthat heat is generated when
comparinghe aerobicWeeks tanonths) and amaobic(decades) phasestal heat generatexhd
temperature increasegreater in the anaerobic phase due to the much longer time Yaen#l( | | e r
et al.,200b; Coccia, 2013)As a resultthe anaerobic phasad associatedgeneration ratebas
been the focus of most field studies and numerical ma@kiatinggas andheat potentiabf
MSW landfills,

2.11 Biochemical Processes aRdpulation Kinetics

Landill gas generation takes place over a long period of time, often for several decades because
of relatively abundant organic matter andeawironmentvhich remairs undisturbed indefinitely

(Grillo, 2014) Microorganisms which are present in fresh MSWacilitate or directly convert
organic mattemto other molecular forms which théedsubsequennicrobial populationsThe
biochemicabpathwayleading to methanogenesssdepicted irFigure2.1 (afterGrillo, 2014)
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Figure 21: Steps in the dominant methanogenesis pathway with oxygen enviromeguired foreachstep

Different microorganismspeciesare required in order to carry out the degradation process in
entirety (until the production of landfill ggsHydrolysis is performed extracellularly by glucese
consuming microbeand is both the initial and ratiniting step intheentire procesg-actors that
affect the hydrolysis rate in a landfill environment inclutigein content of cellulosic material,
pH, temperature, nutrient availability, and moisture content. As well, the resistance to movement
of the microbes in theoid spaces influences the rate but is difficult to quar(ffifFadel et al.
1996). The byproductsof hydrolysisare consumed by acidogeméiose byproducts are in turn
converted by acetogensAcidogens produceorganic acids (butyric and propionic acidhd
acetogens produce acetic arichn anaerobic environmertcetic acid (or acetate) onsidered
the most representative and prevalegdictant in the final step of matihogenesisvhich is
performedanaerobicallyby microorganismgermed methanogen3he largestmicroorganism
populations in the landfill environment atgpically acidogens and methanogemdesophilic
speciesof microorganiss thrive between 20 and 45 °@nd thermophiles betwed&® to 65 °C
(El-Fadel et a].1996).

The raé of gas andesultingheat generatiors proportional to the population of methanogens,
which is influenced by many factgrsimilarly to the rate othydrolysis Temperature effects on
biokinetics have been studidoy ElFadel et al. 1996y 19%b; 199&) as it relatesto
biodegradation of MSWTemperature wageported tanarginally influencenydrolysis rates and
initial rates of subsequent stepggherrates ahighertemperatures)remperature reportedtyad
little effect on bngtermrates for theanaerobic processasmore stable waste temperatutesd

to exist andherates are more sensitive to the consumption of available reatiantemperature
Hydrolysis rates were reported to be more semsitd the water contenlignin content and
structure of the cellulosic mattdranto temperatur€El-Fadel et a].1996; 19%6b; 199&). It has
been noted from field measurements that gas generadioreduced substantially when

temperatures are less than approximately 20 Ce Hi | ,12@0%; 204%; Haasbn et a].2008;
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2010; 2013) which correlateso the lower bound othe range of optimal temperatures for

mesophilic microorganisms.

Other factors that may reduce matbgenesis rates during the anaerobic phase include ammonia
content, oxygen ingress, and sultaéelucing bacteria (SRB). SRB are present in landfills with
large quantities of sulfate (such as from gypsum drywall in C/D waste streams) and compete with
methanogens over volatile fatty acids and carbohydrates while consuming hydkogese et a).

2016)

The peakgas generatiomate and exponential decayate of MSW has ben measured in the
laboratory as well as estimated on a field s@skstev et a).2001; De La Cruz& Barlaz 2010)
Experimentallymeasurediochemical methane potential (BM&) MSW hasalsobeenreported
(lvanovaet al, 2008; Mathison 2015 Krause et al., 2036 The chemical equations of the
previously described biochemical processnd the resulting energy released is reviewed in the
Section 2.1.2

2.12 Carbon Lifecycle and Enthalpy of Reactions

Carbonic mass is consex throughout the various processeglinedin Figure 2.1and can be
traced from organic solids in thneaste to CHand CQ in landfill gas. Apart from its original solid

state and final gaseous state, carbon can be expected to exist in the followisigagpueous
organic, acidogenic biomass, acetate, and methanogenic bifith&sglel et al.1996). For the
purpose of defining the most relevant chemical equations for the lifecycle of organic matter to
landfill gas, cellulos€CsH1005) was reported athe most abundant and overall representative
moleculecapable of undergoing hydrolysisthme solid oganic carbon fraction of MS\EI-Fadel

et al, 1996 19%b; 1996:; Y e Hi | |, 2005 Shitet ala2020) As a resultunderstandinghe

amount of energy released by the degradation of cellulasan objective of the literaturesxview.

A series of chemical equations can be defined for each skegure2.1 The individual equations
and enthalpies of reactiomp@ are listed inTable2.1 (after EI-Fadel et al.1996b). Aside from
methanogens consuming acetic a€itHs can also be produced directly througk. reduction
with hydrogen This processvas stated to bémited by hydrogen availability in the landfill

environment and is overshadowed by the biologicatia@acid pathwayEl-Fadel et al.19963).
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The condensed anaerobic reactions amestimate obverdl goHper mole of cellulosés shown

in Equation 2.Jandtheaerobic reactioms Equation 2.Zrom Shi et al.(2020)

7

600 OO+ 080 060 CxOWhécéececséceeééeé ééé Equation2.l

s 7 zz 7

600 @)+ @0 VOO cupQBdedeéeé. . . . & é&é é .. HEyuation 2.2

Table2.1: Enthalpies of reaction for each step in anaerobic methanogenesis of ce(kfteseEtFadel et al., 1996b)

. . HL
Process Ste Chemical Equation ®
P g (kJ/mol)
Hydrolysis Cellulose chains to 5006 OO0+ 6505 -
Glucosé”:
Formation of o o R T . +198
Butyric Acid: O0OU+ 00OOOO0LLOCO cou
Acidogenesis | _Formation of 6006 O+ ¢8'0806 0 0000 +216
Propionic Acid:
Formag\%?dt.)f Acetic 5006 cOUt ¢8060 000 cbb +164
Conversion of
Butyric to Acetic 00 60 66 0 'OCO0t ¢O0'006 U U "'OcO -34
. Acid:
Acetogenesis
Conversion of
Propionic to Acetic| 80808 § § 'OcO0+ 808 § § 000 60 -26
Acid:
| Consumption of 806 0 0080 80 +16
Methanogenesig :
Carbon [?IO)flde O 80+ 50 O +31
reduction:

(1) Note that a positive value is exotheriraad negtive is endothermic

(2) Note that GH120s is a glucose molecule

It is apparenfrom Table 2.1that the most exothermic of the reactions are the formations of
carboxylic acids, which would occuprimarily during the transition phasdeading up to
methangenesis.Due tothe largesourceof solid material present imost landfills, and the
existence of mordegradatiorresistant organic mattat,is likely that reducedar residuarates of
acidogenesis and acetogenesis continue well into the anaerobéc THagariousenergy values

of methanogeesisreported in the literaturper mole of cellulose or glucosee summarized in
Table22( after Y,&Q805) | er et al
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Table 22: Summary ofeported btal enthalgesof methanogenesi@ TG SNJ , So At t SNJ S

Decomposition Conditions

Heat Generation Reported

Source

Aerobic digestion of glucose

1,146 kJ/moCsH1206

Anaerobicconversion of organic
fraction (glucosejo CO and CH

0.068kJ/molCsH 1206

Pirt (1978)

Aerobic and anaerobic enthalpy ¢
reactants

1,023 kJ/moCsH1005

Anaerobic enthalpy of stepwise
biochemical reactions

436 kJ/moCeH1005

El-Fadel et al. (198b)

Anaerobic biodegradation of
glucose

121 kJ/moCsH1206

Nastev et al. (2001)

Anaerobic biological
decomposition (equivalent glucos

14.5 kJ/moCsH1206

Yoshida & Rowe (2003)

Aerobic transformation of organiq
matter (equivalent glucose)

2,815 kJ/moCesH1206

Anaerobic transformation of
organt matter (equivalent glucosg

145 kJ/moCsH1206

Jafari et al. (2017)

Aerobic enthalpy of reactions

2,812 kJ/moCsH100s

Anaerobic enthalpy of reactions

271 kJ/moCsH 1005

Shi et al. (2020)

Ft dX

FromTable2.2it is apparent that there significant variancan reported valueof heat generation

per mole of cellulose or glucasvenamongthosebasedn areerobicenthalpy of reactiongnly.

Values range oveliour orders of magnitude for the anaerobic esteng0.068 ta136 kJ/mol)

Consistently howevethe aerobic enthalpy (146 to 2815 kJ/mol)is greater whelwompared to

the anaerobicA relatively brief aerobic phase can generate considerable heat assuming optimal

conditions foraerobiamicrobial activityexistand itis evident thatdirect relation between landfill

gasand heat generatiaxistsduring the long anaerobic phasey e k i | ,|2@18; Medallaet |
al., 2016) A review of BMP and gas generation potential of MSWicduded in the next section

2.13 Biochemical Methane Potential and Decay Rates

Thetheorylinking BMP and gas generation ratediochemicaheat potential (BHPand heat rate

(HR) via enthalpy of reactiortsas beeimtroduced in Section 2.1 and 2.1.2BMP is a laboratory

test thais performed orshreddedamples of MSW to measure the volume ofs@kbduced per

12
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unit massof MSW. Testing methasl vary among researchers lame desigied to anaerobically
digest MSWhby inoculating samples with anaerolngcroorganismsn sealed jargOwen et al.,
1979. One problemwith many reported BMP valugaside from the variation in test apparatus
and proceduras the absence of an associated age with the MSW sample #sitedictates that
the results ara measure of theHs potental of the organic matter that remains after an unknown
length of time Thus an unknown amount of degradation has already oedtwrthe samplem

the landfillenvironmentFor the purpose of predicting BH®alues of BMP performed on fresh
MSW samplesire most desirabl&MP test track thecumulative methane produced versus time
and plotin a firstorderdecay relationship after a short lag phé&anaseelan, 2004; Gregory &
Browell, 2011; Raposo et &011). The gas production rate ghigh(e.g.2.07 L/kg/d and
decreases exponentially with time until the cumulative gas generatedaelppscan asymptotic
value (for exampé 0.055 L/kg/d (Mathison 2015) An equationfit to the experimentaBMP
curveswaspresentedby Mathison (2015) andk,

6000 600 zp Q Eéééécéeecéeééeééeéé .é . Equation2.3
BMP is cumulativeCHas produced (knakg dry MSW)at timet (d), BMPuLt is the asymptotic

maximum(ultimate)value(L cna/kg of dry MSW), kis the decay rate 1), andtiag is the lag phase
duration (d).

lvanova et al. (2008) providedataof fresh MSW composition, organic conteis Cellulose,
hemicellulose, and lignin), resulting gas volumes generatedthenshass of organic content
consumed after 919 dag$ anaerobic digestion in a laboratory environment (conventional BMP
teds using 100 g of dry MSW) he authors reported that, with an initial combined cellulose and
hemicellulose content of 31.6% by weigh®,7.4L chs/kg was producedtnormal temperaterand
pressure N'TP) conditions It was determined after the tests that 79% of the combined cellulose
and hemicellulose was digested, which accordirtgguation 2..vould produce 110.bcHa/kg at
NTP. It was concluded that the difference between theatetiad actuaCHs generatior(57 L/kg)

was attributed t&€€Hs generation from other organic molecules such as proteins ar{tv/&ateva

et al, 2008) The analysis assumed lignin (9.7% by weight) was not dedeadail did not
contribute to BMPCHjs could also have been produced by reduatib@O;, with H (El-Facel et

al.,, 1996).
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The decay rate d@Hs generatior(k value inEquation 2.3was estimated by Nastev et al. (2001)
from landfill gas recoveracrosdour separate cells ialandfill nearMontreal, QuebedBased on
the cell® average age, the gascovery rate demonstrated an exponential decay with respect to
time and a fitted decay rate of 0.055(@t.5 x 10* d!) was reportedAlthough a lot of erroexists
whenestimating decay on such a large scale, it provides an avesihge applying to Erge mass
(36 Mt) of heterogenous MSWNastev et a).2001) As well, it is a resulof field conditionsas
opposed to laboratory or controlled conditiamsiwasan initial referencepoint for modelling the
heat generation functions for the Northern LandfidweverMontred experiences a wettand
warmer average annual climate compared to Saskdbeoha Cruz & Barlaz (2010) published a
method of correcting laboratory MSW decay rate estimttes landfill scale by analyzing the
decay rates of specific waste componehlhoughdecay ratevas stéed to bedependenbnmore
variables tharnust waste compositio(also moisture content and waste temperatilne authors
statel that field decay rates should fall between 0.02 %.5 x 10° d!) as a lower limit
representative of arid regioasd 0.1 (3.3 x 10* d'!) as an upper limit representing bioreactor
conditions(De La Cruz& Barlaz 2010)

2.2 Matelial Properties of MSW

This sectiorsummarizesanges othermalproperties of MSWeviewed The focus of the review
was on properties wich are relevant t@onductioronly numerical modellingand includes
volumetric heat capacity artblermal conductivity A portion of the propertiegresentedn this
sectionresult fromnumericalmodels formulatethy researchersver the last severdecades. The
methodology behind these models are revieweskiction 2.4The other properties included are

theresult of fieldscaleor latoratoryexperiments on MS\WWamples

2.2.1 PhysicalProperties

MSW properties are typicallywstied and modelled & extension of soil mechanicsnsidering

it is a porous media composed of a solid matrix with liquid anepbase pore fluid. The solid
matrix can be composed of any household, industrial, or commercial waste material but is typically
categorizd into dominant categories (by % total mass) such asrppfastic, glass, soil, metal,
wood, and food/garden/yard waste. The fluid phase may begin as relatively fresh water but, due to
leaching of soluble solid matter or other liquids, becomes contaadimath many different ions

and metals such as high centrations of chloride, sulphate, and nitr@tanful et al, 1990) The
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gas phase begins as atmospheric but transitions to a mixturesadnm@dHCQ as landfill gas is
generatedThe heterogeneous composition of MSW, as dictayetie sources of waste collected

for a site, resultsia wide range of potential values for any given property.

Literature was reviewed to understahdinfluenceof void raio on thermal properties landfills.

The oedometer testingf MSW by Stoltz et al. (2010andunit weight analysis of landfill field
data byZekkoset al. (2007)analyzed thdneterogeneitypf MSW physical properties caused by
overburden stres®ry density and/olumetric water contenWC) of MSW samples tested

the laboratoryincreasedvith effective stresslue to primary consolidation (Stoltz et al. 2010a).
This is a typical property of conventional soils. A hyperbolic relationship was fit to unit weight
field data and largscale labaatory tests with unit weight increasing with depth (Zekkos et al.
2007).Theoverall gas and heat potential on a volumetric basis is expected to increase with depth
into the landfillproportional to the dry density increase, attributed to increased rhasganic
matter per unit volumeAs a resultof void space reduicin due to consolidatigrbulk thermal
conductivity and heat capacity likely increase with degdttMSW landills proportional tothe
reduced volumetric component of the gas phase in the void .space is cmonstrated
mathematically in theextsection.

2.2.2 Thermal Properties

Thekey thermal propertieso define heat transport withiSW are thermal conductivit{Kr in
W/m-°C) and heat capacity (H&s eitherspecific; in kJ/kg-°C orvolumetric;in MJ/m?/°C).
Thermal conductivity quantifies the rate of heat flow through a material along a thermal gradient
and heat capacity quantifies the energy requirethémgethe temperature of a materidhermal

di f f usi V/b)isyefinedlas Kdivided by HCand a higHJvalue indicates that a material

wi || i ncrease in temperatur e whenenemgyisirttrotdaced a ma
(Hansonet al, 2000) Both thermal properties for MSW are a function of the properties and

volumetric fraction of théhreephasecomponentgleachate, solid matrixgndlandfill gas)

The thermal properties of MSW, similar to physical properties, can vary from one sample to

another due to the heterogenous composition of the solid matrix.

Potential thermal propertied MSW had to le determine@smaterial properties for the numerical
model It wasfoundthat thermal properties of MSVéportedwere either determined by physical
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experimentation of MSW in thebaratory or field or else calibrated using numerical modelling
methods.A combination of feld-scale and latwratory needle probe testwere performecdoy
Hanson et al. (200ap estimate thermal conductivity bfgh watercortent materials including
MSW, peat, and bentonite slurries. Faitli et al. (2015) constructed a 1.8 x 1.8 x 0.8 m square box
capable of compacting excavated or fré48W to different densitiesThe upper surfacevas
heatedand the temperature response a¢ thottom of the boxvas measuredThese methods
provided experimental estimates of bulk thermal properties which were then compared to
analytical calculations dbulk thermal properties based on MSW composition and component
specific thermal propertie®roposed equations for calculatitige bulk properties from phase
specific properties and volumetric fractidmstheabovementioned studieisoth conclude that the
system behaves in parallel as opposed to a serial sumnfiasitinet al., 2015) The metlod of
calculationusing parallel anductancdas shown inEquation 2.4as developed by Faitli et al.,
(2015)

rrrrrrrrr

0 o z — O z — 0 z — ééééééééeé. é . Equation2.4

Ktis bulk thermal conductivityvith additional subscriptdenotng the thermal conductivity of the

solid, liquid, and gas phasasdd is volumetric fractiorof the phasém®mq). This equation is

also applicable to HC by substitug with K. A value ofKrsoiandHCso for MSWwas determined

by the experimerstperformed by Faitli et al. (2015) based on mass fractions of different solid
components and their respective density and thermal properties. Thetdd&d wasomposed
primarily of organics (21.6%)plastic (19.9%), soilike fines (15.7%), and paper (¥2b). A
comparison betweelkit andHC for the three phases is providedTiable 2.3 (after Faitli et al.

2015) Density of the materials is included for comparison as volumetric heat capacity is dependent

on the materiadlensity and specific heat capacity.

Thermal propdres of the solid componemwasnot calculated for th#1SW tested by Hanson et

al. (2000)but the needle probe experiments resulted in bulk properties ranging betweef.G.01
W/m-°C and 0.8 10 MJ/n?-°C. The range of values from the box experimeetev0.24 1.15
W/m-°C and 0.9 2.1 MJ/n?-°C (Faitli et al, 2015) The large spread in values from the needle
probe tests waattributed to both the heterogeneity of the solid matrix composition and large void

spaces that can exist in the figldanson et al. 2000)
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Table2.3: Thermal properties of MSW amdid-space components (after Faitli et al., 2015)

Thermal Specific Heat Density
Phase Material Conductivity Capacity (kg/m?)
(W/m/°C) (kJ/kg/°C)
Solid MSW mixture 3.99 1.8 1297
Fresh water 0.60 4.2 1000
Fresh ice 2.18 2.1 931
Landfill gas (60% CHby 0.03 16 11
volume)

Because of the parallel conductametweenthe threephases in MSW, the high conductivity of
the solid matrivhas the moshfluenceonbulk Kt, whereashe hidh specificheat capacity of water
influences the bulkiC themost(Faitli et al, 2015) When considering the affects of consolidation
on MSW properties, it is evidefrom Equation 2.4nd Table 2.3hat the lowthermal conductivity
and low volumetric heat capacity of landfill gasa¢couning for therelatively low density of
landfill gascompared to the oth@omponentsresults in an increase in both thermal properties
whenthe volumetric fraction of ladfill gas decreasesA reduction in void ratio therefore results
in anincrease in b thermal properties of MSVgroportional to the relative changes in the

volumetic fractions of the bulk MSWisingEquation 2.4

Needle probe tests on lafatoryscale samples from four different landfisampled at various
depthswere performed by Khiret al. (2020) and utilized in a numerical mod&hnges of blk
thermal properties for MSW utilizeal output fromvarious numerical modeis the literatureare

presented iTable2.4.
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Table2.4: Thermal properties of MSW as reported by various ensttand studies

Thermal Specific Bulk Volumetric
. . Waste Layer . Heat . Heat
Source Landfill Location . Conductivity . Density .
or Conditions (W/m-°C) Capacity (kg/m?) Capacity
(kkg-°C) | O (MJ/m?3-°C)
A”Aclg‘;[(zge 0.3 1.8 530 1.0
Vancouver
:Ia?25000n8)et British Columbia Average 1.5 2.2 1,000 2.2
' Canton Michigan 1.0 2.0 1,000 2.0
Las CrucesNew 0.6 1.6 760 1.2
Mexico
Rowe et al. Saturated 0.96 2.36
N/A N/A
(2010) Japan Unsaturated|  0.35 1.94 / /
Kutsyi .
(2015b) Ukraine Average 0.85 1.6 1,060 1.7
Megalla et Ste. Sophig Minimum 0.3
al. (2016) Quebec Maximum 0.7-1.1 2.26 930 2.1
Emmi et al.
(2016 NE ltaly Average 1.2 2.38 840 2.0
Shi et al. .
(2020) Bioreactor Average 0.44 2.22 1,020 2.3
_ Upper 0.3 2.0 720 14
Khire et al. NE USA Middle 0.6 23 930 21
(2020)
Lower 0.9 20 1,280 2.6
Overall Average for MSW 0.7 21 920 1.9

The properties published in the literature prowedamplesof the ranges and average values for
thermal properties foMSW with varying magnitudes of VWCThesevaried valuespromote
modelling minimum and maximum potential valugsKr andHC that will result in either the
greatest or least heat gain in the waste mass over long periods.dfhiewas idedor predictng
upper and lower limits ohed potentia) as well asexplore furtherthe premisethat thermal
propertiesarehetepgeneousn the Northern Landfill

The properties of the glacial till deposits beneath the landfill site alsedtede defined but are
less variable duetits natural deposition environment and mineralogical thermal properties being
more weltdefined in the liteature(Abu-hamdeh2003; Hamdha@& Clarke 2010). The subgrade

glacial tills and its properties are described in Section 2.6.
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2.3 Temperature Distributiom Landfills

Severalandfills around the worldhave been instrumented to measure spatial and temporal waste
temperaturevariations Multiple detaled temperature studies by HansonY& 'Hi (200562010;

2015; 2019) took place at landfills in British Columbia, Michigan, New Mexico, and Alaska
over almost a decad&he work done at these sites included both horizontal and vertical arrays
being instakkd using thermocouples fixed inside flexible PVC conduits. The same authors later
compiled temperature data from other published sources around the world and presented it as a
summary( Ye ki | |2@1%). Gas andtemperature data was monitored at instrument bundles
beneath fesh MSW liftsplaced under freezing conditions as well as-fromen lifts in the summer
months at a landfill in Ste. Sophie, Quel§Bonany et al.2013; Megallaet al.,2016) Typical
temperaturelistributions, thermal gradients, and common factors that influence the magnitude and
timing of maximum temperature reached within MSW landfills are reviewed in the next three

sections.

2.3.1 Temperatur@rofilesandAmbient Influence

To canpare the datkrom landfills of different total depths, a normalized depth can be used in
which the position (depth) is divided by the total waste thickness. This results in the upper surface
being assigned a value 00, the landfill liner a value o1.0, and the mielepth a value of 0.5

The typical shape of temperature profiles within a completed cell is a convex profile with the
greatest temperatures being measured in the middle third between 0.3 and 0.&&drdegith
(Hansonetal2 01 0 ; Y e k2D15)I Temperaures eohsistentiyereobserved to decrease
from the warmer central zone towards the limerremain higher than surrounding natural ground
surface temperatures. Maximum and minimum reported temperature profiles in the literature for
various landfills were plotted by e Kk i | |, €01%3)e Ih geaelal, younger wastes displayed a
more severe convex shape whereas older wastesdserved to be more linear. The addition of
new waste lifts on top of older lifts generally results in an upward movement of the position of the

maximum temperaturg¥ e Kk i | |,2005).et al

Ambient atmospheric conditions consistently resulted in minimum waste temperatures being
measured rag theupper surface of waste in the studied landfills. As well, from horizontal array
data, temperatures along landfill liners or between waste layers were greatest around the central
portion of a cell and were lowest on the edges of the cell. Atmosphiuience of MSW near the
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side slope intruded up to 20 m in some casee k i | | ,2005.eThesearéduced waste
temperatures also displayed a lag in the timing of peak and trough xaéiedto the peaks and

troughs of seasonal atmospheric average temperature waves. The amplitude of these peaks and
troughs vithin the waste was reduced when compared to the atmosphere. The observed time lag
and reduction in amplitude (phaksey) was more promant with depth or distance into the cell

until a certain distance5(to 8 m) where stable temperatures persistedughout the seasons

( Yeki | |2@05 Hamgon eh d4].2010) Steady temperatures consistently developed after the
placement of the first overlying lift and it was found that a lift thickness of 4 to 5 m was enough

to significantly reduce the observation of seasorailds in underlying waste laygrfsY e k i | | er
al., 2005)

A landfill studied in Ste. Sophie, Quebec provided waste tempeddataeommencingt thetime

of waste placemerdnd for multple waste layers placed in different seasdfegalla et al. (2016)
concludedrom the fieldmeasuements that waste placed in the winter remained frazardepth

greater than 3 mand for as long as 1.5 years after placemeven with ambient temperatures
exceeding 30 °@vithin the studyperiod.The lag timeof frozen wastdo reach and exceed 0 °C

was attributed to the latent energy required to melt the ice present in the(BiS\ahy et al.

2013; Megalla et al2016) These findings are consistent with the temperatnessured ah

landfill in Anchorage, Alaska by HansonX.e k i(2010g2015a)lt was stated ihaterresearch

that wastes frozen at placement could remain frozen for up to 2(ifeersonetal2 0 1 0; Ye ki |
et al, 2015).

For the purpose of geothermal energy recovery, studies proposing designs of heat extraction wells
consistently describe the central region of the landfill as the optimal zonstatl wells(Coccia

et al, 2013; Grillg 2014; Y e K i dt Ble201%). Highest temperatures, and thus rates of
microorganismactivity, heat generation, and energy potential have consistently been observed to
exist away from the side slopes by at least 20 m and beneath the upper 8 m zoneasubject t
atmospheric cycling( e Hi | |,005. €his isantonsequential for iecal extraction arrays

which are typically constructed from the upper plateau and thus already directly above the central
region of the landfill (for typical cell geometries)okizontal configurations have advantages for
energy extraction potential arapplications to cooling landfill liners, however are at risk to
damage due to settlement of the MSW with t{{@eccia et al.2013; Grillg 2014) The common
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pathways of thermal energy transfer within a ldhdhd climate or operational factors affecting

maximum waste temperaturesaxplored in the next sections.

2.3.2 Energy Transfer Mechanisms

When considering landfills as geothermal energy sources it is important to understand that the
waste temperaturérends and maximum temperatures reached are a result of energy being
introduced or removed from the system, the relative magnitudes of eddhearates of change
throughout time. Temperature differences within the landfill and between the landfilhand t
surrounding media results in energy transport as conduction. Conduction of thermal energy by
MSW and the pore fluids is influenced by thertinal conductivity of the materials as well as the

thermal gradient across the area of interest.

Spatial and tegoral temperature variation was measured'l®/ K iet al. 005) anétHansonet

al. (2010) at four landfills across North America. The sitesrav located near the cities of
Anchorage, Vancouver, Canton, and Las Cruces and expatidiffagent climates Table 25).

Average annual air meperature (AAAT), precipitationKoppenGeiger classification, and
maximum waste temperatures are present@dle2.5 for a number of North American landfills
(afterY e k i | |, BOAd5).eCtimate Hata for Saskatoon is included for comparasuhthedata

is average annual values between 1988 and 2018 from theolineint Canada weather station
identified in Figure 1.1lt should be noted that peak temperatuegorted for thaitesdepend on

the timeframe of temperature data collection as some sensors were trending upwards at the time

of publication.TheKoppenGeger ter m for &éno dry seasond6 i s
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Table2.5: North American landfill climate data and Kopge$ A IS NJ Of  8&aAFTAOL200688y ok FiSNJ |

Average Average
Peak
. . . Annual Annual
Location Temperature Climate Region S Source
Temperature | Precipitation
and waste age o
CC) (mm)
o Temperate, NDS Yekiller
Vancouver, BC | 92 °C a2 years warm summer 9.9 1,167 (20153
CantonMichigan 62 °C at 3.5 Cold, NDS, 98 835 Yekiller
years warm summer (20153
San Luis Obispp R Temperate, dry, Yekietdl e
California 58 °C at 3 years warm summer 8.7 354 (20153
Anchorage, 55°Cat 10 Cold, NDS, cold 23 408 Hanson et al.
Alaska years summer ' (2010)
Las CrucesNew o Arid, steppe, cold Hanson et al.
Mexico 30 °Cat 4 years 18.2 240 (2010)
ﬁh"ade'ph""." 30 °C at 1 year | S2% NDS, 10.6 1,156 | Koerner (2001)
ennsylvania warm summer
. o Cold, NDS, Bonany et al.
Ste. Sophie, QC | 4 °C at 2 years warm summer 6.7 997 (2013)
Cold, NDS, Environment
Saskatoon, SK | -------m-memme- warm/cold 2.7 351 Canada historical
summer data

In general higher thermal gradients were observed at landfills in cooler, wetter climates that
support high waste temperatures when compared to whynclimates with coolepeak waste
temperatures (Hanson et al. 201@) frozen wastes placed in Ste. Sophie, Quebec, researchers
concluded that the initial flux direction of thermal energy was consistenly upwards through the
liner from the subgrade o the lowest layer of M@ due to the positive temperatures in the
subgrade and negative temperatures in the waste. This upwards flux was considered a critical
source of energy required to thaw the frozen M@a&hany et al.2013; Megalleet al.,2016)

In addition to conduction of thermal energy along temperature gradients, energy can be transported
or introduced to th&andfill through other mechasins. Gasses present in the pore space of MSW
will equilibrate in temperature to the surrounding waste but flow within the poreispagarily

due to pressure gradients (convection) and secondarily across concentraiemg(ddfusion)
(Ishimori et al, 2011) When the gas moves, it will either lose or gain heat to the surrounding
waste it passes depending on the temperature difference. Similarly, leach@ésplort thermal

energy wihin a landfill or cover system when it moves as a result of hydraulic head gradients or

under the influence of graviiHanson et aJ2013 2008; Hao et al2017) Results from analyzing
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pumped leachate volumes and waste/liner temperatures predicted owlytb&smal losses to
occur fromconvective leachate flow and the rest was attributed to conduasgas flow data
was not availablé Y e 'Hi | ,[209%) The atmasphere can introduce or remenergyia solar
radiation and convection with air as a result of winds. Energylsateave the upper MSW or
cover layer via long wave radiatigBonany et al.2013; Megalla et al2016) These different
mechanisms can be incorporated into numerical mog@hdary conditions or by coupling fluid

flow and thermal energy equations together.

2.3.3 Factors Affecting Maximum W Temperature

Several mechanisms describing the thermal regime within a landfill have been reviewed in the
preceding sections. Each am@anism comes with variables and properties that affect the magnitude

of thermal energy introduced, stored, or removedifthe landfill system. As well, it is evident

that these variables are coupkedphysical ad chemical processe€£limate (precipitation and
temperatureand site operating conditions both impact waste temperatures tredoferallvaste
composition is considered comparable between sites, are the primary factors differentiating landfill
temperatre from one site to anotheXn interesting observatiodrawnfrom bothY e k ietdl. e r
(2005) andHansonet al. (2010) wastha higher waste placement temperatuffes placement
temperatures above freezirggrrelated to higher final or maximum measbiremperatures at any
sensor at the Anchorage landfill. From this, the conclusion was also drawn tHetzemnwastes
increasd in temperature at similar rates across a cell, except in locations where aerobic heat
generation contributed to rapidly incsgiag waste temperaturgsY e k i | | 20tm3). dhis a |
implies that waste layers placed in the warmest months of the year may reach higher maximum
temperatures than layers placed in the cooler months, even if the waste is not frozen at placement.
This also implies that on average, wagieaced n warmer climates should reach greater
temperatures than waste placed in cooler climate regions, however was not consistently the case
for the studied landfill§Hanson et al., 201®uch as in Table 2.5

As reviewed in Section 2.1.1, moisturentent ofwaste affects the hydrolysis rates of cellulose
(El-Fadel et al., 19964,996b; 1996cas well as being@omponent in thedrmation of acetic acid
(Table 2.1) Provided the landfill is not a dipmb design, which usean impermeable cover
system designed to prevent infiltration, precipitation is another climate tawisideredo affect
waste temperaturdd e k i | |, 20d5).eHighemanhagnitudes of annual precipitation contribute
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to higher moisture contents in the wasteer timeand thus higher rates of heat generation,
exemplified by higher temperature increases being observed at the landfill nearagsch
Alasksa corpared to Las Cruces, New Mexico (Hanson et al. 2@#3pite the difference in
AAAT . High heat generation rates and rate of temperature increase were attrilgéchtoual
precipitation for the landfill inVancouver(Hanson et al2010) The optimal precipitation for heat
gain in MSW was reported as 2.3 mm/day (840 mm/yfyleyk i | | (2005).et al

FromTable2.5, Saskatoon most closely compares to the Anchorage, Alaska site in tétASTof
andannualprecipitation. A large contrast in temperature ef&€arold waste between Ste. Sophie
and Vancouver isvident (4 versus 92 °C), with only marginally greater atmospheric temperature
and precipitation in BC. Co#t climates may also experience a large portion wohual
precipitation as snowfall, which can insulate the wéste the atmospher@ianson et al. 2010)

but also be blown off the surface of the landfiflwind before infiltrating as meltwater. Although
heat rates were greatest in the high precipitatiancduver area, temperature increases were
greater in Canton. This contradictiomsvattributed to the high moisture content in the Vancouver
landfill increasing the bulk heat capacity and lowering the bulk density of the wastes when
compared to what was t@emined for Canton (Hanson et al. 2010)eTélationship betweewater

contentandthermalpropertiesvas reviewedn Section 22.2.

Operational conditions that influence waste temperature include waste placement rate, waste fill
thickness, and introduon of oxygen from gas extractignyY e k i 1.,R08% Jafariet alg2017)

A linear relationship was reported between waste placement rate (m/y) and heat condsteof

(a measure of energy gain in the MSW in units ofif@-( Y e k i | ,I12@0%) Thastis at&ibuted

to the insulating nature of overlying waste layersnentioned previously. This implies that a cell

that is built vertically in a shorter time thanahercell (ie. more time passes between placement

of lifts) would increase in temperature at a greater rate and experience a greater peak temperature
compaed to similar aged wastes in the more gradually filled cell. Although waste thickness was
mentioned in early studies to influence waste temperauie®e K i | ,12@0% Rowe, 1988 no

trend or correlation was maoned in more recent studies. For example, the Vancouver landfill
that reached temperatures of 92 °C has a thickness of only 19 m and the landfill in Philadelphia,
Pennsylvaniagached only 30 °C and has a thickness of 50 m (both locations have simuafl a

average temperature and precipitation). Aerobic activity in landfills can lead to unusually high
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temperatures and even combustion and/or fires in the buried MB&kt. from the oxygen present

when the waste is placed, oxygen can be introduced tpper waste layers via vacuum pressures
within the landfill as a result of landfill gas recovddafari& Stark 2016; Jafari et al2017;
Reinhart et a).2017 Khire et al.,2020) From comparisoof temperatures and climate at multiple
landfills in this section,ite compexity and coupled nature of the landfill thermal regime is even
more apparent. Numerical modelling is an important tool that has been used by various authors in
the literatureto predict temperatures or determine material properties within the landfill

environment

2.4 Numerical Modelling of Thermal Regime

Numerical models of landfills va beerdevelopedver the past three decades to predict problems
ranging from rapicor uneven settlemergnd slope instability topredictingexcessive liner and
waste tenperaturesA comprehensive review of coupled numerical models produced over this
time period was puldhed by Reddy et al. (2017) adicusseghe different programs and
equations used by various authdkscoupled model capable of accounting $ewveralprocesss

and mechaniseknown to take place within an MSW landfill environmesiti¢h aunsaturated

fluid flow, stressstrain response, biodegradation, and gas/heat generation) is an extremely
challenging problemThis challengés the reason mostuthos limit the number of mechanisms
modelled andvere required to makeraumber of assumptiongithout the supporting field data
(Reddy et al.2017) The review pper focusses on the coupled processes that occur in a bioreactor
landfill, whereleachate recirculatiotakes place and moisture contents are increased as a result
The interconnectedness of the processedepicted visually irFigure 2.2(after Reddy et al

2017) The figurepresented by Reddy et. dP017) for bioreactor landfillswas modified for
geothermal extraction systems at conventional landfills (not bioreactor-twrdbyapplication$.
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Figure2.2: Flow diagram of coupled processes in lahdfddelling &fter Reddy et al., 2017)

Heat generation and gas generation are cowgdel®monstrated by the relationships in Figure 2.2
Because of this relationship it is importantnderstand that void changes andgiemt physical

properties directly affects hydraulic, biodegradation, and thermal modelling in MSW landfills.
Additionally, increasing MSW temperature has been correlated to increases in compressibility,
hydraulic cowluctivity, settlement rate, and totatdement in landfills( Ye ki | | 2015 et al
Reddy et al.2017) Of the many studies reviewed Bgddy et al(2017) only those that focussed

on thermal modelling and of relevance to my research at the Northerfillhaiidbe discussed

in this section.

Biokinetic, gas, and heat generation modelling was done mathematicallyHadEl et al. (19964a;
1996b; 1996¢) and compared to field data from a landfill in California. These models demonstrated
the coupled nature anicroorganisndigestion rates with gas and hganeration and the feedback

of temperature and pH itne landfill environmentThe authors alsdefinedheatgeneration as

proportional togasgeneratiorvia a conversion factoDepletion of organic carbomras found to
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be first order (hydrolysis ratg and is the ratdimiting step until methanogenesssipersedethe

role once concentrations of acetate, methaneCandtabilize(El-Fadel et al.1996; 1996H).

Nastev et al.(2001) used a numerical mode¢hat accounts for fluid property changes with
temperaturéo predict gas and heat transport in a Montreal lan@HSM) The gas generation
ratewas an exponentially decreasing functismnga decay rateneauredirom gas recoveryells

on site Heat generatiofollowed this same shapbased ora conversion usingnthalpy per mole

of CHs generatedTable2.2). A 1D model defined the evolution of pressure, temperature, and gas
composition in a 40 rthick wasteprofile usinga constant AAATof 6.6 °C as the top boundary
and 20 °C at the bottom. Temperatures reached a maximum of 38 °C at depth after@Cagears

et al, 2001) The published profilesvere convex andelated well to the theories explained in
Section2.3.1 This modeivasone of theeariestcoupled heat and gas numerical mogeilslished

in the literature

A thermalnumerical model was developed Hginson et al. (2008yhichincluded formulation of
exponential growth and decéat generatiofunctionsusing empirical method#\ 1D vertical
finite element analysis (FEAyas constructed witHement sizes of 0.5 jdetermined by eelative
error analysiof mesh refinement with element size rangfmgm 0.1 to 6 m. Homogeneous
thermal properties specific to foorodelledlandfill sites were based on MSW composition and
needle probe tests permed (properties listed in Table 2.Zhe subgrade material wagluded

in the 1D geometry to a depth of 75 m below the landfill lidter iteratingdepths ranging from
10 to 200 m The top boundary was a transient atmospheric temperature furttnused
modified air tempratures to account for incoming and outgoing radiation using freezerfthaw
factors Thesen-factorswerecalculated fronmeasurecdhearsurface (shallowyvastetemperatures
(Hanson et al. 2008)

The authors determined initial subgrade temperature profiles by simulatifigy@&ars of
atmospheric tengrature cyclingoeginning with a uniform temperature profile set to inean

annual earth temperatufdAET). Waste placement was modeled ito% m thick lifts uril final

height was reache®lacement timesverebased on site records, aerial surveys, andtesed

surveys. Waste placement temperatures were equal to the daily average temperature on the day of
placementThe geometry of the model simutag the thermal regime of a column of waste within

the central region of the landfiJlaway fromatmospheriedgeeffects is visualized in Figur@.3
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(afterHanson et al.2013).This figure represents the conceptual model for the 1D heat transport

numerichmodeldeveloped for my research

Atmospheric temperature kl'l. /\ /\
function cycling between ==y \-/ \
seasonal highs and lows

Final landfill .
v ~ S mm=== = = e = - . Waste placed in
geometry \ < horizontal layers
_______ = — 4+ — — — — — . throughtime
‘f'
—————————— e
\ —————————— e
Ground —
surface 3
Cell liner

Column in central region of
Subgrade soil ¥~ |andfill applicable to 1D
vertical modelling technigue

Constant temperature at
bottom boundary

L J
Figure2.3: Visualization of 1D heat transport model theand geometryafter Hanson et a]2013)

The FEA model was used to determiampirical heat generation functions for each site by
performing mnlinear regression analysis between modelled and measured tempeltdels.
fitment wasachievedat allfour sites using an exponential growth and decay fundtitanson et

al. 2008) The function defineleat generation rafgV/m?) with time (d) and its shape is dependent
on peak heat gemation rate (W/if), a decay rate factor (d), and a shape factorReak heat
generation rate and the shape factor were adated toa composite climatioperational
component defined as the product of AAAT and annual precipitation divided by the MSW unit
weight. The decay rate factor was correlated to average vertical landfilling ratel(ineggsulting
curvesafter calibréing the \arious fitting parametefsr the four North American sites are shown

in Figure2.4 for comparisor(afterHanson et aJ2008).
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Figure2.4: Transient heat rate functions féwur landfills developed by Hanson et al. (2008)

From Figure 2.4 e BHP of the waste fothesitesis thetotal area under each curweich varied
between 15MJ/m® (Anchorage) tol91 MJ/n? (Vancouver) Based on the formulation of the
exponential growth and decay curves by Hanson et al. (209B¢rhprecipitation andvarmer
AAAT would result in higher peak rates of methanogenesis and heat generatibich is

illustratedby the curves irFigure2 4.

The model outlined by Hanson et al. (2008) apgliedoy Emmi et al (2016)to a landfill in Italy
for comparing and validating geothermal heat extraction designs. The autismta sotair
temperature top boundary which combines solar radiation and convective heat iresteéet of
n-factorsandusedthe same exponential grétwand decay heat generation formulatiefined by
Hanson et al. (2008pr the MSWwith site-specific climate and agrational factors appliedror
comparison, the calculated heat generation curst@p@ak of 0.64 W/dwhich wasbetween the
CantonandLas Crucesurves inFigure2.4. The model simulated the entire landfill geometry in
2D usingfinite elementmodelling (FEM) softwarewith an average waste depth of 18.5 m
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(reported landfill height plus landfill depthiNo gas or leachate flow wasodelled, andill the

waste was assumed to be placed at the sametidad a uniformtemperature 0f2.5°C.

Similar to the studies by Hanson et(@008; 2013)Bonany et al(2013)andMegalla et al(2016)
developed 1D heat transfer models that were calibrated to field temperature data. The temperature
data comes from sensors placed below and between waste lifts as a cell was landfiged in S
Sophie, Quebed heat budget was developed to calculate magnitudes of energy introduced to the
MSW through different mechanismscluding atmospheric convecti@nd radiationpiological

heat generation, and conduction from the subgrad2D FEM with triangular elements was
constructed to simulate heat transfer in éhen wastelayer. The top boundaryncorporaed
emissivity and black body radiation properties for the MS3all aswind-governed forced
convection(Bonany et al.2013) Because temperature datas available immediately following

the placement of lifts, and the model simutedeelatively short period of time (~82l), the study

was weltsuited for calibrating model inputs (thermal properties, heat rate, density, and top
boundary radiation/convection factopgpvided that fewedegrees of freedom existedl step
wiseheat generatiofunction marked by a threshold temperai{li@ °C)for the onset dbiological

heat generatio was formulatedHeat generatiorequalledzero below this threshold ansas
governed by a"® order polynomial equatiguiependent oMSW temperature and a scalifagtor

above the threshald

The sensitivity analysidy Bonany et al. (2013pdicatedthat the temperature response at the
uppermost instrument bundle (0.5 m below surface) was not sensitive to chaigesuinthe

bundles below (-3 m below surfacegm@ more sensitive as adherKy resulted in more heat
reaching the greater deptfBonany et al. 2013) The model was insensitive to changes in
volumetric HC, but highervaluesdid slightly reducethe rate oftemperature change ameat
transferwithin the waste layer. The model was sensitive to the heat generation scaling factor but
only the uppermost bundle exceeded the threshold temperature meamcingfthe waste had a

heat rate of 0 W/ffor the duration of the simulatio Lastly, the modewas most sensitive to
variance in the magnitude of latent heat of fusion due to makeafiaste being placed in below
freezing temperatures and the significant amount of energy required to thaw the ice in pore spaces

over the modelling timeframe (Bonaet al, 2013)
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Megalla et al(2016) publishedfurther model results and temperature data fordhme site. A
detailed heat budget breaking down the energy lost or gained from the different meclanisms
waste layer placemenntervals over a period of 4.6 garswas included. Convection, solar
radiation, and long wave radiation (emitted from top ofW)Sall impacted the top boundary in
terms of energy flux, with solar radiatiomcreasing energy flux into the MSW atiee other two
mechanismsncreasing flux at of the MSW The net surface flux (sum of the three mentioned
mechanisms) was initially posie (into the MSW) but became increasingly negatisa result of
increasing top layer MSW temperatuttasough time The top 1 m of waste was observed to
geneate heat aerobically and contributed to 36% of the total heat generation over the duration.
Basd on besfit analyses,Kr was modelled aseterogeneouand was assumed to increase

linearly with depth with the same initial value maintainedattop 1 m of MSWTable 2.3.

A landfill in NE USA with an aveage thickness of 20 masmodeledby Khire et al. (2020using

2D FEM software.The authorsaimed to determine heat generation rates within the MSW by
calibrating the model to temperature profiles measured anTl$ieemodel divided the MSW into

3 sequential layers from top to bottom defined as fresh waste 20y and 4.4 m thick),
intermediate (206 y, 9.8 m), and aged (6 9 y, 5.8 m). Thermal properties were applieedach

layer based on observed changes in density and degradedine @.4. The top boundary was a
constant AAAT value of 15 °C. 20 m of subgrade below Ither was included with a constant
temperature boundary of 15 °C applied at the bottosedb@n groundwater temperatures from
nearby monitoring wellsVertical leachate flow was incorporated and collection points along the
model domain simulated leachgdemping.The heat generation rate was assumed constant over
the simulation periods (%0 9 y duations) to determine average representative values. Heat
generation in the aged layer wassumed equal to zero and the upper two layers were assumed to
haveequalheat generation ragaeThe MSWinitial temperature was assumed equal to the AAAT
and the full waste thickness was present at time kéamimum measured tempéuaes at the site
ranged between 7dnd79 °C.

BecauseKhire et al. (2020)modelledfluid flux at different rate and heat generatiomas
maintained constant, the effects of leachate convection on the temperature profile in the waste
could ke observed. As downward leachate flow increased, the location of the peak temperature
moves downward and the magnitude decregdskeire et al, 2020) Through manipulation of the
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leachate flow rate and constant heat generatioaohthe upper layershe besffit to site data for
heat generation was 0.7 and 0.8 \Afam 9 and 5 y old waste columns respectiy@lith a leachate

flux reported as 37 #had). Because temperature profiles were relatively stable over the
monitoring peiod, a heat generatiaateas low as 0.2 W/fin both locationsvas demonstrated

to offset the conductive and convective lossesr themonitoringtime frameand the authors

concluded thaheat generation rates decrease with wastéldgee et al, 2020)

A box model presented biyao et al.(2017)for heat generation and accumulation in landfills
mentions the existence of heat generated due to aluminum corrosion, aslomydrat thermal
reactions.The bulk MSW decay rate for biodegradation used by the authors was0.Tey
modelalso accourst for water (liquid and vapour) and gas,(BHs, CQO) leaving and entering
the landfill systemModelled average wastemperatures wereelatively stable from 20 to 50
yearslikened to abalance between heat sources and giH&® et al., 2017)

2.5 Gap Analysif ReviewedLiterature

From the literature review, gaps in the knowledge were identified that refined the objectives of my
research as well axemplified the heterogeneity ekamplewastepropertiesand complexity of

modelling heat generation and transporttie landfillenvironment

Despite agreement by many authors that methanogenesis from cellulosic material is the most
representative reaction pathway associated with landfill gasemtdyaneration, a broad range of
values for associated enthalpy of reactjop kvgre reportedTable2.2). This idikely a result of
different methods being used ®stimate the heat generation in landfills, with various energy
sources other thamaerobic methanogenesis bepwentially included or omitted\s a result 6

this variety, a bounded approach was wused for

By reviewing numerical heat transport models published iditdrature, it was found that heat
potentialof the MSW(cumulative heat generatedihd heat gemation ratessaried dramatically
between sites studied attie modellingmethods used. In some cases, a constant heat rate was
appliedas opposed to a transtdanction Themagnitude oheat potentials based on #gmpirical

model developed by Hanson et al. (2008; 2013) wependent onlimatic and operational factors
(AAAT, annual precipitation, andlandilling rate). When Saskatoon AAAT and annual
precipitation data was applied to teenpiricaly-derived equatiorproposed by Hanson et al.
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(2008 2013 the equationvasunsolvableand the energgxpended function proposed by Hanson

et al. (2013) was naeprodudble forthe modelling methods used in thesearch

A mechanisticheat generation function for the Northern Landfill had to be derived from gas
generation theorgs part of thisesearchlt shouldbe expected that nearly all degradable organic
matter can eventually be converted to landfill gas and heat energy as time progresses and
temperatures rean elevated within the core of the waste filthaugh heterogeneity of ganic
contentof MSW is expectedTherefore, the heat generation function shdddormulated such
thatultimate heat potentias achieved in eventuality, which was not evidenthe literatureThe
long-term temperature trends and total energy potenfiaMSW are important factors for
engineers to evaluate landfills as geothermal energy sources. Thus, it became the objective of my
research to determine the heat potential ofMIV at the Northern Landfill with methods that

can directly relate heat pottial to measurabMSW properties such as BMP and organic content

2.6 Northern Landfill Geology and Background

The subgrad soilrepresents a large heat sink fmnerated heat within the MSWhe subgrade

is also a ptentialheat source to fresh wastes placed in cold temperatures (Megalla et al., 2016).
The waste placement ratd AAT, annual precipitationandfill geometry,and groundwater
temperatures are also influential on heat transport modelling (Hanson et al., 2008; 2013). The
subgrade geology and groundwater temperatures were investigated aloadpadktground study

of the design and operation of the Northern Landfill.

A site investigation was published by Haug et al. (1989) for the Northern Landfill and detailed the
subgrade stratigraphfhe uppermost soil layer on site is a stratified depdssand and gravel
intermixed with oxidized, fractured, low plasticity till of the underlying Floral Formation. Depth
to this stratified layer is a maximum of 5 m below ground and it is lenticular in nature. The Floral
till beneaththe surficial layers uroxidized and extendsminimum of 30 m below ground surface.
Beneath the Floral till is an unoxidized stratum of Sutherland till which extends up to 70 m depth.
Under the Sutherland till is an aquifer of stratified sands and gravels of the Empress gobup wh
lie above the Beagw shale formation. The surficial deposit hosts a shallow water table less than

1.5 m from surface in some pladétaug et al.1989; Yanful et a].1990)
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Physical properties of tieutherland and Floral group tills were reported by Macdonald & Sauer
(1970). Specifically, the gin size, bulk density, and water content of the wWkserequiredfor
estmating the bulk Kr and HCfrom Hamdhan& Clarke (2010) The physical properties of the
tills from Macdonald& Sauer(1970)and estinated thermal properties are in Tablé. 2.

Table 26: Physical and thermal properties of the subgrade till soils

Physical Properties Thermal Properties
from Macdonald & Sauer (1970) | from Hamdhan & Clarke (2010
Formation Clay Bulk Water
content density content Kr HC
W. MJI/m?>°
) | (kgm) | %) Wim) | (MIm™c)
Floral 20 2,290 11 3.69 2.61
Sutherland 39 2,180 18 2.45 3.18
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3.0 Research Methodology

This chaptepresents the methodology of my research. This includes methods regarding the field
work and data collection performed at the Northern Landfill, laboratork with MSW sampes

and the framework and details of the rarioal heat transport modeéveloped

Field work was a key phase of my research for several redswsily, it provided insitutransient
temperature profiles of the MSW at the Northern Landfitle temperature data wascessary for
developing anumerical modelas it provided initial conditions, top and bottom boundary
conditions, and targets for calibrating model inputs @tguts

Secondlyfield work was required to colledemicontinuous MSW core samplem surface to

the liner elevationLaboratory testing of the MSW cores collected fromltiple locationsat the
Northern Landfill provided an opportunity to calculate the MSW water content, dndkdry
density, as well as identification of dated objects that were visible in the extracted material. The
dated objectsevealed the earliest possible year otphaent foMSW at specific locations across

site. The density of the MSW was a useful proptor calculaing BMP andCeqaccording tadhe
equations presented in Section 3.3.

Thirdly, gas wellsnstalledin the sampled boreholedlowed for sampling of the landfill gas and
measurement of gas pressures and leachate &wedtrumentedocations The gas compositions
and positive pressureseasured fronthe boreholeserified that anaerobic conditiorexist and

that landfill gads being generated #ieinstrumented locations

The methodologysed for developinthe heat transport modigr my researclis also outlinedn

this chapter. The process invetycomponents of subjectivity and required several assumptions to
evaluate tb heat potential property of the MS\ue to thenumber of unknown parameters and
degrees of freedom that existdthe modelling performed simulates energy balancéjusthe
resultingheat potential term encompasses heat gendratadnaerobic digestion of cellulose and
methanogenesas well agbiotically and from other organic compoundke field and laboratory
measurements aided in reducing the number of unknown parantesemrever information
regarding the MSW thermal propertieadaplacement history had to Ia@proximated The
methodologyfor the measuremenis outlinedat the end othis chapter in addition to other

components of theeat transport model
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3.1 Field Work andIinstrumentation

The selected instrument for measuring the waste temperatures at the Northern Landfill was a
thermistor. Pictured in the lefhost image ofFigure 3.1, a thermistor consists of a tvetrand
tinned-copper wire electrically comtted at the tip and coated Aysmall bead of epoxylhe
resistance to current through the epaxated tigat constant voltages related to the temperature

of the bead.

Time constraintsaand uncertainty of conditions within the Northern Landfill diegtd that the
instruments wuld be installed in different phases as opposed to all at ®hoee separate drilling

phases took place and a total of six verticafmistorarrays were installed across the upper plateau

of the landfill. Details of the instrment installations antiiming of each drilling phase is in Table
31lPhase 1 and 3 used arrays made in the geotec
Phase 2 used arrays purchased from a geotechnical instrumentation company (referred to as

Apur chasedo) peoflatrags ackipittires in Eigute d@&ing installation in the field

Locations of the instrument installations in plan view are identified in Fig@r@Re locations of

the instrumenClusters are intended to providatdfrom across the upper pkdu as far west and

east as possible. The final positions of boreholes depended on drill rig accessibility and being
unobtrusive to dayo-day operations of the landfill (growing stockpiles, shredding operations,
truck trafficc and machinery parking). Due ongoing operations anaaste placemertn the east

side of site, no instruments wenstalled in the oldest two waste cells (1 and2ister 4 on the

north side of the active haul road became an option déieement of waste on the nostie of
siteoccurredbetween Phase 1 and 2. T@lsister was installed to contribute to spatial variability

in the site temperatuend landfill gaslata.An overview of the instrumentation and the installation

of the arrayss included inthis section
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Table3.1: Thermistor array identifier, type, location, and date installed with maximum thermistor depth included

Cluster Instrument/Borehole Phase
17 NW corner| BH18-01: PVC gas well with manufactured thermistoray .
of cell 6 to 20 m depth andnshielded atmospheric temperature Phase T July 2018
BH19-02A: PVC gas well with purchased thermistor array
27 NW corner 24 m depth and unshielded atmospheric temperature Phase 2 May 2019
of cell 4 TH19-02 10 PVC di s c on nteputchagkd

thermistor array to 24 m depth and shielded atmospheric
temperature

Phase 2 May 2019

37 NE corner
of cell 4

BH18-03: PVC gas well with manufactured thermistor arrg
to 20 m depth and unshielded atmospheric temperature

Phase 1 July2018

47 SE corner
of cell 5

BH19-04: PVC gas well with purchased thermistor array t
24 m depth thalvas damaged during installation
TH19-04:1 0 FoacKiilled tosurface withmanufactured

thermistor array to 24 m depth

Phase 2 May 2019

Phase 3 Nov. 2019

Soldered
connection (

\/‘/L.

i —V
Wire Armored
strands )
cable

PVC
casing

Figure3.1 Thermistor assembfyrocessn thelaboratoryfor the manufactured arrays usadPhase 1
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Sonicdrill rig Armoured
A signal cable

Figure3.3: Instrurment uster locations with the upper plateau and cell boundaries drawn as dashedNioeesBH181 is
located at Cluster 1, BHA® atCluster 2, and BH1&3 at Cluster 3.

3.11 Thermistor ArrayConstructiorandInstallation

Prior to any field work in Rase 1, temperature measuring instrumentation was assembled in the

laboratoryas depicted in Figure 3.Themanufacturedarraysused10 kOhm thermistorsvhich
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weresoldered to armoured cabkut to lengthdepending on the target depth of ettodérmistor
The thermistor target depths (1, 3, 5, 10, 15, and 20 m) were selected so that spasimglieas
in the top portion of the MSW whetemperatures were expectedb® more variablever the
seasonsEach soldered thermistovas inserted imo a 6inch (15 cm)long, 1/2-inch (1.3 cm)
diameterPVC tubecapped at one erahdfilled with a selfleveling epoxysealanthat dries into
a rubberlike compoundo protect theviresfrom water and sanbackfill. Figure 3.1 labels the

components andepictsthe step®f the thermistomanufacturinggtompletedn the laloratory.

The purchased arraygere made witlthermistorgndividually encased in plastic capsulsnga
bundledsignal cable The capsulg@rotectsthe thermistors from water and saauad the bundled
cable waseinforcedwith Kevlar dranding The purchased instrument is pictured in the rlugnd

image inFigure 3.2. The thermistors were placed at specified loceti@long the cable. A
thermistor at target depth of 24 m below the 20 m dep#s included in Phases 2 and 3 arrays
once installation and drill rig capabilities were determinad Phase 1 Each thermistor
(manufactured and purchasedps connected toa datalogger andtested foraccuracy by
submergingthemin a laboratory water bath at temperatures of 5, 25, and 45 °C. The largest
recorded erroin the temperature valuesas+0.4°C andwasaccepablefor field applicationThe

output temperatures from theter bath and calibrath equations for each thermistor areagin

AppendixA.

To install the thermistor arraysnd collect MSW samples track-mountedsonic drill rig was
contracted for each of the three drill phases. Thadiginced 6nch (15cm) outer diameter casing

into the waste fill just behind a 4ibch (11 cm) outer diameter sample barial 10 ft (3.05 m)
advancement3he MSW samples were extruded from shenple barrahto plastic sleeves (bags)

by the drilling contractor. Weights dii¢ bagged cores were recorded to the nearest 10 g using a
scale in the field and were placed inside cardboard tubes for transport back to the laboratory.
Several bagged sangsl existed for each 3.05 m run so that the samples were not an unmanageable
length and weight. For example, the top 3.05 m advance of the sonic core barrel aDBH18
resulted in two bags, identified as samples 1A andAdzancement of the casing becastewer

and more difficult for the drill rig the lower into the waste fill the cantor advanced. The drill
operator was able to advance the sample barrel and extrude core without the use of drilling fluid
(water) in Phase 1 boreholes, but the operat&hi@mses 2 and 3 opted to us#éling fluid. As a
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result,the wet weights of theote for Phase 2 and 3 borehole=r@not usable to calculate moisture

contens or in-situ buk density

The target depth of the boreholes W& m above the liner elevatiomhich is in the crossections

in Appendix B After reaching the target depthgethinal depth of the borehole was reported to the
nearest foot by the drilling contractor, which coultfed from the targeted depth due to MSW
sluffing into the borehole beneath the casing?hase hnd 3 the manufactured thermistors were
laid out onsurface as individual lengths of calllengside?-inch (5.1 cm) diameteiSchedule 40
PVCrisers The P\C risers werd0 ft(3.05 m) in length anslotted toaccommodatgas sampling
and pumping test§.hetarget depthfor each thermistowasmarked on th outside othe PVC,
with the bottomcapof thedeepesPVC section (first to be lowered dowole) used as a datum
Sections of PVC pipe were threaded togetasrthey werdowered vertically dowrthe open
borehole Thethermistos weresecured tehe PVC at the marked target deptiasing tape and zip
tieswhile the assembly was lowered down the open boreRotry 2 or 3 m, tap was wrapped
around the PVC andignal cableto secure the arrays in place untik first riserrested on the
bottom of the brehole. The annulus spaseasbackfilledwith sandby the drill operator to within

3 m below surface. The remag spacewas filled with bentonitechips and hydratetb inhibit
gas migratioraroundthe PVC. Based on the position of the bottom of the PWi€rasettling into
the loose MSW at the bottom of the borehdle exact thermistor depth&low surfacevere
calculated to the neareldd cm The exact depths of each thermistor varied slightly from tigetar
depths andirelisted for each array iAppendix A. The installation process for a manufactured
string is photographed in the léfand image irFigure 3.2 The added weight of the armoured
cables andgignificantannulus space occupied by six caldasside otthe PVC prompted the use
of the purchaed thermistor arrays for Phase 2, which proved tbgger andeasier tananage
while lowering down the open boreholeme constraints led to manufactured arrays geised

in Phase 3 but a lighter weight signal cable was used compared to Phase 1.

Phag 2 and Jield work proceeded in a similar fashion as Phase 1. Core sample was collected,
weighed, and stored for transport. Thermistor arrays were secured to Pé@nckwerediown

the open boreholelut two arrays(TH19-02 and TH1904) were securedo l-inch (2.5 cm)
diametersolid PVC instead of the 2nch (5.1 cm) slottedas landfill gas sampling was not
necessary at these locatioAs TH19-02, thetop two risers (20 ft, 6.1 mpf the tinch PVC was
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pulled off the arragfter installationAt TH19-04 theriser could not beeparated after installation
and was instealdacKilled with drilling sand Without the need for gas sampling, these methods
were used instead to reduce the vertical gas convection within thespgerdated to beaused

by amospheric temperature affects around the borehole sti¢kgpre 3.4 is an installation
diagramof thePhase 1 arrays BHA&L and BH1803.Depths are in imperial units as measured in
the field An upper and lower domain are delineated midway betweendnd 10 m depth and is

relevant to the data presentedSiectiond. 1.

Upper Domain =1=1I=1i =N=1= 2

Lower Domain

[ ] Solid Pipe
EEJ Slotted Pipe

'
'
'
Ll
'
|
:
'
'
® Thermistor ‘
:
'
'
'
:
'
1
'
'
1

crererrreerrnere

BEE Bentonite backfill

B 10720 Sand backfill

[l Landfilled Waste

Figure3.4: Phase borehole construction anuhstallation details
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During Phase 3, geothermal heat exchange well was installe€luster 2to undertake heat
extraction experimentand assess the resulting thermal response of the MSW for future research
This research waseutside of the scope dhis researchThe geothermal protgbe well and
associatedanalysiswill expand upon the results of my research and itivestigaion into

geothermal energy potential at the Northern Landfill and similar sites.

3.1.2Laboratory Measurements and Methods

After Phase 1he MSW core samplekdt were collected from the boreholes on site were air dried
on the floor otthe Environmentalaboratory at the Universityf SaskatchewanMSW core from
Phase 2 and Phasev@re dried on shelves in a canvas tentloatson University propertyThe

dry weights were recorded for eaalividually bagged sampl&he weight of all samples within
each 3.05 m advance was summed (for exasgueplelA plus 1B) and the volume calculated
using the inner diameter of the sonic coaerél (9.02 cm) and &3.05 m length advanced by the
drill operators. The dry weight of the waste was divided by the core volume to calculate dry
density The difference between the wet weights and dry weights of the samples rdthlédte
mass and voime of water presentassuming a density of 1.0cg#®) which was divided by the
core volume to calculate VWGources of error in this method of density estimation included the
presence of residual moisture within the-griled cores aftefour weeksand potential vertical
compression of the MSW within the sonic core barrel during advancevoeid have resulted in
ashorter total core length than 3.05ingrecovereceach advance

The MSW cores were to be homogenized into subsamples for analysis oftlBviRographic
analysis TGA), andloss on ignition I(Ol) as part offuture research. This presented the
opportunity to search favidenceegarding the age of the MSWthevertically orientecprofiles

that wergecovered. Thecore samples were laid out on a table gredMSWwas searched visually
during the subsampling procedure for tfagious laboratoryests. While searching, objects with
dates were picked out and the locations were recordedd Dajectsstill identifiable within the

MSW samplesncludedcopyright year®n food packagingexpiry dates, and newspaper or other
forms of print with publishing dates. Because the cores had been disturbed during extraction in the
field, transportatiorio the laboratoryand handling during drying and weighing, fhasition of

the objects with respect to the end of the core sample was recorded as being found within the top,
middle, or bottom third of the coend the depth calculated to the middle ofrémpective third
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No dated objects were recovered from BHIB Dated objectérom Phase 1 boreholesd their
positions arencludedin Appendix Cas well as being plotted iigures 3.0 and 3.1 at the end
of Section 3.2Core weights and the results of calculatecsdgmnd VWC values arecludedin

Appendix C

3.13 Data Acquisition andabulation

After each drilling phase, the installeghs wells or thermistor arrays were finalized for data
acquisition duringsubsequent site visits the weeks followingThe PVCgas wells were topped
with adjustabldlow gas wellheadthat fit over the PVC riserpictured inthe lefthand image in
Figure 3.5. Data logger enclosures were assembled and mounted to hollow aluwoimduits
anchored in the MSW adjacent to the boreboll he tail wires of the thermistors were secured to

the ports on the datalogger and terminating resistors were inserted as required.

The datalogging assemblifes the thermistor arraysere poweredysolar panels and proved to
be reliable while exposdd the elements yeaound.Eachdataloggeinputchannel wasssigned

a namecorrespondingo athermistorand itsdepth A samplerequency of 2 hours was applied to
eachdataloggerThe dataloggerstored the temperature values with a date and tireesreteThe
dat al ogger 6 swassyncediorthefeld | & p obatpedded to drift approximately 1
minute every month, requiringorrection Datawas downloaded to the field laptoguring site
visits and was imported to a spreadsheet for analfgigire 3.5 is an image of BH183 once

completedandthe components of thdataloggingenclosure
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Datalogger

Enclosure

Datalogger,
battery, and
charge
controller

Surface
thermistor and
tail wires

Connection
to field laptop

Hollow
aluminum
conduit

Ng

. B .—.'"-’.; ii{
Surface

Thermistor

Figure3.5: View ofBH1803 after completion andts datalogging enclosure

Usingaspreadsheet, thraw data was tabulated for each array anadrtean of 12 readings on any
given date (daily averagemperature) wasalculatedor noise and data pool reductidrhe daily
averging of data also allowed falotting temperatures with thealendar date on the time axis,
andimprovedobsenation of seasonatemperaturdrends as opposed to diurnal respm3he
resolution othedaily temperature values was also adequate foruherical modelling boundary
conditions that the data represented! therefore was not adjusted throughout the monitoring

period

Site visits occurred on a weekly basis in tlnsner months and transitioned to a monthly basis

in the winter Along with thetemperature data being downloadir instrumentsvereinspected

and borehole gas pressures, gas composition, passive flow rates, and leachate levels were all
recordedThe aveage leachate head above the liner elevation was measured to be 0.05, 2.48, and
2.25 m at BH181, BH1802, and BH1803 respectivelyPassivegasflows were achieved by
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fully opening the gas well heads and measuring the flowosttef the boreh@, driven by gas

pressures in the borehole consistently greater than atmosphere,ng a Landtec GE
hardheld device.The same device was used to measure the composition of the landfill gas as
percentage volume GHCGO,, and Q. Analysis and use of éhgas dta was out of scope for my

research but the compositi¢e0% CH, and 4¢° CO;, +5%) verified that all the boreholes were

installed in wastes in the anaerobic phase of decompositidrthat landfill gas was being

generated

3.2 Estimation ofWastePlacemat andLandfill Progression

An estimage of the age of MSWith depthat each of the instrumented borehole locations was
neededfor developing thenumerical model timeframe It was also necessatfpr the time-
dependent heat generation functimnbe appliel to the MSW material which would initiate
following wasteplacement.To predict the ages of different waste layers at the boreholes, the
landfilled areaand thicknessn an annual basfsom Cell 1 through 8rom 1987until 2018had

to be estimated.The next section descrilsethe operationalinformation that wagprovided by
Loraas engineet® guide the estimation of landfilling the past andtatesany assumptions that

had to benade

3.2.1SiteHistory andOperatingPractices

Engineersworking at the Northern Landfill providesite drawings thabutlinedthe time frame

that cells were excavated into the native subgradeegmitedhe most up to date dimensions and
elevations of the landfilled MSW. The cell construction schedrdeving provided isFigure3.6.

A contoured elevation map of the landfill was provided by Loraas and was dated spring 2016 with
elevationdatafrom 2015 This map isincluded withthe providedlandfill crosssections total

volume estimatesand liner elevations Appendix B
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Figure3.6: Construction schedule of cell linetghe Northern Landfill

Fromthe crosssectionsand contoured man Appendix B the following metricswerecalculated

and/ormeasured

A Average side slope downwards from the upper platesucalculated to be 4.5:1
A Elevation of the upper plateau was 580%631m above sea leveASL) which was also
therange ofelevatiors measured dunig drilling in Phase 1
A Liner (bottom of MSW)elevationvaries across site for drainage purposes
- Lowest pont is 505 m ASLat the southern edge of cell 6, south of Cluster 1
- NW and NE from this location)@&vation increaselnearly up to506 m in the
NW corner and 507 m in the NE corner of site
A Depth fromplateauto liner across cells 1 to 6 variestween ~2@nd 2 m with an
averageof 25 m

- Normalized to be fronelevation 505 to 53 ASL for all cells
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A Natural ground surface is betweslevation 511 and 512 sSL

A Cell footprints are square and 170 m in length and width

The2016mapreporteda volume of fillwithin cells 1 to 8 of 3.34m3. This is an average annual
volume of ~118 000 Afrom 1987 to 2015A meeting with theoraassite engineersietermined

the following operational conditions:

A Cells 1, 3, 5, 7, and 8 were filled east to vasd ells 2, 4, ad 6 were filled north to
south

A Cells were excavated during the late spring, summer, and earlydiadit(uction season)
and 5 to 6 m below natural ground surface

A Newly constructediners were covered with one or two lifi§ MSW as soon as possible,
begiming in the fall after excavation

A The east side of site (cells 1 and 2) was observed to be at mpately half the present
elevation above ground surface in 28520 m ASL)

A In 2019, annual tonnage was ~125 000 at an estimated 8.8pparent densitgnce

placed and compacted (inciag daily coversoils)

3.22 Assumptions and Procedure for 8Bndfilling Drawing

A landfilling sequence beginning in fall of 198/Aasdevelopedvith the information providedro
simplify the model,a tiered rectangula prism geometry wasleveloped forcreatingthe 3D
drawing Each tier represesd a waste lift and is stackagoan the underlying tierdr the liner
surface for tier 1)Exterior cellboundariesare those that are not shared with other cells. Shared
boundari es ar eThe grismmesigewedeioffsét &amithe cedl boundes such that

the projection of thactualslopesurfaceintersects the prisms at mgbight, resulting in an equal
area of the prismrotrudingabove the projected slopeiasnissing below. This area equalization
minimizes error whensimplifying the lift geometryas rectangular prismendis visualizedin a

crosssection view of an exterior cell boundaryHigure3.7.
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Figure3.7: Example of prism geometry in sssection withthe actual 4.5:1 slope in red

Interior offsetdistancesliffer from exterioronesbecaus¢heinteriorslope begins at liner elevation
without a change in direction at ground elevation (510 m ASigr offset thickness and
elevationvaluesare includedn Appendix B Other asumptionsand procedurethatapply to the

3D drawing(drawn using Autodesk Civil3® softwarg are listed below:

A The landfilling year was assumed to be from the beginning of fall to the end of summer
(mid-Sepember to midSeptember the following year)
- The first year therefor@asSeptember 1% 1987 to September #51988 and any
waste filled in this period wouldelabelled198788 or, for graphing purposes,
1988
A Across all cells the linewas assmedlevel at 505 m ASLand5 m belownaturalground
elevation(510 m)
A Typical MSW lift thickness was assumed to be 3 m and any variatiormaasained to

the nearest whole metre
- It was found through initial iterations of the 3D drawing that the tiestheeded

to be6 m thick tosatisfythe volume estimate 198788 while only one cell

existed in the first years of operation
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