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Abstract

Global methane CHs) emissions are divided mostly into three sources; biogenic,
thermogenic and pyrogenic. The sources can be anthropogenic or natural in origin.
Anthropogenic sourcdacludeemissions associated with agriculture (rice paddies
and ruminants)waste fandfill and waste water), biomass burning and fossil fuels
Landfills have been implicated ase ofthe largest anthropogenic souscef
atmosphericCHs globally and as a signifamt contributor to global warming.
According to thelntergovernmental Panel on Climate ChandleCC) Fifth
AssessmenReportanthropogenic sours@ccount for 304 368 TgCHJ/yearand
methangenesis in landfillend wasteontributes between 67 and 90 Tg@ear

to this amount (between 22 and 24% of emissions).

Although CH; and carbon dioxide (Cpfrom landfills are produced in about equal
amounts, CHlis of greater concern as a greenhouse gas. The global warming
potential of CH is appoximately 28imesgreater than that of G@ver a 100 year
period.In addition CH has a shorter atmospheric lifetime when compared to CO
Therefore, quantifying CH emissions from landfills is essentidiom an
environmental, regulatory and financial perspectisevellas toevaluate measures

for reduction of national and global greenhouse gas emss3iba main aim of this
study wado estimate ladfill gas (LFG) emissions in South Africa amdlividual
landfills usingtheoreti@al models(LandGEM, GasSim|IPCC Waste Mdel 2006

and the California Landfill Methane Inventory ModeCALMIM ). The model



estimations are compared to actual gas yigtm® LFG extraction and utilization
projectsat individuallandfill sites to assess the applicability of the modeltats
African sitesDirect surface emissions fluxes were also measured and compared to
model estimates. The polluting potential of landfill sites was also assessed using the
Robinson Deep landfill site in Johannesburg as a caste study. Modelled pollutant
emissionausing AERMOD are compared to ambient emissibias was observed

at the landfill site using a mobile air quality monitoring cara\ud# extraction

and utilisation projects implemented in South Africa are also assessed. Six projects
(implemented at 10 lafil sites) in South Africa i.e. Ekurhuleni Metro
Municipality, City of Johannesburg, two within eThekwini Metro Municipality,
Chloorkop and Alton landfill sites were evaluated to gauge the applicability and
success of each project under the Clean DevedopnMechanism (CDM)

programme of the Kyoto Protocol.

IPCC Waste Model estimates show that Gauteng is the largest cont(48:86%)

of CHs emissions from waste disposal in South Africa followed by the Western
Cape. City of Johannesburg is the main cbotor amongst the major Metro
Municipalities in the countryln total in South Africa 531 735 tG¥annum and
635207tCHs/annum emission were predicted for 2015 and 2020 respectively. The
results, showing that Metro Municipalities make a significaohtribution to
emissions, are indicative of the vast disparities in waste disposal between urban and
nonurban areas in the countr@omparing actual gas generation at individual
landfill sitesto LFG generation estimates usihgndGEM, GasSim and IPCC
Waste Model 2006 show thhiandGEM and IPCC Waste Model are very similar

and are shown to over predict LFG generation. GasSim simulates much lower



emissions and falls within actual gas yields at some ditass, using the IPCC
Waste Model to estimate thergabution from the solid waste sector to national
CHsemissions in South Africa could be problematic and result in an over estimation
of emissionsThis also highlights the importance of good quality data used as input
into models to estimate LFG geneaoaitiln South Africa, only a few landfill sites
were operational since 1950 with very minimal to +exmstent data being available

on the operation of the sites. More often than, neaste characterisation
information is not available as well as waste t@asacollected at sites (as many
landfills in South Africa do not have operational weighbridgbsyadditions the
modelsdo nottake intoconsideationsite specific characteristics like; material used
and thickness of cover soil)e impact ofclimatic cnditionson emissions, the
seasonal variability of C¥bxidation rates in cover soils as well as daily operations
at a specific site (for example whether or not waste is compacted sufficiently and

covered on a daily basishis information is vital for gtimating LFG generation.

Gasfluxes measured at the Robinson Deep and Marie Louise landfill sites using
static flux chambers show that €ldnd CQ emissions from the surface of the
landfills are fairly low. CH fluxes range between-0.0024 g/mé/day and
0.17g/mé/day at the Robinson Deep landfill site. The m&ii flux at Marie

Louise was2.04 g/m?/day and ranged betwee®.00057 0.44 g/n?/day. Flux
measurements taken at a closed section where an LFG extraction system was
installed at Robinson Deep wa91 g/n?/day, reflective of the LFG extraction
system aiding in decreasing emissions to the surta@e.emissionswere higher

than CH emissions at both  sites with  fluxes ranging

between-2.871 13.27g/n?/day and 0.607 2.37 g/mé/day at Robinson Deep and



Marie Louiselandfill sites respectivelyThe higher CQemissions relative to CH
emissions could be attributed to £ékidation in cover soils, however this was not
determined in this studyEmissions estimains from daily cove soils using
CALMIM are 16 times higher compared to measured emissions from the surface
and emission estimates from intermediate and final cover soils are much higher.
The low CH and CQ surface fluxes could be attributed to the slow degradation of
wasteat the surface of the active cell. The waste degrades aerobically and reaches
methanogenisis at a later stage or once another layer of waste is disposed above.
High oxidation rates of CHn cover soils to C@also result in laver emissions to

the atmospére This highlights the use of theoretical models in estimating
emissions without the consideration of site specific characteristics such as cover
material, climatic conditions and site specific bkidation rates in cover soils.

This is critical when dermining the contribution of landfill emissions to national
greenhouse gas inventories. The current IPCC Waste Model used in South Africa
to determine national emissions from the waste sector over estimates the
contribution of landfill emissions, sometisiby as much as 60%, when compared

to actual gas extraction rates at individual landfill sites.

Despite the low measured @tnd CQ emissions from the landfill surface,
methanogenisis is reached within the landfill site as shown by the LFG extraction
rates. Of the tenlandfill sites in South Africa that have implemented LFG extraction
and utilisation projects onlgight are still operational and two are successfully
generating electricityDespite themany technical and administratieballenges
faced, the projects have had many sustainable development benefits for South

Africa as well as mitigating close t8 million tCOze. Capital costs, daily
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operational and maintenance expenditure as well as costs associated with the
registration of projects, verificath and transactional advisors for the sale of
emission reductions currently make CDM projects financially unviaBeM
projects could become financially profitable with the potential implementation of a
carbon offsets programme in South Africa as pathefCarbon Tax billThis will

allow CDM projects to trade their emission reductions at a much higher rate then

what is currently available on the global carbon market.
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Preface

The principal gases including Gtnd CQ from landfills are produced by the
decomposition of the organic fraction of waste. Landfill sGHinissions are a
significant source of anthropogenic €étissions and play an important role with
regard to the greenhouse effect. In addition, landfill g&&s{)Lemissions are highly
variable both temporally and spatially (Scharff and Jacobs, 2006). Quantification
of LFG emissions is important to evaluate measures for greenhouse gas emission
reductions and to contribute to national greenhouse gas invent&es,(R006).
Several models to estimate gas emissions from landfills have been developed
mainly for regulatory purposes. Most models are based orofulst kinetics
(FOD) using single phase or multiphase equations to simulate emissions (Scharff
and Jacoh<2006).FOD models were mainly useddaoantify the potentiadf LFG
production from a landfill to assess thgplicability of LFG extraction at a specific

site Most modelglo not considersite specific characteristics like; material used
and thicknes®f cover soilsclimatic conditions angeasonal variability of CH

oxidation rates in cover soils (Bogredral.,2014).

The principal aim of this study is to evaluate LFG generadimh emission rates

from landfills in South Africaby analysing subsurfacLFG data and estimating
emissions using theoretical models. The polluting potential and its contribution to
pollutants in ambient air is assessed. The success of LFG extraction and utilisation

projects under CDM is also assessed.



The main objectives dhis study are to:

1. determine the LFG production and emissions in South Africa using the gas
estimation models LandGEM, GasSim, IPCC Waste Model 2006hend
California Landfill Methane Inventory ModeCALMIM ).

2. compare predicted gas generation to agiaalyields from LFG extraction
systems and measured £&hd CQ fluxes from the surface of the landfill

site.
3. determine the air quality impact potential of landfill sites.

4. determine the success of landfill gas extraction and utilisation projects in

South Arica under CDM of the Kyoto protocol

This dissertation is divided into six chapters. Chapter 1 provides the necessary
background information relating to waste degradation processes and resultant LFG
production and emissions as well as waste managenggsiaten in South Africa.
Chapter 2 provides a description of data collection and analysis methodologies. In
Chapter 3 monitored LFG production rates at the landfills are analysed together
with LFG production simulated by the LandGEM, GasSim, IPCC WasideM

2006 estimation models. Flux measurements from the two landfill sites are also
presented and compared to emissions estimates using CALMIM. The polluting
potential of the Robinson Deep landfill site is presented in Chapter 4 using ADMS
and compared tenonitored ambient pollutant concentrations. Chapter 5 analysis
the success of LFG extraction and utilisation projects in South Africa as registered
CDM projects under the Kyoto Protocol. Chapter 6 provides a summary of the main

findings of this study.
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Chapter 1

Overview

The mechanism of landfill gas (LFG) production and the factors that
affect it have been well documented in the literature. This chapter refers
to recent research findings on the phases and mechanisms that govern
the decomposition of waste and LFG productibandfill management
legislation governing waste disposal in South Africa is discussed.
Factors that affect and control the quantity of gas produced and the
resultant subsurface gas migration and LFG emissions to the surface are
reviewed. Different methds of monitoring subsurface LFG and
methods used to estimate LFG production are assessed. Previous
studies focussing on landfills in South Africa are also reviewed. In
addition, ways of mitigating LFG emissions are considered, with a
detailed discussion aie Clean Development Mechanism (CDMa
flexibility mechanism under the Kyoto Protocol. The current
opportunities that exist in South Africa for the reduction of national
greenhouse gas emissions through LFG utilisation is also argued.
Finally, the mairaims and objectives of this study are discussed.

Methane (CH) is the most abundant hydrocarbon in the atmosphere and affects the
photochemistry of the background tropospheres Gkidation sets up important
reactions that lead to carbon monox(@) and carbon dioxide (C£pformation
(Bingemer and Crutzen, 1987). The effects of these reactions on tropospheric
photochemistry are reliant on concentrationsnafogen oxide MOy) and in
environments with high N concentratios. CHs oxidation contributes
significantly to ozone formation (Crutzen, 1973; Logan et al, 1981; Thompson and

Cicerone, 1986; Bingemer and Crutzen, 198T¢reasingconcentrations o€Ha,
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CO andNOx emissions has resulted in elevated troposphesile@ls since pre

industrial timegRamaswamy et al., 20pDentenelet al, 2005).

Sources of Chlinclude biogenic emissions from wetlands, rice production, enteric
fermentation from ruminant livestock and waste management (Bingemer and
Crutzen, 1987; Gourlay, 1992; Neeial., 1994; Bogneet al.,1995; Bogner and
Matthews, 2003thermogenic and pryogenic emissions (fossil fuel and biomass
burning) Anthropogenic activities contribute approximately 60% of the total
amount of CH emitted each year and landfills contribute ldsant 5% (1300
MtCO2ein 2005) of global greenhouse gas emissions (Etedth., 1997; Houweling

et al., 1999, Denmaret al, 2007, Bogneet al, 2007).

CHas concentrations in the atmosphere have more than doubled during the past
several hundred years (Cicerone and Oremland, 1988; Dlugokehely 1998;
Shiphamet al.,1998) estimated at 722 ppb during preindustrial times in comparison
to 1803.2ppbin 2011(IPCC, 2001; IPCC, 2007; Hartmann, 2011). This increase
has been correlated with an increase in anthropogenic activities in the agricultural
sector, energy production, waste management and biomasss burning
(Denmaretal., 2007). Despite CHconcentrationglecreasing between the early
198006s and 1998 and stabil i 450% mcrebset we e n
in atmospheric Cksince 1750. CH concentrations began increasing in 2007
(Hartmann, 2011)CHs emissions from agriculture, energy and waste oot

Africa was estimated a&1545 G@O.e with emissions form the waste sector

contributing to 37.21% of total emissions in the coundiA, 2014).
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Landfills present a unique opportunity to mitigate significant quantities of CH

CHas emissions from landfills continue for decades after closure of éBsigneret

al., 2007. Determining the potential success of reduction efforts requires an
accurate means of assessing these emissions. Several methods have been
established to measurénale landfill CH, emissions (Peeat al.,1993; Czepiekt

al., 1996b; Tregourest al.,1999; Galleet al.,2001; Bogner and Matthews, 2003).

A number of LFG estimation models have been developed around the world to
estimate emissions from landfills mostly for regulatory and compliance purposes.
Most models do not consider site specific characteristics like; material used and
thickness of covesoils, climatic conditions and seasonal variability of 4CH
oxidation rates in cover soils (Bogredral.,2014).However the models are readily
available and are more cost effective than field measurenfeisous studies on
landfills in South Africa hae focused on the polluting potential of landfills,
seasonal variations in waste composition and its effect on LFG production. Other
studies have focused on the seasonal patterns in LFG emission rates through field
studies using flux chamber measurementeere is a need taccuratelyestimate
annual emissions fromahdfills in South Africa to quantify its contribution to
national greenhouse gas emissionstarald in the assessment of the possibility of

gas extraction systems to mitigate fugitive emissions.

The aims of this research are to quantify and estimate LFG production and measure
LFG emissions from landfills in South AfricRFG estimation models LalGEM,
GasSim, the IPCC Waste Model 2006 is used to estiemaitesions in all provinces

and major Metro Municipalities in South Africa. In ordéo test LFG estimation
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modelsapplicability to landfills in the serarid South African environment, LFG
emissias are compared to actual gas yields from landfill gas extraction projects at
individual landfill sites. These landfills are situated within the City of Johannesburg
Municipality and Ekurhuleni Metro Municipality, two dhe largest mets in
Gauteng. Sitepecific data, where available, are used in the models to estimate LFG
productionln addition, monitoring of subsurface LFG (GO, O, H2S and CO)
concentrations, at five landfill sites, using subsurface gas probes located along the
perimeter of thdandfill sites has been undertaken to assess LFG quality and
migration. This project also measures surface LFG emissions at two landfill sites
using flux chambers. Flux emissions are compared to modelled emissions using
CALMIM. The air quality impact frona landfill site is measured by the ambient
monitoring of LFG using a mobile monitoring station. The contribution of LFG to
greenhouse gas (GHG) emissions in South Africa is also assessed and the success
of greenhouse gas reductions by applying mitigativategies and preventing

emissions from ventingp the atmosphere is evaluated

Landfill management practices in South Africa

Waste is generated from households, offices, restaurants, public institutions,
industry and construction sites, sewage facilities and agricultural activities, and
most of the generated waste is landfilled. Landfill management practices are of vital
importance with regard to LFG emissions. In many countries, more specifically
developing countries, LFG emissions are higher due to improper landfill
management practices and inappropriate landfill management legislation. Open

dumping and burning is a regular acence (IPCC, 2006). Most modern solid
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waste management facilities in many countries, including South Africa, consider
sanitary landfilling of municipal solid waste (MSW) as the favoured means of waste
disposal due to its low cost, compared to alternathethods such as waste

treatment and incineration (Morris, 2001). Nevertheless, Withut h  Af r i cad
commitment to sustainable development there is a strong need to meet the broader
economic and social challenges of the country whilst protecting the emérdrat

the same time.

Waste management in South Africa faces numerous challenges. According to the
Department of Water Affairs and Forestry baseline study report (1998) on the waste
profile in South Africa, he mining sector represented the largestifracdf waste
generation followed by power generation, agriculture and forestry and industrial
waste. Domestic waste only constituted 1.5% of the total waste profile

(approximately 13.5 15 million tonnes per annum) (DWAF, 1998).

With the promulgation othe National Environmental Management: Waste Act,
2008 (Act 59 of 2008)n 2009, the classification of waste was changed which
excludes the mining sector in the current waste prdfince, the baseline study
conducted by the Department of Environmentdla#s (DEA) in 2012 is not

directly comparable to previous baseline studies in 1998 (DEA, 2012).

DEA developed the South African Waste Information System (SAWIS) where
detailed information on waste tonnages can be recorded. The accurate collection of
wase data is complicated by the lack of information on waste characterisation in

South Africa (Sibernagl, 2011; DEA, 2012) and where waste characterisation
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information is available it is based on differing methodologies and waste classes,
making direct comp#ons challenging (Wiseet al, 2011; DEA, 2012).
Nonetheless, the DEA baseline stumfy2012 modelled waste data shows South
Africa generated 59 million tonnes of general waste in 2011. An estimated 10%
was recycled with the remaining tonnes of generateavgoing to landfill (DEA,
2012). General waste constitutes 55% (consisting ofraoyclable municipal
waste (35%), construction and demolition waste (20%), metals (13%), organic
waste (13%) and recyclables (including paper, plastics, glass and ty?ey (9

the waste profile whilst unclassified waste made up 44% (consisting of brine,
sewage sludge, bottom and fly ash, mineral waste and electronic waste) of the waste
profile. The remaining 1% is classified as hazardous waste (FiglygDEA,

2012).

Norrrecyclable
~ Municipal waste
35%

Figure 1.1: Waste profile for South Africa (after DEA, 2012).

Waste Management in South Africa is currently governed by a number of

legislative documents, including:
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1 The South African Constitution (Act 108 ©996)

1 Hazardous Substances Act (Act 5 of 1973)

1 Health Act (Act 63 of 1977)

1 Environment Conservation Act (Act 73 of 1989)

1 Occupational Health and Safety Act (Act 85 of 1993)

1 National Water Act (Act 36 of 1998)

1 The National Environmental Management Act (A67 of 1998)

1 Municipal Structures Act (Act 117 of 1998)

1 Municipal Systems Act (Act 32 of 2000)

1 Mineral and Petroleum Resources Development Act (Act 28 of 2002)
1 Air Quality Act (Act 39 of 2004)

1 National Environmental Management: Waste Act, 2008 (Act ZXD068)
1 National Waste Management Strategy, 2011

1 National Environmental Management: Waste Amendment Act, 2014 (Act
26 of 2014)

The National Environmental Management Act (NEMA; Act 107 of 1998) provides
a legal structure that ensures that the main objedovesivironmental policies and
decision making in South Africa can be achievBEage principles of NEMA apply

to the National Environmental Management: Waste Act, 2008 (Act 59 of 2008)
(NEMWA) which came into effect on 1 July 2009, providing framework lagen

for the promotion of sustainable waste management practices in South Africa
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(Waste Act, 2008). The Act prioritises waste reductiomse recycling, recovery

and treatment and as a last resort landfilling (FidL.2g

Waste avoidance and reduction

Re-use

Recycling

Recovery

Treatment
and disposal

Figure1.2: Waste hierarchy where waste reductionuse, recycling, recovery and
treatment is prioritised above landfilling (NWMS, 2011)

NEMWA utilises various legislative tools including the National Waste
Management Strategy @{21), the Waste Classification and Management
Regulations (2013), Norms and Standards for the assessment of waste for landfill
disposal (2013) and Norms and standards for disposal of waste to landfill (2013).

The NEMWA was followed by National Environmehtanagement: Waste
Amendment Act 26 of 2014 (AWaste Amendme:]
2 June 2014The National Waste Management Strategy (NWMS) was developed

to assist local government in executing the Waste Act and the waste hierarchy in a
sustanable way by identifying a number of goals to be executed in order to create

a more sustainable waste management future for the country.
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According to the NWMS, the main challenges facing waste management in South

Africa are:

1 An increasing population androwing economy which results in the
increase in production of waste which adds pressure on waste management

facilities to dispose of the waste generated.

1 More complex waste profiles as a result of urbanisation and
industrialisation. This mixing of hazaryds and general waste adds to the

difficulty in managing multifaceted waste streams.

1 A backlog of the provision of waste services in urban informal areas as well

as rural areas.
1 Lack of data as well as data reliability.
1 Thelack ofapplicability of the vaste hierarchwithin waste management
1 The lack of recycling infrastructure that promotes separation at source.

1 Archaic waste management infrastructure with Ilimited financial

commitment toward operations and maintenance (NWMS, DEA, 2011).

Due to thescarce skills in waste management in South Africa at municipal level the
NEMWA and its regulations as well as the NWMS are important guidance
documents for municipal officials who manage, maintain and operate disposal sites
within a municipality(Mannie awl Bowers, 2013)Regulations intiese Acts also
makesit compulsory to all municipalities to implement and manage an Integrated
Waste Management Plan (IWMP) which should be aligned to the Integrated

Development Plan (IDP) of the organisation (Mannie amddfius, 2013)Before
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the Waste Act was issued waste management was governed by a set of documents
that set out the minimum requirements for waste disposal. These documents formed
part of the permitting system to promote compliance with environmentai/@oid
legislation (Morris, 2001). These documents were used as a guideline for the

standard operations for waste disposal in South Africa.

There are three documents that form part of the minimum requirements namely:

1. Minimum Requirements for Handling, Classification and Disposal of
Hazardous Waste
2. Minimum Requirements for Waste Disposal by Landfill

3. Minimum requirements for Water Monitoring at Waste Facilities

These documents provide a set of standards and critaridhéo selection,
investigation, design, preparation, operation, closure and monitoring of landfill sites
(DWAF, 1998; Morris, 2001). The methods of waste disposal, gate or weighbridge
recording procedures (volumes of waste accepted), hydrological cosditidrgas
monitoring and management techniques, are key areas to consider when estimating
LFG emissions. The location and operation of waste management facilities are
dependent on the proximity of the site to human settlements, topography, geology
and hydology (SoER, 2003). According to the Minimum Requirements waste is
classified into two broad categories namely general (G) and hazardous (H). For this
study only landfills that accept general waste, i.e. waste that does not pose an
immediate threat to maand the environment, are considered. General waste
consists mainly of MSW which includes a small fraction of garden waste, ash and

commercial waste. In additiorsome potentially hazardous material such as
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batteries, household chemicals and medical wasteoften disposed of (DWAF,

1998; Morris, 2001).

Landfills are further classified according to their size and water balance or water
capacity and ability to produce leachate. The eventual size of a landfill is dependent
on the quantity of waste it wileceive over its lifetime which relates to the size of
population and area the landfill will service. It is calculated from the maximum rate
of deposition (MRD) expected at the site which is dependent on the total amount of
waste it receives from the opegigear of the landfill (the initial rate of deposition
IRD) up to and including its year of closure. It is calculated using the following

equation (DWAF, 1998; Morris, 2001):

MRD = IRD (1 + DY (1.1)

where MRD (tonne dal) is the maximum rate of degtien after t years, IRD
(tonne day) is the initial rate of deposition, D is the expected annual development
rate of the landfill based on the expected population growth rate in the area and t is

the years since deposition started at IRD.

Tablel.1: Landfill size categories based on the calculated MRD (DWAF, 1998).

Landfill size category MRD (tonnes per day)
Communal (C) <25

Small (S) 25-150

Medium (M) 150500

Large (L) > 500
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Once the maximum rate of deposition is calculated, landfills are categorised into

four sizes namely communal (C), small (S), medium (M) and large (L) (Tdble

The water balance at the site is the third and last level of classification. It determines
the potential for significant leachate generation to occur at the site and is affected
by rainfall, evaporation, moisture content of waste and water infiltrating the waste

body. The climatic water balance can be calculated using a simplified equation (1.2)

considering only rainfall and evaporation (DWAF, 1998; Morris, 2001):

B=Ri E (1.2)

Where B (mm) is the climatic water balance, R (mm) is the annual rainfall received
at the site and E (mm) is the evaporation from the soil surface. B is calduteed
historical rainfall records, working backwards successively (in terms of rainfall
volumes) from the wettest year on record. If B is positive for less than one year in
five, it is assumed that no significant leachate generation will occur at thedite a
the site is classified as Bporadic leachate generation likely). If, on the other hand,

B is positive for more than one year, it is assumed that significant leachate
generation will occur at the site and the site is classified ésighificant leabate
generation likely) (DWAF, 1998; Morris 2005). The climatic water balance can be
recalculated to take into account the acceptance of waste in liquid form such as
slurry or sewage. Most landfills used in this study are classified as @cBept
generalwaste, are of a large size and do produce significant leachate) or GLB
(accept general waste, are of a large size and do not produce significant leachate)

sites.
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DWAF6s Minimum Requirements outlines
waste at large @ahmedium sized landfills. After the deposition of waste in thinly
spread layers within the landfill, the waste must be compacted (using a landfill
compactor) and at the end of each day the waste must be entirely covered by
material (soil) dense enough &olate the waste from the environment. The cover
thickness is dependent on the type of waste and ranges from 0.15 to 0.3 m in

thickness (DWAF, 1998).

Different requirements, however, with regard to design and operation of a landfill
are dependent on thiassification of the landfill. For example, a GL landfill located

in Johannesburg will have different design considerations due to its location in a
relatively dry climate area (resulting in a@assification) as opposed to a landfill
located in a coadtarea of the country with a settnopical climate (resulting in a

B*) classification (Fourie and Morris, 2004).

Whilst this classification is still applicable to landfills in South Africa, a new set of
classification was issued according to tREMWA: Waste Classification and
Management Regulations and Norms and Standards for waste disposal to landfill,
2013. These regulations prescribes new landfill classes and liner designs, landfill
acceptance criteria and disposal restrictidhgeplaces the previsguMinimum
Requirements for Landfill Disposal (1998) in this regaftere aresignificant
changes to the waste classification and landfill disposal requirements, and sets out
new stricter anamore stringent barrier designs for Class A, B, C and D landfills

instead of G/S/M/LB/B" landfill sites (as shown in Figude3).
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Minimum Requirements, 1998 MEMWA: Morms and standards for disposal of waste to landfill, 2013
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Figure 1.3: Comparison between old landfill classification barrier designs to the
new regulations Class B landfill siBWAF, 1998 and NEMWA, 2013)

The Minimum Requirements are still applicable for the operation and monitoring
of landfill sites. According to the Minimum Requirements LFG must be monitored
using subsurface probes and L£ahalysers at intervals of three months and
emissions managed at all landfill sites. The standard for gas concentrations is 1%
by volume (v/v) at standard temperature and pressure (STP). Gas monitoring should
continue after closure of the site until the gas comagahs areat a safe level
(DWAF, 1998).Presently only a few gas collection and utilisation systems exist in
South Africa. Passive venting to the atmosphere are the most common practices by
both municipalities and privately owned landfill sites (Bogmet bee, 2004). LFG
emissions from landfills are becoming subject to strict regulatory controls in many
developing countries (Bogner and Spokas, 199Bjs is done by monitoring gas

emissions using subsurface probes and by modelling emissions.
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Landfill pr ocesses and gas production

Waste degradation and landfill gas production processes

The physical (specific weight, moisture content, particle size distribution, field
capacity, porosity and compactibility), chemical (energy potential and nutrient
availablity) and biological (available solids such as sugars, fats and proteins)
properties of waste are all transformed in some way during waste degradation
(Tchnobanoglous et al, 1993; Morris, 2001). Changes in the biological processes
(aerobic or anaerobic) @faste are more significantt regard to LFG production

than the physical or chemical processes (Morris, 2001).

At the time of waste deposition in a landfill, oxygen is present between waste
materials resulting in the occurrence of aerobic degradationesses where
aerobic bacteria rapidly convert biodegradable organic matter to produge CO
water, and other bgroducts (Tchnobanoglous et al, 1993:Hadel et al, 1997;

Moriss, 2001).

Organic matter + @ Nu t r hee bionsass ¥ resistant organiatter + CQ+ HO + NH; + SO, + heat (1.3)

This process is affected by time, the composition of the waste, moisture content,
availability of nutrients and other environmental factors (Thornetoal., 1993;

Morris, 2001). Once all oxygen present ikdeed by aerobic bacteria, anoxic
conditions are established within the landfill. The next stage of decomposition is
then reached and is referred to as the anaerobic decomposition stage. The

commencement of anaerobic decomposition requires several nioryiers after
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waste disposal (Thornelast al., 1993). Figurel.4 represents the steps of LFG

production during anaerobic decomposition of waste. These steps are highly
inter-dependent and the complex reactions depend on several groups of bacteria
including fermentative, acetogenic and methanogenic bacteria (Christensen et al,

1996, EfFadelet al, 1997; Morris, 2001).

In the first step (hydrolys), hydrolytic reactions breakown organic matter from
waste to simpler forms such as amino acids, simple sugars, fatty acids and other
low molecular weight organic compounds. Acidogens convert the products of
hydrolysis (by acid fermentation) to organic acids and alcohols. Thesacts@zn

then be utilised by acetogenic bacteria in the next step (acetogenesis) converting
them to acetate, hydrogenHand CQ (Christensen et al, 1996; Czepel al,

1996). In the final step methanogenic bacteria utilises the acetate asccHergy

sources to produce GH

A generalized chemical reaction for the anaerobic decomposition stage is given as

(Tchobanoglous et al, 1993; Christensen and Kjeldsen, 1996; Morris, 2001):

Organic matter + HO ‘Yiodegraded organic matter + GH CO, + other ga®s(1.4)
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Figure 1.4. Anaerobic degradation sequence of waste leading tdotimeation of
CHs (after Morris, 2001 and Scharff et al, 2009potted lines represent
intermediate reactions and solid lines main reactions leading to methanogenesis.
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The final step of methanogenesis can be broken down further and is characterised
by twotypes of methanogenic bacteria. Acetophilic bacteria convert acetic acid (by

decarboxylation) to Ckand CQ shown in reaction (1.5).

This reaction produces the largest fraction ofs@HLFG and also results in the
formation of a large amount of GCReation (1.6) shows the conversion of €0
and B to CHs by hydrogenophilic bacteria with organic moleculesAHas

hydrogen donors (Christensen et al, 1996; Czepial 1996).

CH:COOH VY4+C® (1.5)

CO+4HA Y 4G BHO0 + 4A (1.6)

The overall influence of these reactions has been shown to occur sequentially in
phases (Figur&.5). The development of these phases is based on the assumption
that, upon placement of the waste, aeration does not occur and that conditions
within the landill are sufficient to encourage and to maintain «Gtoduction
(Farquhar and Rovers, 1973). These phases are described below according to
Farquhar and Rovers (1973), Christensen and Kjeldsen (1996) and Morris (2001).
However, it is important to note thdteise phases are not homogenous and due to
local variations in waste composition, reaction rates can differ significantly from

place to place and all phases can occur simultaneously throughout the landfill.

Phase lrepresents the beginning of degradatioat tls, the aerobic stage when
available oxygen in the landfill is depleted by aerobic bacteria to produce mostly

CO and water. The soil used as a daily cover is the main source of both the aerobic

18|Page



and the anaerobic organisms responsible for waste degradgtis phase is fairly

short and only occurs for a few days.

Phase 2occurs with the onset of anaerobic conditions. At first, nitrate and sulphate
are reduced to nitrogen and hydrogen sulphide followed by productios QG4

and methane (with a reduction in the redox potential) through thestiepprocess

of hydrolysis, acidogenesis, acetogenesis and metharsigieeie to the high

concentrations of C&£and the production of fatty acids there is also a drop in pH.

Phase 3s characterised by the production of large amounts of organic acids and
smaller quantities of Hmainly due to the acceleration of microbial decomposition

processes initiated in phase 2.

Voleo | 1 Im | V VI | VII | VIII
100 100

ﬁ':]' / ,..--l-""""' _6':]
X"“--
_ ! ~

!
J

EO'H%J r{ -20
b # ..‘r LY
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ssssssCH, —-—0, ====(0, =w==H, =——N,

Figure 1.5: Phases of landfill gas production with waste decomposition (Farquhar
and Rovers, 1973).

Phase 4,also referred to as the maturation phase or methanogenic phase, is

characterised by 5060 % CH, and low concentrations of2hivhich is oxidised by
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CO, to CHs. During Phase 5CHa production decreases @s starts to intrude into
the outer parts of the landfill body. Durifthase 6there is an increase in G@s
CHs migrating from the centre of the landfill to the top of the landfill body is

oxidised.

During Phase 7CH, formation is insignificant due to intruding air oxidising solid
organic carbon tproducemore CQ. At the final phasePhase 8the rates of gas

production processes resemble the rates found in an active soil layer.

After the stabilisation of anaerabconditionsin Phase 2 within a landfill sitéhe

LFG formed consists of approximately ©@451 60 %), CQ (407 60 %), nitrogen
(N2) (27 5%), & (0.17 1 %), B (07 0.2 %) and CO (0 0.2 %). The remainder

of the gas is composed of over 200 tracenpgonents, generally nemethane
hydrocarbons (Bognest al.,1990; Augenstein and Pacey, 1991; Tchnobanoglous

et al, 1993; Morris, 2001; Stratchan, 2004, IPCC, 2006) (ThR)e

There are no time estimates associated with the above mentioned sequence owing
to their dependence on a number of factors including the amount of organic
compounds in a landfill, nutrient availability and moisture content and availability.
After the initid aerobic phase which lasts for a few days or weeks the other phases
may occur over months, years and even decades. The phases can even cease for
long periods when conditions are not suitable for the processes to proceed

(Christensen and Kjeldsen, 1996¢daviorris, 2001).
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Table 1.2: Characteristic landfill gas constituents and their concentrations
(Tchobanoglous et al, 1993 and Pitchel, 20fa)a generic landfill site.

Percent (dry volume
Component basis)

Methane (CHl) 4560
Carbon dioxide (C¢) 40-60
Nitrogen (Nb) 2-5
Oxygen (Q) 0.1-1.0
Sulphides, sulphides, mercapte, etc 0-1.0
Ammonia (NH,) 0.1-1.0
Hydrogen (H) 0-0.2
Carbon monoxide (CO) 0-0.2
Trace constituents 0.01-0.6

Characteristics Value
Temperature, eC 3850
Specific gravity 1.02120
Moisture content Saturated
High heating value, kJ/fin 900-1100

Table1.3 shows the change in LFG composition 48 months after the closure of a
landfill. The volume of these gases released cassbmated in a number of ways.
Degradable organic carbon (DOC) is an important parameter affecting CH
emissions. It is based on the waste composition and varies for different waste

fractions.

Accurate estimates of the amount of waste and amount of D@@dte can be
done by sampling the waste accepted at the landfill and measuring DOC before
deposition or specifying the waste stream for each waste type and source. Food,

gardenwaste paper and cardboard contain most of the DOC in waste (IPCC, 2006).
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Table1.3: Methane and carbon dioxide concentrations observed during the first 48
months after the closure of a landfill cell (Tchobanoglous et al, 1993 and Pitchel,
2005)for a generic landfill site.

Average (percent by volume)
Time interval since cell
completion (months) | Methane (CHs) Carbon dioxide (COz)

07 3 5 88
316 21 76
61 12 29 65
127 18 40 52
1871 24 47 53
2471 30 48 52
3071 36 51 46
361 42 47 50
427 48 48 51

Assumingthat the biodegradable organic waste is completely convertedsar@H
CO, the total volume of gas can be estimated using the following equitiswéll
and Mueller, 1952Tchobanoglous et al, 1993; Christensen and Kjeldsen, 1996;

Morris, 2001; Pitchel2005):

CaHsON 2 b= 2c+3d g,
(; -
1.7)
eéla+b-820- 3d &H”géa- b+82C+3d8CZOz+dNH3
G - G -

By varying the assumptions on which the above formula is based, a number of gas
yields from MSW degradation can be estimated (Morris, 2001). Using an organic
carbon component of 50% of waste (in terms of dry mass)@#tcbodegradability

of this carbon, lysimeter studies Bin)amrock (1998) estimate a theoretical yield of
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460 nt CH4 (dry tonnet) and a gas composition of 55% €&hd 45% CQ Field
measurements in the same study found actual yields Hf180 n? (dry tonne?).

The study concluded that conditions in the landfill were not optimal for bacterial
growth and that a large amount of the organic carbon in the MSW is not available

for degradation as it is washed out in leachate (Morris, 2001).

Tchobanoglous etl §1993) presented another method of calculating LFG yields in
which the organic material present in MSW is divided into rapidly decomposing
(three months to five years) and slowly decomposing materials (up to 50 years and
more). The percentage distributiof the major elements C, H, O and N is then
computed for both material groups. A chemical formula is used (by normalising
mole ratiosa, b, ¢ and d) in equation 1uging N as a reference with a mole ratio of

1 (Morris, 2001).

As mentioned there are amber of environmental or abiotic factors and different
landfill operation techniques that influence the rate of waste decomposition in a
landfill. The relationships between these factors are discussed in the following
section. More detailed descriptionancbe found in Christensen and Kjeldsen

(1996) and Morris (2001).

Controls on waste degradation and landfill gas generation

LFG production and emission rates depend on the inter relationship of many
complex variables (Figurd.6). The major variables whiclare expected to

influence the volume and rate of emissions are waste composition, temperature,
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moisture content, method of disposal, number of microbial populations present

within the landfill, available nutrients, time and pH (Beck, 1993).

The total amont of waste in place and its composition are important considerations
when estimating the CHyeneration potential from a landfill. Waste composition
and compaction play a significant role in the rate at which MSW decomposes. The
composition of waste is ually dependent on the types of waste used by the
community the landfill serves. The most important aspect is the carbon content or
DOC present in the waste. Carbon is one of the three major elements needed for
optimum microbial activity and developmenthdrefore, the percentage of waste
consisting of biodegradable organic compounds is important with regard to the rate

of degradation in a landfi(lTchnobanogloust al, 1993; Pitchel, 2005)

Shamrock (1998) investigated the effect of waste composition on the polluting
potential of a landfill. A detailed compositional analysis on landfills in South Africa

from different communities was completed in thedst By means of laboratory

lysimeters Qver a period of 264 days) and a number of small and large scale field

cells it was concluded that changes in waste composition do affect LFG polluting
potentialLysimeterar e used to simulate a fAmodel o |
actual landfill coditions. A similar study by Morris (2001) found that stable
methanogenic conditions can be achieved faster in landfills containing waste with

at least some ash content than without. It showed that some waste mixing can

enhance the degradation processekiw landfill.
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Figure 1.6: Relationship between factors affecting rates of MSW decomposition in
landfills (Morris, 2001).

Co-disposal or the addition of sewage and sludge to a landfill also aids in waste
degradation mainly due to increasing watentent. Moisture within a landfill is
essential since all phases of waste degradation take place in an aqueous state.
Several laboratory studies have shown that LFG formation increases with
increasing moisture content within the landfWith higher wate availability
microbial metabolism is accelerated until saturation. As a resulta@titotal gas

production is increased within the landfill (Bogner, 1990; Bogner, 1993).
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It is important to note however, that if the methanogenic phase in the landfill is
already established, the addition of sewage sludge may have a minimal effect on
decomposition. The pH of the sewage sludge also affects the rate of degradation.
pH has a significant influence on LFG production since methanogenic bacteria are
only active wthin a limited pH range of 6.5 8 although the pH range for
fermentative and acetogenic bacteria is much wider. If the pH of the added sewage
sludge is low then there is a decrease in LFG production whilst neutral sewage
sludge can increase gas product{@chnobanoglou®t al, 1993; Pitchel, 2005;

Morris, 2011)

Compaction of waste on a daily basis aids in LFG formation especially with dry
waste as it increases the moisture content and reduces the intrusion of air within the
landfill. In addition, adaily soil cover can also increase LFG production if the soil
used provides important buffer capacity to the landfill allowing for optimum pH
values for CH production. Nevertheless, the capping of waste can also lower LFG
formation. When the soil layer dargoes aerobic decomposition it decreases the
diffusion of oxygen to the landfill thus decreasing the composting rate. However,
the absence of oxygen and low redox potentials are essential for bacterial activity

and LFG productioifTchnobanogloust al., 1993; Pitchel, 2005)

The infiltration and recirculation of leachate has both a negative and a positive
effect on LFG production. The rate of moisture infiltration through a landfill cover
affects the moisture availability to the landfill. Leachate retatcan can be used

in dry climates as it increases the water content in the waste, supplies additional

nutrients and aids in diluting high concentrations of inhibitors. The presence of
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inhibitors such as heavy metals has toxic effects on methanogenicidacte

inhibits the formation of LFGTchnobanogloust al, 1993; Pitchel, 2005)

LFG formation is highly affected by temperature. At elevated temperature gas
production is more vigorous and produces more heat and as suckeisteeiting.
Elevatedtemperatures primarily develop in landfills with a goods@irbduction,

a moderate water flux and substantial waste thickness providing good insulation.
Lysimeterstudies show that methanogenic activity increases significantly (up to
two orders of magnitug) with temperature increases from%Qo 4GC with

optimal temperature reported in the range 6€3¢ 5XC.

The presence of Hand sulphates is also important for LFG formationisHormed

by processes in the landfill and is also used as a sub&aiag fermentation a

low partial pressure of Heads to the formation of acetate and-@dilst a high

partial pressure does not form these products, leading to high concentrations of fatty
acids and a subsequent decrease in pH. When sulphate commemnaed high the
production of LFG is reduced due to substrate competition by suiptdieing

bacteria and methanogenic bactéfiahnobanogloust al, 1993; Pitchel, 2005)

Many modelledestimates of LFG emissions are likely to undstimate actual
emission rates because of aerobic oxidation ofs Qidar the surface by
methanotrophs (HFadelet al, 1997). The breakdown of GHby methanotrophic

bacteria to form C®occurs as follows:

CHsY CBH Y HCHO Y HCOOH Y CO(18)
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Field studies have showhat a significant portion (302100%) of the Chlpresent

in cover soils is oxidised to Gy methanotrophic bacteria within the soil cover
(Bogneret al.,1995; Mancinelli, 1995; Czepiel al.,1996a; Whaleret al.,1990;
Christophersoret al.,2000). This process is also affected by climatic conditions,
for example, experiments witHC have shown that no GHbxidation occurs at
atmospheric temperatures below 0°C (Chaetioad., 1999, Borjessost al.,2000).

In addition, these studies also show tHathe CH; flux is less than the CH
oxidizing capacity of the landfill cover, the soil cover bacteria oxidises atmospheric

CHa as it diffuses into the soil (Bognet al.,1995).

Variations in atmospheric pressure due to large weather systems, for egaldple
fronts and inter tropical convergence zone formations, intensify landfill gas
migration (Lombard, 2004). Cziepel al.,(2003) show that a barometric pressure
decrease of 10 hPa causes a tripling of the €@hissions from a landfilliue toa
change in pressure gradient between the landfill and the atmosidberever, this
effect will be site specific and is an important factor that needs to be taken into

consideration with landfills in South Africa.

Surface LFG emissions are highly vargalbloth spatially and temporally, varying

on a daily basis due to changes in air pressure and rainfall which affect the
permeability of the top layer. Seasonal variations in surface emissions occur due to
reduced oxidation in cover soils in winter. In aguh{ due to differences in waste
amounts, age and composition in different parts of the landfill, emissions vary over
the surface. The slopes of a landfill generally have higher emissions than the upper

surface due to high horizontal permeability compai@dertical permeability.
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Emissions also vary due to regions of reduced permeability in the subsurface and
due to cracks in the surface. As a result, emissions over a few metres can vary over

a factor of 1000.

In many countries, more specifically develgpinountries, LFG emissions are
higher due to improper landfill management practices, open dumping and
inappropriate legislation governing the management of landfilled waste. Landfill

management practices are of vital importance with regard to gaseou®ematss.

Environmental impacts associated with landfills

Landfills are the most prevalent method of waste disposal worldwide. This is
mainly due to the low cost associated with landfilling as compared to other disposal
systems. An ever increasing popidatand high rates of urbanisation will ensure
that landfilling will continue to be the most common method of disposal (Begner

al., 1995).

The migration of LFG and leachate away from landfill boundaries and their release
into the surrounding environmecan result in serious pollution concerns, the most
important of which are the effect on air and water qualityH&delet al.,1997). It

can also lead to various other hazards such as fire and explosion hazards, health

risks and can even cause damageeetation (Kjeldsen, 1996).

The solubility of LFG in water leads to leachate production that can contribute to
surface and groundwater pollution. Emissions due to waste decomposition

contribute to air pollution and also create nuisance problems due oiarsod
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(Kjeldsen, 1996; Morris, 2001; SoER, 2003). The unpleasant odours associated
with landfills originate from the initial fermentation stage of the waste within the
landfill. Odours are not linked to the primary constituents of LFG i.e.aid CQ,

as oth these gases are odourless (Kjeldsen, 1996).

LFG is explosive mostly due to its GEontent. CHis explosive at concentrations

of 51 15 % in air. Venting of the gas to the atmosphere prevents any explosion risk;
however, the concern lies with the latiemigration of CH through soil and along
cracks and its subsequent accumulation (Kjeldsen, 1996; Morris, 2001). This

highlights the importance of subsurface LFG monitoring.

The most significant environmental problem associated with LFG emissions
pertahning to this study is its contribution to the increase of global greenhouse gases
in the atmosphere. Due to their large numbers, landfills have become a large
contributor to atmospheric GHconcentrations (EFadel et al., 1997). CH
contributes to globalvarming as a result of its ability to trap heat 21 times more
effectively than CQ@over a 100 year period (IPCC, 200Ihis was changed to 25
times by the Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Hence LFG extraction project will
use a GWP 25 times greater for CH4 emissions from 2013 onward (IPCC, 2007;

COP/MOP18, 2012)

The total positive climate forcing attributed to Céver the last 150 years is 40%
of that of CQ (Hansenet al., 1998). Decomposition of organic material derived

from biomass sources (crops, wood) is the primary source pke@3sions from
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landfills and is considered as greenhouse effect neutral as the carbon is of biogenic

origin (HuberHumeret al, 2004 and IPCC, 2006).

The global anthropogenic emission of £kl about 360 TgCka (Wuebbles and
Hayhoe, 2002) and landfill CHemissions are the laggt contributor (Bogner and
Spokas, 1993). In many developed countries landfills are estimated to account for
approximately 10 19% of annual anthropogenic greenhouse gas emissions (Stern
and Kaufmann, 1996; IPCC, 2001; Hulbéumeret al, 2004). Many sumys in the
literature predict that the annual volume of £denerated in many developing
countries from landfills will increase significantly over the next decade. This is
mainly due to the expansion of forced landfilling practices to deal with large
guantties of waste especially in rapidly growing urban centres (Spekad.,

2006).

Landfill CH4 contributes and will continue to contribute significantly to global
greenhouse gas emissions. Therefore, estimating and quantifyingriibsions

from landfillsis essential if we are to evaluate measures for reductions in national
and global greenhouse gas emissions. According to the IPCC, a reduction in total
global CH: emissions of approximately 10% would stabilise concentrations at

current levels (IPCC, 2001).

Landfills offer a concentrated source of LFG and more specificallye@Gtissions
from landfills can be controlled or mitigated. Since4®ids an atmospheric lifetime
of about ten years reductions in individual £38urces can decrease atmospheric

concentations within a decade (Houghten al., 2001). CH emission reduction
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should therefore be part of a climate policy portfolio, and this is indeed recognised

in international negotiations, most notably the Kyoto Protocol.

CHs emissionsiom the waste sect@ontributedto 37.21% of totaCHs emissions

in Souh Africa in 2010. South African waste managementtaad regulations do

not require that landfill gas be recovered or utilised hence any LFG that is captured
and flared or utilised preventing t v@rging to the atmosphere will constitute a

reduction in greenhouse gas emissions (Bogner and Lee, 2004).

There is a need to estimate annual emissions from landfills in South Africa to aid
in the assessment of the possibility of gas extraction systems faitlaridfis will

allow the country to exploit economic resources available under the Kyoto Protocol
through the Clean Development Mechanism (CDM) and possibly reduce national

CHas emissions.

In order to assess the risks and hazards associated with Li@pbigant to know

the variation in LFG generation batleasonally and annually and how changes in
meteorological conditions affect the production of LFG. It is also of vital
importance that LFG emissions be estimated at individual landfills to aid in

assessing the possibility of gas extraction and utilisation.

Subsurface gas migration

LFG does not only diffuse to the surface of the landfill and disperse into the
atmosphere but it also migrates within the landfill and is governed by a number of

factors.There are a number of conditions that forces LFG to migrate laterally within
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the landfill body rather than vertically. Most importantly there must be a driving
force that moves the gas and an available pathway (Hooker and Bannon, 1993;

Pitchel, 2005).

CHs and CQ migrate as a function of the density of the gas mixture and other
parameters such as temperature and partial pressure. LFG will migrate through a
path of least resistance (Tchobanoglous, 1993; Pitchel, 2005). The gas migration is
also controlledy many landfill operation processes including the placement of the

waste and the permeability of the daily cover material (Pitchel, 2005).

At most landfills waste is commonly placed in a layered formation which aids in
the production of horizontal charleewithin the landfill. The lateral migration of
gases is further aided by the compaction of the waste which results in lower porosity
primarily at the surface of each waste layer (Kjeldsen, 1996). If the daily cover soll
is dense or impermeable, such aglay soil, lateral migration is favoured.
Additionally, with an increase in soil moisture content in the cover, vertical LFG

flow is further inhibited (Pitchel, 2005).

Several meteorological factors also affect the migration of LFG, the most important
of which are changes in the barometric pressure over time. At most active landfills,
there is often a high variability in the gas pressure within the landfill. However, the
internal pressure is usually greater than atmospheric pressure. This results in
convective (pressuralriven) and diffusive LFG flow (Tchobanoglous et al, 1993;

Kjeldsen, 1996).
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All these factors together control the maximum distances that LFG can migrate
laterally. For example, coarse (porous) soils such as sand and gravel will promote
lateral transport of gases, at greater distances away from the landfill boundary, than
would fine grained soils (Pitchel, 2005). Very few studies have investigated the
maximum distances to which the LFG can migrate; however, it is believed that the

migrationhas a high spatial and temporal variability (Kjelsen, 1996).

In order to ensure that LFG does not migrate to structures such as buildings on the
landfill site and its surroundings, it must be regularly monitored. The frequency of
LFG monitoring is determied by identifying the possible gas pathways based on
soil conditions, geology, hydrogeology and location of facility structures (Hooker
and Bannon, 1993; Pitchel, 2005). The frequency of monitoring should be sufficient
to detect LFG migration basesh changing landfill conditions. Gas sampling
probes placed within the landfill body is the most common method used to monitor
subsurface LFG. Probes can either be temporary (search bar holes and disposable
or removable probes) or permanent (trial pits, borehdibeedin-place probes and

gas wellsYHooker and Bannon, 1993; Pitchel, 2005)

They can be single level, multilevel or installed in clusters with samples collected
by active or diffusive processes. The number, type and location of gas probes is site
specific and dependent on subsurface conditions, land use and location and design
of facility structures (Pitchel, 2005). Details on the installation of permanent
structures are given in Farqurah (1997). Methods for measuring pressures, flows
and gas concerdtions in boreholes and other facilities are outlined in Hartless

(1995) and Strakat al.,(1997).
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Quantifying landfill gas emissions

As discussed landfills present a unique opportunity to mitigate significant quantities
of CHs because they are large, concentrated sources and the gas recovery
technology is fairly simple and has economic value. However, to determine the
potential, effectiveness and success of efforts aimed at reducingr@issions

from landfills it is imprtantto assess and quantifiyese emissions (Scharff and
Jacobs, 2006). LFG emissions are important from both a regulatory, due the
significant contribution of Ckfto global warming, and a financial perspective, due

to a growing market for CHemissions creditd his highlights the need for accurate
methods to calculate the generation and emissions potential of individual landfills
(Czepielet al., 2003). The estimated amount of £kemitted due to anaerobic
decomposition of waste can be based on theoreticallsydaleoratory studies and

field measurements (Peer and Thornloe, 1993).

Direct field measurements of landfill gas emissions

Gas emissions from landfills have a high temporal and spatial variability (Scharff
et al., 2000; IPCC, 2006). Therefore, it is neasy to measure GHemissions.
Nevertheless, a number of methods are described in the literature (Table 4).
Emissions can be calculated from concentration profiles in soil cores, for example
as in Bogner and Scott (1995); spatially distributed static am@rdic closed
chambers can be used (Bogner and Scott, 1865suet al, 1997;Maurice and
Lagerkvist, 1997Cioni et al, 2003; Capaccioret al, 2005; Raccet al, 2010;

Asadi et al., 2013; Giovenaliet al, 2013) massbalance or micrometeorological
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methods can give concentration profiles on top of the landfill from which whole
landfill emissions can be determined (Oonk and Boom, 2000, Sagaahd 997);

and measurements at a distance from the landfill (using a tracer gas to detect gas
plumes) carbe used to obtain emissions from the entire landfill (Czegiall.,

1996b; Scharff and Hensen, 1999). Methods of assessing landfill gas emissions are

site specific and require a proper evaluaid the site before monitoring.

Previous studies by Morri001) and Fourie and Morris (2004) on landfills in
South Africa used a static chamber technique. Chambers canragedpsatically

or dynamically. Static closed chambers consist of a box with a surface area
approximately 0.5 fin which the CH fluxes are measured. Dynamic closed
chambers are similar to static chambers except that continuous air flow is
maintained through the chamber (using inlet and outlet fans) (Sehaitff2001).

Thus, due to the lack of power supply at the landfill sites, dymahambers were
considered difficult to implement and static chambers were chosen for this study.
Measuring whole surface emission rates can be problematic when using limited
discontinuous surface chambers (Spoddaal., 2003) due to the heterogeneity of
flux measurements across the surface of the landfill (Bagredr,1995; Cardellini

et al.,2003; Jones and Nedwell, 1993; Moséeal.,1999). In addition, the method

is very labour intensive as it can take severghbda collect enough data to obtain
whole landfill emissions. This method is also unable to measusee@{3sions on
surfaces with vegetation and can only be used for shorter periods (Sathalsff
2001). The advantages are that it is low cost and ejaifow level of technology

for its construction, operation and maintenance, and it also has a rapid data turn

around. Most current worldwide understanding of LFG emissions has resulted from
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the use of chambers (Morris, 2001). A number of ways have leatified to
improve the accuracy or reduce the number of measurements, for example using
geostatistical methods to expand the measurements from a small section on the
landfill to represent the whole landfill (Borjessenal.,2000; Spokast al.,2003)

or identifying the main emitting zones (cracks, areas where vegetation is under

stressed and edges between capped areas and slopes) (IPCC, 2006).

Micrometeorological methods measure emissions as a flux through an imaginary
horizontal plane and this is recalated as vertical fluxes (IPCC, 2006). Gas fluxes

are determined by assuming that gas flux densities measured in the atmosphere
represent the gas flux from the cover soil. This assumption is valid if the soil cover
is uniform (extending for a distance @1 100 times the flux measurement height)

and the fluxes are steady with time. These methods are automated and can provide

diurnal and seasonal patterns in emissions (Morris, 2001).

These methods are better suited to measure emissions from relatrgelyandfill
surfaces during longer times (seasonally or annually) with minimal disturbance to
the underlying surface. A disadvantage of this method is that the instrumentation
used is highly sophisticated and expensive and results are obtained through ve
complicated calculations (Bognet al.,1997b; Maurice, 1997). Some commonly
used methods include the gradient and eclusariance methods (Tregourstsal.,

1999; Bogner and Scott, 1995; Laurdtal.,2005) and the mass balance method
(Maurice, 1997Tregoure®t al.,1999; Fowler and Duyzer, 1989; Oonk and Boom,

2000). The method can provide emission estimates of &id CQ with high

spatial and temporal resolution. In addit
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CHs and CQ provides a data séhat gives insight to the primary processes leading
to emissions such as GHormation and oxidation (Scharfét al 2001).
Atmospheric influences including rainfall, wind and ambient air pressure all result
in variations of emissions in time and are ortant measurements that need to be

considered when using this technique (Czegiiell.,1996a).

Tracer or plume measurement techniques rely on simultaneoumézidurements

and an inert gas, usually §Freleased at a known rate) from a source or aenm

of sources from the landfill. The magnitude of the gases fluxes is related to the ratio
between the measured concentrations of the two gases. Concentration
measurements are made at several points downwind of the plume (@tepiel
1996a; Bogner and Scott, 1995; Gadeal., 2001; Scheutzt al., 2013). Some
disadvantages of this technique are the need for highcGhtentrations (above
background levels) and the fact that {Jkbm various other sources can interfere
with measuren@s. The method depends on meteorological conditions, and
sampling needs to be conducted at great distances (greater than 100 m depending
on the size of the landfill) from the landfill to ensure adequate mixing of the tracer
gas in the gas plume (Morris)@1). Other plume measurements include the use of
tunable diode laser (TDL) or FTIR technology. However, the method is very
expensive and is normally only applied for one or a few specific days which makes
it unsuitableto monitor annual emission€Hs isotope measurements are widely
recognised for their applicability in quantifying the amount of methane oxidised in
cover soils and can be used to validate the accuracy of thebalasse or
stationary plume method by calculating the effect of methane @xidan

emissions (NOVEM, 2003).
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Tablel1.4: Comparison of different methods used to measure LFG emissions (NOVEM, 2003).

Method Spatial Temporal Experiences | Other advantages/
resolution resolution | Component | Costs (world wide) | draw-back limitation
Especially suited for mechanistic
Soil core §tud|es of OX|d_at|on, possible
interference with normal
m? hour CHsand CQ | high Few landfilling activities
Many samples required to
Closed obtain emission from an entire
chambers landfill, possible interference
m? hour CHy low Many with normal landfilling activities
Mass balance _ _ _
few ha continuous | CHsand CQ | moderate | Few Well suited for automation
Micro-
meteorology | few ha continuous | CHsand CQ | moderate| Few Demonstrated not to be applicable
Plume
measurement | gntire landfill | hour CHa High Some Considered most accurate
Irigfspueiement Intended to measure amount of
Entire landfill | hour CHy very high | Some oxidation
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At present there is no preferred methodology to obtain annual average emissions
from an entire landfill site. Comparisons of methods by Savahak(1995) and
Scharffetal. (2003) conclude that no single method can measure both spatial and
temporal variability of emissions, cost effectively, from a landfill surface (IPCC,

2006).

Estimating landfill gas emissions using models

The amount of Ckemittedfrom the surface oftte landfill requires an estimate of

the CH, potential of the waste (Peer and Thornloe, 1993). The development of LFG
model s started aetal, 6 1996).Sevard ihdéihbds havebeen ssed
to estimate LFG emissions from landfills. Generally, difigol deterministic
models are used. These models require knowledge of mechanisms controlling LFG
production and describe these factors with simplified mathematical equations
(Cossuet al., 1996). A model chosen for LFG analysis should be based on the

avdlability of data and the output required.

Models can be run for estimates from individual landfills and to attain national LFG
estimates. Global estimates are obtained by summing national estimates (Morris,
2001). The most common types of models useestomate LFG emissions from
individual landfills are based on singihase or multphase first order kinetics.
These describe the decomposition of degradable organic fractions in waste and the

resulting CH generation (Cosset al.,1996).

First order mdels described by equation 1.9 assume waste to have a known half

life (t.2) where waste degradation occurs exponentially in time.
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a, = xX1L.8TACKe (1.9)

Where &, represents the LFG production at a given timé/yeal, x is the

dissimilation factor (default is 0.58), is the amount of waste in the landfilig),
Co is the amount of organic carbon in the wagteC.Mg?), k; is the degradation
constant (default 0.094y1) andt is the elapsed since waste deposifin(Cossu

et al.,1996; Scharff and Jacobs, 2006).

The majority of LFG estimate models follow first order kinetics (Cessl.,1996)

where the amount of product is always proportional to the amount of reactive
material (IPCC, 2006). CHgeneration is influenced by the amount of waste
remaining or the amount of biogas already produced, and is not dependent on the
waste depositeth the year of study but rather on the total mass of decomposing
material in the landfill site at the time. This method assumes that the DOC in waste
decays slowly over a few decades producings @il CQ. If conditions are
constant, the rate of GHporodudion depends only on the amount of carbon
remaining in the waste. Therefore, £émissions will be highest in the first few
years after deposition, and then gradually decline as the degradable carbon in the

waste is consumed by the bacteria responsibléhédecay (IPCC, 2006).

In a multiphase first order modelaste fractions are divided into slow (wood and
wood products), moderate (paper and textiles) or fast (food and garden)
decomposing materials (EMCON, 1980; Costal.,1996; IPCC, 2006 Although

many factors influenceFG production there is general agreement that first order

kinetics with respect to substrate is suitable (Ce$sl.,1996). Due to variations
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in waste types, disposal rates, climate and operational conditions, the rate of LFG
generation varies from landfill to landfill. Most LFG estimate models can account

for this variability (Pitchel, 2005).

There are a number of key variables needed as input into the models including the
guantity of waste placed in landfills annually and¢bmposition of the waste. GH
production increases when waste deposited in the landfill has a high percentage of
DOC, for example food and garden waste, paper and textiles. Site management and
local or regional climate conditions also affect the ratefFe® lproduction (Coops

et al, 199). It is important that data aeeailable on all these factors before an
attempt is made to model LFG emissions. The model output is closely associated

with the input parameters values (Cossal.,1996).

Early first orde models used for estimates of LFG include the Palos Verdes Model,
the SheldorArleta Model and the Scholl Canyon Model. These were used on USA
landfills in early 198006s (EMCON, 1980) .

GasSim are based on these older nsde

A study by Scharff and Jacobs (2006) used six models to estimate landfill methane
emissions from three landfills in the Netherlands. The models used were TNO (first
order model) (Oonk and Boom, 1995), Afvalzorg (mphiase model), LandGEM
(USEPA, 200), GasSim (Environment Agency UK and Golder Associates)
(Gregoryet al.,2003), and EPER models France and Gerng@olrarff and Jacobs,

2006)
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TNO requires a limited number of parameters that consider the effect of depletion
of carbon in waste. The carboontent is considered to be in a single phase, with
all carbon present (decaying exponentially with time) being converted to LFG
formation. For the Afvalzorg model, eight waste categories were divided into three
fractions and LFG production is modelled fach fraction (Scharff and Jacobs,
2006). LandGEM, the USEPA model, determines the mass of&herated using

the CH; generation capacity and the mass of annual waste deposited at the landfill
since its opening. GasSim uses both a Apliise model (desbed by van Zanten

and Scheepers (1994)) and another approach based on the LandGEM model to
calculate an estimate of GHmissions (Gregoret al., 2003). The multphase
model utilises waste input in various categories and fractions and the detailed
decanposition of the waste during the particular year of disposal. In the study
average k values and a default oxidation factor of 10% were used in th@hagdé

model and the AfA2 default values were used in the LandGEM approach.

The main differencéetween the GasSim model and the TNO, Afvalzorg and
LandGEM is that GasSim allows for the inclusion of the extraction efficiency of
the recovery system and the model then calculates the totale@ks$sions.
However, this element in the model only functidribe waste is capped to a certain
degree (Scharff and Jacobs, 2006). LandGEM and GasSim arssgiddn much

detail in Chapter 2

The modelled estimates of @GKmissions from the study were compared with
measured results. It was concluded that the TR&sSIim and LandGEM models

overestimated CHemissions from all three landfills whilst the Afvalzorg multi
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phase, German and French EPER models underestimated the emissions. There was
a huge variation in results with the highest estimates obtained béirgtbnes

higher than the lowest estimates. Lower variations in results were reported between
the various measurement methods than between the different models, hence the

need to integrate field measurements in models (Scharff and Jacobs, 2006).

The IPCC las reviewed a number of equations that allow total LFG to be estimated.
These require a number of accurate country specific variables (Beeakx1996;

Bogner and Matthews, 2003). @Emissions can be calculated from:

CH 4 emitted= {(MSWt) (MSW ) (MCs ) (DOC) (DOG ) (F)(16/12) R)} (1-0X) (1.10)

WhereCHs emitted is in Tg/yeatISW. is the total waste generated, MSi/the
fraction of MSW disposed in the landfills, M@ the CH landfilled fraction of
MSW decomposing anaerobically, DOC is the fraction of degradable organic
carbon, DOEis the fraction of DOC converted to ¢ldnd CQ, F is the CH
fraction of LFG (default is 0.5), R is the quantity of Qidcovered and OX is the
CHas oxidation factor (default i9) (Bogner and Matthew, 2003ased on this

equation the IPCC model calcidatCH emissions (Bogner and Matthews, 2003).

CALMIM (CAlifornia Landfill Methane Inventory Model) estimates methane
emissions using soil profile properties and microclimate modelling, differing from
first order kinetic models (Spokas$ al.,2011; Bogneet al.,2013; Bogneet al.,
2014).The LandGEM, GasSim, IPCC and CALMIM modets discussed in more

detail in hapter 2.
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Landfill gas management systems: gas collection and utilisation

A number of technologies are available to manage and mitigater@idsions from
landfills (Bogner et al, 2007) these can either be passive systems that vent gas to
the atmosphere or active systems that mechanically extract LFG for utilisation
(Pitchel, 2005). The cost of installing, operating and maintaining an agdive
extraction system is much higher when compared to a passive system. Despite this,

there are many benefits to actively extracting LFG (Pitchel, 2005).

Engineered landfill gas extraction systems include a series of horizontal and vertical
wells that arénstalled within a cell at a landfill site. These wells are perforated and
allow gas to be extracted using a pressurised system. Once an extraction system is
in place the gas collected can then be flared, treated or used as an energy source for
industrial boilers, heating and electricity generation (Pitchel, 2005; Stegmann,
1996). Most LFG extraction projects around the world utilise the gas to generate
electricity by means of internal combustion or gas turbine engines (Stratchan et al.,
2004). The firstammercial project to actively extract and utilise landfill CH4 was

the Palos Verdes landfill site (California) in 1975 (Spaodtee., 2006). According

to the United States Environmental Protecthgency (USEPA) approximately 1
million tonnes of MSW dispged at a landfill site can generate in the region of 8.5
me.min of LFG which equates to roughly the production of 7 000 000 kWh of

energy per year, enough to power 700 homes (Pitchel, 2005).

Extraction systems control the rate of LFG emissions fromufface of a landfill

site to the atmosphere (Bogredral.,1995; Mosheet al.,1999; Christophersoet
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al., 2000; Christopherson and Kjeldsen, 2001; Spekak, 2006) thus controlling

the emissions of odours to the environment as sulphur compourasleviatty
acids and volatile amines are also extracted as LFG (DME, 2008)utilisation
estimates show that more than 5 TgBtdarcan be reduced to atmosphere through
LFG extraction systems (Hanse al., 1998; Willumsen, 2003; Bogner and
Matthews, 2003). In 2004, LFG extraction projects were the second largest
contributor to CH reductions worldwide (Bogner and Lee, 2004). Extracting and
utilising LFG also aids in reducing the migration and explosion hazard pa@diH

in the extraction of leachatad condensate from the landfill sites (DME, 2004).

Previous studies in South Africa have shown that the warm climate and high
precipitation rates at coastal areas in the country can encourage high rates of CH
generation, whilst seasonally dry cover sods increase LFG emission rates to the
surface (Fourie and Morris, 2004). Studies at specific landfill sites need to be
conducted to better understand the relation betweerg@tération, emissions, and
oxidation in cover soils under South African clincatonditions (Fourie and

Morris, 2004).

Lombard and Associates conducted a feasibility study for the Department of Energy
(DME) which focused on testing the feasibility of using landfill sites for LFG
extraction and utilisation for electricity generationSouth Africa. Of the453
landfills used in the study only 57 accepted enough waste volumes to justify being
considered as a potential LFG to electricity pro{@ME, 2004).CO, emitted by

producing electricity from LFG is much less than those emittma fossil fuels

and coal fired power stationsh us maki ng L F ®&SEPAAPL)eener
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Currently there are only ten operational LFG extraction projecBouth Africa.

Of these only thregenerate electrigit These include

1 Two landfill sites wihin the eThekwini Municipality (Marianhill and
Bisasar Road, generating 1IMW and 6.5MW of electricity respectively).

1 Four landfill sites within the Ekurhuleni Metro Municipality (at the
Weltevreden, Rooikraal, Rietfontein and Simmer and Jack landfil) sites
Currently only 1 MW of electricity is generated and exported directly to the
municipalities grid at the Simmer and Jack landfill site.

1 Alton landfill site in Empangeni generating 400kW of electricity. This is a
privately owned landfill site.

1 The privaely owned Chloorkop landfill site within the Ekurhuleni Metro
Municipality.

1 Two landfill sites within the City of Johannesburg (Robinson Deep and
Marie Louise landfill sites).

The New England Road landfill site in Pietermaritzburg has also registered a CDM

project but only pumping trials have been conducted at the site and to date it is has

not been commercialiseBue to the fact that LFG extraction and utilisation is not

a legslative requirement in South Africa it places these projects in a distinctive

position to be exploited under the Clean Development Mechanism (CDM) as it

meets the requirement of additality (Bogner and Lee, 2004). Additionglitvhich

meansi € r e d uine@missions ghat are real, measurable and additional to any

that would occur in the absence of the ¢
2004).All ten LFG extraction projects active in South Africa are registered CDM

projects. The success of tkgxrojects on the carbon credit market depends on how
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attractive they are to international investors (Boggteal., 2004). To gauge the
potential for other LFG extraction projects to enter the carbon market there is a need
to accurately quantify and estte LFG emissions at landfills in South Africa so

as to identify suitable landfill sites that can be viable for gas extraction systems.

Kyoto protocol and Clean Development Mechanism

The Kyoto protocol stems from the United Nations Framework Convention on
Climate Change (UNFCC) which was formed after negotiations on a global climate
protection treaty led to its establishment at the Earth Summit in 1992 and signed
into effect in March 1994 (Fenhann and Hinostroza, 2011). The main objective of
the UNFCC is tostabilise greenhouse gas concentrations in the atmosphere to
reduce the effect of climate change. It divides countries into Annex | Parties
(developed or industrialised countries includimgembers of the OECD
(Organisation for Economic Gaperation and Deelopment) and economies in
transition (the EIT Parties)), Annex Il countries (consist of the OECD members of

Annex |, but not the EIT Parties) and rAnnex | Parties (developing countries).

In addition, 49 Parties are classifiedleast developed coumgs (LDCs) by the

United Nations and are given special consideration under the Convention. The
Kyoto protocol of the Convention sets legally binding emission reductions to Annex

| parties to reduce their GHG emissions between 2008 and 2012 also refersed t

the first commitment period (CP1), by approximately 5% (on average as each Party
has an fAiAssigned Amounto for reduction)

(Kyoto Protocol, 1997; Fenhann and Hinostroza, 2011). In the second commitment
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period from2013 to 2020 (CP2) Parties (differing from the CP1 Parties) committed
to reduce GHG emissions by at least 18 % below 1990 levels from 2013 to 2020

(www.unfccc.int).

The Kyoto Protocol has three flexible mechanisms to assist Annex | Parties in

reducing thai emission reductions. This includes:

A International Emissions Trading which allows Annex | Parties to sell their
excess Assigned Amount Units (AAUObGS)
require them

A Joint Implementation allows Annex | Parties to sell emissidnagon units
(ERU6s) from emission reduction proje:

A Clean Development Mechanism (CDM) allows Annex | Parties to invest in
emission reduction projects in nédmnex | Parties which produce Certified
Emi ssi on Reduct isellabte or(tlieEdRbdrsmarkdt. fteese ar e
projects must also assist these countries in achieving their sustainable
development goals

All CDM projects undergo a project cycle that begins with the development of a

Project Design Document (PDD) which is approvegd bt he host coun
Designated National Authority (DNAfFigure 1.7). Once approval is received

which according to the South African DNA should occur within 45 days from
submission of the PDD, the project is validated by a Designated National Authority

(DOE) and then registered as a CDM project by the UNFCC Executive Board (EB).

The project should show fAadditionalityo

with the project would not occur without the existence of the project.
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Project Design and Formulation
(This includes the development of a Project Design Document (PDD))

A4

National Approval

By the Designated national Authority (country specific). Open to public commerit by
South African DNA

\Z

Validation and registration with the CDM EB
(done by a Designated Operational Entity (DOE))

\Z

Project implemenation and financing
(by an invetor from an Annex | Party)

N\

Monitoring

(following the methodolgies in the PDD the project should be strictly monitored
emission reduction achieved)

\Z

Verification
(by a DOE)

\Z

Issuance of Certified Emission Reductions (VER'S)
(sellable on the carbon market or bought at a negotiated price by the project in\iestor)

—h

or

Figure 1.7: CDM project cycle (after UNEP collaborating Centre on Energy and
Environment, 2002 and South African DNA project cywisw.energy.gov.2a

After registration financing and project implementation takes place in which

continuous monitoring of the emission reductions occur in strict accordance with

the PDD and approved monitoring methodology.
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A monitoring period can then be selected where the emission reduction undergo a
verification process to ensure they are real@mdply with CDM regulations after

which they are issued as CERG6s which <cal
project cycle takes several years to complete and requires a large amount of
financing through capital costs as well as operational and mainterasts

throughout the life of the project.

The European Emission Trading Scheme (EU ETS) is the largest emission
reductions trading scheme in the woitdlowed by China. The EU ETS reduced
emissions by 2 084 Mt/C@q in 2013 whilst Chinaecoveredl 115 Mt/CO-eq
(World Bank, 2014). In 2011 only 2% of CDM projects are registered with the
UNFCC. If South Africa and countries in North Africa are not considered this

percentage drops substantially to just 0.6% (ISS, 2011).

Of the358 CDM projectsubmitted tahe South African DNA (which includes bio

fuels, energy efficiency, waste management, cogeneration, fuel switching and
hydro-power projects) onlg6 have been registerbg the CDM Executive Board

of which 12 have been i ss U.4318%wfiptojpctsCEROG s (
are classified as renewable energy with a potential emission reductions of
44.8Mt/CO2eq whilst methane recovery and flaring projects only account for 5%

of projects contributing to 6.09 Mt/G€q in emission reductions (Figufie).

These are inclusive of projects that have been submitted and awaiting approval for

registration.
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Figure 1.8: CDM projects portfolio in South Africa as of March 2015 (after

WWWw.energy.gov.za)

Whether or not CDM truly contributes to sustainable development is debated.

There is a consensus in the literature that the CDM places more emphasis on

emission reductions at the disadvantage to poverty alleviation, social and economic

development of hostountries (Brown et al. 2004; Ellis et al. 2004; Cosbey et al.

2005:; Pearson 2005; Michaelowa, 2007; Olsen 2007; Schneider, 2007; Sutter and

Parreno, 2007) highlighting that it does not provide funding to renewable energy

projects t h a4eneh &

8 0 b pghbj dcctos

contri

environmental protection and other sustainable development initiatives).

Sutter and Parreno (2007) found that only 1.6 percent of carbon credits were from

projects that benefited sustainable development. Hawélve CDM does work
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sufficiently well in its contribution to low cost emission reduction projects and
investments into cleaner technologies. Thus, turning its contribution to sustainable
devel opment around by offeringwthahi gher
strong contribution to sustainable development can increase the investment into

such projects (Sutter and Parreno, 2007). TheTSDOL 01 A Vol unt ary
describing sustainable development-bamefits of CDM project activities or
programmes ofact i vi ti es (POA) O developed by t
voluntary tool that project owners can use to calculate their contribution to

sustainable development.

A Sustainable Development @enefits (SDC) description report is produced and

placed on the aesiated projects CDM webpage (at the UNFCCC) which allows

potential buyers of credits to gauge what the contribution to sustainable
development isin addition,the EU ETStook a decision thaiarties may exchange

their excess CEROs vdlidaten 20CPiflthe ICDM progett | owa n c
was registered during CP1 or with CDM projects registered post 2012 (CP2) only

in Least Developed Countries. This decision should then strengthen the sustainable
development leg of the CDM by allowing Annex | Partiemtest in CDM projects

in LDC.

Despite the carbon market being a mbltiion dollar industry, the deteriorating
economic situation since 2010 as well as
the carbon market meant that investments in CDM projeetg wot a priority
|l eading to the rapid decrease in the va

stumbling block to the success of the CD
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market are between US $0.30 and $0.60 (World Bank, 2014) cents which is very
discouraging to the development of future CDM projects. It means that the capital,
operational and maintenance costs of implementing a CDM projects does not

bal ance or create a return on iNR@Bst ment
there was an 88%ecrease in CDM projects submitted for validation and ten times

fewer projects registered in 2013 compared to 2012. In addition, over the past three

years March 2014 had the lowest monthly CER issuances (World Bank, 2014).

With no sign of a shotterm reovery in demand of carbon credits the situation is
exacerbated by the withdrawal of Japan, New Zealand and Russia from CP2 of the
Kyoto Protocol as well as the reduction in the number of financial institutions,
private sector bodiiveisthacardon @ddiEspae (Warld r ent |
Bank, 2014)Despite this, globally at domestic level there is an increased focus on
climate change policy and GHG mitigation actions are at the forefront of
developmentFigure 1.9 represents the distribution of GH@issions globally.
Based on the significant difference in GHG emissions between countries there is a
strong need for international collaboration in emission reductions (World, bank,
2014). Many countries are introducing different methods to mitigate Gte®
emissions including domestic cap and trade initiatives, carbon taxation, emission

trading schemes and carbon offsets programmes.

South Africads carbon tax combined with
effect inJanuary 2017The National Treasureleased the draft Carbon Offsets
Paper for comment on 29 April 204d the Draft Carbon Tax Bill in November

2015 The carbon tax will cover GHG emissions from fuel combustion and
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industrial process emissions, covering 80% of the total GHG emissioi® in t
country (World Bank, 2014 he inclusion of an offsets component in the proposed
carbon tax regime in South Africa will provide flexibility for entities to comply
with the requirements of the tax and is likely to encourage voluntary emission
reductions The carbon offsets component will accept carbon credits from projects
registered under existing, internationally recognized, carbon standards including
CDM. The intended price per t/G@q is set at R120 (US $12 t/€€n) at the start

of the carbon taxrad increasing by 10% until 2019 (the transitional period of the

tax).

Total GHG emissions per country: . >1,000 MtCO_e/year . 100-1,000 MtCO,e/year <100 MiCO,e/year

Figure 1.9: GHG emissions globally per country (World Bank, 2014).

This value is significantly higher than the current pricing of GER on t he
carbon market which will assist many registered CDM projects in the country that

are currently at risk of shutting down.
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For waste management projects in South Africa there is a strong move forward to
support sustainable product design, reseuefficiency and waste prevention
focusing on waste minimization and energy recovery. This research aims to
evaluate the contribution of landfill gas emissions to the GHG emissions in South
Africa and what the impact of the CDM has had on the implementahd success

of landfill gas extraction and utilisation projects thus mapping a road for the
development of larger scale Waste to Energy facilities to encourage the waste

hierarchy and promoting sustainable development in the country.

Research aims anchypotheses

CHas emissions monitoring needs to be conducted to better understand the relative
dynamics of CHgeneration, emissions and oxidation under South African climatic
conditions. This will aid in assessing the associated contribution of landfills to
anthropogenic CkHemissions in South Africa. Other gases such 8sdtd volatile
organic compounds also etk to be monitored to assess the influence on local air
quality and the development of odour nuisances. In addition, subsurface gas
concentrations at the boundary of the landfill should be monitored to determine
lateral migration 6LFG from the landfill e into the surrounding environment
which could create an explosion hazard. The main objectives of this research are as

follows:

1. to predict LFG generation from landfills in South Africa using theoretical
models and compare the results to actual measuw€dyields

2. to measur&€Hs and CO fluxes from the landfill surface.
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3. to assess the impact of LFG emissions on the air quality of the surrounding
environment.
4. to assess the feasibility and functionality of gas extractoinudilisation at
landfill sites in South Africa to mitigatgreenhouse gas emissions
The LFG generated at landfill sites can be estimated on the basis of the amounts
and composition of the waste disposed as well as the waste management practices
imposed. All landfills used in thistudy are managed municipal solid waste disposal
sites and are administered by guidelines set out in the DWAF Minimum
Requirements for Waste Disposal by Landfills as well as Hwadional
Environmental Management. Waste Act, 2008 (Act 59 of 2088) its
accompanying Waste Regulations. Research has shown that waste composition
affects both the theoretical yield and rate of4@kbduction in anaerobic landfills.
Meteorological conditions such as rainfall, temperature and atmospheric pressure

changes also fdct LFG production.

The key research questions to be addressed in this project are:

1. Do LFG emissions from landfill sites make a significant contribution to
anthropogenic ClHemissions in South Africa?

2. Do landfill gasemissions significantly affect the air quality of the local
environment around the landfill?

3. How successful is LFG extraction and utilisation in mitigating emissions

from landfills?

kkkkkkkkkkkkkkkkkkkkk
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Chapter 2

Data and methodology

Estimating and quantifyingndfill gas emissions is important from a
environmental, regulatory anfihancial perspective. The significant
contribution of landfill CHs to global warming and the market for
emissionreductions places amcreased emphasis on the need for
accurate miods to calculate the generation andssions potential of
landfills. This chapter outlines the methodology used in this study to
estimateand measureFG emissions from landfills in South Africa. A
description of each of the landfibites selectedfor this study is
included.Procedures for subsurface gas generation data collection and
analyses are discussed. Detailed explanations on the LFG tamtima
models used in the study (LandGEM, GasShms, IPCC Waste Model
2006and CALMIM) are provided vth a facus on input data used for
the modelsThe methodology used for surface monitoring of pollutants
and dispersion modelling are discussed in detethodologies used

for LFG extracton and utilisation or flaring ardso discussed using the
Ekurhuleni Meto Municipality Clean Development Mechanism
(CDM) project as a case study.

Description and locations of study sites

Ninelandfills in Gauteng, South Africa were uskdestimate landfill gas emissions

in this studyi five located in the City of Johannesburg (CoJ) and four within the
Ekurhuleni Metro Municipality (EMM) (Figure 2.1Yheir classification, available
airspace and lifespaand size are listed in Table 2The landfills range is size and

ace (year of establishment). This variation enables a good comparison with respect
to waste streams and moisture content and availability and the resultant LFG
emission predictionsMunicipal solid wastgMSW) including domestic waste,

builders rubble,garden wasteand light industrial wastavith the exclusion of
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medical and hazardous wastee accepted at the sites for disposatd®@posal of

general waste and sewagjedgetakes place aBoudkoppies, and Marie Louise.

The Rietfontein landfill sesaccepts ddisted waste and sludges
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Figure 2.1: Location of landfills used in this study. Marie Louise and Robinson

Deep service the greater part of the inner cityJohannesburg Metro whilst

Ennerdale and Goudkoppies service the south and Linbro Park the north.

Rietfontein and Weltevreden services the easseeas of EMM, Rooikraal the

south and Simmer and Jack the western parts of EMM.

City of Johannesburg landfill sites

The City of Johannesburg Local Municipality is the largest city in Souttcafri

The rmunicipality covers an area o645 square kilometremnd is dividd into seven
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regionsconsisting of 130 wards. According to the census conducted into 2011 the
City has a total population 0f4B4827and 95.86 of households have their waste
removed on a weekly basis\Ww.stassa.go.zaccessed 3 April 2015). Pikitup, an
entity operated by the CoJ Municipality is responsilbe the collection and
disposal of waste within the City. MSW is disposed at 5 landfill sites as described

below.

Goudkoppieds located approximately 20 km to the south west of Johannesburg
and covers 57.2 hectares of land. The landfill accepts approximately 20 000 tonnes
of waste a montlandis divided into three phasel.is a Class B (GLB landfill

site without any signitiant leachate productioA new section was added to the
current site in 2004 that will increase the site lifespan by 50 years. The new section

is undeveloped andot considered in the modellifigr this study

Marie Louiseis located approximately 20 kmo the west of Johannesburg and
services the western part of the Greater Johannesburg Metro and the northern parts
of Soweto. The landfill covers 44 hectares #rasurrounding land is mainly used

for industrial and mining purposes. The landfill accegipraximately 300

tonnes of waste a mon#ind is classified as a Class B (Gl)\Bvith significant
leachate production. The landfill is divided into seven phaskase® onehas
reached its final landform height aisino longer operational.hE area has ke

cappedwith a 300mm clay layer

Robinson Deep is located approximately 3 km south of Johannesburg. The landfill

services the western part of the Greater Johannesburg Metro and the northern parts
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of Soweto. The ladfill was commissioned in 1930 and i<Céass B (GLB) site.

The landfillacceptsvaste from the southern suburbs and the Johannesburg CBD.
It collects industriabndresidential waste. The site was built upon layers of shale,
clay and sandstone, over an old slimes dam. The surrounding aegea®stly
residential and industrial. The Turffontein race course is alsated adjacent to

the landfill

Ennerdalas located approximately 32 km south west of Johannesburg. The landfill
consists of five phases. Approximately 10 000 tonnes of wastcaepted at the
site per monthThe total extet of the site is 16.3 hectareShe general slope
direction of the landfill is from south to nordast. Approximately 10 000 tonnes

of waste are accepted at the site per month and is classified as a (BB TR It

is a medium sized landfill and situated adjacent to industry (brickworks) and

farmland.

Linbro Parkis located approximately 15 km north east of Johannesburg. The
landfill consists of five phases. The totatent of the site is 84 hectardhelandfill

is not operational and was closed in September 2006. Approximately 800 tonnes of
waste was accepted at the site on a daily bakes landfill has been rehabilitated

with a final cover.

Ekurhuleni Metro Municipality landfill sites

The EMM has a gpulation of approximatel$ 178473 (according to census 2011)

coveringl 975square kilometres. The City is highly urbanised with a large number

of industrial activities taking place, asitiso me t o Sout h Africads
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OR Tambo Internatioha Airport. It has a population growth rate of
2.47%(www.stassa.go.zaccessed 3 April 2015EMM is divided into 101 wards
with major suburbs and townships beigrmiston, Tembisa,Kempton Park,
Bedfordview, Benoni, Boksburdgsprings Vosloorus and Thokozalhe EMM
ownsand operates fivandfill sites. Current wastdisposal isagproximately 1.65
million tonnes peannum. All sites are well engineered with leachate and storm
water collection sytems. Landfill gas extraction takes place at four sites, which are

used in this study and described below

Rooikraallandfill is located within Boksburg and opened in 1988. It operates under
permit numberl6/2/7/C221/D24/Z21/P512and covers 98.4 hectare$ land. It
consists of four phases. Stage 1 is unlined, has reached capacity and is covered with
a 500mm soil layer. Stage 2A and Stage 2B are currently operational. Stage 3 has
been recently developed and is not yet operational and Stage 4 is undevEteped

site accepts approximately 2007 30 000 tonnes of waste on a monthly basis and
has roughly4.9 million tons of waste in placé.is classified as a Class &IB")

site. A 2000m3hr flare is installed at the sit€hirty six vertical wells arénstalled

in Stage 1 and fifteen horizontal wells are installed in Stage 2A and Stage 2B.

Simmer and Jaclandfill is a Class BGLB") site, situated in Germiston artths
beenoperating since 1983 under permit numB88/2/0322/494/P223 he site has
almog reached capacity and is anticipated to reach closu2@i6. The landfill
covers 60 hectares and is divided inteesephases. Cells one to six hagached
capacity, Cell one has a cap of 500 mm soil and Géllhas a 300 mm soil cap.

The landfill accepts between D50 and 2@00 tonnes of waste on a monthly basis
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and has roughlg.5 million tonnes of waste in plage3 000m?hr flare is installd
at the site. Thirty eight vertical wells are installed in Cell 2, 3 and 4. Twelve vertical

wells and ten horizontal wells are installed in Cell 5 and 6.

Weltevrederdandfill situated in Brakpan has been operating since 1994. It is a Class

B (GLB") siteandis anticipated to close in 203%he site operates under permit
number B33/2/321/172/P137and covers 128 hectares of land. It accepts
approximately between 20 and 2®00 tonnes of waste a month and has more

than 2.1million tonnes of waste in plac&he landfill has a large area that is still to

be developed. There are seven developed phases. Phases one to five have reached
capacity. Cell 1 has 800 mm soil cap. Cell 6 and 7 arerrently operational. A

2 000m3/hr flare is installed at the siteh&re are eighteen vertical wells installed

in Cell 1, four vertical wells and four horizontal wells in Cell 2 and 3 and seventeen

horizontal wells installed in Cell 4 and 5.

Rietfonteinlandfill site is operational since 1997, covers 40 hectares of lahsan
situated in Springs. The site accepts approximateB0Bdonnes of waste a month.

It is a Class B (GLB) site operating under perni6/2/7/C221/D494/P275nd
accepts ddisted sludges and liquids. The site baproximately 1.Inillion tonnes

of waste in place and closure is anticipated in 2023. The site is divided into Area A
and B and consists of five phases. Area A consists of Cell 1 to 3 and has reached
final landform height and has a final capping of 500 mm clay. There are 25 vertical
wells installed in Cell 1, 2 and 3 and &30 n¥/hr flare. Area B is currently

operational and consists of Cell 4 and 5. No gas wells are installed in Area B.
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T able2.1: Characteristics of landfills used in this study

, Monthly
Landfill ,
. waste Landfill . .
Types of waste handled capacity . Site location
_ (md) acceptance Size
LF | Opening , rates (tonnes) | (hectares)
o G |yearof | Landfill o) )
Landfill site . e _ L
reco | landfill | classification o3 %’_ ~w| S
c C «Q
very | (year) 3G |3 > S3|e
w | = s | &3 | &
o 2| o Q |2
0 <.
~ o
operational 26°16'50.39"S
Goudkoppies 1989 GLB" X | X | X | X] X | X ]12.0x 1% | 19000i 25000 | 57.2 27°55'25.90"E
operational 26°11'25.83"S
Marie Louise | X | 1991 GLB" X[ X | X | X]| X 8.5x 10° | 28000i 35000 | 44 27°52'59.80"E
Robinson operational 26°14'1.35"S
Deep X | 1997 GLB X| X | X | X]| X 24.8x 10° | 15000i 17000 | 124 28°2'16.36"E
operational 26°22'5.31"S
Ennerdale 1988 GMB- X| X | X | X]| X 1.7 x 16 | 40007 10000 |16.3 27°50'0.41"E
closed 26° 5'37.46"S
Linbro Park 1989 GLB* X | X | X |[X] X | X]12.0x16 | 19006 25000 |57.2 28°7'11.40"E
operational 26°18'40.21"S
Rooikraal X 1988 GLB X| X | X | X]| X 19.6 x 16 | 20000-25000 | 98.4 28°15'52.07"E
Simmer and operational 26°12'16.27"S
Jack X 11983 GLB X| X | X | X]| X 12.0 x 16 | 15000620000 | 60 28°8'28.48"E
operational 26°12'40.59"S
Weltevreden | X | 1994 GLB X | X | X | X]| X 25.6 x 16 | 2000625000 | 128 28°21'24.91"E
operational 26°17'59.81"S
Rietfontein X 1997 GLB" X | X | X |[X] X | X]80x1§ |2000625000 |40 28°25'34.48"E
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Methodology

A number of methods were considered to meet the objectives of this k@y.
estimdion models LandGEM, GasSittine IPCC Waste Model 20@6d CALMIM

were used to estimate emissions from the landfills described above. It is important
to consider waste votnes and composition, local climate and other parameters that
are required as input for the models. Model results are compared to previous studies
globally to assess the suitability of the models to South African landfdtsial gas

yields from landfill gas extraction projects in EMM and CoJ will be compared to
modelled results. Easured concentrations of subsurface gas genewrt@iso
analysedSurface emissions were monitored using flux chambers at the surface of
the landfill sites as well as usingn@bile caravan to monitor ambient emissions.
Source apportionment is applied to analyse the contribution of the landfill site to

emissions.

Landfill gas estimation models used in study

The LFG estimation models LandGEM, GasSim and IPCC Waste Model 2066 w
used in this study to estimate LFG production and emissions. A number of
parameters were needed as input into the model including the design capacity of the
landfill and the opening and closure year of the landfill. The most important
parameters are ¢hannual waste acceptance at the site, the methane generation rate
(k) and the potential methane generation capac#y({lhornloeet al.,1999). The
models can be run using model default data or site specific data. All models were

run using the same vads fork, Lo and the CHand CQ fractions. Varying values
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for different parameters were used whilst conducting a sensitivity analysis and

testing model applicability to a serarid environment.

The Landfill Gas Estimation Model (LandGEM )

The Landfill Gas Estimation Model (LandGEM) was developed by the Clean Air
Technology Centre (CTC) of the USEPA (Ratlal.,1998). The first version of the
model was released in 1998. The version used in this study is version 3.02 released

in May 2005 ad replaces previous versions (2.01 and 3.01).

The model can be downloaded from the USEPA website
<http://www.epa.gov/ttn/catc/dirl/landgevB02.xIs>. The model is classified as a
simplified deterministic model according to Cossual., (1996) as it uses
simplified mathematical equation to describe the decay of waste. It is based on a
first order decomposition rate reaction. Model defaults are based on empirical data
from US landfills (Alexandeet al.,2005). Inventory default values are based on
emisson factors in the US Environmental Protection Agency (USEPA)
Compilation of Air Pollutant Factors (AB2). The first order decomposition rate

equation used by the model is as follows:

A AM. 0 -k
Qu, =8 3 kL (2.1)
i=1 j=0.1 glO+

Where Q.. is the annuaCHa generation in the year of the calculatior*fyear), i

is the one year time incrementiepresents the year of calculation minus the initial

year of waste acceptangeds the 0.1 year incremerk,is the methane generation

66|Page



rate (year), Lo is the potential methane generation capacity/Nig), Mi is the
mass of waste accepted in tHeyear (Mg) anditis the age of thé"jsection of

waste mass Mi accepted in tHeyear (decimal years).

The model requires various inputs, the most irtgodr of which are the waste
acceptance rates since the opening of the landfill to the current year. It limits the

number of years of waste acceptance data to 80 years.

The model calculates the landfill closure year based on the Landfill Open Year,
Waste Dsign Capacity and Waste Acceptance Rates entered (Equation 2.2) by the
sum of the Waste Acceptance Rates subtracted from the Waste Design Capacity
divided by the current acceptance rate entered. The model assumes that the final
waste acceptance rate entemgill continue to be the annual amount of waste
accepted until closure of the landfill (USEPA, 1998; Liphoto, 2001).
&Wastedesigncapacity § (Wasteacceptanceatesy

Calculatedandfill closureyear= & - - u
é Finalwasteacceptanceatein currentyear

(2.2)

+ Year of final wasteacceptanceate

The CAA default values in the model provide emission estimates that reflect the
maximum emissions and are generally used for regulatory purposes. To estimate
actual emissions in the absence of-spiecific data, a second set of default values
(the inventoy defaults) is provided in the model. The inventory default values in
the model are based on emission factors from the U.S. Environmental Protection

Agencyods Compilation of A42r((USBRA|l 1098t ant
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The CH; generation rate cotent, k, determines the rate of €generation from

the landfill. The higher the value of k, the faster thes Geheration rate increases
and then decays over time. The value of k is a function of waste moisture content,
availability of the nutrients for ethanogens, pH, and temperatlkres assumed to

peak at closure of the landfill. The value for the potential G¢heration capacity

of waste (L) depends on the type of waste in the landfill. The higher the cellulose

content of the waste, the higher traue of Lo (USEPA, 1991).

GasSim

GasSim has been developed using the HELGA framework which watoged

for the UK EnvironmenAgency. The principal drivers behind the development of
GasSim were firstly the need to assess the health risk for peoptgdivihworking

near landfills and secondly as a management tool for the reduction of greenhouse
gas emissions from landfills in the UK. GasSim2 used in this study replaces the
older versions GasSim 1i01.5 (Attenborough et al, 2005; GasSim2, 2005). It

corsiders the uncertainty in input parameters using a Monte Carlo Simulation.

GasSim2 is a conceptual model that considers the landfill as individual cells, each
with its own engineering and waste composition. The central conceptual model is a
landfill contaning biodegradable wastes, which generate bulk gases comprising

mainly CHs and CQ. It is divided into five modules namely:

i source term module
M emissions module

9 atmospheric dispersion module
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1 lateral migration module and

1 exposure/impact modules

Progression to the different modules is only necessary if the information is required.

In this study only the source term, emissions and lateral migration modules will be
used. GasSim estimates LFG emissions using two approaches. The first approach
uses tlke GasSim multiphase equation, which is based upon a-phaie model
described by van Zanten and Scheepers (1994) and the second approach is based

on the USEPAds LandGEM model (Scharff ani

The source term module determines LFG generasomua firstorder decay model

and multiphase equations, for an individual cellemtire landfillsite based on the
mass of waste deposited and its composition for up to 200 @asSim2, 2005)

In addition the module requires input based on the lhetifiracteristics including
infiltration rates and landfill cap and liner engineering. The degradation of organic
material present in the waste and its conversion to LFG is represented by equation

(2.3):

- kat) &l kat)

(
C,=C, - C ¢ +C,.° +C,s

o

and

C.=C -Gy (2.3)

X

Where C,is the mass of degradable carbon degraded up to time t (tofadkp

mass of degradable carbon at time t = 0 (tonn€s),represents the mass of

degradable carbaat time t = Ofor each fractiorof wasteCxis the mass of carbon
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degraded in year t (tonnesjepresents the time between waste preesg and LFG
generation (years) anki is the degradation constant for each fractiodenfradable

carbon (per year3asSim2, 2005)

The emission module uses the output from the source term module and calculates
LFG emissions to the surface. The module does however consideyx@ldtion

rates through cover soils and gas management systeofiec(ion, flaring,
utilisation) if present. Model default values (based on the IPCC guidance values)
will be used for CH oxidation rates of all landfills used in this studly.order to

meet the objectives of this study to compare modelled emissioastual gas
generation at the landfill siteep gas management systemareincluded in the

model runs. The model can also assess the landfills impact on the global atmosphere

by determining the global warming potential of the LFG emissions.

The lateral mgration module simulates the transverse subsurface migration of LFG
through advection and diffusion. The model simplifies the surrounding subsurface
environment into one zone, simulated using a conventional one dimensional linear
pathway. This provides threaximum concentration at a given point at any distance
from the landfill and can be used to determine exposure to humans and vegetation

including the migration of LFG into buildind&asSim2, 2005)

Uncertaintyin the model is preseriitstly by the assumpdins made in the equations
usedand secondlgonfidenceand error on the site specifiata used for inpuThe
model runs using a Monte Carl o analysis.

Density Functions) that could reduteh e uncertainty related
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allow a range of values to be used as input for each parameter instead of a single
number. Distributions include uniform, triangular, log uniform or log triangular and
normal or log normal distribution. A singlealue can be entered if the data are

known to be highly accurate and predi&asSim2, 2005)

IPCC Waste Model 2006

The Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories and
the Good Practice Guidance and Uncertainty Management iondhatsreenhouse

Gas Inventories (IPCC, 2000) describes two methods for estimatingrissions

from landfills, the mass balance method and the First Order Decay (FOD) method.

In the 2006 Guidelines for National Greenhouse Gas Inventories the mass balance
method is not considered. The current IPCC methodology is based on the FOD

method (IPCC, 2006).

The IPCC Waste Model 2006 is a first order mphiase model based on waste
composition data. The amounts of degradable waste material (food, garden and park
waste, paper and cardboard, wood, textiles) contained in the waste are entered
separately. The model can be downloaded from the IPCC website
http://www.ipccnggip.iges.or.jp/public/2006gl/pdf/5_Volume5/IPCC_Waste_Mod
el.xls. A choice of three tiers, dependimy the data available, can be used to
estimate the CHemissions. Tier 1 is based on the FOD method using mainly
default activity data and default parameters. Tier 2 uses the FOD method and some
default parameters, but requires good quality cousypcifc activity data on

current and historical waste disposal. Historical waste disposal data for 10 years or
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more should be based on country specific statistics, surveys or other similar sources.
Tier 3 is based on the use of good quality cousfrgcific adwity data and the use
of either the FOD method with nationally developed parameters or measured

country specific parameters (IPCC, 2006).

A key input in the model is the amount of DOC in waste disposed at landfill sites
(DOGCn), halflife (t12), Lo and the fraction of DOC which decomposes (BOC

Data on the different waste types (food, paper, wood, textiles) is needed or
alternatively as mean DOC in bulk waste disposed (IPCC, 2006).; 3O&h
estimate of the fraction of carbon that is ultimatedgichded and released from the
landfill and considers the fact that some DOC does not degrade or degrades very
slowly under anaerobic conditions. Wood and wood products decay very slowly
and accumulate in the landfill (lortgrm storage). Carbon fractionsaother waste

types decay over varying time periods. The long term storage of carbon in paper
and cardboard, wood, garden and park waste is of special interest as the changes in
carbon stock in waste originating from harvested wood products. Assumitigethat
landfill is in the anaerobic stage and the DOC values include lignin, the
recommended default value for DOE 0.5 (Oonk and Boom, 1995; Bogner and
Matthews, 2003). Tier 2 and Tier 3 methodologies allow the user to enter separate

DOCGC: values for spetic waste types.

Decomposable Degradable Organic Carbon (DRJOE the organic carbon that
will degrade under the anaerobic conditions in the landfill. DRQ@scribed in
Equation 2.4 equals the product of the waste amount (W), the fraction of degradable

organic carbon in the waste (DOC), the fraction of the degradable organic carbon
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that decomposes under anaerobic conditions ({p@& methane correction factor
(MCF) which accounts for waste that decomposes under aerobic conditions (IPCC,
2006). L, (Equation 2.5) is calculated using DD@Che CH concentration in the

LFG (F) and the molecular weight ratio of €&hd carbon (16/12).
DDOG. =W DOCTDOC fMCF (2.4)
L. =DDOG. F16/12 (2.5)

The study requires Ctestimations for several years since opening and after closure
of the landfill sites. Therefore time needs to be a consideration in the calculations.
The following equations are used in the IPCC model to estimate emissions. MCF
accounts for the fact thatnmanaged landfills produce less £flom a given
amount of waste than anaerobic managed landfills because in unmanaged landfills

a larger fraction of waste decomposes aerobically in the top layer.

DDOGr. =DDOGw, +(DDOGr., T€™) (2.6)

DDOGn decomp = DDOGra, T (1- €) 2.7)

CH. generated — DDOGn decomp ﬂ F ﬂ16/12 (2.8)

Where T represents the inventory yp@OG-., the accumulatedDOGx at the
end of year T DDOGn, _, is the amount oDDOGraccumulated at the end of year
T-1, DDOGn, is the DDOGx deposited in the landfill in year T amDOGn decomp

is the DDOG» decomposed in year T. The amount ofs@étmed (CH. generateq)
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is calculated by multiplying the CHraction (F) and the CHC molecular weight
ratio. Since LFG usually consists of approximately 50% @hd 50% CQ the
IPCC default value for F is 0.5. Only waste that contains large amounts of fat or oll

can generate LFG with higher @Ebncentrations.

The IPCC Waste Model 2006 is based on Equations 2.7 and 2.8. To calculate the
amount of DOC decomposing to @&hd CQ each year, the model keeps a running
total of the amount of DDOgIn the disposal site, taking account of the amount
deposited each yeand the amount remaining from previous years. A time delay
between deposition of the waste and the start afg@Heration can also be defined.

The amount of CH generated from the DDQCis subtracted from the GH
recovered and Chtbxidised in the cover nterial to give the amount of Giémitted

to the surface of the landfill (IPCC, 2006).

The model can also be run if composition datanot available. It then uses the
singlephase model based on bulk waste where DOC can be a weighted average of
the wastein the landfill. The following equation estimates DOC using default

carbon content values:

DOC=§ (DOG W) 2.9

Where DOC is the fraction of organic carbon in bulk waste, DO@e fraction of
organic carbon in the waste typéfor example thevet weight default value for
paper is 0.4) and Wik the fraction of waste typey waste category (IPCC, 2006).

Depending on the data that is available both options can be used and when waste
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composition is relatively stable, both options give simiauits. However, when
rapid changes in waste composition occur, options might give different outputs.
Both options can be used for estimating the {tergh storage of carbon in harvested

wood products (HWP) in landfills (IPCC, 2006).

CHs emissons arecalculated (equation 2.10y subtracting the CHyas recovered

from the landfill and the ClHoxidised in cover soils.

CH, emitted, = &8 CH,generateq, - R 81(1- OX;) (2.10
G x -

Rr represents the CHiecovered in year T. OX represents the amount of f@h

landfills that is oxidisean cover soils. The default value for OX is zero, however,

0.1 is justified for covered, well managed landfills. Any value higher than 10% must

be justified (IPCC, 2006).
California Landfill Methane Inventory Model (CALMIM)

FOD models have been useds$ereral years to estimate LFG production at landfill
sites. Initially they were used to predict and quantify the potential for LFG
production from a landfill to assess the necessity for a landfill gas extraction system.
Most models however do not includever soils characteristics, seasonal variability

of CHs oxidation rates in cover soils and the effect of gas extraction systems on
CHas profiles in cover soils (Bogneat al.,2014). The California Landfill Methane
Inventory Model (CALMIM) takes all of theabove into consideration when

modelling CH emissions from landfill sites.
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It was originally field validated for California between 200Wl&2010 and then
again in 20142013 which included international sites to significarmtiyprovethe
models applicaliity globally. CALMIM is different from FOD models in that it is

a theoretical prediction of CHemissions based on-Oimensional model
representing CHtransport and oxidation and calculates annuaisgiezific CH
emissions taking into account the vaisoprocesses that have a controlling effect

on emissions from landfill sites.

These include the surface area and properties of the cover materials, the percentage
of gas extraction across the landfill site and the climatic factors that affect seasonal
CHs oxidation in cover soils. CALMIM is freely downloadable at
http://www.ars.usda.gov/services/software/download.htm?softwareid=300

CALMIM conforms to Tier 3 of the IPCC methodology for measuring £H

emissions as is based on measured country specifiapaaters

Based on the site specific information submitted by the user CALMIM will
calculate annual emissions for each cover type and then provide the sum as a total
of annual CH emissions. Due to the fact that both transpod oxidatiorof CHs

is linked to climatic conditions global models TEMPSIM (air temperature
simulation), RAINSIM (precipitation simulation), SOLARCALC (solar radiation
simulation) and STM (soil temperature and moisture model) are linked to
CALMIM. The user can input sitepecific déails on cover types, that is, daily,
intermediate and final covers. A number of materials used for cover can also be
chosen from the model. Cover thickness varies from 2.5 cm to 2.5 m. Default values

can be used if site specific information is not a\ada
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The model calculates GHoncentration using Equation 2.44:

# (" AOA# ( p ™z#1 OAGACA (2.11)

# (" A GsAhe CH concentration in the specific cover type chosen by the user,
CHs pefauttis the default cover concentration basedtlom type of cover material
input into the model and Covera@eis the percentage gas extraction currently in
existence within that cover type (ranging from 000%). If the default value is not
used this equation is not applicable as the user input valugist be applied by

the model. The 30% reduction in emissions if a gas extraction system covers the
surface 100% is a conservative value based on field observations g®paka
2011).Just like other models GHemissions can be calculated with and without
oxidation. Based on the cover type chosen @tidation rate varies from [ig CHa

soir d* (for daily cover) to 20Qug CHs gsoii* d* (for final cover). Based on over
900 laboratory studies conducted focteaover type the CHoxidation rate is
divided into nodes and time specific oxidation rates and is a function of soll
temperature and soil moisture in each node (Figures 2.2 andSp&j et al,

2019).
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Figure 2.2: Effects of sib temperature on Ckoxidation (Spokas and Bogner,
2011).

The California sites used in the initial CALMIM validation showed oxidation rates
of 112ug CHa gsoir* d* 7 644 pugCHs gsoir* d* with an optimal temperature of

27.6°C and soil moisture 683 kPa Spokaet al,2011, Spoka and Bogne011).
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Figure 2.3: Effect of soil moisture content on relative rates ofz©kidation as a
function of soil temperature (A)52C, (B) 540°C, and (C) >40°C (Spokas and
Bogner,2011).
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Model Model ouputs are written directy to Excel companble files for each cover npe
Outputs - - —_ .
Daily Surface CH, With oxidation g CH, m™d™
Emissions .
Without oxidatdon g CH, m™d"
Seil Temperature T
Sedl Maisture Vohmeetric {cm’ cm™)
Air-fillad perosity o’ cm?
Omygen Concentration =
. With oxidation " CH,y
Saoil Nodes CH,
(2.5 o Layer in cower) Concentration Without oxidation Y CH,
CH, oxidation rate g CH, m™g"’
CH, exidation percentage E
Bulk density gem?
Fraction of dme oxidizing 0o 1007 [0-1)
Simmlated Weather Data  Maximum air temperanmre *C
MInirmum air temperaturs =C
Precipitation mm

Figure 2.4: Model output parameters provided by CALMIM. Output can be
exported as an excel spreadshe&pgkas et aR011; Bogner et al, 2014)

Bogner et al(2014) also usedCALMIM to simulateCHs emissiongrom landfill

sitesunder future climate change scenariosing the IPCC Special Report on

Emissions ScenaridSRES:scenariosA2 andB1 for 2020, 2050, and 210!

scenarios showed a decrease in emissions associated with an increase in thickness
of cover used at the sitddowever, the modelled emissions from Cairo showed an
increase for all cover thicknesses mainly due to an increase in temperatures and
decreas in moisture at the sites. This highlights the importance and effectiveness
of cover materials in decreasing £#inissions from landfill sites. In fa¢he study

showed thatertain aregat the site witlonly intermediate cover soilsccounted

for 95% d CHs emissions. Therefore, ensuring that waste is adequately covered for
all climatic scenarios should decrease the potential for future ebtissions

(Bogner et al, 2014)
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Input data

used for modeling LFG

A number of parameters were required as inpiat ihe models. It is recommended

that site specific data be used but when this data is not available model default

values can

values are

be used. However, default values should be used with cauhieseas

set accordingddferent practices anstandads of landfilling of waste

as compared to South Africa.

The followi

=
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ng data is needed:

Landfill latitudinal/longitudinal location

The yearoperationalandfilling began and waste density.

The landfill capacity or aviable airspace at the landfill site&irspace

is calculated from the total tonnage of waste that can be accepted at the
landfill and inclues the volume of cover material that will be used
throughout the life of the landfill.

The annual tonnageof waste disposed at the sited its compositin
including the fradgbn of domestic waste deposited.

Values for k, L, the CH and CQ fractions and the CHoxidation
factor.

Cap andiner details at the landfill sitescluding thicknessporosity
and infiltration rates.

Hydraulic @nductivity ofliquid in the landfill, the absorptive cagty
and leachate recirculation.

Cover material and thickness for daily, intermediate and final covers



1 Percentage of gas extraction coverage at the landfill site

Total annual tonnages ofastedisposed at thiandfill sites wereobtained from the
site operatoras recorded by weighbridges at the.diMaste data foCity of Joburg
landfill sites wereonly available from 2001The total waste (available data and
projected data) was compared to the available ir@ngpairspace for all landfills to

ensure accurate representation of total waste placed.

ThelPCC Waste Modelequires waste data for more than 50 years by default with
the start year of filling set at 195Bor this study, istorical data from 1950 is ho
available as the oldest landfill used in this study opened in 1988. Hfmce
individual siteghe years prioto openingvere zeroed. However, for national LFG
estimates historical data can be estimated proportionally to the growth in
population, econmic indicators or a combination of botlChanges in waste
management policies to reduce waste generation and to promote alternatives to
landfill disposal should be taken into account in the analyis&outh Africa, only

a few landfill sites were operatial since 1950 with very minimal to naxistent

data being available on the operation of the sites. Hence, this study will focus on
emission contribution from landfill sites in operation since 1980 using population

statistics and waste collections tremalsletermine emissions from waste disposal.

Previous studies have found that the waste collected from urban areas in South
Africa is highly variable in composition. Waste collected from relatively affluent
suburbs is typical of that of most developed caast(Fourie and Morris, 2004). A

study by Fourieet al.,(1997) characterised waste streams from a relatively affluent
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suburb (Benoni) and an informal settlement (Wattville). The waste from Wattville

was found to contain a high percentage 01
heating and cooking). The study divided waste streams in South Africa into two
categoriesmamel y o6richdé waste from aff-luent a
affluent areasBuilders rubble is usually used as daily cover mateMalst sites

have a composting area fgarden wastand only a fraction is landfilled.

Landfills used in this study aept waste from both affluent and raffluent areas.
Therefore, a combination of the waste compositans fractions defined bfpCC
Waste Modelas well as waste characterisation studies completed for the City of

Johannesburig used in this study (Figer2.5.

40

35

m

Food Garden Paper Wood Textile Nappies Plastics (other
inert)

N
“v

Median percentage
= N
(%)) (=]

=
Q

v

H September 2014 Waste Characterisation m November 2014 Waste Characterisation

M IPCC Southern Africa Default values Composition used in this study

Figure 2.5: Waste composition percentages accepted at the landfills.

The IPCC default compositions for Southern Africa, as supplied by the model, is

also included for compariso@ap and liner details for the landfills were obtained
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from the Minimum Requirement documents for waste dispos&outh Africa
(Figure 2.6. All permitted landfills are required to follow the guidelines set out in
the Minimum RequirementdJnlined cells & specific sites were considered and

these were included as containing no liner in the model

Waste body
O Layer  _, Gt 150 mm Desiccation layer
Blayer oSl Ll
3 A A O AN IS
AN A A AN 450 mm Compacted clay
B Layer ;/ liner (1n 3x150 mm layers)
B Layer
G Layer *‘:5:::3:323233:3 s 150 mm Base preparation layer
..-i'!“-zd-?d!‘t'.‘uo'?‘;,.‘b
In situ soil
Mt i o Waste body
[SRaE Ry S e S e R = Rl = Sl ) -
A Layer 9a250450505900500059,0 150 mm Leachate collection layer
! 3e2803080525202305050 Y
Blayer [/ /000 000 00
ayel .//;’//;/, s
B Laver A /;//~/// LA
! VAT AN I I,
’C/’/ /,f/ /// = /;/ £ 600 mm Compacted clay
B Laver ///f // “ ;/;// o ;f// ; o /////{/ liner (in 4x150 mm layers)
e -
) I A A Y Ao
B Laver A AN A Ay
C Layer - /\, u/"/ 7 {/U’ u/f L{’ Geotextile layer
. OLO_ 0 0 0 0 0 G 0000 . ; ;
D Layer gggggggrgggggxgggggggg 150 mum Leakage detection and collection layer
Blaver (L ./ 00077, 2/'/’#//,3(/)’:// 150 mm Compacted clay liner

G Layer 150 mm Base preparation layer

In situ soil

Figure 2.6: Liners used at landfills in South Africa. A triple clay layer is used for
GLB landfills (top) ard composite layers including a geotextile layer is used in a
GLB' landfill site (DWAF, 1998).

83|Page



Both default and site specific values were usedkfdr, and the CH and CQ
fractions in all models. Values férwere obtained from the IPCC Guidelines for
Greenhouse Gas Inventories (IPCC, 20@6).0.07 is used for rapidly degradable
waste (food and sewage sludge) &nel 0.04 for slowly degradable waste (paper

and textiles). Chland CQ fractions were assumedie 55%and 45% respectively
based on monitored gas generation data at the sites. The IPCC value of 10% (0.1)

was used to represent the gbxidation factor.

Hydraulic conductivity, absorptive capacity and leachate recirculation were also
obtained fromhe Minimum Requirements (Table 3.Z'hese factors are important
considerations as the flow rate of water and leachate through the liner is dependent
on the hydraulic conductivity and absorptive capacity of the soil. (Pitchel, .2005)
GaSim and CALMIM allowsfor the inclusion of gasecoveryat the sites. The
modek wererun without gas recovery to allow for the comparison with LandGEM
and IPCC that does not allow for timelusion of recovery systems and to compare

to actual gas generation at the sites ftbengas extraction systems installed.
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Table2.2: Model input data used for this studhere possible site specific data is udeefault values are highlighted in yellow.

%

% organic

% gas | vegetation material

Landfill recovery| cover in cover
Weltevreden 24 10 5
Rooikraal 35 20 5
Simmer and Jack 68 40 5
Rietfontein 27 5 5
Robinson Deep 35 5 5
Marie Louise 25 20 5
Ennerdale 0 5 5
Linbro Park 0 70 5
Goudkoppies 0 20 5

Parameters Class B (GLB) Class B (GLB")

Infiltration (mm/yr) 60- 120 601 120

Soil, builders rubble Soil, builders rubble
Cap Type and ash and ash
Daily 0.15m 0.15m
Intermediate 0.3m 0.3m
Liner Type composite (1.2 m) triple clay (0.75 m)
Waste density (t/nf) 0.751 1.1 0.751 1.1
Effective Porosity (%) 1120 1120
Hydraulic conductivity 1 x 10° 1% 10°
(m/s)
Absorptive Capacity (% 1i 5 1i 5
v/v)
Gasfractions | €H4 55 55
(%) CO2 45 45

85|Page




Subsurface gas generation monitoring

In order to obtain gas generation at the landfill sitesraber of subsurface probes

were placed on the boundary of the landfill sitas part of the thesis. A survey
conducted in September 2008 highlighted the rieethe design of the probes to

be changed as most probes at the sites were blocked, damaged or scavenged. The
new probes were developed and installed in 2009. They are perforated allowing for

gas movement and range in depth froi®n along the perimeteaf the site. They

contain no metal and therefore are not atoifdieing stolen for scrap met&igure

2.7).

Drilled hole in ground with
auger filled with =20 cm
building stones
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Figure 2.7: Design of landfill gas probe installed at all sites (left). Right shows the
drilling of holes using an auger to insert probes and monitoring of gas after probe
installation using a hantteld LFG analyser.

Direct readings of gas concentrations (CEC;, O, H2S and CO) are taken using

the GA2000 handheld infrared gas analysdeveloped by Geoted he hand held

86|Page



analyser measureSHs and CO, by dual wavelength infrared celand Oz by
internd electrochemical cellSampling was conducted on a quarterly basis (once
every three months) in accordance with the Minimum Requirements WA
1998). Concentrations were lagy onto a buitin data logger on the analyser.
Twenty-seven probes were installed at Goudkoppies (Figure 2.8), tfigatat
Marie Louise (Figure 2.9, top), thirgne at Robinson Deep (Figure 2.9, bottom),
forty seven aLinbro Park (Figure 2.10, top) and twenty seven at Ennerdale (Figure
2.10, bottom) Distances between probes were determinashsure the entire site

is covered.

Y

DNty =
et 0K v T SN B

Figure 2.8: Location of suburface gas probdastalled along the bounde
of Goudkoppies landfill site (n=27).
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Figure 2.9: Location of suburface gas probes installed along the boundary of
Marie Louise (top), n= 25 and Robinson Deep {bwot), n = 31.
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Figure 2.10: Location of sbsurface gas probes installed along the boundary of
Linbro Park (top) n = 47and Ennerdale (bottomip = 27.
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Flux chamber measurements

To meet the objectives dhe study a number of methods to measure surface
emissions of a landfill surface weoensidered. Emissions can be calculated from
concentration profiles in soil cores; spatially distributed static and dynamic closed
chambers (Bogner and Scott, 1995; Mesirand Lagerkvist, 1997; Cossu et al.,
1997); eddycovariance or micraneteorological methods can give concentration
profiles on top of the landfill from which whole landfill emissions can be
determined (Oonk and Boom, 2000; Savanne et al., 1997); andnrexmants at a
distance from the landfill (using a tracer gas to detect gas plumes) can be used to
obtain emissions from the entire landfill (Czepiel et al., 1996). No one method is
standardised in the literature and each method has its associated advanthge

disadvantages.

The application of three methods (flux chamb&pgen Path Fourier Transform
Infrared SpectroscopYP-FTIR) and a micremeteorological method) to measure
surface LFG emissions at a selected landfill was originally proposed. However,
application of an FTIR became too cumbersome and expensive to implement hence
LFG emissions were monitored using static flux chambers and a mobile caravan,
equipped with ambient air quality gas analysers. This allowed for LFG to be

monitored both spadlly across the landfill surface and temporally.

Flux chambers to measure ¢&hd CQ fluxes measured at the surface of Robinson
Deep and Marie Louise landfill sites wegskaced as presented in Figurd2 A

transect at the Robinson Deep landfill site was choserdiamdal measurements
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were taken at specific points thorough the @@yambers 1 to 7jrom 6:00 to 20:00

over 3 daysto obtain a diurnal pattern of emissions from the surface. This method
was chosen since the chamber covered a very small area on the surface of the
landfill which meant darge number of points waseeded to obtain whole site
emissions. Samples were taken with the passing of a cold front to assess the impact
of decreasing mssureon LFG emissions. Random sampling pofasnducted on

the 27 July 2011 between 10:00 and 16&€pss the landfill site were also taken
including areas where gas waeiktallations had taken place (Chambers 1 to 15).
Random sampling at Marieouise landfill site was also conducté@dhamber 1 to

8, Figure 2.11)However, the data set is incomplete due to an armed robbery that
took place at the site during monitoring, after which it was considered unsafe to

continue sampling at the site. Thealttat were obtained will be presented.

The chamber shown in Figure 2.12 (a) is constructed from stainless steel. It has a
10 cm sharpened base which allowed for it to be knocked into the hard soil at the
landfill site and ensuring that the sample area fufly concealed. Chambers made

from PVC piping were originally used and were unable to seal due to the hard
surface at the sites hence a new chamber made from stainless steel was designed
and constructed specifically for this project. The LFG sampleg taken using

glass syringes with a lock (Figure 2.12 (b)) at 5, 10 and 15 minute intervals. Air
pressure, altitude and temperature were also measured at each sampling point using
a hand held kestrel pocket weather tracker (Figure 2.12Gay.emissionldixes

(3) were calculatedt eactpoint in gim?/dayusing Equation 3.1 as follows:

3 - — (2.12)
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Figure 2.11 Location of flux chambers placed at the surface of the Robinson Deep
(top) andMarie Louise (bottom) landfill sites.
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whereV is the enclosed chamber volunfejs the enclosed areaChit is the rate

of increase in gaconcentration in the chambeith time. The value of the square

of the correlation coefficien&?, for thedC/dt term used in thabove equation is

an importantindicator of data quality and, for this reasd®f, is usedas an
acceptance criterion for emissions measureméresious studies have used an
R2>05i n t he e @ogheyetd, 998) arsl latBf > 0.8 (Bogner et al,
1997. Fourie and Morris (2004) disregarded values Rtk 0.5for previous flux
measurements at landfills in South Africa. This study disregarded all measurements

with R? < 0.9 at Robinson Deep afd < 0.8 at Marie Louise.

Both CHs and CQ emissions were measured using the flux chambers. Measuring
both CH and CQ provides a data set that gives insight intoa@eneration and
oxidation rates. The SRI& Chromatography (GClnit was used to analyse the
samples taken (Figure 2.13)). The GC was equipped with a Restek Packed,
Propak 6feet, 2 mm stainless steel column (Figure 2.13 (b)). An inlet was used to
inject a 2 ml sample into the GC at a time. Helium gas was used as a carrier with a
flow rate of 15 ml/min through the columimhe GC was modified to include a
methaniser which allowed for the measurement of G@ure 2.13 (c and d)). The
methaniser enables the Flame lonization Detector (FID) to detect low levels.of CO

It is packed with a nickel catalyst powder and is he&de880F C with the FID.
Sample temperature was set a® 60When a sample is injected into the GC it
passes through the FID and then through the methaniser which converte CO
methane. Since the conversion of £© methane occurs after the sample has
passed through the column, their retention times are unchanged. Hence during

analysis, methane would be represented by the first peak anolyGe second.
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Figure2.12: (a) flux chamber used to measure £id CQ emissions, (b) sample
taken during monitoring campaign and (c) kestrel used to measure ambient
conditions at each sample

Figure 2.13: SRIGC used to analyse samples collected from flux chambers, (b)
packed column used for analysis (c) specially designed inlet to inject 2ml of sample
(d) methaniser to enable G@ be measured in the sample.
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The spatial distributions of the GHand CQ from the landfills are presented in
contour plots. It is important to recognize that the gas concentratrensnly
correct at the probedther areas are interpolated values calculated using a grid
feature on the program, Surfer, a gbiased contour progranGridding is the
process of using original data points (observations) in an XYZ data file to generate
calculated data points on a regularly spaced grid (in this case, X and Y represents
the latitudinal and longitudinal locations of the probes and Z theetdration of

the gases). Interpolation schemes estimate the value of the surface ahsocatio
where no original data exjdbased on the monitored data values. Surfer grids the
input data and generates the contour map. The kriging gridding methodfen Sur
was used for creating the contour plaisrepresenCHs and CQ fluxes at the

landfill surface.

Ambient air quality monitoring and source apportionment

Ambient air quality monitoring was undertaken using a eotaravan for the
period Mayto August 210 and February to June 20&atthe Robinson Deep
landfill site. Direct surface measurements were conducted in July 2011 and do
not coincide with the air quality monitoring perid@bllutants measured include

SO, NO and NG, O3, CO, PM2.5, HS, BTEX (Benzene, toluene, etlyénzene

and Xylene). CHs and NonMethane Hydrocarbons (NMHC) were also
monitored for this periodMeteorologicalparameters were recorded including
wind speed, wind direction, temperature, solar radiation and atmospheric
pressure. The monitored concentrations of pollutants were analysed and where

possible compared to the South African ambient air quality standards to
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determine compliance and the potential for impact on the environneeehshre

the safety oftie monitoringstation it was placed at City Power cable yanid

the Turffontein racecourse. These sites were also chosen adeuioand health
complaints received from the employees working on the premises. The City
Power offices are directly adjacent (50 metersiftbe landfillboundary) on the
western bordeof the landfill site and the caravan was placed approximately 160
meters from the landfill boundary within the Tfontein Racecourse (Figure

2.14).

Figure 2.14: (a) Mobile caravan set up used at City power and Turffontein
Racecourse, (b)SynspecBTEX GC 955 placed in caravan for continuous
measurements, (c) inlet, rain gauge and weather mast outside mobile station with
Robinson Deep landfill site in the bac&gnd, (d)Synspe€Hs and NMHCAIpha
115analyser and (e) air pollution analysers placed in mobile station for continuous
monitoring.

The opena package within thdR software program was used in this project to
analyse the air pollution and meteorological data collected during the ambient air

pollution monitoring in winter and summebDevelopedas part of aNatural
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Environment Research Council (NER@)oject openar isaimed at providingpen
source software for the analysis of air pollution data. The software is can be

downloaded at http://cranrproject.org/web/packages/openair/index.html.

The software is based on the Conditional Probability Function (CPF) which
calculates the probability that the concentration of a particular pollutant is greater
that a specified value in a given wind sector (Ura@laetxe and Carslaw, 2014).
However, it adds to this method by including the dependence on wind speed for
pollution dispersion using the bivariate polar plot thus providing a new method
termed the Conditional Bivariate Probability Funct{@BPF).This allows sources

to be determined based on their wind speed, for example, buoyant plume emissions
from stacks tend tpeak under higher wind speed conditiovisist non-buoyant
plumes suchandfill sites tend to have highest concentrations under low wind speed
conditions(www.openair Thus openair was used to determine the impact of the
landfill site on the surroundingngironment using the monitored data from the

mobile caravan and comparing it to modelled source emissions.

Results from openaiare compared talispersionmodelled emissions usintpe
Atmospheric Dispersion Modelling Systd®iDMS). ADMS consists of suiteof

models and was developed by the Cambridge Environmental Research Consultant
(CERC) and has been validated against numerous global field data sets. ADMS 4
was used for the air quality assessment in this study. A maximum of 300 sources
can be entered iotthe model where 30 line sources, 30 area sources and 30 volume

sources can be modelled simultaneously.
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Dispersion models require input data including meteorological data (for example
wind speed and direction, temperature, humidity) and emissions ddtaasu
source location and height, diameter and exit velocity, temperature and flow rate.
Terrain also needs to be considered especially areas of complex werretin
would affect wind speed and turbulence, key components for dispersion.
Meteorology is anessential requirement and is the principal fadtor the
dispersion of pollutants in the atmosphere. Important meteorological factors that
directly impact the dispersion of a pollutant include vertical profiles of wind
speed and direction, atmospheriduence and ambient air temperature. Hourly
prognostic meteorological data (including wind speed and direction; temperature,
humidity, precipitation and cloud cover) from the Soithican Weather Service
(SAWS) wereused for the modellingmeasured at ORambo International
airport The landfill sites were modelled as an area source. Predicted pollutant
and dust fall out concentrations are compared to the air quality guidelines and the
possible impacts within associated buffer zones assessed. Bufferazoued

the site at 200m, 500m and 1000m were included in the analyses to justify the

requirement and placement of a buffer zone aidaba landfill site (Figure 2.35
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i .ADMS Receptor

] == ADMS Area Source
&2Buffers - 200m, 500m, 1000m

Figure 2.15: Robinson Deep landfiite. The landfill buffer zones are highlighted
along with the ADMS receptor points and area source (landfill site).

Emissions factors were calculated for all pollutants at the site. The United States
Environment al Protection Agwasusgddte ( USEPA
determine emission rates at the landfille to the model having the highest

emissons thus represeaséengceéeharllicd®426t emi s s
emission factor equation for wind erosifiwom stockpileqapplicable to landfill

site§ and, the PM10(Particulate Mattere g F) mnd TSP (Total Suspended

Particlese g P) meremodelledusing Equation 2.13

0  p& - - (2.13

8

Where s is the silt content (%), p the number of days when rainfall is greater than
(0.25mm) and f the percentage of time that wind speed is greater than 5.4 m/s.

Dispersion simulations of daily average pollutant concentrations were
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undertaken for 2011 and 2012. Dust fall out was simulated by using the dry
deposition module in ADMS 4. prdeposition occurs when pollutants are

transported from the plume to the surface of the ground with a certain deposition
velocity. Background concentrations of the pollutants were not included in the
modelling and therefore predicted concentrations shbelctconsidered as a

contribution to background. As a result ambient concentrations will be higher.
Ambient air quality monitoring data recorded at the site between March and

August 2010 is used to compare to the modelled concentrations.

Landfill gas extraction and utilisation

Currently therearesix operational CDM projects in South Africa consistingesf

LFG extractionand utilisationprojects The eThekwini Municipaly (Marianhill

and Bisasar Road landfill sibedour landfill sites within the Ekurheni Metro
Municipality (Weltevreden, Rooikraal, Rietfontein and Simmer and Jack landfill
sites). Alton landfill site in EmpangertheChloorkop landfillsiteand tvo landfill

sites within the City of Johannesburg (Robinson Deep and Marie Louise landfill

sites).The EMM CDM project will be discussed in detail as a case study.
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Figure 2.16: Location of registered CDM projects used in this study.

The Ekurhuleni Metropolitan Municipality (EMM) has establisheldradfill gas
extraction and utilisation project at four of its landfill sites. The extraction and
utilisation of landfill gas reduces harmful greenhouse gas (GHG) emissions and
prevents explosion hazards at the landfill sites from the accumulation cdmeeth

gas.

Assessment of the potential for LFG extraction and utilisation at EMM landfill sites
began in 2005, with a feasibility study and trial of landfill gas extraction and flaring.
The trial consisted of the installation of two to four gas wells aB@Cant/h flare

at each site, which was monitored for a six month period. This provided an initial
assessment of gas quantity and quality yi€lthe study found that gas extraction

and power generation were feasible and financially viable under the Clean
Development Mechanism (CDM) of the Kyoto Protocol, which would allow for
revenue to be obtained from the sale of emission reductions. The decision was made

to go forward with the development of a LFG CDM Project. The construction of
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the full-scale projecttarted on 29 August 2007. CDM registration was finalised in
February 2011 retrospectively to 26 October 20t@® CDM Project was intended

to be implemented in 2 phases. In phase 1, the LFG will be extracted and flared. In
phase 2, the intention is to ube LFG for power generation and export electricity

to the grid. Phase 2 was commissioned in September 2014.

EMM hasa significant number ofoluntary Emission Reduction8/ERs) and
Certified Emission ReductionfCER9 that were generated iflCommitment
Period) CP1 but have not yet been issudédh e CDM Pr oj ect dés firs
(comprised of all of the VERs generated before registration and all the CERs
generated from the time of registration through 29 February 2012) is currently
underway. Aenor (Spasi Association for Standardisation and Certification) has
been appointed by EMM as tiesignated Operational EntitpQE) to conduct

the verification. There are approximately ¥6Zb VERs and 62 957 CERs that are
being verified. Since project inceptiomission to the atmospheoéa total of 573

494 COze (as at 2February 2015) has been avoided. EMM is currently seeking a
buyer for the carbon credits. A number of local and international entities have
shown interest in acquiring the credits. Emassreductions generated by the
project are expeed to be eligible for use affsets undetheproposed Carbon Tax,

due to take effedh 2017

EMM continuously installs horizontal and vertical gas wells as waste is disposed at
the landfill sites. Design emgeers were appointed for well field design and civil
engineering contractor for the gas well installations. The horizontal wells require

10 meters of waste at a minimum before it can be installed. A further 10 meters
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need to be filled above the well befothe well can be commissioned for gas
extraction.Vertical wells are installed once a cell has reached its final landform
height. Initially five vertical wellswere installed at Simmer arddck, thirty six
vertical wells and twiorizontalwells at Rooikaal, eighteen vertical wells and four
horizontal wellat Welevreden and eightertical wellsat Rietfontein. Thereafter
more wells were installed in five phases over four ye@&as well installations

occurred in Phases as follows:

Phase 1: (May 201l Jan 2012)

17 vertical wells installed at Rietfontein
2 horizontal wells installed at Weltevreden

1 horizontal well installed at Rooikraal

= =2 =2 =2

15 vertical wells and 3 horizontal wells installed at Simmer and Jack
Phase 2: (May August 2012)
i 4 horizontal wellsnstalled at Weltevreden

i 5 horizontal wells installed at Rooikraal

1 1 horizontal well installed at Simmer and Jack
Phase 3: (May August 2013)
i 6 horizontal wells installed at Weltevreden

i 5 horizontal wells installed at Rooikraal

T 4 horizontal well installeat Simmer and Jack

Phases 4 and 5: (MayAugust 2014)

i 2 horizontal well installed at Weltevreden

103|Page



1 2 horizontal wells installed at Rooikraal

i 13 vertical wells at Simmer and Jack
Total gas well installations currentiynaite are provided in Table 2.8dditional
wells will be installed at all sites when sufficient waste is in place to allow for

installations to continue.

Table 2.3: Total gas well installations at EMM landfill sites. Gas well are
continuously istalled as new cells are developed and/or closed.

Vertical wells| Horizontal wells | Knock-out pots
Rooikraal
Phase 1 36 0 7
Phase 2 (A, B) 0 13 3
Weltevreden
Cell 1, 2,3 23 4 6
Cell 4,5 0 13 2
Simmer and Jack
Cell1,2,3,4 38 0 7
Cell5, 6 12 10 1
Rietfontein
Cell ,2,3 25 0 2

Gas wells contain a well head that allows for the well to be controlled and
monitored. Horizontal wells lead to a manifold box where the well can be opened
and closed. Condensate knamkt pots are strategically located at low points in the
systems to al condensate to accumulate @®pumped to the main knoabut

at the flare compound (Figure 2)Y17The condensate is then pumped to the main

leachate pond at the sites. Wells run to the flare via a ring main.
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Figure2.17: (a) Drill rig used to install vertical wells, (b) vertical well installation
into drilled hole, (c) and (d) horizontal well installations, (e) knoci pot, (f) gas
well head and (g) manifold box where horizontal welldseare housed.

Flare systemsvereinstalled at all sites and wefelly operational byDecember

2008 (Figure 2.18 The flare system includes:

1 A gas delivery unii where the gas to the flare and other pseters are
recorded (Figure 2.1&))

1 A burneri to effectively burn the LFG at >50C (Figure 2.18b))

1 A flame arrestoi that controls the lighting of the burners

1 A bloweri to extract gas from the gas wellsspecific pressure (Figure
2.18(c))

1 Actuated louver$ controls air flow tahe flares brners (Figure 2.18&d))

1 A condensate knoe&uti that allows all condensate collected in the system

to drainto a central point (Figure 2.18))
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M Flow meters that monitors and measures the flow of LFG to the flare

1 A backup generatdr that starts as soon as there is a power failuthan

main electricity supply. This allows the flare to operate at all times.

N W

Figure 2.18: (a) Gas Delivery Unit GDU) within the flare compound, (b) burne
(c) blower, (d) louvers, (e) flare and (f) LFG inlet feeding gas to the.flare

The outlet from the blowgrasses through a particulate filteremove any residue

still in the gas. The gas flow is recorded by a flow meter as is fed to the gas delivery
unit. Two gas lines are present, dime allows gas tde diverted to biofuel engines

to produce electricity and another to the flare (for accessaspurners that flare

the LFG are opened upaletection of a pilot flamand is controlled by slam shut

valve. Air flow for combustion is controlled by actuated louve@rganics

Operation and Maintenance Manual, 2007)

Thefocus at present is on LFG utilisation and installation of gas engines at all sites
as new well installations become sufficiently covesgtth waste to allow gas to be

extracted. Furthermore, there is a possibility of using the LFG to generate clean
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biogas (methand)uel t o run EMMés car fleet. A pil
since June 2010 to generate and use landfill gas as a Vielick a closed landfill

site in EMM. There is consideration to expand this project to one of the larger
operational landfill sites to convert the landfill gas to vehicle flibls will be

considered in the renewal process of the CDM registrationvasuild include a

change in the monitoring methodology.

The baseline and monitoring methodology approved for the EMM project is the
consolidated baseline met hodol ogy ACMOO

baseline and monitoring methodology for landfillgagpemct act i vi ti eso.

The methodology ACMO000L1 refers to the following tools which are also applied to

the project:

T ATool for the demonstration and asse
05.2)
T ATool t o deter mi ne project emi ssi ons

me hanedo (EB 28, Annex 13)

T AnTool t o cal cul at e baseline, proj ect

electricity consumptiono (Version 01,

T ATool to cal cul at e emissiomg feomtfossib fuel | e a k a g

combustiono (Version 02, EB 41, Annex

107|Page



1 A ol to determine methane emissions avoided from disposal of waste at a

solid waste disposal siteo. (Version

T ATool to calculate the emi@ersioon f actc

2,EB 50 Annex 19

According to ACMO0001 version llemission reductions are calculated by
subtracting the baseline emissions from the projecsssams in a year (Equation

2.14)

oY 60 00O (2.19

ERy represents the emission reductions in year y in tonnes pe@@valent, BE
represents thbaseline emissions in year y in tonnes of2@Quivalentand Pk

represents the project emissions in year y in tonnes geG@valent (tCQe/yr)

Baseline emissions arelculated as using Equation 2.4% subtracting emission
reductions that the projeptoduces from reductions that would occur in the absence
of the project. It also includes emissions avoided as a result of replacing electricity

from fossil fuelled power plants.

60 0 i ¢Qadhe h "O0wd 00 5 600 ;

0Y: 600; (2.15)

¢

BE, represents baseline emissions in year y in tonnes geQ@valent (tCQe/yr),

MDproject, is the amount of methane that would have been destroyed or combusted
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during the year in thproject scenario (tCkJ, MDgL,y is the amount of methane that
would have been destroyed or combusted during the year in the absence of the
project due to regulatory and/or contractual requirements 4ftGHe Global
Warming Potential GW§u4 value for methae for the first commitment period is

21 (tCQe/ltCHy), ELLrc,y represents the net quantity of electricity produced using
LFG, which in the absence of the project activity would have been produced in
power plants connected to the grid or by arsibe@ or of-site fossil fuel based
captive power generation, during year y (MWh), GkfeLyrepresents the GO
emissions intensity of the baseline source of electricity displacecdt@vh),
ETirc,yis the quantity of thermal energy produced utilizing the ldingtis, which

in the absence of the project activity would have been produced fraitear off

site fossil fuel fired boiler during year y (TJ) and GlfsLyis the CQ emissions
intensity of the fuel used by the boiler to generate thermal emdrigh is displaced

by landfill gas based thermal energy generation {80/@wWh), which is zero for

this project.

The calculations for the replacement of electricity emissions by the project is
provided in detail in the Project Design Docum@DD), which wasapproved by

the Executive Board of the United Framework Convention on Climate Change
(UNFCCC) in 2006. An updated PDD was submitted and approved in October 2014
and can be found attps://cdm.unfccc.ininder Project 3677: Ekurhuleni Landfill

Gas RecoveryProjecti South Africa. Emission reductions for all sites are
calculated using Equation 2.11 using other tools in the methodology. Emissions at

all sites are calculated as flaring except for Simmer and Jack where electricity
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generation was commissioned $eptember 2014. Electricity generation will be

considered from this date when calculating baseline emissions.

Actual gas yields, is analysed and compared to modelled LFG yields for EMM.
Other LFG CDM projects in South Africa are alsegented in the stydOther
landfill sites are used to compare the success of operating a LFGpTajddt in
South Africa, based on tlgas extractiomnalysis as well as a cost benefit analysis
considering the cost of registration, operating and maintaining the project and

verification of emission reductions.
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Chapter 3

Landfill gas emissions in South Africa

Fugitive landfill gas (LFGEmissionsare determined for South African
provinces, the eight major Metro Municipalities and individual landfill
sites using LandGEM, GasSinhe IPCC Waste Model 200&nd
CALMIM LFG estimation models. LFG production (measured using
subsurface probes) at landfill sites in City of Johannesburg and
Ekurhuleni are analysed to determine thes@hrid CQ ratio. CH; and

CO; fluxes from the surface ohé Robinson Deep and Marie Louise
landfill sites are analysed and presented. The global warming potential
of the LFG emis®ns and theicontribution to total Ckemissions in

the South Africa ardetermined.

LFG emissionsestimation in South Africa

The 2012 National Waste &elineReport shows that South Africa generated
approximately 108nillion tonnes of wastef which 59 milliontonnesvasgeneral
waste Generally, he waste generated per capita per day in South Africa is more
characteristic of devefied countries than a deoping country Generation rates

are higher in tgher income groupshan lower income gups (Arendse and

Godfrey, 2010

According to The Gauteng Waste Minimisation Plan (200f)delled waste
quantities dischrged into landfill sies in the province by2020 will be
approximately 6 500 000 tonnes based on current waste quantities and improved

waste minimisation at sourddowever, it is more than likely that this amount will
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be exceeded as waste minimisation strategies are impiedngowly and not very
effectively. For example, the Polokwane Declaration in 2861 targets of 50%
reduction in waste to landfily 2012 with aero waste&o landfill by2022 (DWAF,
2001).These targets have not been met mostly due to the lack ntifhaesources
within local municipalities. The collection of recyclable material is largely an
informal activity in South Africa often being led by reclaimers at landfill sites.
Hence, most waste generated is disposed at landfill sites. LFG emissians wer
estimated for each province in South Africa using the IPCC Waste Model 2006.
The model is based on population and waste generation rates per capita. Waste
generation rates were used from the National Waste Information Baseline Report
published by the Degtment of Environmental Affairs, 2012 (@la 3.1). Waste
collection rateper province was used according to the latest General Household
Survey (StatsSA, 2013) and population statistics were obtained from StatsSA and

projected to 2020 (Table 3.2 and 3.3).

Table3.1: Waste generated per capita per day for each province in South Africa
(DEA, 2012).

Waste generated as
Province kg/capita/day % of total
Eastern Cape 0.31 4
Free State 0.55 3
Gauteng 2.08 45
KwaZulu -Natal 0.43 9
Limpopo 0.28 3
Mpumalanga 1.42 10
North West 0.19 1
Northern Cape 1.50 3
Western Cape 1.85 20

The percentage of househslthat receive weekly waste removal in South Africa

increased from 56.7% in 2002 to 5% in 2013, while the percentagetawfuseholds
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disposing of waste in theawn or communalandfill or disposing of their waste
anywhere has decreased over the past 10 years (StatsSA, 2013). However, the
national statistics do not show the divergences in wastection between rural

and urban areas. Urban areas and metropolitan areas are more likely to receive
weekly waste removal services and hence increase the overall percentage
nationally. In 2013, 91.9% of rural households relied on their own waste remova
and disposal services. The most populated provinces Gauteng &veldtezn Cape

have 91,% and 93% household waste removal coverage respectively whilst
smaller provinces like Mpumalanga (38.2%), Eastern Cap2%@=andLimpopo
(20.2%) have far lower rates of weekly waste collection. Despite the low rates of
waste collection in Mpumalanga it is still the third highest contributor to the total
waste generated in South Africa at 10% behind Gauteng (45%) and Western Cape

(209 (Table 3.1).

Waste fractions and composition used to model LFG emissions are given in
Chapter2. Default waste degradation rates were used in the IPCC Waste Model.
CHs and CQ fractions were determined by the monitoring of subsurface gas probes
at the andfill sites (Figure 3.1). CHs higher than Cg&) showing that all landfill

sites are in the methanogenic phase. The ratinaimum percentage favinter
CH4:CQO; is higher than summer with maximum beidg5:1in summerand
minimum 1.3:1compared tol.93:1 and 1.34:1in winter. An average of 55%
methane (CHCO,, 1.22:1) was usedfor all modelling of LFG emissions for
comparison to previous studi€aimmer and winter percentages in both4GiAd

COe with average summer Ght 58.7% and winter 58.4% whil®O, averaged at

40.5% and 38.1%0r summer and winteespectively.
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Table 3.2: Waste collection percentages per province in South Africa (General

Household survey 2013, StatsSA (2014)).

Removed at | Removed less Dump ot
leastoncea | oftenthan Communal Own refuse | leave rubbish
Province Geotype | weak once aweek | refuse dump | dump anywhere Other
Rural 0,0 0,0 0,0 0,0 0,0 0,0
Urban 95,5 03 2,8 11 0,3 0,0
Western | Metro 93,0 06 6,1 01 02 0,0
Cape Total 91,2 18 5,0 18 03 0,1
Rural 0,1 0,0 0,0 98,0 19 0,1
Urban 751 42 1,0 16,9 0,7 2,2
Eastern Metro 61,9 35,8 0,0 07 12 04
Cape Total 35,2 76 03 54,6 15 0,8
Rural 0,0 0,0 1,6 94,6 3,7 0,0
Urban 85,3 3,1 1,3 28 71 0,4
Northern | Metro 0,0 00 0,0 0,0 0,0 0,0
Cape Total 69,8 24 17 18,8 66 0,7
Rural 0,8 0,0 1,6 735 24,2 0,0
Urban 90,1 21 0,3 31 4,0 0,4
Metro 0,0 0,0 0,0 0,0 0,0 0,0
Free State Total 76,1 18 0,8 14,0 6,9 03
Rural 14 0,8 1,2 925 472 0,0
Urban 724 44 0,0 213 14 0,5
KwaZulu- Metro 86,6 39 0,3 89 0,3 0,0
Natal Total 51,9 31 0,6 825 19 0,1
Rural 325 38 0,9 59,0 338 0,0
Urban 90,1 24 1,2 2,5 38 0,1
Metro 0,0 0,0 0,0 0,0 0,0 0,0
North West | Total 58,1 2,9 11 32,8 51 0,0
Rural 0,0 0,0 0,0 0,0 0,0 0,0
Urban 89,3 29 04 6,5 1,0 0,0
Metro 90,9 0,8 2,0 44 1,7 0,2
Gauteng Total 90,1 1,0 18 52 17 0,2
Rural 74 24 04 84,1 56 0,2
Urban 75,8 29 21 14,1 51 0,0
Mpuma- Metro 0,0 0,0 0,0 0,0 0,0 0,0
langa Total 38,2 27 19 51,0 6,1 0,1
Rural 4,9 0,8 0,6 87,7 57 03
Urban 89,0 2,0 0,5 83 0,3 0,0
Metro 0,0 0,0 0,0 0,0 0,0 0,0
Limpopo Total 20,2 13 09 711 63 03
Rural 6,9 1.2 0,6 86,5 46 0,1
Urban 84,3 2,8 1,0 9,0 2,6 04
Metro 89,2 29 24 42 12 0,1
South Africa | Total 63,5 26 16 292 3,0 0,2
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Table3.3: Population statistics per province in South Africa (StatsSA, 22014).

Number | Number | Number | Number
of of of of
consumer| consumer| consumer| consumer
units units units units
Mid -year | Mid-year | receiving | receiving | receiving | receiving
population | population | SWM SWM SWM SWM
Census Census estimates | estimates | services | services | services | services
Province 1996 2001 Census 2011 | 2013 2014 2011 2012 2013 2014
Eastern Cape| 6302525 6436 763 6 562 053] 6 620 100 6786900 752350, 766347 766131 802073
Free State 2633504 2706 775 2745590 2753200 2786800 526830 563273 628430 655580
Gauteng 7 348423 8837178 12 272 263 12 728 400 12 914 800 2 652 189 2574 182 2 763 184 2 978 735
KwaZulu -
Natal 8417021 9426017 10267 300 10 456 900 10694 400 2 077 319 1442130 1423290 1466 259
Limpopo 4929368 5273642 5404 868 5518000 5630500 363391 384973 412282 425127
Mpumalanga 2800711 3122990 4039939| 4128000 4229300 405734 420509 513075 549 468
North West 3354 825 3669 349 3509953 3597600 3676300 465048 464993 491175 573424
Northern
Cape 840321 822727, 1145861 155900 1166700 211004 215811 221478 227012
Western
Cape 3956875 4524335 5822734 5015900 6116300 1257378 1176 365 1172 648 1184 892
South Africa | 40583573 44819 776 51 770 561 52 982 000 54 002 000 8 711 333 8 008 583 8 391 693 8 862 570
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Figure 3.1: Average CH and CQ (% v/v) measured from subsurface gas probe
along the boundary of the landfill sites in City of Johannesburg (top) and
Ekurhuleni Metro Municipality (bottom) during summer and wiritem 20091
2011.Error bars are given as (+/1 standard deviation).
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The Gautengprovince the smak st of Sout h Adsrhe gests pr ov |
population and waste generation rates per capita within the country and hence has

the highest Cklemissims (Figure 3.2). It also has a high rate of weekly collection

and disposal at 91.1% which means most waste is disposed at landfill sites adding

to overall CH emissions.
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Figure 3.2: Tonnes of Cklgeneratedoer province in South Africa for 2015 and
2020calculated in this studysing IPCC Waste Model 2006.

The Western Cape the fourthargest province in South Africa ahdsthe lowest
unemployment rate in the countrccording to theNational Waste Bselhe
Report (2012) it contributes 20% of all waste generated in the country. The Western

Cape has higher GHemissions thamoth KwaZulu Natal and the Eastern Cape
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despite these provinces having a larger population compared. This is mainly due to
higherurbanisation rates within the &tern Cape with larger rural asg@und in

the other two provinces. As a result, waste collection rates in the Western Cape at
93% far exceed both KwAulu Natal and the Eastern Cape at 42.8% and 55%
respectively.In addition, he Eastern Cape is one ocb&t h Afri cads
provinces with a waste generation raté @1 kg/capita/day and only contributing

4% to overall waste generation in the country. Due to the subtropical climate of
Kwa-Zulu Natal the province has highemaste degradation rates which increases

its overall CH emissions.

In total in South Africa 531 735 tGHannum and 635 20 Hs/annum emission
were predicted for 2015 and 2020 respectively. Using a GWP of 21 fpthH
equates td1 166431tCOxe and B 293 370 tCQe for 2015 and 2020 respectively
and a GWP of 25 gives total emission§ 2839 350C0O,e and 1880 178 tCQe.

A GWP of 21 will be used in this study as all projects have used GWP of 21 for the

first commitment period of the Kyoto Protoc@auteng contributes 49.37% of all

CHs emissions in South Africain20lB.ccor di ng t o DEAGO6s Natio

Gas Inventory in 2010 the tot&HG emissions in South Africa were estimaagd
579256000tCOzeq with MSW contributing15535 000 tCOeq (contributing

2.6% to overall emissions). This study shows that the contribution to greenhouse
gas emissions from the disposal of MSW is lower at 2.8%ure 3.2 highlights

the major economic and social disparities between provinces in South Africa which
affect each provinces contribution to the £#hissions from waste disposal. This

is further highlighted by the Metro Municipalities within the provinces. Three

Metros are within Gauteng, two in the Eastern Cape one in the Western, one in

118|Page



Kwa-Zulu Natal aad one in the Free State. Population statistics for the Metros were

used as given in Table 3.4. The City of Johannesburg (CoJ) has the highest

population as well as highest weekly waste collection rates at 95.3%.

Table3.4: Population statistics for the eight major Metro Municipalities in South

Africa (StatsSA, 200i12014).

Percentage Percentage
of weekly of weekly
refuse Number of | refuse
Population | removal Population | Household | removal
Metro (2001) 2001 (%) | (2011) s (2011) | 2011
City of
Johannesburg 3 226 055 90.9 4434 827| 1434 856 95.3
City of Cape
Town 2 892 243 94.3 3740026| 1068 573 94.3
eThekwini 3090 122 85.7 3442 361| 956 713 86.1
Ekurhuleni 2481 762 87.9 3178 470| 1015 465 88.4
City of
Tshwane 2 142 322 75.2 2921 488| 911536 80.7
Nelson
Mandela Bay | 1 005 779 86.1 1152 115| 324292 82.9
Buffalo City 704 855 71.2 755 200 223 568 70.4
Mangaung 645 440 60 747 431 231921 78.9

Mean waste generation rates per capita were used according to different income

groupsi low, middle and high (Table 3.5).

Table 3.5: Waste generated per capita determined by waste characterisation

studies conducteid City of Johannesburg and South Africa

Waste generation kg/capita/day
Income Level DEAT | Fiehn and| CoJ (Sept| CoJ (Nov Mean
(2006) | Ball (2005 | 2014) 2014)
Low 0.41 0.41 0.99 0.70 0.555
Medium 0.74 0.74 0.91 0.92 0.825
High 1.29 1.29 1.22 1.26 1.275

Previous waste characterisation studies conducted with the City of Johannesburg

showed thakow income households contribli2% of the wastgeneratedmiddle
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income 21% and high income householkig% in the summer (CoJ, 2014).
Although this changes sligl during winter with middle income households
exceeding high income. This is thought to be mainly due to the garden waste
contribution during the summer by high income households (CoJ, 2014). The
highest CH emissions are from City of Johannesburg dbaotmg to over 600
tCHs/annumin 2015 and exceeding TMO tCHs/annumin 2020 (Figure3.3).
Ekurhuleni (EMM) and City of Tshwane (CoT) are fourth and fifth highest
respectively. All thredCoJ, EMM and CoTMetro Municipalities are within the

Gauteng povince.
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City of Ekurhuleni
Ethekwini

City of Cape Town

City of Johannesburg
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Figure 3.3: Tonnes of Ckigenerated within 8 Major Metro Municipalities in South
Africa for 2015 and 2028s modelled using IPCC Waste Model 2006.

The City of Cape Town (CCT) has slightly higleenissions than eThekwini which
can be attributed to the higher waste collection rates in Cape Town at 94.3%
compared to 86.1% within eThekwini. In addition, the subtropical climate and

higher degradation rates also add to the predictege@titsions for efiekwini.
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In total the Metro Municipalities contribute 50.64% of total emissions in South
Africa for 2015 and 52.26 in 2020 (262480 tCHsannum and
303317tCHsannum) respectively. Using a GWP of 21 for {aHis equates to
5512 080 tC@e and 6 36%61 tGD.e for 2015 and 2020 respectively, with
2846170 tCOe emissions from the three Metro Municipalities in Gauteng
province only(i.e. City of Johannesburg, City of Tshwane and Ekurhuleni Metro
Municipality). Gauteng accountior 48.36% of all CHs emissionsfrom waste
disposal amongst the eight Metro Municipaliti@se results, showing that Metro
Municipalities make a significant contribution to emissions,iagécative of the
vast disparities in waste disposal between urban andiri@m areas in the cotp.
Vanyaza(2014) modelled emissions from seven municipalities in South Africa and
determined the tot@missions fronMSW to be between 00000 tCQe in 2015

and6 500000tCOzein 2020.

To assess the contribution of individual landfill sites topitezlicted CHemissions

and to investigate exactness of the IPCC Waste Model in calculating emissions the
LandGEM andGasSimLFG estimation models were used in comparison. These
models allow for individual landfill s#s to be modelled and abased on waste
tonnages accepted at each site from opening to closureeqissions at four
landfill sites in the CoJ and four within EMM were predictd@nnages are
recorded byweighlridges at the site entrance. When weighbridges are not
functional wase volumesare determined by theumber of vehiclegntering the

site and associated volumes calculated thus increasing levels of uncertainty.
Weighbridges within CoJ were often not functional whilst EMM weighbridges

were fully functional throughout the gewith minimal downtime for maintenance.
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Thus, tonnages from EMM are fairly accurate and have a high level of confidence.
Exact volumes from 2001 were available and tonnages were projected backward
(using an average 2% growth ratieppen year for eachndfill site as required by

the models (Figure 3.4).
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Figure 3.4: Waste tonnages accepted at Ekurhuleni Metro Municipality landfill
sites.

Default waste degradation rates were used for all models. GasSigmsass
degradation rates for dry, average and wet climates and further breaks it down into
slow, moderate or rapid decomposition rates based on different waste fractions
(Table 3.6). For example, in a dry climate, garden and food waste decompose at
high raes once disposed at a landfill site and have 100% rapid degradation applying
a CHs generation rate constakof 0.076 whilst textiles would decompose slowly
at ak value of 0.013Whereas only 75% of the paper fraction of the waste will

degrade slowly atk of 0.013 (in a dry climate) and the remaining 25% will degrade
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moderately at & of 0.046year’ (in a dry climate)This differs to LandGEM which
assumes a single degradation r&te (.04 in this case) and IPCC which assumes
100% degradation of individual waste fractions at a gkrealue. Highek values

result in highelCH4 generation from the landfill

Table 3.6:CH4 generation rate constant kyear!) values used for GasSim.
Degradation rates are provided for slow, moderate and rapidly degrading waste

per fraction.

GasSim Dry Average Wet
Slow 0.013 0.046 0.076
Moderate 0.046 0.076 0.116
Rapid 0.076 0.116 0.694
Slow (%) Moderate(%) Rapid(%)
Paper 75 25 0
Wood 25 75 0
Textiles 100 0 0
Disposable Nappies 0 100 0
Garden waste 0 0 100
Food 0 0 100
Plastics/non degradabl 100 0 0

PredictedCHs generationfor all landfill sites is shown in Figure 3.5 and 3.6.
PredictedCH4 generatiorusing LandGEM is higher that both IPCC and GasSim.
This is attributed to the model applying a singlealue for all waste degradation
and bat the waste volumes entered aret separated into different waste
compositions. Nevertheless, tG#ls generatiorusing the IPCC Waste Model is
only slightly lower than LandGEM. This is expected as despite the waste being
divided into fractions with assigné&¥aluesin the IPCC Wast&lodel, the average

kis 0.045for all waste fractions using the defakikalues in the model.
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Figure 3.5: Comparison of Cklemissions per annum from landfill open year to 2030 usi@ estimation modeld.andGEM, IPC(
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LFG estimations compared toactual gasyields

To assess the applicability and exactness of the LFG estimation models in
predicting CH generation from landfills in South Africdhe estimated CH

generation was compared to actual gas yields from gas extraction systems. Six of
the eight landfill sites used in the study have gas extraction systems installed at the

sites with vertical and horizontal wells installed in different psg3able 3.7).

Table3.7: Vertical and horizontal well distribution at all landfill sites.

Landfill Horizontal wells Vertical wells
Robinson Deep

Cell 1,2, 3 4 65
Marie Louise

Cell 1 0 28
Rooikraal

Stage 1 0 36
Stage 2 Aand B 15 0
Simmer and Jack

Cell 2,3and 4 3 38
Cell5and 6 10 12
Weltevreden

Cell 1,2 and 3 4 22
Cell4 and 5 17 0
Rietfontein

Cell 1,2 and 3 0 25

It is also important to note that the coverag¢hef extraction system is not 100%
at all sites. In fagtthe highest percentage of coverag8&iimmer and Jack at 68%
(Table 3.8) and the landfill has reached capacity for well installations. Hence, taking
that into consideration current LFG yields were projected to an assumed maximum
coverage at 70% to for all sites to assess model functionatitgverage of the gas
yields predicted by LandGEM, IPCC Waste Model and GasSim was calculated for

each year (relevant to each landfill site) and compared to actual gas yields.
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Table3.8: Percentage coveragef gas extraction systeat landfill sites.

Coverage of | Coverage of
Gas Gas
Total Current Gas Extraction Extraction
Landfill Footprint | Extraction | (Total (Current
Footprint | In Use Area Footprint) Footprint)
Weltevreden | 1130373 | 585918 272 384 24% 46%
Rooikraal 1007 214 | 644578 351 331 35% 55%
Rietfontein 451 127 306 095 121 216 27% 40%
\?&'ﬂ"er and | 450382 | 450382 | 305834 68% 68%

Average LFG flow rates at Robinson Deep were above 160 and gradually
decreased to 500°%hr between May 2013 and May 20T%is decrease could be
attributed to the initial residual gas build up extracted from the site as the gas
management system was commissiond€s yields at current 35% coverage is
well below predicted average gas flows for the same period for LandGEM, IPC
Waste Model and GasSim. However, considering a 70% coverage LFG yields are

above CH generation predicted by GasSim (Figure 3.7, top).

Marie Louise actual yields average below Bhr at 25% coverage. Even at
projected 70% coverage monitored gas flaneswell below predicted rates by LFG
estimation modeldut falls closely to predicted yields by GasS{RFigure 3.7,

bottom).

Gas welsare progressively installed at EMM landfill sites as waste is disposed and
sufficient for new installations. All vedal and horizontal wells have been
commissioned at the Simmer and Jack landfill site and the landfill has reached
capacity at 70% coverage. LFG yields have increased over the years peaking at
2000 ni/hr. As newly installedindividual wells are openednd gas extractedt

adds to the overall gas yielded at the sltee landfill is also reaching closure
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forecasted in 2018 and therefore it i
LFG generation potential. LF@elds between September 2014 il 2015 are

above CH generation predicted by GasSim (Figure 3.8, top).

Actual LFG yields at the Weltevreden landfill siteiqure 3.8, bottom) areell

below predicted generation for all models at current 50% coverage and projected
70% coverage. CHyields peak at 800 fhr and average at 500°nr. Actual gas
yields at 55% coverage and projected 70% coverage for Rooikraal are above
GasSim predicted yields from July 2014 (Figure 3.9, top) this is attributed to the
commissioning of newly installed well$ the site resulting in higher gas vyields.

Rietfontein is well below all predicted flow rates (Figure 3.9, bottom).

The LandGEM and IPCC Waste Model over estimate Ga¢heration at all sites
whilst GasSim is the closest estimation to actual gas yields at the sites. Since the
GasSim model takes into consideration the differing decomposition rates for waste
fractions, that is, it allows for certain percentages of théenstseam to decay at a
later stage, it more accurately predictss@dneration through the life of the waste
disposed at the landfill siteShompsonet al, (2009) compared estimated £H
generation (usingserman EPER, TNO, Belgium, LandGEM, and Scholhyoe
models) to actual gas yields at 35 landfill sites in Canada. The study showed that
The Belgium, Scholl Canyoand LandGEM models produced the best results of
the exising models with respective meaisolute errors compared to methane
generation ratesf 91%, 71%, and 89% at 0.880C; and 171%, 115%, and 81%

at 0.77 DO& LFG estimation models should be used for regulatory purposes and

to provide an indication ohe potential for LFG emissions.
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Direct emissions from the surface Iadfill sites

Direct emissions from the landfill surface at Robinson Deep and Marie Louise were
determined using flux chambers placed at specific points across the landfill surface
(as shown in Figure 2.11, in Chapter 2).4@Hd CQ emissions were calcukd at

each siteAll measurements were on landfill cover soils with no vegetation cover
presentCHs andCO; emissionsvere generally low at both landfill sites, however
emissions were higher at Marie Louise tiRobinson DeepCHs emissions at
Robinson Deep peak &t17 g/n?/day (Figure 3.10(a)) whilst the highesCHa
emission measured at Marie Louise V@44 g/n?/day. These emissions are low
compared to previous studi€shanton and Liptay (200@easuredCHs emissions
betweer00g/n?/daythrough a mulch soil cover and 90@r?/daythrough a clay
cover.Fourie and Morrig2004)measured ClHand CQ fluxes at four landfill sites

in South Africa. Measured fluxes in the study rangetiveen-45 g/m?/day and
638g/n?/day during winter at an operational landfill sitMean fluxes measured

by Fourie and Morris (2004) rangdxbtween12.7g/m?/day and 56.5/n?/day,
higher than fluxes measured during this studgwever, Bogner and Matthews
(2003) usinga limited number of whole landfill CHemissions measurements in
Europe, the United States, and South Afgbaw CHs emissions variationgom

0.03 to 0.3 g/rf/day.

Random sample CHemission fluxes range betwedh0024g/m?/day and 0.0338
g/m?/day, hghlighting the spatial variability of CHemissions across the landfill
surface.Bogneret al, (2011) showCHs emissions can vary over8orders of

magnitude during a single field campaign. Emissions can vary due to differences in
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waste amounts, age armbmposition in different parts of the landfill, hence
emissions vary greatly over the surface over a few meters as describadjblar

and Rovers (1973), Christensen and Kjeldsen (1996) and Morris (2001).

The low CH and CQ surface fluxes could be atiuted to the slow degradation of
waste at the surface of the active cell. The waste degrads#scadlly and reaches
methanogerss at a later stage or once another layer of waste is disposed above.
High oxidation rates of CHn cover soils to C@also result in lower emissions to
the atmospére. Methanogerses is reached within the landfill site as shown by the
LFG extraction rate\ study measuring CHand CQ fluxes at a municipal landfill
site in Argentina found no C+emissions and C{emissons between §/n?/day

to 214 g/mP/day (in 50 sample points) and 3fm?/dayto 331 g/n?/day (at 107
sampling paits).The study found that the shallow waste placeraedinsufficient
compaction of the waste resulted in aerobic waste decomposition atndaste
degradation underwent anaerobic oxidation and never reached methesigen
(Sanci and Panarello, 20120, emissionsare higher than CHemissions at both
sites ranging betweeR.87g/n?/dayand13.27g/m?/day at Robinson Deep (Figure
3.10, (b)) This compares well with Fourie and Morris (2004) which also found that
CO emissions were higher than €Emissions at all four sites used in the study.
The higler CO, emissions relative t&€Hs emissionscould be attributedo CHa
oxidation in cover soilshowever this was not determined in this stuehgvious
studieshaveshown that oxidationof CHs at some landfill sitesanbe between 30
and 100%Bogneret al.,1995; Mancinelli, 1995; Czepiel al.,1996a; Whalert

al., 1990 Christophersoset al.,2000).
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Figure 3.10: CH4 (a) andCOz (b) flux emissionst Robinson Deep landfill site.
Flux chamber locations are highlighted and numbersithgblack triangles.

Flux emission rates measured during the passing of a cold front were higher than

under normal climatic conditions. Maximum flux was measur€2&79g/né/day

134|Page



at Robinson Deep during a passing cold front (Table 38is isconsistent with
previous studies which measured landfill £émissions during a passing cold
front. Cziepelet al., (2003) show that a barometric pressure decrease of 10 hPa
causes a tripling of the GHemissions from a landfillAtmospheric pressure
measuements taken show an average decrease of approximately 8 mbar during a
cold front. Thus resulting in an increase in pressure gradient betweenvithin

the landfill and the atmosphere.

Table 3.9: Overall CH; emission fluxes measured Robinson Deep and Marie
Louise landfill sites.

Cold front

measurements

at Robinson

Robinson Deep | Deep Marie Louise

Sampling points 22 8 6
Atm pressure (mbar) 83871 841 830- 833 838- 841
Temp (Degrees Celsius) 127 18 5-20 7-11
Vegetation cover None none none
CHa4 emissions(g/m?/day)
Range -0.0024i 0.1762 | 0.0007i 0.2579| 0.0005i 0.4414
Std dev 0.0527 0.1436 0.1727
Mean 0.0242 0.0925 0.1084
CO:2 emissions(g/m?/day)
Range -2.8720i 13.2757| 0.3159i 6.5732| -0.6084i 22.3700
Std dev 3.0772 3.0267 8.0377
Mean 2.1965 2.0413 5.0067

Flux measurements are lowghen compared to CALMIM emissions estimation
model. CALMIM does not atlw for negative fluxes and therefore negative fluxes
measured lie outside the predicted gsmons by the modeThe model was run
usingdefault andsite specific weather data (maximum and imimm temperature
and rainfall)(Figure 3.1). It shows the warmewyetter summer months and colder

drier winter months. Asadt al, (2013) measured surface emission fluxes from
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landfills in Australia and found similar patterns. CALMIM modelled high surface
CHas emissions in wintetGas recovery wascluded in the model ruat 10% since

the extraction system covered approximately 10% of the landfill at the time
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Figure 3.11: Measured meteorological data from the OR Tambo International
airport compeed to modelled data used by CALMIM.

Emissions estimations from CALMINt the Robinson Deemndfill site using
default weather datajary between 1.1d/né/day and 2.28y/mé/day for daily
cover, 72.61 g/m?/day and 130.23g/n?/day for intermediate cover dn
3.73g/mP/day and 59.94/n?/day for final cover soildUsing site specific weather
data the emissions predicteld not vary much from emissions using default
weather data andre between 1.2¢/n?/day and 1.98/n?/day for daily cover,
55.91g/m?/dayand 130.33g/m?/dayfor intermediate cover and 5.52?/day and

55.92g/mP/day for final cover soil§Figure 3.11)

136|Page



2.5

2
1.5

1
0.5

0 | |

J F M A M J J A S 0 N D
Daily Cover

140

120

100
8
6
4
2
0

J F M A M J J A S O N D

Intermediate Cover

1 F ] A S O N D

M A M I

o o o o

STDEV Clémissions with oxidation (g/rr21/day)

70
60
50
a
3

=N
o o o © ©

Final cover

B CALMIM Default Met m Site Specific Met ® Measured fluxes

Figure 3.12 Modelled flux monthly emissions using CALMIM compared to
measured flux emsgons at thdRobinson Deep landfill sitdleasured emissior{s

July and Augu$tare comparable to emissions associated with daily cover and are
much lowercompared tantermediateand finalcover soils

Emissions measured at the surface of the landfill are comparable to emissions

associated with daily cover soils. Intermediate and final cover soil emissions are
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much higher. Standard deviation for fluxes measured at the landfill site was
0.0600g/n?/dayfor the month of August and the modelled esiua fluxes are 1.13

g/m?/day.

Emissions estimatedsing default weather data the Marie Louisdandfill site

vary between 1.1§/n?/day and 2.184y/n¥/day for daily cover, 73.78/né/day

and 132.45/n?/dayfor intermediate cover and 4.981/dayand 48.68y/m?/day

for final cover soilsUsing site specific weather dataetemissions range between
0.93g/m?/day and 2.2%/n?/day for daily cover, 36.83)/n?/day and 1512
g/m?/day for intermediate cover and.16g/m?/day and 48.44/mé/day for final

cover soils (Figure 3.12). Gas management was not included in the model run as an
extraction system was not present at the site at the time flux measurements were

taken.

The model showkigh seasonal variabilitypisurface emissions with oxidation and
without. According to Bogneet al, (2014)seasonal variabilitpf CHs emissions
can extend -3 orders of magnitude over ardividual corer material at a specific
site. This is highlighted by CALMIM where there drigher emissions in winter
and lower emissions during the summer with oxidatibn.total, modelled
emissions from the landfill are 16 times higher (gsiaily cover soil) at
235845kg/year compared to measured emissions ftben surface equating to

14237kglyear.
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Figure 3.13: Modelled flux monthly emissions using CALMIM compared to
measured flux ensgons at the Marie Louise landfill site. Measurdissions are
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The low flux rates measured by Fourie and Morris (2004) resulted in a conclusion

that waste in semarid South Africa degrades sity and thus hindering gas
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production. This studgupports the findings by Fourie and Mor(&004) finding

that CH, and CQ emission fluxes to the atmosphere are very [bhe low CH

and CQ surface fluxes could be attributed to the slow degradatiovesfe at the
surface of the cell. The waste degradeslaieally and reaches methanogeiseat

a later stage or once another layer of waste is disposed above. These results
highlight the risk in usingtheoretical models in estimating emissions without the
consideration of site specific characteristics such as cover material, climatic
conditions and site specific Gldxidation rates in cover soils. This is critical when
determining the contribution of landfill emissions to natioigreenhouse gas
inventories As shown in this studyhé current IPCC Waste Model used to
determine national emissions from the waste sector over estimates the contribution
of landfill emissions, sometimes by as much &/& when compared to actual gas
extraction rates at individuddndfill sites.LandGEM and GasSim over estimate
between 60 % and 30% respectively. In addition, the low flux emissioreeto t
surface show that methanogseiseoccurs at a slow rate and the low fluxes could
also reflect higloxidation rates of Ckin cove soils to CQ. This study also shows
thatlandfill gas management systems aid in dasing enssions to the surface and
thatdespite the serarid environment, sufficient gas is produceatbeit at a slow

rate)for the implementation of LFG extractiondaatilisation projects.
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Chapter 4

Air quality assessment and the pollution potential of

landfill sites

Air dispersion modelling of hazardous and odorous pollutants was
conducted for the Robinson Deep landfill site. BTEX (Benzene,
Toluene, Ethybenzene aniylene), BS, Particulate Matteand Total
SuspendedParticles were modelledusing Atmospheric Dispersion
Modelling Systen{ADMS). The modelled concentrations of pollutants
arecompared to ambient air quality standards to determine compliance
and the potetial for impact on the environment. Mre possible the
modelled concentrationare compared to the ambient air quality
monitoringthat wasconducted at #hsite from May August 2010The
openair paf®kagef ti wa riscaseg tGarmglysa the
ambient data and assess whether the Robinson Deep landfill site is a
significant contributor of pollutants in the ardResults fronopenair

are compared to dispersionodelled emissions using ADMS

Dispersion of major pollutants from landfill site

To corduct thebaseline assessment of the Robinson Deep landfill site a review of
meteorological conditions and existing ambient air quality in the aras
conductedThe Robinson Deep landfill site was modelled as an area source using
ADMS. Receptors and buffeones ( at 200, 500 and 1000 meters) were included
in the modelling to assess how far the pollution and odours extend from the site and

what buffer zone is effectivesée Figure 2.15 in Chaptey. 2

141|Page



Dispersion models require input data including metegichl data and emissions

data such as source location and height, diameter and exit velocity, temperature and
flow rate. Meteorology is an essential requirement and is the principal factor to the
dispersionof pollutants in the atmosphendourly meteoradgical data (including

wind speed and direction; temperature, humidity, precipitation and cloud cover)
from the South African Weather Service (SAWS) forltrelfill sitelocation were

used for the modelling.

Meteorological overview at the landfill site

wind roses summarize the occurrence of winds at a location, representing their
strength, direction and frequency. Calm conditions are wind speeds less than 1 m/s
which are represented as a percentage of the total winds in the centre circle. Each
directionalbranch on a wind rose represents wind originating from that direction.
Each directional branch is divided into segments of different colours which are
representative of different wind speeds. For the current wind roses, each circle
represents a 3% frequgnof occurrence. Wind speed classes are represented as

0.57 2.1 m/s (grey), 2.1 3.6 m/s (yellow), 3.6 5.7 m/s (red) > 6 m/s (blue).

During 2011, winds originatepredominantly from the norttvest (13%), north
east (10%) and soutast (86) (Figure 4.). Wind speeds are generally moderate

winds frequently exceeding 4 m/s. Calm winds occur 0.92% of the time.
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Figure 4.1: Surface wind rose from the meteorological data at Robinson Deep
landfill sitefor 2011

The seasonal pattern (Figure 4shows winds between December and February
are predominantly from the northest (13%), nortinorthreast (10%) and south

east (9%). Winds are slow to moderate, with a large percentage of winds between
27 4 m/s. Between Mrch and May; winds are predominantly from the nevést

(15%), northnorth-east (11%) and the soud#ast (9%).Winds are slow to
moderate, with a few winds exceeding 6m/s from the negst. Between June and
August, winds are predominantly from the s¢wvaast (19% of the time), a small
percentage occurs from the noewtiest (8% of the time). Winds are moderate;
however, there is an increase in winds exceeding 6 m/s. Between September and

November the predominant wind pattern is again from the ‘mantt-east (18%)
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and northwest (16%). Winds are faster with winds from the novést exceeding

6 m/s.
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Figure 4.2: Seasonalwind roses from meteorological data at Robinson deep
landfill sitefor 2011

A distinct diurnal signature isvident at the site (Figure 4.3Between
00:0071 06:00, winds are generally calm to moderate originating predominantly
from the soutkeast (15%) ad northeast (10%). Wind speeds increase between
06:001 12:00 with a shift in the wind field to predominantly newtlesterly (18%).

An increase in wind speed is observed during this period with winds frequently
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exceeding 6 m/s. Winds remain noviestery (26%) in the afternoon
(12:001 18:00). In the late evening (18:0@4:00) winds are predominantly from

the northeast and south east, 13% and 10% respectively.
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Figure 4.3: Diurnal variation of winds at th&obinson Deefandfill sitefor 2011,
between 00:00 06:00 (top left), 06:00 12:00 (top right), 12:0G 18:00 (bottom
left) and 18:00i 00:00 (bottom right). Winds are highlrariable and increase in
speed throughout the day.
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Air quality standards

Ambient ar quality standardighlight the maximumambient concentrations of
pollutants which are not to be exceeded within allowable frequencies for
exceedance per pollutardiiring a specified time period usually as 24 hour or
annual averageshir quality standards and guidelinaseimportant to effectively

manageair qualityin an area as it prescribsafe exposure levels ftiie majority

of the population.

The standardcensurs that negative impacts to health and the environment are
prevented Ambient air quality standards have been issued by the Department of
Environmental AffairdDEA) for several pollutants. Air quality standards for the

pollutantsrelated to this stly areprovided in Table 4.1

Table4.1: South African Air Quality StandargSANS 1929:2011and World
Health Organisation guideline**

. . Concentrations
Pollutant Averaging time
ppb €eg/ m3

Benzene** Annual 1.6 5.0
Hydrogen Sulphide** 24 hour 1005 150

Annual - -
Particulate Matter*  |-22110UrS - 75.0
Annual - 40.0
Total Suspended 24 hours - 300
Particles* Annual - 100

Both modelled and monitored pollutants are compared to the air gstalitglards
to measure compliance and the impact on human h&hkh9" percentile is used

for comparison.
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Dispersion of odorous emissions

Hydrogen Sulphide (H:S) emissions and odour impact

As a rational standard has not been established $8r Eompason is made with
existing international guidelines/standards. The World Health Organisation (WHO)
has recommended a dailverage guideline value of 1®@pb. Ambient HS
concentrations recorded during the monitoring campargngenerally below the
WHO gquideline with a maximum concentration28 ppb Hourly averagepeakat
178pph The diurnal signature ofd3 shows a distinct pattern. Peak concentrations

are recadled in the afternoon (Figure 4.€£orcentrations also peak mideek.

The landfill site isthought to be a major source obFin the area. This is in
agreement with subsurface concentrations monitored at the landfill site showing
high concentrations of # (Figure 4.5). Average subsurfaceSHconcentrations
peak during summer at 5000 ppb. Hagncentrations were mainly recorded along
the northern and nortbastern boundary of the landfill site. However, most probes

had a zero detection of,H

To determine the impact from the landfill buffer zones were used at ZI0m

and 1000m around the landfill boundary.
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Figure 4.4: Ambient HS concentration§ppb)recorded at the mobile caravan between May and August ¥0d€kly concentrations
are shown on the top graph, showing midek peak in concentrations. Hourly averages show a diurnal cycle with peak concentrations
at midday and early evening.
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Figure 4.5: SubsurfaceH>S concentrations as measured at subsurface probes at
the Robinson Deep landfill sitdstror bars are given as (+/1 standard deviation).

Predicted pollutant concentrations for.SH are given in Figure 4.6H>S
concentrations aneell belowthe 24 houaverage air qualitguideline Maximum
concentrations are predicted within the 200m buffer zone and do not exceed 14 ppb.
H>S concentrations were used as the primary contributor to odour at the site for the
modelling. The concentrations were used to cateubdour units (OU). Table 4.2,
taken from the Department of Environmental Affairs: State of Air Report (2005)
highlights odour thresholds by smaticognition(using an odour panel). The most
recognisable element of.H is its foul odour. firestolds aredivided into a 50%

and 100% recognitiolevel (DEA, 2005). However, due to this determination of an
odour by the human nose tbdour thheshold data can vary significantly based on
different methods used and the change in smell recognition from perserstm p

(DEA, 2005).
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Figure 4.6: Predicted daily HS concentrations (ppb) at Robinson Deep Landfill.
Concentrations of k6 are fairly low and do not exceed tiéHO air quality
guidelinedfor the averaging period.

Odour modelling was considered due the fact that the air quality assessment was
initiated solely based on the number of complaints of odour received by residents

and businesses from the residential and industrial areas surrgtimeliandfill site.

Table 4.2 Odour threshold values for common
State of Air Report 200%sed to calculatedour units for modelling (OU/f

WHO
- Other o
Odour recognition guideline
Pollutant odour
thresholds value (30
thresholds .
min)
100% 50%
recognition | recognition
Ammonia 500
Hydrogen Sulphide 1430 11.2 4.29 7
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Buffer zone determination is given in Table 4.3. 50 OU/n? is used for buffer

zone determination.20 OU/n? are areas of significant annoyance.

Table4.3: Odour nuisance impact determinatiantheRobinson Deefandfill site.

Low Medium- Medium-High High Impact
Impact Low Impact Impact 9 P
0-5 0U/m3 | 5-100U/m3 10-29 OU/m3 >20 OU/m3

Point of significant

Target range annoyance toa | Point of significant

for gas Buffer zone . . .
... | sizeable minority | annoyance to a majority
managemen determination :
of the exposed of the exposed populatio
purposes :
population

Due tothe fact that the landfill site was operational before the surrounding areas
were developed, there is currently no buffer zone around the site. Industry and
business complexes are situated directly adjacent to the site. The modelled
dispersion shows the odr impact from the landfill to be significant (Figure 4.8).
Maximum concentrations from the landfill site are predicted within the 200m buffer
zone. The odour dispersion shows that a buffer zone greater than 500m is required
at the landfill site toward$ie southeast. A number of residential areas are situated

in this area and are exposed to odour nuisance from the site.

Sarkaret al (2003) used dispersion modelling to determine the odour impact from
a landfill site in the North London and also foundrh@pncentrations greater than

20 OUM? percentage however these occurred at low frequencies.
Roebucketal. (2004) showed that odours were strongly detected between 100 and
1000 OU/n? at the Bisasar landfill sitied South Africa highlighting thsignificant

impact of the landfill to odour nuisances in the environment.
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Figure 4.7: The predicted odour impact at Robinson Deep Landfill. The odour
dispersion shows that a buffer zone greater than 5@0required at the landfill

site towards the south east. A number of residential areas are situated in this area
and are exposed to odour nuisance from the site.

To determine if the landfill site is the only source ofSHn the areahe openair
package oft h e pfo&a@mme which is based on the Conditional Bivariate
Probability FunctiofCBPBH was used. It aculates the probability that the
concentration of a particular pollutant is greater that a specified value in a given
wind sector including the depagence on wind speed for pollution dispersion using
the bivariate polar plafUria-Tellaetxe and Carslaw, 2014)aéh bin represents a
percentile hence tihe are 9 bins from 10% to 100% hence values b&@% is not
representedn the plots. TheCBPF for HS shows the highest probabilities of
largest concentrations (22100 ppb) originate from the northest sector with
lower occurrences from the centre and sewdst (6.2i 9.6 ppb) (Figure 4)8
Hence, there is a definite additional source from the neett contributing to

odours at the site. There are a number of industries and tailings dams in the north

152|Page

























































































































































