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Abstract 
Landfilling of biodegradable organic waste results in the generation of methane (CH4), 
along with other gases. If the gas is not collected through a recovery system, it will migrate 
through pores in the landfill cover and be released into the atmosphere, where it 
contributes to the global greenhouse gas budget. This study presents the first direct 
measurements of CH4 emissions from Icelandic landfill surface-covers. The main objective 
was to obtain evidence on the occurrence and scale of CH4 emissions at two Icelandic 
landfills, as well as the spatial variability of CH4 emissions over their surfaces. Gas flux 
measurements were conducted with a portable static chamber at two landfills, 
Kirkjuferjuhjáleiga and Fíflholt, in fall and winter 2012-2013. Data was statistically 
analyzed and showed that average CH4 emissions from the surveyed areas were 68 g m-2 
day-1 from 65 measurements at Kirkjuferjuhjáleiga and 3 g m-2 day-1 from 54 
measurements at Fíflholt. The results confirmed that CH4 emissions were not uniformly 
distributed, but rather heterogenous over the surveyed surfaces. Spatial variability was 
however more distinct at Kirkjuferjuhjáleiga than at Fíflholt, especially on a small-scale 
grid with 1.5-2 m between measurement points. Higher CO2:CH4 ratios in landfill gas 
emissions than the CO2:CH4 ratio in landfill gas from monitoring-wells, confirmed that 
oxidation was taking place in the cover at both landfill sites. Analysis of the landfill cover 
soils suggests that the cover at Fíflholt is more adequate for CH4 oxidation than the cover 
at Kirkjuferjuhjáleiga, mainly due to coarser soil texture, allowing for greater oxygen flow 
from the atmosphere into the soil. Conditions for CH4 oxidation were therefore assumed to 
be better at Fíflholt. Meteorological data showed that the intensity of average annual 
precipitation at Kirkjuferjuhjáleiga was almost double the intensity at Fíflholt in the 
previous years. It is suggested that greater precipitation at Kirkjuferjuhjáleiga may have 
enhancing effect on CH4 generation inside the landfill and inhibiting effect on oxidation in 
the cover soil. Finally, it was concluded that the portable static chamber used in the study 
is well suitable for CH4 measurements on confined areas rather than the whole-cell surface 
due to its small footprint and furthermore, only on smooth surfaces because of air-tightness 
limitations. 

 

 





 

Útdráttur 
Við urðun á lífrænum úrgangi myndast metangas (CH4) ásamt öðrum gastegundum. Ef 
gassöfnunarkerfi er ekki til staðar, mun gasið leita upp í gegnum yfirborðslagið og sleppa 
út í andrúmsloftið. Metan er mikilvæg gróðurhúsalofttegund og losun þess frá 
urðunarstöðum um allan heim stuðlar að auknum gróðurhúsaáhrifum. Þessi rannsókn fól í 
sér fyrstu beinu mælingarnar hérlendis á CH4 losun frá urðunarstöðum. Meginmarkmið 
rannsóknarinnar var því að öðlast vísbendingar um stærðargráðu CH4 losunar frá tveimur 
íslenskum urðunarstöðum, ásamt því að kanna breytileika CH4 losunar á yfirborði 
urðunarstaðanna. Mælingar á CH4 losun voru framkvæmdar með lokuðum gasflæðimæli á 
afmörkuðu svæði á yfirborði tveggja urðunarstaða, Kirkjuferjuhjáleigu og Fíflholti, á 
haust- og vetrarmánuðum 2012-2013. Gögnin voru greind með lýsandi tölfræði og sýndu 
að meðaltal CH4 losunar frá þeim svæðum sem voru rannsökuð var 67 g m-2 dag-1 úr 65 
mælingum á Kirkjuferjuhjáleigu og 3 g m-2 dag-1 úr 54 mælingum á Fíflholti. 
Niðurstöðurnar staðfestu ennfremur að CH4 losun var ekki jafndreifð um yfirborðið, heldur 
mismikil eftir staðsetningum. Breytileiki losunar var meiri á Kirkjuferjuhjáleigu en á 
Fíflholti, sérstaklega í mælingum á möskvaneti með 1,5-2 m fjarlægð milli mælipunkta. 
Hærri CO2:CH4 hlutföll í hauggaslosun frá yfirborði miðað við CO2:CH4 hlutföll í 
hauggasi í mælirörum sem ná niður í úrgangslag staðfesti að oxun metans átti sér stað í 
yfirborðsjarðvegi beggja staða. Greining á eiginleikum jarðvegssýna benti til þess að 
skilyrði fyrir CH4 oxun væru betri í yfirborðslaginu á Fíflholti, aðallega vegna grófari 
jarðvegsgerðar sem eykur súrefnisflæði úr andrúmslofti ofan í yfirborðslagið. Þetta gæti 
skýrt minni CH4 losun á Fíflholti. Veðurgögn sýndu að árleg úrkoma á Kirkjuferjuhjáleigu 
var næstum tvöföld á við árlega úrkomu á Fíflholti á undarförnum árum. Meiri úrkoma á 
Kirkjuferjuhjáleiga gæti hafa haft jákvæð áhrif á gasmyndun en neikvæð áhrif á oxun 
þegar yfirborðslagið er vatnsmettað. Að lokum var ályktað að gasflæðimælirinn henti vel 
til mælinga á CH4 losun frá afmörkuðum svæðum frekar en á öllu yfirborði reina eða 
urðunarstaða vegna þess hve mælirinn þekur lítið svæði. Ennfremur er notkun hans 
takmörkuð við slétt og óþjappað yfirborð vegna erfiðleika við að framkvæma loftþéttar 
mælingar á annars konar yfirborði. 
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1 Introduction 
1.1 Relevance of the topic 
Landfilling of biodegradable waste results in the generation of landfill gas (LFG). If the 
gas is not collected through a gas recovery system, it will migrate through pores in the 
landfill cover and be released freely into the atmosphere. Landfill gas is a mixture of gases 
but consists predominantly of two of the major greenhouse gases (GHGs), methane (CH4) 
and carbon dioxide (CO2). When assessing the contribution of landfills to the GHGs 
budget, the focus is however on CH4. This is because CO2 emissions from landfills are 
biogenic and therefore considered neutral to climate change (Scheutz, Kjeldsen, & Gentil, 
2009). CH4 represents more than 90% of the GHGs emitted by the waste industry and 
landfills are the biggest source thereof (Scheutz, Kjeldsen, & Gentil, 2009). 

As is the case with other GHGs, the global atmospheric concentration of CH4 has increased 
dramatically from the beginning of the industrial era (Hartmann et al., 2013). Futhermore, 
the present atmospheric concentration of CH4 has far exceeded the natural range of the last 
800,000 years, which has been determined from ice cores (Stocker et al., 2013). The 
sources of CH4 in the atmosphere are both natural and anthropogenic. The anthropogenic 
sources include landfills and other treatment of waste, rice agriculture, ruminant livestock, 
biomass burning and fossil fuel combustion (Denman et al., 2007). Natural sources of 
methane are wetlands, forests, oceans, fire, termites and geological sources (Denman et al., 
2007). At present, the anthropogenic sources are assumed to account for 50-65% of global 
CH4 emissions (Ciais et al., 2013), but natural wetlands are the single largest source (Ciais 
et al., 2013). It is considered to be over 90% certain that the previously mentioned increase 
in atmospheric CH4 concentration is the result of human activities, i.e. from the 
anthropogenic sources (IPCC, 2007). 

The latest estimate from the IPCC assumes that the share of the waste sector is 
approximately 18% of global anthropogenic CH4 emissions (Bogner et al., 2007). At 
present, landfills are the second largest source of anthropogenic CH4 emissions in the EU 
countries (EEA, 2013) and the third largest source of anthropogenic CH4 emissions in the 
US (US EPA, 2013). The situation in Iceland is similar to this, where the waste sector is 
the second largest contributor of CH4 emissions and landfills account for around 90% of 
emissions thereof (Hallsdóttir, Wöll, Guðmundsson, Snorrason, & Þórsson, 2013). In 
general, models based on assumptions are used to estimate national CH4 emissions and 
direct measurements of CH4 emissions from landfills are limited. This applies to Icelandic 
landfills, as well as internationally. 

Because of the reasons discussed above, LFG is considered to be of significant importance 
with regard to global warming and climate change. However, there is a possibility of 
greatly reducing CH4 emissions from landfills, even without causing unpleasant societal 
pressure. This may either be done with the installation of gas-recovery systems or by 
optimizing the landfill cover to utilize its oxidizing capacity to a full extent and therby 
converting CH4 to biogenic CO2 (Huber-Humer, Gebert, & Hilger, 2008).  
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1.2 Background and motivation for the study 
As a member of the European Economic Area (EEA), Iceland was committed to 
implement the EU Council Directive on the landfill of waste (1999/31/EC). This was done 
in 2003 with the adoption of Act no. 55/2003 on waste treatment and the relating 
regulation no. 738/2003 on waste deposition in landfills. One of the requirements in the 
EU Landfill Directive states that all landfill sites receiving municipal solid waste (MSW) 
including biodegradable waste must collect landfill gas with a gas recovery system. 
Furthermore, the landfill gas shall be refined and exploited for energy production or as a 
fuel, or flared if exploitation is not possible.  

At present, landfilling is the most common way of disposing of MSW in Iceland and there 
are 21 MSW landfill sites with an operation permit across the country. However, only one 
of the landfill sites has installed a gas recovery system, the Álfsnes site in Reykjavík. The 
Álfsnes landfill serves the greater Capital area and has a certain uniqueness in being the 
largest landfill site in Iceland, currently receiving waste from ~70% of the country´s 
inhabitants (Scharff, Hansen, & Gústafsson, 2011). The other landfill sites are much 
smaller and the installation of a gas recovery system has been deemed technically or 
economically infeasible due to insufficient LFG formation at most of the sites (Scharff, 
Hansen, & Gústafsson, 2011; Júlíusson, 2011). Icelandic landfills that are not equipped 
with a gas recovery system can now apply for an exemption from the gas collection clause, 
provided that they fulfill certain conditions. Those conditions involve a maximum annual 
amount of biodegradable waste and the total amount of landfilled waste during the whole 
operating period of the landfill site, according to a recent Icelandic regulation no. 
294/2014. Despite this, there is much interest in the mitigation of LFG emissions, knowing 
that small emissions of LFG are estimated to occur for decades after closure of a landfill 
site (Huber-Humer, Röder, & Lechner, 2009).  

A recent TAIEX mission report suggested that CH4 oxidizing covers could be a feasible 
alternative for the reduction of CH4 emissions on small Icelandic landfills (Scharff, 
Hansen, & Gústafsson, 2011). As there exists virtually no information about the oxidation 
potential of the current cover layers on Icelandic landfills, a project on the methane 
oxidation on landfills was undertaken (Kjeld, 2013). As a complimentary study, the 
Icelandic Association of Local Authorities, in cooperation with the University of Iceland 
and EFLA Consulting Engineers, proposed to quantitatively measure CH4 emissions and 
examine the main characteristics of CH4 emissions from Icelandic landfills, which is the 
substance of this study.  

1.3 Goals of the study 
The actual amount of emitted landfill gas and the characteristics of gas emissions from 
Icelandic landfills are unknown. Methane emissions have been estimated with models and 
measurements of gas concentration inside landfills, but this study involves the first direct 
measurements of CH4 emissions from Icelandic landfill surface-covers. The purpose of this 
thesis was thus to gather knowledge and provide information on CH4 emissions from 
Icelandic landfills. This was achieved by field measurements of surface gas emissions with 
a static chamber at two landfills that are not equipped with a gas recovery system. The 
possibility of borrowing applicable equipment was a critical component in this research. 
The static chamber used in this study was borrowed from the Icelandic Geosurvey and was 
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the only equipment available for this purpose at the time of study. Evaluating the 
suitability of this equipment was therefore also an integrated part of the study. 
Accordingly, this study was aimed at answering the follwing research questions: 

 Is there evidence of CH4 emissions from the two investigated landfills, and if so, on 
what scale are the emissions? 

 Are CH4 emissions evenly distributed over the landfill surface, or do they occur 
through locally confined areas? 

 Are there indications of CH4 oxidation? 
 Is there evidence that CH4 emissions vary between landfills at different regions in 

Iceland? 
 How is the suitability of the static chamber for investigating CH4 emissions from 

Icelandic landfills? 

 

1.4 Organization of thesis 
The first chapter of this thesis is an introduction to the topic and goals of the study.  

The status of current knowledge regarding the research topic is provided in chapter 2. 
Firstly, this includes a theoretical background on landfill gas, methane production and 
methane transport processes in a landfill, oxidation of methane and its emissions through 
the top cover. Secondly the chapter provides information on the available measurement 
methods of methane emissions from landfills.   

A description of the two landfill sites that were chosen for the study is provided in chapter 
3, the methodology for data gathering and data analysis is described in chapter 4 and the 
results from field work are presented in chapter 5.  

Chapter 6 discusses the results from field measurements in context with the goals of the 
study, the suitability of the measurement equipment and the limitations of the reasearch 
method. 

Finally, chapter 7 concludes the thesis with with a summary of the main results and 
recommendations for future work on the subject. 
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2 Theoretical background 
This chapter discusses the present knowledge of concepts and theory supporting the study. 
A description of methods currently available for field measurements of methane emissions 
from landfills is also given.  

2.1 Landfill gas 
Landfill gas is a mixture of all the gases that are generated from landfilled waste by 
physical, chemical and biological processes (SEPA, 2004). The quantity and composition 
of the produced landfill gas is among other things dependent on waste composition and site 
structure, as well as the age of the landfill and will thus change with time. The bulk 
compounds in the mixture are methane (CH4) and carbon dioxide (CO2) that are generated 
by microbial decomposition of organic material in the waste. Small amounts of hydrogen 
(H2) are usually a part of the mixture and nitrogen (N2) and oxygen (O2) derived from the 
atmosphere may also be present. In addition there are around 550 volatile organic 
compounds that have been identified in trace amounts in landfill gas (Nastev, Therrien, 
Lefebvre, & Gélinas, 2001; SEPA, 2004). These trace compounds originate e.g. from 
chemical reactions and volatilisation of disposed chemicals in the waste, and may comprise 
approximately 1% of the gas altogether. The amount of water vapour in landfill gas will 
generally be around 1.8% w/w, but an observed maximum is 4% w/w (SEPA, 2004). The 
typical range for the main compounds in landfill gas is shown in Table 2.1.  

Table 2.1. Typical share of the main compounds in landfill gas (SEPA, 2004). 

Gas compound Typical value
[%v/v]

Observed maximum
[%v/v]

Methane (CH4) 63.8 88.0
Carbon dioxide (CO2) 33.6 89.3
Oxygen (O2) 0.16 20.9*
Nitrogen (N2) 2.4 87.0*
Hydrogen (H2) 0.05 21.1

* Derived entirely from the atmosphere 
 

2.2 Methane production 
Microorganisms, naturally present in the waste and the landfill cover soil, decompose the 
biodegradable organic fraction of the landfilled waste and utilize it as a source of energy 
(Farquhar & Rovers, 1973; SEPA, 2004). The CH4 and CO2 fractions of landfill gas are 
byproducts of this process. The decomposition occurs in four sequential phases as 
described by Farquhar & Rovers (1973). The corresponding gas production pattern is 
presented in Figure 2.1, which shows the evolvement of major compounds ratios in the 
landfill gas mixture over time.  
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Figure 2.1. Landfill gas production pattern (Tchobanoglous, Theisen, & Vigil, 1993) 

The production of methane, called methanogenesis, starts at the beginning of Phase III. 
Methane concentration gradually increases throughout this phase to a relatively constant 
terminal value. The completion time for phases I-III has been reported to be from 180 to 
500 days (Farquhar & Rovers, 1973), but the duration of each phase and the relative 
amounts of gases produced will vary between any two landfills since site structure is never 
exactly the same. Steady state conditions in gas production have been reached at the 
beginning of phase IV, where CH4 and CO2 will be produced in a ratio of about 3:2 
(SEPA, 2004). Phase IV will last until the organic substrate required for microbial activity 
becomes limited, which may take several years or decades (Scheutz, Kjeldsen & Gentil, 
2009). The peak in gas production generally occurs around at 5-7 years after waste 
deposition. Most of the landfill gas will be produced within 20 years from waste 
deposition, but some gas emissions may be expected from the landfill for several decades 
after that (ATSDR, 2001). After the completion of Phase IV, the concentrations of CH4 
and CO2 decline and the composition of landfill gas will gradually become similar to the 
combination of atmospheric air as shown in Figure 2.1.  

The major factors that affect the microbial production of methane in a landfill are waste 
composition, density of waste, moisture content, temperature, pH, nutrient availability and 
the presence of toxic agents and chemical inhibitors (Farquhar & Rovers, 1973; SEPA, 
2004). Waste composition in general will influence both the rate of production and the 
composition of the generated landfill gas (SEPA, 2004). The methane potential, i.e. the 
maximum amount of methane that may be produced in the landfill, is determined by the 
quantity and type of biodegradable organic material in the waste. Biodegradable organic 
material in waste mostly includes paper, food waste of animal and vegetable origin, and 
garden waste (Scheutz, Kjeldsen, Bogner et al., 2009). It has been estimated that mixed 
domestic waste in Iceland contains ~60% biodegradable organic material 
(Umhverfisstofnun, n.d.). Increased waste density, which is a function of the particle size 
of the deposited waste and the degree of compaction, yields more gas per unit volume. 
However, with more compaction, the waste permeability is reduced, which might inhibit 
the movement of soluble nutrients required by the decomposing bacteria. The rate of gas 
production can therefore be reduced in highly compacted waste (SEPA, 2004).  
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Moisture content is one of the most significant factors influencing the activity of 
methanogens and hence the production rate of CH4. The rate of gas production increases 
with increased moisture content, until saturation is approached, when rates begin to decline 
(SEPA, 2004). The necessary moisture content for optimum levels of landfill gas 
production is 40-80% (SEPA, 2004). Moisture inside the landfill originates mainly from 
the waste itself as some types of waste, such as food and garden waste, have high moisture 
content. Rainfall infiltriation also contributes to the moisture content, as well as moisture 
produced during microbial breakdown of the waste. The rate of decomposition, and thus 
also the rate of gas production, increases with increasing temperature up to 55°C, but is 
expected to decline sharply at higher temperetures (Farquhar & Rovers, 1973). During 
stable methanogenesis in Phase IV, the temperature inside an average landfill is generally 
around 35-40°C (SEPA, 2004), but may exceed 60°C in deeper landfills. Shallow landfills 
are more sensitive to climatic conditions and their inside temperature can therefore drop 
down to 10-15°C. This may lead to seasonal fluctuations in decomposition and gas 
production in shallow landfills (SEPA, 2004). Most landfills in Iceland are relatively small 
and climatic effects are therefore expected to have significant impact on the rate of 
microbial decomposition (Kamsma & Meyles, 2003).  

In addition to moisture and temperature, acidity and nutrient availability also influence 
microbial growth and hence the rate of organic material decomposition. If conditions 
become too acidic, methane generation may be inhibited or delayed. The optimum pH 
conditions for methanogenesis are between pH 6.5 and 8.5, and a pH 7.4 is generally 
maintained under the equilibrium conditions in Phase IV (SEPA, 2004). Deviations from 
the optimum pH range result in reduced gas production (Farquhar & Rovers, 1973).  

Methanogens need a number of nutrients and the most important ones are nitrogen (N), 
phosphorus (P) and potassium (K). Nitrogen might become a limiting factor for bacterial 
growth if the ratio of carbon to nitrogen is less than 30:1 (Jørgensen, 2009). Toxic agents 
and chemical inhibitors may inhibit methanogenesis completely or partially, but the effects 
are likely to be local within a landfill site. These chemical agents are e.g. formaldehyde, 
chloroform, hydrogen peroxide and other compounds that come from cleaning materials or 
disinfectants, commonly found in municipal solid waste (SEPA, 2004). 

2.3 Landfill CH4 transport processes 
Bogner & Spokas (1993) presented a mass balance relationship for methane in a landfill 
according to the following equation (all units are mass · time-1): 

CH4 produced = CH4 (extracted + emitted + oxidized + laterally migrated + ∆storage) ( 1 )

The mass balance relationship describes how all the methane produced inside a landfill 
will in general follow three different transport processes: extraction through a gas recovery 
system, emission through the top cover or lateral migration. Some part of the methane will 
be oxidized on its way through the cover soil and the remaining quantity is temporary 
storage of the gas inside the landfill. A schematic overview of the different transportation 
processes is given in Figure 2.2. The expanded view in Figure 2.2 shows how oxidation 
occurs in the cover soil. The oxidation process is described in chapter 2.7 and methane 
emissions through the top cover are discussed in chapter 2.4. The other terms in the mass 
balance relationship are explained in the following text. 
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The gas production during microbial decomposition of organic waste leads to pressure 
buildup inside the landfill and concentration gradients relative to the surroundings. The 
pressure and concentration gradients cause movement of the landfill gas out of the landfill 
by convection and diffusion (Scheutz, Kjeldsen, Bogner, et al., 2009). Raw anaerobic 
landfill gas, containing around 60% CH4 and 40% CO2, is slightly lighter than atmospheric 
air (SEPA, 2004) and will thus have the natural tencency to move upwards and migrate 
vertically through the top cover. The gas will however follow the path of least resistance 
and may therefore migrate laterally beyond the landfill boundaries to its surroundings, if 
there is an obstacle to vertical movement. Such an obsticle could e.g. be a synthetic cover 
liner or other impermeable cover material. In the case of lateral migration, landfill gas will 
generally resume an upward path at some point and eventually reach the atmosphere 
(Nastev, Therrien, Lefebvre, & Gélinas, 2001; ATSDR, 2001). Vertical migration may also 
be temporarily prevented when the cover soil is saturated during periods of high 
precipitation. Temporary storage of landfill gas can occur during such a period or due to 
high barometric pressure.  

Recovery of landfill gas is the collection of the gas through a pipe system that has been 
installed in the landfill. Methane is purified from the collected gas and utilized for energy 
production (Börjesson, Danielsson & Svensson, 2000) or as fuel for cars. The efficiency of 
gas recovery systems has been reported in the range of 14-78% of total CH4 production 
(Börjesson, Samuelsson, & Chanton, 2007; Börjesson et al., 2009). The remaining gas 
escapes to the atmosphere. 

 

 

Figure 2.2. Landfill CH4 transport processes (Scheutz, Kjeldsen, Bogner, et al., 2009). 
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2.4 Methane emissions 
At landfills with no gas recovery system it is assumed that over 90% of the produced 
methane can be lost to the atmosphere through surface emissions (SEPA, 2004). The 
magnitude of emissions through the top cover is first and foremost dependent on how 
much methane is produced and how much is oxidized, and is therefore also contingent 
upon all the influencing factors listed in chapters 2.2 and 2.7. Emissions are variable in 
both time and space and emission patterns across the landfill surface are generally 
determined by soil properties (Röwer, Geck, Gebert, & Pfeiffer, 2011). Rachor, Streese-
Kleeberg, & Gebert (2009) argued that changes in methane emissions over time are 
strongly dependent on the properties of the cover layer that control soil moisture and soil 
temperature. 

2.4.1  Spatial variability of CH4 emissions 

Landfill gas emissions are not homogeneous, but rather highly variable over the surface 
area of a landfill (Rachor, Streese-Kleeberg, & Gebert, 2009). The tendency of landfill gas 
to migrate through paths of least resistance leads to the development of localized areas 
with considerably higher emissions compared to the rest of the landfill surface (Rachor, 
Gebert, Gröngröft, & Pfeiffer, 2013). Such high-emitting areas are often referred to as 
hotspots.  

Various researchers have discussed the spatial variability of CH4 emissions from landfills 
and reported how CH4 emissions generally occur at locally confined areas (see e.g. Röwer, 
Geck, Gebert, & Pfeiffer, 2011 and Chanton et al., 2011). Rachor, Streese-Kleeberg & 
Gebert (2009) monitored CH4 emissions on five landfills in northern Germany over a 
period of one year and found in their study that the vast majority of CH4 emissions escaped 
through very small, localized surface areas (hotspots). In a few cases the detected hotspots 
covered larger areas of size up to a few square meters, but on large parts of the landfill 
surface, no CH4 emissions were detected. Czepiel et al. (1996) also demonstrated in their 
study, that there was no correlation between emissions at two spots located 7 m apart. 

Cracks, fissures, rootage or animal burrows in the cover layer are examples of features that 
can create preferential flow paths for landfill gas and evidence thereof can sometimes be 
seen on the landfill surface (Röwer, Geck, Gebert, & Pfeiffer, 2011). Emitting areas may 
also exist without visible signs on the surface. In that case the reason is usually assumed to 
be either heterogeneous properties of the soil, such as thickness, texture and bulk density, 
or uneven gas flux from the waste layer due to the spatial variability of the underlying 
waste (Röwer, Geck, Gebert, & Pfeiffer, 2011; Rachor, Gebert, Gröngröft, & Pfeiffer, 
2013).  

Aside from the spatial variability of CH4 emissions within a single landfill, the magnitude 
of emissions can vary greatly between two landfill sites. Reported emission rates at 
different landfills vary over seven orders of magnitude from less than 0.0004 to 4000 g m-2 
day-1 (Bogner, Meadows, & Czepiel, 1997; Scheutz, Kjeldsen, Bogner, et al., 2009). This 
is on one hand because of the different size and structure of sites and different waste types 
deposited in landfills, and on the other hand because of different climatic conditions at 
each of the sites. 



10 

2.4.2 Temporal variability of CH4 emissions 

Temporal variability in CH4 emissions is expected globally at all landfills due to changes 
in meteorological conditions that affect the gas transport processes (Pratt, Walcroft, 
Deslippe, & Tate, 2013). Changes in CH4 emissions have been reported over seasonal, 
daily and diurnal time scales (Rachor, Gebert, Gröngröft, & Pfeiffer, 2013). Rachor et al. 
(2009) found that short-term changes in soil permeability e.g. after precipitation or during 
frost, may overrule the seasonal pattern generally found in landfill CH4 emissions. 

Since oxidation by methanotrophs in the soil is dependent on temperature and soil 
moisture, fluctuations in air temperature and precipitation will cause temporal variations in 
the oxidation efficiency and thus also in CH4 emissions (Rachor, Gebert, Gröngröft, & 
Pfeiffer, 2013). The pressure gradient between the landfill and atmosphere is also known to 
influence gas emissions (Gebert & Gröngröft, 2006) and fluctuations in atmospheric 
pressure have been confirmed to cause temporal variations in CH4 emissions. In general, 
declining air pressure causes increased gas emissions, while an increase in air pressure will 
have the opposite effect (Börjesson & Svensson, 1997). Pressure fluctuations may also be 
caused by fluctuations in wind speed (Rachor et al., 2013). Gebert, Rachor, Gröngröft, & 
Pfeiffer (2011) reported a decrease in CH4 concentrations in the topsoil with increased 
wind speed.  

Rachor et al. (2013) concluded that influence of weather conditions was not uniform over 
the whole surface of a landfill, and that different meteorological factors could be 
dominating temporal variations in CH4 emissions from hotspots on the same landfill. They 
suggested that this was correlated to the different forms of gas transport, by advection or 
diffusion or a combination of both. In the same study, Rachor et al. (2013) reported that the 
strongest emitting spots also possessed the greatest range of seasonal variability. 

CH4 emissions are commonly expected to be higher during colder temperatures in winter 
and lower during warmer temperatures in summer. This has been the result from studies 
conducted for example in Sweden (Börjesson & Svensson, 1997), Germany (Rachor et al., 
2009, 2013) and in the United States (Chanton & Liptay, 2000). This trend is explained by 
higher oxidation efficiency in summer than in winter, which is again explained by the 
stimulating effect of higher temperature on the methanotrophic activity (Chanton et al., 
2011). As a result, summer measurement programs have been considered appropriate when 
the objective is to determine maximum CH4 oxidation in the soil, and a winter program to 
examine maximum CH4 emissions (Chanton et al., 2011).  

2.5 Quantitative methods for field 
measurements of landfill CH4 emissions 

Several different methods exist for measuring methane emissions from landfills. All 
available methods have some limitations (Scheutz, Kjeldsen, Bogner et al., 2009) and at 
the moment there is no preferred method for measuring the annual average methane 
emissions (Oonk, 2010). None of the existing methods is capable of measuring precisely 
the net emissions because of the complexity and spatial variability of the generation, 
transport processes and oxidation of landfill methane (Bogner & Scott, 1995). The choice 
of method must depend on the purpose of the measurements and also the desired scale of 
the study. Scheutz, Kjeldsen, Bogner, et al. (2009) recommend a parallel use of two or 



11 

more methods because of the different methodological limitations. A description of four 
common methods is given in the following text. 

2.5.1 Static chamber technique 

The static chamber technique is the most widely used method when measuring CH4 
emissions from landfills (Oonk, 2010; Bogner & Scott, 1995). In this method, the chamber 
is placed on the landfill surface and the flux measurement is based on the increase (or 
decrease) of gas concentration within the chamber over time. The surface area covered by 
the chamber is usually <1 m2 (Scheutz, Kjeldsen, Bogner et al., 2009). A common way of 
performing the measurement is to withdraw a series of gas samples with syringes trough a 
port on the chamber. The number of samples is typically around 5-6 and they are 
withdrawn at uniform time intervals of 5-10 minutes (Bogner & Scott, 1995). Syringes 
with gas samples are then taken to a lab and analyzed by gas chromatography using a 
flame ionization detector (FID) (Bogner and Scott, 1995). Methane concentrations from 
each gas sample are plotted against time. The slope of a regression line through the points 
represents the rate of change of gas concentration in the air within the chamber, dC/dt. The 
CH4 emission is then calculated from the following general equation: 

 f 	=
V

A

dC

dt
 ( 2 )

Where: 

f is the flux density (g m-2 day-1) 
V is the volume of air within the chamber (m3) 
A is the area of soil surface enclosed by the chamber (m2)  
dC/dt is the rate of change of gas concentration in the air within the chamber (g m-3 
day-1) 

The static chamber method is capable of measuring negative CH4 fluxes (Scheutz, 
Kjeldsen, Bogner et al., 2009). Negative flux can occur at locations where the cover soil 
has such a high capacity for CH4 oxidation that the methanotrophs are oxidizing CH4 from 
the atmosphere in addition to CH4 from the waste below. In such cases the landfill surface 
acts as a sink for atmospheric CH4 instead of a source and the time series for gas 
concentrations within the static chamber has a negative instead of a positive slope 
(Scheutz, Kjeldsen, Bogner et al., 2009).  

To estimate whole-site emissions with a static chamber, it is suggested to conduct 
measurements on a systematic grid over the whole surface and apply geostatistical 
techniques to interpolate emissions between grid points (Oonk, 2010). Kriging and inverse 
distance weighing (IDW) are examples of interpolation methods described in the literature 
(Spokas, Graff, Morcet, & Aran, 2003). For this purpose, a 20 m distance between grid 
points seems to be a common approach (Mosher et al., 1999; Trégourès et al., 1999; 
Börjesson et al., 2000). 
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2.5.2 Mass balance technique 

The mass balance technique may be implemented in 1-dimension (1D) or 2-dimension 
(2D) (Oonk, 2010). In the 1D version a pole is located on top of the landfill as shown in 
Figure 2.3. Methane concentration and wind velocity are measured simultaneously at 
different heights on the pole, which can be up to 10, 15 or 25 m high (Scharff et al., 2003). 
The result is a vertical concentration profile that represents the CH4 emission upwind of the 
sampling point (the pole). This is obtained by integrating the product of CH4 concentration 
and wind speed over the height of the pole and dividing by upstream length from the pole 
to the edge of the landfill, as described by the following equation given in Scharff et al. 
(2003): 

 f	= 
uz cz - cl dz

z=l

z=0

x
 ( 3 )

Where 

f is the methane flux through the landfill surface (l m-2 s-1) 
uz is the wind velocity at height z  (m s-1) 
cz is the concentration at height z (l m-3, vol‰ or 1000 ppm) 
cl is the background concentration of methane (l m-3) 
l is the length of the pole (m) 
x is the fetch (the upstream length from the pole to the landfill edge) (m) 

 

 

Figure 2.3. Setup of the 1D mass balance technique (Oonk, 2010). 

In principle the 1D mass balance method is suited for measuring CO2 emissions as well. 
This enables comparison of the CO2 to CH4 ratio of surface emissions to the same ratio in 
extracted LFG from wells in the landfill, which can provide indication of CH4 oxidation 
(Scharff et al., 2003). 

The 2D version of the mass balance method is based on the same concept, but makes use 
of vertical planes instead of a vertical line. Methane concentration and wind velocity are 
measured at two imaginary vertical planes before and after the landfill (see Figure 2.4) 
(Oonk, 2010).  
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Figure 2.4. Setup of the 2D mass balance technique (Oonk, 2010). 

If the background CH4 concentration is more or less constant, CH4 emissions from the 
landfill can be calculated in a simple way from the product of wind velocity and the 
difference between methane concentration in the downwind control plane and the upwind 
control plane (background concentration). This is however not always possible because 
CH4 concentration and wind velocity are generally different at each point in the vertical 
planes (Oonk, 2010). Therefore a distribution of methane concentration over the planes is 
needed for the calculation. One approach to calculate the distribution of CH4 
concentrations in the vertical plane was described by Babilotte (2011) and consists of 
optical remote sensors in combination with mirrors that enable measuring average CH4 
concentrations over a few lines (see Figure 2.5). 

 

 

Figure 2.5. Setup of optical remote sensors and mirrors to measure distribution of CH4 
concentrations on a vertical plane in the 2D mass balance technique (Oonk, 2010). 
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2.5.3 Plume measurement techniques 

The plume measurement technique is based on an iterative process of inverse modeling. 
An emission model for the landfill is made and the methane dispersion is calculated from 
this model. The plume is sampled downwind from the landfill site, along a transect 
perpendicular to the wind direction (Galle, Samuelsson, Svensson, & Börjesson, 2001). 
Methane concentration in the gas samples is then compared to the previous outcome of the 
model. Based on this comparison, the model is adapted by increasing or reducing methane 
emissions or change location of emission sources. This process is repeated until a best fit 
of an emission model to measured data is obtained (Oonk, 2010).  

Both dynamic and static sampling methods exist. The setup of the stationary version of the 
plume method involves fixed gasbag-sampling stations around the landfill (Scharff et al., 
2003). Sampling can be automated by a computer that monitors meteorological conditions 
and uses data on wind speed and wind direction to run a dispersion model and thus predict 
gas concentrations at the sampling-stations. Whenever a certain threshold value is reached 
at one of the sampling stations, the computer activates the corresponding station for 
sampling. By keeping seven gas bags available at each sampling station, and sampling two 
events per day, the automatic sampling can be run for one week before exchanging the 
gasbags with empty sets (Scharff et al., 2003). The setup of the stationary plume method is 
shown in Figure 2.6. The left part of the figure shows the central computer, located on the 
landfill. The right part of the figure shows an example of the equipment at the sampling 
stations, located around the landfill.  

 

 

Figure 2.6. Setup of the static plume method (Scharff et al., 2003).  

In the dynamic version, the analytical equipment is mounted on a car and driven through 
the plume at a 500-1500 m distance from the landfill (see schematic Figure 2.7). At this 
distance the plume is assumed to be sufficiently mixed, such that vertical concentration 
differences no longer remain (Oonk, 2010). The dynamic version is considered more 
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expensive than the static version, and also requires personnel as opposed to the static 
version which is automated. However the emission estimation is considered more reliable 
from the dynamic version because a larger data set is sampled (Oonk, 2010).    

 

Figure 2.7. Setup of the dynamic plume technique (Scharff, Jacobs, Oonk, & Hensen, n.d.). 

Another version of the plume measurement technique is the tracer plume technique that 
uses a reference release system (tracer release). In this version, the need for meteorological 
data and atmospheric dispersion modeling can be avoided (Galle et al., 2001). A tracer gas 
is released at a controlled rate from specific locations at the top of the landfill. The 
locations of gas release may be chosen based on the expected sources of methane 
emissions. Concentrations of CH4 and the tracer gas are then measured at the same time at 
numerous locations across the downwind plume. The concentration ratio of CH4 to the 
tracer is related to the ratio of their fluxes and hence the rate of CH4 can be determined 
from this ratio. The equation for the relationship is (Galle et al., 2001): 

 QM 	= QT

CM

CT

MM

MT
 ( 4 )

Where the subscripts T and M stand for tracer and methane respectively, Q is emission 
rate, C is gas concentration and M is molecular weight of the respective gas.  

The tracer method is considered rather simple, but also has a few drawbacks. The tracer 
gas is usually SF6 or N2O, both greenhouse gases, which may contribute to the greenhouse 
effect during long-term continuous measurement programs (Huber-Humer, Röder, & 
Lechner, 2009). Highly sensitive techniques are needed, e.g. Fourier-transform infrared 
(FTIR) spectroscopy or thermal diode laser methods (TDL), which are rather expensive. 
Also, the meteorological situation as well as the landscape must be adequate for reliable 
measurements (Galle et al., 2001). 
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2.5.4 Eddy Covariance method 

The eddy covariance method is a micrometeorological technique, based on theories of 
turbulent transfer of gases from the landfill surface to the lowest 0-50 m of the atmosphere 
(Scheutz, Kjeldsen, Bogner, et al., 2009; Lohila et al., 2007). CH4 concentration is 
measured along with three wind components at a high measurement frequency. The CH4 
flux through an imaginary horizontal plane is measured at about 0.5-3 m above the landfill 
surface Oonk, 2010). The CH4 emission is then calculated from the average covariance 
between the vertical wind speed component and CH4 concentration over a certain time 
period (Lohila et al., 2007). In general a sampling frequncy of 5-10 times per second and 
sampling durations of 30-60 minutes are desirable to measure the flux. The area sampled 
by this technique is limited by height of the sampling equipment on a mast, atmospheric 
stability, horizontal wind speed and the roughness of the landfill surface (Lohila et al., 
2007). Other disadvantage is that highly sophisticated and sensitive equipment is required 
in addition to complex calculation and modeling (Huber-Humer & Lechner, 2009). 
However the sampling can be automated, which is an advantage. 

2.6 Qualitative methods for detection of landfill 
gas emissions 

Some qualitative methods exist that can be very helpful in locating areas of high-emissions 
in contrast to areas of low or zero emissions. Three common qualitative methods are 
described below. These methods are not capable of quantifying the emissions like the 
methods described in chapter 2.6, but they have approved to be helpful as a preliminary 
step in detecting LFG-emitting areas.  

Visual inspection 

A simple visual inspection of landfill cover conditions is a useful first step. The visual 
inspection is focused at looking for anomalies on the surface that could indicate LFG 
emitting areas. This includes for example small cracks or fissures and color variation on 
confined spots. Vegetation stress can occur on LFG emitting areas because of limited 
oxygen supply to plant roots or because of components in LFG that are directly toxic to 
plants (SEPA, 2004). If there is a thin snow cover on the surface, confined areas of melted 
snow may also indicate LFG emitting spots due to warm temperature of the gas. Field 
personnel may be contacted beforehand and instructed to keep alert for odors or anomalies 
on the landfill surface. This is a rapid and simple approach and is recommended as a part 
of routine inspection procedures at landfills (Scheutz, Kjeldsen, Bogner, et al., 2009). 

Mobile Flame Ionization Detector (FID) 

The Flame Ionization Detector (FID) is an instrument dating back to 1952 (Morgan, 1961), 
built to resolve a gas mixture of organic compounds into their components. The operating 
principle is based on combustion of the organic compounds in a hydrogen flame, 
generating ions, which are then identified by the detector. The FID is a very useful and 
widely used instrument for the detection of CH4 at landfills and location of LFG emitting 
areas preliminary to chamber measurements. This equpment is e.g. recommended by the 
Scottish Environmental Protection Agency to monitor landfill CH4 emissions (SEPA, 
2004). The FID is a mature method, robust and easy to use and has a high sensitivity. The 
equipment is relatively inexpensive to aquire and operate and has low maintenance 
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requirements. The FID cannot detect inorganic substances and can therefore not be used 
for CO2 detection. One other disadvantage is that wind is likely to disturb the measurement 
(Scheutz, Kjeldsen, Bogner, et al., 2009).  

Infrared thermography  

In this method, thermographic cameras are used to produce images of thermal radiation 
from the landfill surface. That way, points or areas can be detected where the temperature 
is higher than the surrounding area, since the method assumes that the areas of elevated 
temperatures coincide with warm landfill gas emissions. There are several limitations to 
this method, mainly relating to weather conditions such as light, wind and ambient air 
temperature. Lewis, Yuen, & Smith (2003) tested how accurate the infrared thermography 
method was on identifying landfill gas leaks as anomalies. They concluded that the TIR 
camera used in the study was not effective as a detection tool and that a FID method was 
more effective.  

2.7 Oxidation of methane 
As landfill gas passes through the landfill top cover, the CH4 compounds are likely to be 
consumed by microbes in the soil through an oxidation process. Oxidation of methane is an 
aerobic process that involves the transformation of CH4 to CO2 according to the following 
exothermic reaction (Scheutz, Kjeldsen, Bogner, et al., 2009): 

 CH4 + 2 O2  →  CO2 + 2 H2O + heat ( 5 )

The oxidation reaction occurs in the landfill cover soil by the aid of methanotrophs, which 
are a group of aerobic bacteria that utilize CH4 as their only source of energy and carbon 
(Scheutz, Kjeldsen, Bogner, et al., 2009). The overall oxidation process involves several 
other intermediate steps described in detail by Hanson & Hanson (1996). Oxidation of CH4 
by methanotrophs can range from negligible to 100% of the CH4 load from the waste mass 
(Scheutz, Kjeldsen, Bogner, et al., 2009). The percentage that is oxidized of CH4 loading 
from the waste mass to the bottom of the cover layer is defined as oxidation efficiency 
(Gebert, Röwer, Scharff, Roncato, & Cabral, 2011). 

2.7.1 Factors influencing landfill CH4 oxidation 

The percentage of CH4 oxidized is a function of cover type, climate conditions and CH4 
loading to the bottom of the cover layer (Chanton et al., 2011). The activity of 
methanotrophic bacteria in the landfill cover soil is limited by the upward diffusion of CH4 
and the downward diffusion of O2 (Scheutz, Kjeldsen, Bogner, et al., 2009). In accordance 
to this, testing of various types of cover soils has suggested that high oxidation capacity is 
associated with coarse and porous cover materials (Chanton & Liptay, 2000; Börjesson et 
al., 2001). Similarly, Gebert, Gröngröft et al. (2011) argued that high CH4 oxidation rates 
can only be accomplished if there is an adequate supply of atmospheric oxygen and 
therefore suggested that the oxidation efficiency is governed by the share of pores 
available for gas transport, given that environmental variables such as pH and nutrient 
status are not limited (Gebert, Gröngröft, & Pfeiffer, 2011).  

Chanton et al. (2011) found that the oxidation efficiency increases linearly with increased 
CH4 loading at low CH4 levels, but then flattens out with increased CH4 loading. They also 
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suggested that the methanotrophic community is limited by CH4 supply at low CH4 loading 
rates, and then some other factor such as oxygen supply, as CH4 loading increases 
(Chanton et al., 2011). 

Soil moisture is important for the transportation of nutrients and removal of residual 
metabolic compounds (Scheutz, Kjeldsen, Bogner, et al., 2009). The activity of 
methanotrophs is therefore inhibited if the soil is too dry. However, if the soil is too wet, 
the oxidation rate may be significantly reduced because of insufficient supply of O2 and 
CH4. This is because gas diffusion is dramatically slower in water than in air, reducing the 
availability of CH4 and O2 if the soil is saturated to the degree that airfilled voids are no 
longer interconnected (Scheutz, Kjeldsen, Bogner, et al., 2009). 

Other soil properties that affect the rate of CH4 oxidation in a landfill cover are e.g. acidity 
and nutrient levels in addition to soil temperature (Chanton et al., 2011; Scheutz, Kjeldsen, 
Bogner, et al., 2009). Methane oxidation increases when pH approaches neutrality and also 
increases with increased nutrient availability (Röwer, Geck, Gebert, & Pfeiffer, 2011). 
Optimum temperature for oxidation by methanotrophs has been reported to be around 25-
35°C (Scheutz, Kjeldsen, Bogner, et al., 2009). For lower temperatures the oxidation 
efficiency is expected to drop by twofold for each 10°C drop in temperature. Knowledge of 
oxidation efficiency in boreal climates is limited, but microbial oxidation has nevertheless 
been reported to occur at low temperatures, even close to 0°C (Einola, Kettunen, & 
Rintala, 2007). Organic matter in the soil cover also seems to enhance oxidation (Chanton 
& Liptay, 2000). 

2.7.2 Ratio of CO2 to CH4 as an indicator of oxidation 

Anaerobic landfill gas during phase IV (see Figure 2.1) is generally composed of CH4 and 
CO2 in concentrations around 55-64 %v/v and 34-45 %v/v respectively (SEPA, 2004; 
Scheutz, Kjeldsen, Bogner, et al., 2009). The concentration ratio of CO2 to CH4 in raw 
LFG is therefore typically somewhere in the range of 0.53-0.82 throughout gas production 
in phase IV. During the oxidation process in the cover-soil, CH4 is gradually converted to 
CO2 and the ratio of CO2 to CH4 in LFG is thus shifted to higher values. By assuming that 
LFG emissions and microbial oxidation are the only sources of CO2, this ratio is used in 
the gas profile method to quantify the amount of CH4 oxidized. The gas profile method is 
based on measurements of LFG composition at different depths in the landfill cover soil. 
The result is a vertical profile of CH4, CO2, O2 and N2 concentrations, which can be used to 
locate the approximate depth of oxidation horizon (where CH4 oxidation is occuring). The 
vertical profile of LFG composition can also be used to qualitatively assess the oxidation 
efficiency by comparing concentrations of CH4 and CO2 in pore gas at a particular depth in 
the cover soil to the gas concentrations in raw landfill gas from the waste layer 
(Christophersen, Kjeldsen, Holst, & Chanton, 2001; Gebert, Röwer, Scharff, Roncato, & 
Cabral, 2011). 

There are some limitations to this approach as CO2 is also produced and consumed by 
various other subsurface and near-surface processes, such as soil respiration and plant 
photosynthesis (Gebert, Röwer, Scharff, Roncato, & Cabral, 2011; Scheutz, Kjeldsen, 
Bogner, et al., 2009). Recent studies have however shown that a strong correlation exists 
between CH4 oxidation efficiency and CO2:CH4 ratios in sandy soils (Gebert, Röwer, 
Scharff, Roncato, & Cabral, 2011) and in volcanic pumice soil (Pratt, Walcroft, Deslippe, 
& Tate, 2013). Gebert et al. (2011) demonstrated that CO2 produced by soil respiration 
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accounts for <10% of the total CO2 produced by CH4 oxidation when CH4 fluxes exceed 
120 g m-2 day-1, but for lower fluxes soil respiration probably accounts for more than 10%. 

Lohila et al. (2007) claim that similarly to the gas profile method, the volume ratio of CO2 
to CH4 in surface emissions may be used as a rough indicator of the degree of CH4 
oxidation. Thus if the volume ratio of CO2 to CH4 in the emission is higher than that of the 
LFG measured in gas-monitoring wells, oxidation of CH4 has presumably occured. 
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3 Surveyed landfill sites 
In this chapter, the landfill sites that were selected for the study are presented. A 
description is given of relevant properties of the sites, their location, site layout, prevailing 
soil type, waste composition and climate. 

3.1 Identification of suitable sites 
Selection of landfill sites for the study was based on the following criteria: 

 Active landfill gas production in the methanogenic phase, based on information 
from Júlíusson (2011) and Kamsma & Meyles (2003) 

 No gas recovery system  
 Different soil material in the landfill top cover at each chosen site  
 Different climate at each chosen site 
 Proximity to the capital area (within 1.5 hours drive) 

Three landfill sites were initially considered for the study, based on the criteria listed 
above, Kirkjuferjuhjáleiga, Fíflholt and Syðri-Kárastaðir. The location of all three landfill 
sites is shown in Figure 3.1. Kirkjuferjuhjáleiga and Fíflholt are among the largest landfill 
sites in Iceland, after the Álfsnes landfill site in Reykjavík, but the landfill at Syðri-
Kárastaðir is considerably smaller. After an initial visit to Syðri-Kárastaðir no apparent 
LFG flux was measured and the layout of the site turned out to be inconvenient for the 
study (e.g. no cell division). Furthermore the weather conditions in the following months 
after the initial visit were very unfavourable for measurements and transportation to the 
site. Due to these reasons this landfill site was discluded from further study. Results from 
flux measurements and gas composition in the monitoring well from the initial visit to 
Syðri-Kárastaðir are summarized in Appendix A.3, but this site will not be discussed 
further in the main text of the thesis.  

The surveyed area within each site was limited to one landfill cell, mainly due to the large 
extent of a whole landfill site but also because of the variability of age and combination of 
waste between cells. Surveyed cells were chosen based on three factors:  

 The age of buried waste, such that the phase of methanogenesis had been reached 
 The cell should contain typical municipal solid waste with known buried amounts 
 Presence of a gas-monitoring well in the cell 
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Figure 3.1. Locations of landfill sites at Fíflholt, Kirkjuferjuhjáleiga and Syðri-Kárastaðir. 

3.2 Kirkjuferjuhjáleiga 
The landfill site at Kirkjuferjuhjáleiga is located in the south of Iceland at 63°56´N, 
21°08´W (see Figure 3.1). During operation the landfill site served 11 municipalities with a 
total of 20,000 inhabitants (Þórólfsdóttir, 2009). The site was taken into operation by 
Sorpstöð Suðurlands bs. in 1996 and was closed in december 2009, but an operating permit 
from the Environment Agency of Iceland is valid until the year 2025. 

Site layout 

The total area of the landfill site is approximately 64 ha which is divided into nine cells. 
Each cell was excavated down to bedrock and separated from the adjacent cells by soil that 
remained between lanes after excavation (Guðmundur Tryggvi Ólafsson, Sorpstöð 
Suðurlands bs., personal communication, December 11, 2013). A synthetic liner and 
leachate pipe collection system is at the bottom of every cell, covered with a 0.5 m thick 
drain layer (Þórólfsdóttir, 2009). Waste was compacted with a heavy landfill compactor 
after disposal and the waste density is estimated to be 750-900 kg/m3 (Guðmundur Tryggvi 
Ólafsson, Sorpstöð Suðurlands bs., personal communication, December 11, 2013). Daily 
cover was a mixture of gravel and light materials that are separated from metals during car 
recycling, such as textiles, plastic and rubber (Þórólfsdóttir, 2009). The final cover is made 
of approximately 20 cm thick layer of gravel and sand and approximately 80 cm thick 
layer of local soil on top of that (Guðmundur Tryggvi Ólafsson, Sorpstöð Suðurlands bs., 
personal communication, December 11, 2013). The minimum thickness of the cover layer 
is therefore around 1 m. Grass seed was sown in the cover layer soil after final closure 
(Þórólfsdóttir, 2009). The surface of cells is flat on the top, but has a 1:3 slope on the N- 
and S-ends of the cells. There is no gas recovery system installed at the landfill. 
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Figure 3.2. Aerial view of the landfill site at Kirkjuferjuhjáleiga. Cell boundaries were 
drawn based on GPS coordinates from Verkfræðistofa Suðurlands. 

Cell 8 was chosen for the study based on the criteria mentioned in chapter 3.1. The surface 
area of the cell is approximately 13 ha and thickness of the waste layer is around 6 m. 
Waste deposition in cell 8 began in July 2004 at the North-end and the cell was filled up at 
the South-end in early January 2007 (Sorpstöð Suðurlands, n.d.). The age of waste in the 
cell was thus about 5.5-8.5 years at the time of flux measurements, depending on location 
of each measurement. There is one gas-monitoring well in cell 8, located near the South-
end (see Figure 3.2). The well is 12.5 m deep and the inside walls are sealed with 
bentonite. The well is fitted with a casing that is unslotted at the top 2.5 m, and slotted 
below that (Ræktunarsamband Flóa og Skeiða, 2008). 
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There are three main types of material on the surface of cell 8 (see Table 3.1). The largest 
part, around 54% of the area, is a very compact mixture of rocks, gravel and sand. The 
reason for this is that after closure of cell 8, the cell was used as a platform for trucks 
dumping waste into the adjacent cell 9 so the load bearing capacity of that part of the cover 
layer had to be much greater than for a normal landfill cover (Guðmundur Tryggvi 
Ólafsson, Sorpstöð Suðurlands bs., personal communication, December 11, 2013). Around 
37% of the surface area is high grass on uneven soil, growing mainly on the NE- and SW-
ends of the cell. Two pits have formed at the location of slaughterhouse waste deposition 
due to considerable subsidence. These pits cover around 3% of the total area and were full 
of water (liquid or frozen) at all times when the landfill site was visited. The remaining 6% 
are areas of bare soil, scattered inside the grass area and at the boundary of cells 7 and 8. 

Table 3.1. Type of material on the surface cover of cell 8 at Kirkjuferjuhjáleiga. 

Type of material 
Area 
[ha]

Proportion of 
total cell area

Compacted gravel platform 7.0 54% 
Grass 4.8 37% 
Bare-soil areas 0.78 6% 
Pits (location of slaughterhouse waste) 0.39 3% 

 

Soil type  

Local soil material from excavation of the cells was used in the top cover of the landfill. 
According to the Icelandic Soil Map, the prevailing soil type of the top 30 cm of the soil at 
Kirkjuferjuhjáleiga is Histic Andosol (Arnalds, Óskarsson, Gísladóttir, & Grétarsson, 
2009). Histic Andosol (í. Svartjörð) has the characteristics of both Histosol and Andosol 
(Arnalds & Óskarsson, 2009). Histic Andosol has a carbon content in the range of 13-19% 
C, a rather low pH (4.5-5.5) and a clay content of 4-10%. The bulk density is typically in 
the range 0.2-0.4 g cm-3. Histic Andosols can retain vast amounts of water and drain poorly 
(Arnalds & Óskarsson, 2009; Arnalds, n.d.). 

Waste composition 

During operation from 1996-2009 the annual average amount of waste deposited in the 
landfill was around 21,900 tons per year (Sorpstöð Suðurlands, 2010). The total weight of 
waste deposited in cell 2 was 49,457 tons (Sorpstöð Suðurlands, n.d.). The division 
between the IPCC categories is shown in Table 3.2, but a complete summary of waste 
quantities is given in Appendix B.1. The degradable organic carbon (DOC) is calculated 
according to default fraction values given in the IPCC Waste Model (IPCC, 2006). 
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Table 3.2. Quantities of waste by category, deposited in cell 8 at Kirkjuferjuhjáleiga. 

 Weight [tons]  

Waste category 
(July-Dec)

2004 2005 2006
 

Sum 
% of total 

weight
Food 3,174 5,232 4,593 12,999 26%
Garden 139 782 809 1,730 3%
Paper 1,217 2,515 2,448 6,179 12%
Wood 45 1,954 2,436 4,434 9%
Textile 135 276 272 683 1%
Nappies 406 828 815 2,048 4%
Sludge 0 76 90 165 0%
Inert 1,509 3,127 3,067 7,703 16%
Industrial 2,978 5,000 5,538 13,515 27%
Total weight of waste [tons] 9,601 19,789 20,067 49,457 
DOC weight [tons] 1,586 3,806 3,973 9,365 
DOC fraction [% of total] 17% 19% 20% 19% 

 

Climate 

The closest weather station to Kirkjuferjuhjáleiga is located at Eyrarbakki, at 
approximately 8.5 km distance in a straight line from the landfill. This is an automatic, 
unmanned station, run by the Icelandic Meteorological Office (IMO), and is located at 3 m 
above sea level. The height of the wind gauge is 10 m (Guðrún Gísladóttir, Icelandic 
Meteorological Office, personal communication, May 5, 2014). Time series for 
meteorological factors measured by this station from the year 2007 to 2013 were obtained 
from the IMO. Average values for temperature, precipitation, atmospheric pressure and 
wind speed were calculated for each month and are presented in Table 3.3. The lowest 
measured temperature in the years 2007 to 2013 was -18.2°C (in February 2008) and the 
highest measured temperature was 27.5°C (in July 2008). Accumulated annual 
precipitation was on average 1442 mm year-1, a maximum of 1662 mm year-1 was recorded 
in 2007 and a minimum of 1038 mm year-1 was recorded in 2010.  
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Table 3.3. Monthly averages of meteorological factors measured at the Eyrarbakki 
weather station over the years 2007-2013 (Source: Icelandic Meteorological Office). 

Month 
Temperature 

(°C) 

Precipitation 
(monthly total) 

(mm) 

Atmospheric 
pressure 

(hPa) 

Wind 
speed 
(m/s) 

January 0.6 155 998 7.2 
February 1.0 146 1003 7.6 
March 1.3 134 1005 7.4 
April 3.4 103 1009 6.7 
May 7.4 76 1013 6.0 
June 10.6 49 1015 5.4 
July 12.5 80 1010 5.0 
August 11.3 111 1008 5.2 
September 8.3 193 1003 6.6 
October 4.1 165 1003 6.4 
November 1.8 129 1002 6.9 
December -0.4 128 1000 7.2 
Annual average 5.1 123* 1006 6.5 

* This is the average of total monthly precipitation. The average annual precipitation from 
2007-2013 was 1442 mm year-1. 

 

3.3 Fíflholt 
The landfill site at Fíflholt is located in Western Iceland at 64°41´N, 22°08´W (see Figure 
3.1). The landfill site serves 10 municipalities in the western part of Iceland with a total of 
20,000 inhabitants (EFLA, 2012). Landfilling at Fíflholt began in December 1999 and the 
site is still in use. The site is operated by Sorpurðun Vesturlands hf. and has a recently 
renewed operation permit from the Environment Agency of Iceland until the year 2028. 
Aerial view of the landfill site with approximated cell boundaries is shown in Figure 3.3. 
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Figure 3.3. Aerial view of the landfill site at Fíflholt with approximate cell boundaries. 

Cell boundaries were drawn based on GPS coordinates from Verkís Consulting Engineers. 
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Site layout 

The reserved size of land for the landfill is 30 ha and roughly half of that has already been 
used, or approximately 16 ha. Three cells have been filled and closed and the fourth cell is 
now in use. Cells were excavated down to bedrock and are separated by naturally occuring 
outcrops of Neogene basaltic lava flows (VGK Hönnun, 2007). Instead of installing a 
synthetic bottom liner, it was permitted to use the very dense marine sediment on top of the 
lava flows as a bottom sealing material. This marine sediment is from a time when the area 
was under sea level during the Ice Age. In addition, the bedrock made of Neogene basalt 
lava has a very low permeability, helping to reduce groundwater pollution by leachate 
(VGK Hönnun, 2007). There is a leachate pipe collection system at the bottom of every 
cell, covered with a gravel drain layer (Þórólfsdóttir, 2009). After deposition the waste is 
compacted with a heavy landfill compactor and at the end of each day the waste is covered 
with a 10-15 cm thick layer of crushed wood chips. The waste is then recompacted after 2-
3 days of degradation (Þorsteinn Eyþórsson, Sorpurðun Vesturlands, personal 
communication, May 9, 2014). This results in a better net compaction of the waste mass, 
according to the site operator, but exact density is not known. The final top cover is 
composed of 15-25 cm of crushed wood chips and then approximately 1 m thick layer of 
soil that is excavated at the site. The total thickness of the landfill cover is thus 
approximately 1.0-1.2 m (Þórólfsdóttir, 2009). All cell surfaces are flat and there is no 
vegetation on the cover . 

Cell number 2 was chosen for the study based on the criteria mentioned in chapter 3.1. The 
surface area of the cell is 0.94 ha and the thickness of the waste layer is 4-5 m (Sorpurðun 
Vesturlands hf., 2003-2012). Waste disposal in cell 2 began in January 2003 at the North-
end and ended at the South-end in midsummer 2006. There are two gas-monitoring wells 
in the cell, located approximately 90 m apart along the middle of the cell (see Figure 3.3). 
They are distinguished as C2-N (Cell 2-North) and C2-S (Cell 2-South). The wells were 
drilled down to 8-9 m depth and the inside walls sealed with bentonite. The wells are fitted 
with casings that are unslotted at the top 2.5 m, and slotted below that. The casings are 
covered with a plastic pipe and locking cap at the top (Ræktunarsamband Flóa og Skeiða, 
2009). The composition and thickness of the landfill cover should be near identical over 
the whole cell, according to the site technicians. 

The overall surface of cell 2 at the Fíflholt landfill is rather homogeneous and similar to the 
surface of the adjacent cells. On top of the soil are rocks and cobbles of various sizes, but 
they are easy to move on most part of the cell surface. Some part of the surface has been 
used for driving machinery and vehicles that need to be used at the site and is therefore 
slightly packed, although the surface was not especially compacted for this purpose. There 
is also some wood debris lying on a part of the cell. The rest of the surface is rather soft 
and good for air-tight measurements with the chamber, provided that the soil is not frozen. 

Soil type 

Local soil from excavation of the cells was used in the top cover of the landfill, mixed with 
soil from a quarry beside the landfill site. The ratio is not known, but according to site 
technicians the major part was from the quarry (Þorsteinn Eyþórsson, Sorpurðun 
Vesturlands, personal communication, May 2014). The prevailing soil type at the location 
of the quarry is Cambic-Gravelly Vitrisol (í. Melajörð-Malarjörð) and the prevailing soil 
type at the location of the cells is Histosol (í. Mójörð), according to the Icelandic Soil Map 
(Arnalds, Óskarsson, Gísladóttir, & Grétarsson, 2009). Histosol is in general the most 
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organic soil type in Iceland, containing >20% C. Histosols have a low pH (4-5.3), low clay 
content (3%), and low bulk density (0.15-0.4 g cm-3). Histosols have a high water holding 
capacity and can hold vast amounts of water, like the Histic Andosols. Vitrisols have, 
however, a very low carbon content of <1% C, rather neutral pH (7-7.5) and 2-8% clay 
content, bulk density of 0.8-1.2 g cm-3, and low water holding capacity (Arnalds & 
Óskarsson, 2009; Arnalds, n.d.).  

Waste composition 

The Fíflholt landfill has received on average 8-10 thousand tons of waste per year in recent 
years. The maximum deposited amount of waste was around 12,000 tons in 2006, but since 
then, the yearly amount of landfilled waste has declined due to increased recycling in the 
municipalities served by the landfill (Sorpurðun Vesturlands hf., 2003-2012). The 
operation permit allows for a deposition of municipal solid waste and non-hazardous 
waste. The site has also received slaugherhouse waste and asbestos, which is disposed of 
separately in specific cells (Þorsteinn Eyþórsson, Sorpurðun Vesturlands hf., December 12, 
2012). The total weight of waste deposited in cell 2 was 34,770 tons, assuming that 50% of 
each waste category from the year 2006 was deposited in cell 2. The division between the 
IPCC categories is shown in Table 3.4 but complete summary of waste quantities is given 
in Appendix B.2. The degradable organic carbon (DOC) is calculated according to default 
fraction values given in the IPCC Waste Model (IPCC, 2006). 
 
Table 3.4. Quantities of waste by category, deposited in cell 2 at Fíflholt. 

 Weight [tons]  

Waste category 
2003 2004 2005

(Jan-
June)
2006

 
 

Sum 

% of 
total 

weight
Food 2,044 2,284 2,043 788 7,157 21%
Garden 82 91 103 46 321 1%
Paper 2,041 2,281 2,025 788 7,134 21%
Wood 723 808 1,227 1,119 3,877 11%
Textile 227 253 225 87 792 2%
Nappies 680 760 674 262 2,376 7%
Sludge 18 20 215 35 289 1%
Inert 2,569 2,870 2,607 995 9,041 26%
Industrial 132 147 1,589 1,915 3,783 11%
Total weight of waste [tons] 8,515 9,514 10,706 6,035 34,770 
Thereof DOC weight [tons] 1,688 1,887 2,129 1,296 7,001 
DOC fraction of waste  20% 20% 20% 21% 20% 

 
Based on the locations of the two monitoring wells at Fíflholt, it is assumed that waste in 
the area around C2-N was deposited in 2004, and the waste in the area of C2-S is about 
one year yonger, or from 2005. The age of waste at the time of measurements performed in 
this study was therefore around 8.5 years and 7.5 years at the locations of C2-N and C2-S, 
respectively. 
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Climate 

The Icelandic Meteorological Office (IMO) has run a weather station in collaboration with 
Sorpurðun Vesturlands hf. at the Fíflholt landfill site since March 2006. This is an 
automatic, unmanned station that is located at 40 m above sea level. The height of the wind 
gauge is 10 m (Guðrún Gísladóttir, Icelandic Meteorological Office, personal 
communication, May 2014). Time series for meteorological factors measured by this 
station from the year 2007 to 2013 were obtained from the IMO. Average values for 
relevant factors were calculated for each month and are presented in Table 3.5. 
Atmospheric pressure is not measured at the Fíflholt weather station. Data on atmospheric 
pressure was therefore obtained from a weather station in Stykkishólmur (also run by the 
IMO), which is located at 13.2 m above sea level, approximately 75 km northwest of 
Fíflholt, and corrected for altitude. The lowest measured temperature in the years 2007-
2013 was -18.7°C (in February 2008) and the highest measured temperature was 25.7°C 
(in July 2008). Total annual precipitation was on average 772 mm year-1, a maximum of 
1046 mm year-1 was recorded in 2007 and a minimum of 550 mm year-1 was recorded in 
2010.  

Table 3.5. Monthly averages of meteorological factors measured at the Fíflholt weather 
station over the years 2007-2013 (Source: Icelandic Meteorological Office). 

Month 
Temperature 

(°C) 

Precipitation 
(monthly total) 

(mm) 

Atmospheric 
pressure** 

(hPa) 
Wind speed 

(m/s) 
January 0.1 67 995 6.7 
February 0.0 71 1000 6.5 
March 0.4 63 1002 6.8 
April 2.8 42 1006 6.4 
May 6.2 46 1010 5.9 
June 10.0 30 1013 5.0 
July 11.9 46 1008 4.7 
August 10.6 84 1005 5.0 
September 7.7 125 1000 6.1 
October 3.6 93 1001 6.1 
November 1.1 61 1000 6.5 
December -0.7 43 998 7.0 
Annual average 4.5 64* 1003 6.1 

* This is the average of total monthly precipitation. The average annual precipitation from 
2007-2013 was 772 mm year-1. 
**Values for atmospheric pressure obtained from the weather station in Stykkishólmur and 
corrected for altitude. 
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4 Methods 
This chapter describes the methodology used in the field investigation and how the field 
data was analysed for results. A description is first provided of the static chamber that was 
used for gas flux measurements. Following is a description of the measurement strategy in 
the field and finally a description of data analysis methods.  

4.1 Equipment for flux measurements 
Gas emissions were measured with a portable static-chamber fluxmeter (West Systems, 
2012) owned by Iceland GeoSurvey (ÍSOR). The static chamber technique (as described in 
chapter 2.5.1) was chosen because this was the only available equipment at the time of 
study. The main components of the fluxmeter are shown in a schematic Figure 4.1. The 
relative size of the chamber can be seen in Figure 4.3, which is a photo from sampling at 
Kirkjuferjuhjáleiga on October 18, 2012. The fluxmeter is equipped with two infrared gas 
detectors, one for detection of CH4 and another for detection of CO2. Measurements of 
CO2 were therefore always documented along with the CH4 measurements at the same 
point. The chamber has a circular shape with internal diameter 20 cm and height 9.7 cm. 
The net volume of the chamber is 2.76 L and it covers an area of size 0.0314 m2. The 
chamber is conncected with plastic inlet and outlet tubes to the infrared gas detectors that 
are carried in a backpack. The air inside the chamber is pumped continuously from the 
chamber through the detectors and back to the chamber again, providing a continuous 
measurement of CH4 and CO2 concentrations inside the chamber. The measurement is 
controlled with a handheld computer, connected via bluetooth to the gas detectors in the 
backpack.  

 

 

Figure 4.1. Main components of the fluxmeter (West Systems, 2012). 
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4.1.1 The measurement procedure 

The chamber is placed on a desired measurement location and pressed firmly against the 
ground. The measurement is started with the handheld computer and a flux curve of gas 
concentration vs. time appears on the computer screen. An example of a flux curve is 
shown in Figure 4.2. The FluxManager software computes a regression line that fits the 
flux curve in an interval that is selected by the surveyor. The slope of the regression line 
represents the rate of change in concentration of the target gas inside the chamber and has 
the dimension ppm sec-1.  

 

Figure 4.2. Flux curve example (West Systems, 2012). 

The flux is quantified to g m-2 day-1 by multiplying the concentration increase in ppm sec-1 
by a proportionality factor involving the ideal gas law and the surface area of the chamber. 
The equation for the flux calculation is the following (West Systems, 2012). 

 F	=
b

106 A
·
P  V  M 

R  Tk
·86400 ( 6 )

Where 

 F is the flux (or gas emission) in g m-2 day-1 
 b is the rate of concentration change of target gas (slope of regression line), 

expressed in ppm s-1 
 A is the chamber inlet area in square meters, 3.140*10-2 m2  
 P is the barometric pressue expressed in mbar (hPa) 
 V is the chamber net volume, 2.756*10-3 m3 
 M is the molar mass of the target gas (16.04 g mole-1 for CH4 and 44.01 g mole-1 

for CO2) 
 R is the gas constant 0.0831451 hPa m3 K-1 mol-1 
 Tk is the air temperature expressed in Kelvin 
 86400 is the number of seconds in one day 

Interfacing of the chamber with soil should be performed with great attention because 
intrusion of atmospheric air into the chamber will disturb the measurement (West Systems, 
2012). It is recommended to pack some loose soil around the outside of the chamber to 
prevent this from happening.  
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Figure 4.3. Gas emission measurement conducted on cell 8 at the Kirkjuferjuhjáleiga 
landfill with the West Systems fluxmeter. Photo: GM, October 2012. 

4.1.2 Measurement precision, accuracy and regression quality  

The precision of the CH4 flux measurement is dependent on the magnitude of the measured 
flux (West Systems, 2012). For fluxes of a high magnitude (> 160 g m-2 day-1) the 
precision is 10% and for flux measurements in the range 3 – 160 g m-2 day-1 the precision 
is 25%. Measurements of very low fluxes (< 3 g m-2 day-1) are possible, but the error will 
increase due to the low detector sensitivity (West Systems, 2012).  

The CH4 detector has 5% accuracy. The CO2 detector is more accurate and sensitive and 
has in general <1% accuracy. Noise disturbance in the flux curve can therefore be quite 
large for low CH4 fluxes, but noise is minimal for CO2 flux measurements (West Systems, 
2012).  

Along with the flux curve and regression line, as shown in Figure 4.2, the FluxManager 
software calculates the linear regression quality factor, R2. The quality factor varies from 0 
to 1, and a value of R2 close to one (or R2 > 0.9) means that the regression is good and the 
regression line fits the flux curve very well in the chosen interval. Figure 4.4 gives four 
different examples of what the flux curve may look like and a typical value of the R2-
factor, depending on the magnitude of the flux. Figure 4.4 a) shows how a “perfect” flux 
curve, representing clear emission of the target gas. It can be seen in figures b., c. and d. 
how the noise increases and the R2 factor becomes lower with a decreasing magnitude of 
the flux. When the flux rate is close to the lower detection limit of the gas detector, the 
"noise" of the detector will be comparable with the increase of concentration. This results 
in perturbations in the flux curve and lowers the R2 quality factor (see Figures 4.4 c and d). 
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Low CH4 fluxes are therefore generally accompanied with low R2 values. A flat flux curve 
means that there is no increase in concentration of the target gas (no flux). In this case the 
R2 has to be zero because the slope of the regression will be zero (West Systems, 2012). It 
should be noted that the value of R2 is calculated for the interval chosen by the surveyor 
and therefore the selection of the flux curve interval is critical (West Systems, 2012).  

 

 
a) “Perfect” flux curve 

 
b) Low flux (noise of the detector is 
comparable with the increase in gas 
concentration) 

 
c) Very low flux 

 
e) Negligible flux 

 

 

Figure 4.4. Four examples of the shape of the flux curve and a typical value of the R2 
factor relative to the magnitude of the flux (West Systems, 2012). 
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4.2 Field investigation program 
The field investigation program was built upon gas flux measurements with the static 
chamber in accordance to visual inspection of the landfill surface. A total of 69 flux 
measurements were conducted on four occasions at Kirkjuferjuhjáleiga and a total of 71 
flux measurements on five occasions at Fíflholt during the fall and winter 2012-2013. 
Measurements were carried out on more than one occasion at each site to capture temporal 
variability to some degree. The timing and number of sampling occasions was partly 
limited to the time frame of this project and to the availability of the borrowed equipment. 
Also, an effort was made to conduct flux measurements under dry conditions. 

A part of the flux measurements were conducted on a predefined grid, covering a sub-
section of each surveyed cell, to investigate the small-scale variability in CH4 emissions. In 
addition, composition of landfill gas (LFG) was measured in gas-monitoring wells and soil 
samples assembled to support later interpretation of results from flux measurements. An 
overview of sampling occasions and what data was gathered on each sampling date is 
given in Table 4.1. A description of each project segment is given in the following 
subchapters.  

As mentioned in chapter 1.2, another study on the oxidation capacity of current landfill 
covers was conducted parallel to this study. The investigation was carried out in proximity 
of the two gas-monitoring wells on cell 2 at the Fíflholt landfill site, using the gas profile 
method as described in chapter 2.7.2. A further description of methods and results can be 
found in Kjeld (2013).  

Table 4.1. Overview of sampling occasions and type of gathered data at 
Kirkjuferjuhjáleiga (K) and Fíflholt (F). 
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28
.0

2.
13

 

21
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13

 

Visual inspection K F K F K F F F K 

Flux measurements K F K F K F F F K 

Grid        F K 

LFG composition  F K  K  F* F*  

Soil sample     K F    

* Measurements performed by Alexandra Kjeld as a part of a parallel 
study on oxidation capacity of the soil cover at Fíflholt (Kjeld, 2013). 

Meteorological data for every sampling date was obtained from the Icelandic Met Office. 
Data includes air temperature, atmospheric pressure, wind speed and cumulative 
precipitation for the previous 24 hours, 48 hours and 7 days and was recorded by the 
previously mentioned weather stations at Fíflholt and Eyrarbakki (see chapters 3.2 and 
3.3).  
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Table 4.2. Local weather conditions on each sampling date at Kirkjuferjuhjáleiga. Mean 
values for each date as measured by the Eyrarbakki weather station, run by IMO.  

 Sampling date  
Meteorological factor 15.08.12 18.10.12 19.11.12 21.03.13 

Air temperature (°C) 15 1.4 -2.4 4 
Atmospheric pressure (hPa) 1013 1013 999 1027 
Wind speed (m/s) 2 7 9 10 
Accumulated precipitation,  
    24 hour (mm) 

 
1.5 0 0

 
0 

    48 hours (mm) 
    7 days (mm) 

5.5 
57.7 

0
7.0

0
28.8

0 
4.5 

 

Table 4.3. Local weather conditions on each sampling date at Fíflholt. Mean values for 
each date as measured by the Fíflholt weather station, run by IMO.  

 Sampling date 
Meteorological factor 17.10.12 18.11.12 12.12.12 21.01.13 28.02.13

Air temperature (°C) 3.3 1.9 0.1 3.6 2.1 
Barometric pressure (hPa)* 1018 1001 1016 1006 1030 
Wind speed (m/s) 9 8 5 6 5 
Acc. precipitation,  
    24 hour (mm) 

 
0 

 
0 

 
0 

 
0 

 
0.7 

    2 days (mm) 0 0 0 0 8.3 
    7 days (mm) 16.9 15.6 4.5 14.9 60.4 

* Data on atmospheric pressure was obtained from the Stykkishólmur weather station (also run by 
IMO) and corrected for height above sea level. 

 

4.2.1 Visual inspection 

Visual inspection was the first task in the field investigation, but it was also an intertwined 
part of flux measurements on all sampling occasions. This was done by walking over the 
whole cell and look for anomalies on the surface that could indicate landfill gas emissions. 
As mentioned in chapter 2.4.1, the visible signs of LFG-emitting areas on the surface may 
be e.g. small cracks or fissures. Vegetation stress or bare soil within a vegetated area can 
also be an indication of LFG migration through landfill cover. This occurs because the 
plant roots are deprived of oxygen. It is also possible that LFG carries components that are 
directly toxic to plants (SEPA, 2004). If snow is covering the surface, the migrating LFG 
may melt away the snow due to its warm temperature, hence indicating the location of 
emitting areas. This is however unlikely to occur if the snow-cover is thicker than a few 
centimeters.  

A preliminary step to the visual inspection was to contact landfill operators and ask them if 
they had ever noticed signs of methane emissions on the landfill surfaces. At Fíflholt they 
pointed out an approximate location of a spot where they thought sometimes appeared to 
be rising steam and some smell. Significant emissions were not detected when flux 
measurements were conducted around this spot. The landfill operator at Kirkjuferjuhjáleiga 
could not point out any such spots on the landfill surface but mentioned gas bubbles 
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coming up to the surface on the two ponds where slaughterhouse waste was buried. It was 
not possible to conduct flux measurements at the ponds with the available equipment, but 
the rising gas bubbles were obvious at all visits to the landfill.  

4.2.2 Flux measurement strategy 

Flux measurements were based on visual inspection of the surface at all times. In general 
there were no distinct signs of emitting spots found on the surface of either landfill site, 
apart from the areas of bare soil inside grassy areas at Kirkjuferjuhjáleiga which may have 
formed because of the destructive effect of LFG on vegetation. A FID screening as 
described in chapter 2.6 was not an option since an adequate FID equipment was not found 
for this study.  

Due to time constraints and limitations regarding air-tightness of the static chamber, a 
decision was made after initial visits to focus the flux measurements on specific areas 
instead of the whole surface of the cells. At Kirkjuferjuhjáleiga, the majority of flux 
measurements were therefore conducted on bare-soil areas. A few measurements were 
conducted on grass and compacted gravel, but it appeared to be difficult to keep the 
chamber air-tight on these two surface types. At Fíflholt, the majority of flux 
measurements were conducted around the locations of the gas profile sampling tubes from 
Kjeld´s parallel study (Kjeld, 2013), and thus in proximity to the two gas-monitoring wells. 
A few measurements were also conducted on the way between C2-S and C2-N and also on 
each end of cell 2 to check if higher emissions might be found on other locations on the 
cell. 

Each measurement with the fluxmeter was run for around 5-6 minutes as recommended by 
West Systems (2012). However, the average time needed per measurement point is longer 
than this, if all is included. As an example it took around 7.5-8 hours to conduct 
measurements on a total of 30 sampling points on March 21, 2013, including 25 points on 
the predefined grid and 5 additional points. This means that average sampling time was 
around 15-16 minutes on this sampling date, including preparation and on-site data 
processing. Nevertheless, sampling time was probably optimized on this last sampling 
occasion. Fewer measurement points on other sampling dates can mainly be attributed to 
lack of experience and that measurement locations were decided during sampling, but not 
beforehand. Some time was also spent on gathering additional data on previous sampling 
dates, as can be seen in Table 4.1. 

Coordinates of each sampling point were recorded with a handheld Garmin GPS unit. 
There is some error in the documented GPS coordinates and this should be kept in mind 
when looking at locations of measurement points on the maps in chapter 5. According to 
the manufacturer, the accuracy of Garmin® GPS receivers is of an order of meters. The 
GPS unit was also used to map the outlines of different surface material types of cell 8 at 
Kirkjuferjuhjáleiga. A complete listing of documented CH4 and CO2 flux rates at all 
measurement points along with GPS coordinates is given in Appendix A.  

4.2.3 Small-scale grid measurements with the static chamber 

At both landfill sites, a grid was established on a sub-section of the surface area to 
investigate the small-scale variability of CH4 emissions. At Kirkjuferjuhjáleiga the grid 
covered a large bare-soil spot beside the gas-monitoring well but also included four 
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measurements on grass. Measurements were performed on March 21, 2013, on 24 
sampling points, spaced 2 m apart. At Fíflholt the grid was organized around the C2-N gas 
profile sampling tubes that were installed for the parallel study by Kjeld (2013) (see 
explanation of gas profiles in chapter 2.7.2). Measurements were performed on 18 
sampling points, spaced 1.5 m apart and two additional points on February 28, 2013. The 
location of the grid was based on proximity to the C2-N gas-monitoring well and the soil 
sample location. The C2-N location was chosen in preference to C2-S because higher CH4 
flux rates had been measured in proximity to C2-N. The size of the grid (number of 
measurement points) was based on the available time to perform measurements on each 
sampling occasion.  

4.2.4 Gas composition in monitoring wells 

The composition of landfill gas in monitoring wells was measured using a GA2000 PLUS 
Range Gas Analyser (Geotechnical Instruments Ltd., 2009), borrowed from EFLA 
Consulting Engineers. The gas analyser measures the volume percentage of CH4, CO2 and 
O2 and calculates the remaining component of the gas mixture by subtracting the sum of 
CH4, CO2 and O2 concentrations from 100%. This remaining component is assumed to be 
N2. Gas composition was measured on October 18, 2012 and on November 19, 2012 at 
Kirkjuferjuhjáleiga and on October 17, 2012, January 21, 2013 and February 28, 2013 at 
Fíflholt. The accuracy of the gas analyser is dependent on the range of measured 
concentration, as presented in Table 4.4. 

Table 4.4. Accuracy of gas concentration measurement with GA2000 PLUS Range Gas 
Analyser (Geotechnical Instruments Ltd., 2009) 

Measurement range CH4 CO2 O2 
0-5% vol. ±0.5% ±0.5% ±1.0% 
5-15% vol. ±1.0% ±1.0% ±1.0% 
15%-Full Scale vol. ±3.0% ±3.0% ±1.0% 

 

4.2.5 Soil samples 

As previously discussed in chapter 2.7, the properties of the landfill cover soil can have 
substantial influence on the degree of CH4 oxidation. It is therefore recommended to gather 
soil samples for examination of soil properties. One soil sample from Kirkjuferjuhjáleiga 
and one from Fíflholt were collected. Local soil material was used in the landfill cover and 
according to site operators and technicians, the soil cover should have the same 
composition over the entire cells at both landfill sites. Therefore, one sample from each site 
was considered sufficient. The sample at Kirkjuferjuhjáleiga was collected on November 
19, 2012, on a location of detected CH4 emissions, in proximity of the gas monitoring well. 
This is inside the same bare-soil spot as the grid measurements were conducted. There is 
no machinery at the site since the landfill is no longer in operation and therefore the sample 
was handdug with a shovel down to approximately 40-50 cm. At Fíflholt, the soil sample 
was collected on December 12, 2012. Around 1 m deep hole was dug with an excavator in 
proximity to the C2-N gas monitoring well. Both samples were disturbed and gathered 
according to guidelines from Icelandic Road and Coastal Administration (Vegagerðin, 
2006).  



39 

4.3 Data analysis 
Field data from flux- and gas composition measurements and soil sample assemblance 
were analyzed as described in the following subchapters. 

4.3.1 Analysis of gas flux data 

The calculated CH4 emissions (in g m-2 day-1) from all measurements are first presented by 
descriptive statistics, including the maximum, minimum, average, median, upper and lower 
quartiles and a histogram of CH4 emissions. This gives an overview of the magnitude of 
CH4 emissions from the surveyed cells and the frequency of high and low flux rates.  

Survey data for CH4 flux is then categorized in correlation with the measured CO2 flux at 
the same spot as well as the R2 values for each measurement (see definition of R2 in 
chapter 4.1.2). Depending on the value of CH4 flux, the data from flux measurements is 
categorized into three different cases as summarized in Table 4.5. It was not possible to 
save the actual flux curves during sampling, but examples of flux curves for high and low 
fluxes and the corresponding R2-values are given in Figure 4.4. In general, low flux is 
accompanied with a low R2-value and vice versa. 

The first case is when CH4 flux is positive accompanied with a positive CO2 flux and both 
have a high R2 value. The positive CO2 flux confirms that LFG is being emitted. 
Measurements that fall within this category are defined as CH4 emitting sites. Following 
the approach of Rachor (2012), these sites are further categorized by strength in the 
following way: 

a) Weakly emitting site:   CH4 flux is < 8 g m-2 day-1 
b) Considerably emitting site:   CH4 flux is in the range 8-80 g m-2 day-1 
c) Strongly emitting site:  CH4 flux is ≥ 80 g m-2 day-1 

The second case is when CH4 flux is zero or negligible with a low R2. This case is further 
categorized depending on whether the CO2 flux at the same location is a) zero (with low 
R2), or b) positive (with a high R2). Case II-a) is defined as a non-emitting site due to the 
absence of CO2 flux. Case II-b) is defined as a site where CH4 is being oxidized, and the 
presence of CO2 flux is thus assumed to come from the oxidation process. In a few 
measurements categorized as Case II, the CO2 flux is low (<1 g m-2 day-1), but the 
measurement still has a R2 > 0.5. For these measurements, the distinction between II-a) and 
II-b) is not completely clear, but a decision was made to categorize them as non-emitting 
sites.  

The third case is identified when CH4 flux is negative with R2 > 0.7. This case is also 
divided to two sub-cases, depending on the value of CO2 flux. Case III-a) is defined if the 
CO2 flux is positive this is considered a spot where the soil is oxidizing CH4 from the 
atmosphere in addition to CH4 from the waste layer. The soil is thus acting as a sink for 
CH4, explaining the negative sign on the CH4 flux. This is according to the definition of the 
static chamber technique explained in chapter 2.5.1. Case III-b) is defined when the CO2 
flux is also negative, indicating CO2 uptake by the soil. Uptake of CO2 occurs during 
photosynthesis on vegetated areas, but normally soils without vegetation are regarded as a 
net source of CO2 due to microbial respiration. Some studies have shown that non-
phototrophic CO2 fixation may outweigh respiration, at least on a small spatial scale, due 
to the activity of hydrogen-oxidizing bacteria in soil (Miltner et al., 2005). The observed 
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net uptake of CO2 at four spots in this study might have occurred due to this reason, but 
further examination of that is beyond the scope of this study. There is also a possibility that 
something went wrong in the measurement procedure itself. The measurements with 
negative CO2 flux were regarded as invalid measurements and not included in further data 
analysis. 

Table 4.5. Interpretation of gas flux measurements. 

  CH4 CO2 

Case Definition 
Flux rate 

[g m-2 day-1] R2 
Flux rate 

[g m-2 day-1] R2 
 
I CH4 emitting site  

a) Weak 
b) Considerable 
c) Strong 

0-8 
8-80 
>80 

> 0.7 
> 0.7 
> 0.7 

> 0 
> 0 
> 0 

> 0.7 
> 0.7 
> 0.7 

II Zero or negligible CH4 flux 
a) Non-emitting site (zero CO2 flux) 
b) Oxidation (positive CO2 flux) 

 
~ 0 
~ 0 

 
< 0.5 
< 0.5 

 
~ 0 
> 0 

 
< 0.5 
> 0.7 

III Negative CH4 flux  
a) Oxidation (positive CO2 flux) 
b) Invalid measurement 

(negative CO2 flux) 

 
< 0 
< 0 

 
> 0.7 
> 0.7 

 
> 0 
< 0 

 
> 0.7 
> 0.7 

 

Lastly, all measurement points on each landfill site are presented on a map with a color-
coding according to the three cases defined for the value of CH4 flux. The maps show the 
spatial variability of CH4 emissions on the surveyed areas of each cell.  

Of the 71 flux measurements conducted at Fíflholt, 17 of them were made on top of gas 
profile sampling tubes used in the parallel study by Kjeld (2013). The tubes were 15 mm in 
diameter and reached 5 cm above the soil surface, so they were easily covered by the static 
chamber. There were a total of 15 tubes, seven at C2-S and eight at C2-N. One flux 
measurement was conducted on top of each tube, and one additional measurement on top 
of two tubes at the C2-N location. The chamber was placed on soil as usual, but with the 
top of one sampling tube inside the chamber at a time. This was done for comparison to 
Kjeld´s gas profile measurements. The results from these 17 flux measurements are 
analysed and presented separately from other flux data and not included in the case-
analysis described in Table 4.5. This was done because it was considered to be possible 
that landfill gas was being drawn from the sampling tubes during these measurements. If 
that were the case, the flux rates would not be comparable with other measured flux rates 
at the landfill.  

Small-scale spatial variability 

Flux measurements that were conducted on a predefined grid on February 28, 2013 at 
Fíflholt and on March 21, 2013 at Kirkjuferjuhjáleiga, are presented graphically, showing 
the magnitude of CH4 flux at each point in the grid. This provides a visualization of small- 
scale spatial variability in the observed CH4 flux rates.  
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4.3.2 Composition of landfill gas in monitoring wells 

Gas composition in monitoring wells represents the composition of landfill gas inside the 
landfill. This gives an idea of whether microbial gas production is undisturbed in the 
anaerobic phase IV. The CO2:CH4 concentration ratio is calculated and compared to the 
volume ratio in LFG emissions, measured with the static chamber.  

4.3.3 Volume ratio of CO2 to CH4 in emitted LFG 

As explained in chapter 2.7.2, the volume ratio of CO2 to CH4 in LFG emissions can be 
used as a rough indicatior of the degree of oxidation. Therefore the flux rates of CH4 and 
CO2, measured in ppm s-1 at the same spot may be used for this purpose, assuming that 
they are diluted to the same extent when reaching the surface. The CO2:CH4 volume ratio 
is calculated for all emitting sites (Case I). The ratio is then compared to the typical ratio in 
raw LFG and also to the measured concentration ratio in LFG in the gas monitoring wells. 
The result is an indication of whether oxidation has taken place, if the CO2:CH4 ratio is 
higher in the emitted LFG than in raw LFG from inside the landfill. The CO2:CH4 ratio is 
not of any value for cases II, III and IV and is therefore not calculated for those instances.  

4.3.4 Soil sample analysis 

The soil samples from Kirkjuferjuhjáleiga and Fíflholt were analysed in collaboration with 
Kjeld (2013) at the Innovation Center Iceland´s research laboratory in February 2013. Two 
types of tests were performed, firstly a sieve analysis to determine the grain size 
distribution of each soil sample and secondly a weight loss on ignition to estimate the 
organic content of the samples.  

Soil gradation 

The sieve analysis was conducted according to the IST EN 933-1 standard (2012). An 
Excel sheet with predefined formulas from the Innovation Center Iceland´s laboratory was 
used to create the grain size distribution curves and calculate the corresponding parameters 
from the graph. These parameters are D10, D30 and D60, which are the passing grain 
diameters at 10%, 30% and 60% of mass respectively. They are used for calculating the 
coefficient of uniformity (Cu) and the coefficient of curvature (Cc) in the following way 
(Murthy, 2003). 

 Cu= 
D60

D10
 ( 7 )

 Cc= 
(D30)2

D60 D10
 ( 8 )

 
The coefficient of uniformity indicates the range of distribution of grain sizes in a given 
soil sample. According to the shape of the grain size distribution curve and the coefficient 
of uniformity, the soil can be classified as (1) Well graded, (2) Gap graded, or (3) 
Uniformly graded or poorly graded. A well graded soil possesses a wide range of particle 
sizes, ranging from gravel to clay size particles. When the majority of the soil particles are 
approximately equal in size, the soil is uniformly or poorly graded. In this case the value of 
the coefficient of uniformity (Cu) will be close to 1 and the grain size distribution curve is 



42 

almost vertical. For practical purposes the following values are generally considered for 
sandy and gravelly soils (Murthy, 2003): 

Cu >	4 for well graded gravel 

Cu >	6 for well graded sand 

Cu <	4 for uniformly graded soil (containing particles of the same size)  

The coefficient of curvature (Cc) also serves as an indicator on the soil gradation. The soil 
is said to be well graded if Cc lies between 1 and 3 for gravels and sands (Murthy, 2003). 

Soil texture 

From the sieve analysis data the texture of the soil sample was determined according to the 
ISO 14688-1 standard. This is a classification of the material by size, demonstrating how 
much of the sample weight is cobbles, gravel, sand, silt or clay. The soil gradation and soil 
texture are indicators on the porosity of the soil, and hence the flow of oxygen and 
methane through the landfill top cover. The Unified Soil Classification System (USCS) is 
then used to classify the soil sample according to the sieve analysis of filings.  

Organic content 

A weight loss on ignition (LOI) test was performed according to Statens vegvesen (1997) 
to determine the organic content of the soil samples. This test is performed on a sub-
sample containing only particles of grain size ≤ 0.5 mm. A dried sample is weighted before 
and after ignition for 24 hours in a muffle furnace at 450°C. The weight loss on ignition 
represents the organic matter of the sample, which burns away during the ignition. The 
organic content is thus the ratio of the mass of organic matter in a given dry mass of soil to 
the total mass of the dry soil before ignition. The organic content is expressed as a 
percentage of dry soil smaller than 0.5 mm.  

 Organic content:  LOI450 =
DW - DW450

DW
 ∙100 ( 9 )

 
Where DW is the weight of the sample before ignition and DW450 is the weight of the 
sample after ignition. The organic content of the sample, determined with the LOI 
technique, includes all organic matter. Traditionally it is assumed that organic matter 
contains 58% organic carbon, although this factor may vary depending on the type of 
organic matter present in the soil (Schumacher, 2002). Total organic carbon (TOC) is 
calculated, using this ratio, for each soil sample.  
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5 Results 
The results from flux- and gas composition measurements and soil sample analysis are 
presented separately for each landfill site. The results for Kirkjuferjuhjáleiga are 
presented first and then the corresponding results for Fíflholt.  

5.1 Kirkjuferjuhjáleiga 
5.1.1 Landfill gas composition in the monitoring well 

The composition of LFG as measured in the monitoring well on October 18, 2012 and on 
November 19, 2012 is shown in Table 5.1. The measured concentration of gases 
represented mature landfill gas in phase IV with a CO2:CH4 ratio of approximately 0.61-
0.64. Gas composition should not have changed significantly during the research period, 
since the gas production in phase IV is expected to be rather stable over a period of years, 
as explained in chapter 2.2. 

Table 5.1. Gas composition in the monitoring well in cell 8 at Kirkjuferjuhjáleiga. 

Sampling date 
CH4  

(%v/v) 
CO2  

(%v/v) 
O2  

(%v/v) 
N2 

(%v/v) 
18.10.12 61.6 37.9 0.5 0 
19.11.12 60.2 38.5 1.3 0 

 

5.1.2 Flux measurements 

A statistical summary of CH4 flux rates on 65 measurement points is given in Table 5.2. 
The complete categorization and interpretation of the overall 69 flux measurements at 
Kirkjuferjuhjáleiga is given in Table 5.3. The four measurements that were categorized as 
invalid in Table 5.3 are not included in the statistical summary. A histogram for the same 
data is shown in Figure 5.1. Measured CH4 flux rates at Kirkjuferjuhjáleiga ranged from -
3.2 to 1286 g m-2 day-1, and the average flux rate was 67.5 g m-2 day-1. Roughly half of the 
measured CH4 emissions were negligible and 75% were lower than 10 g m-2 day-1.  

Table 5.2. Statistical summary of CH4 flux measurements on all sampling occasions at 
Kirkjuferjuhjáleiga. Number of measurements, N = 65. 

Flux rates  (g CH4 m
-2 day-1) 

Average 67.5 
Maximum 1286 
Upper quartile, 75% 10.0 
Median, 50% 0.3 
Lower quartile, 25% 0.0 
Minimum -3.2 
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Figure 5.1. Histogram of observed CH4 flux rates at Kirkjuferjuhjáleiga. The smaller 
graph shows a histogram for CO2 flux rates, corresponding to the 39 measurements of 
negligible CH4 fluxes. 

The larger histogram in Figure 5.1 shows that 39 of the 65 measurements revealed 
negligible CH4 emissions (Case II in Table 5.3). For those 39 measurements, a histogram 
for measured CO2 flux rates is given in the smaller graph. Roughly half of the measured 
CO2 flux rates on these locations were negligible or <1 g CO2 m

-2 day-1, representing spots 
that were categorized as non-emitting sites (Case II-a). The total of 16 measurements with 
higher CO2 flux rates were categorized as emitting sites with possible CH4 oxidation (Case 
II-b). The maximum observed CO2 flux rate on these locations was 48.5 g CO2 m

-2 day-1.  

Emitting sites were detected on 35% of the measurement points (Case I). Thereof, five 
(7%) were weakly emitting spots (<8 g m-2 day-1), eight (12%) of the observed flux rates 
were considerable (8-80 g m-2 day-1) and eleven (16%) observed flux rates were strong 
(>80 g m-2 day-1). Two measurements revealed negative CH4 flux, indicating oxidation 
beyond CH4 flux from the waste layer (Case III-a). Four measurements with negative CO2 
flux were considered invalid (Case III-b), as explained in chapter 4.3.1. 
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Table 5.3. Categorization of flux measurements at Kirkjuferjuhjáleiga (N = 69). 

Case Definition 
Number of 

measurements 
Percentage 

of total 
I Positive CH4 flux 

a) Weakly emitting sites 
b) Considerably emitting sites 
c) Strongly emitting sites 
 

Total: 24 
5 
8 
11 

(35%) 
7% 
12% 
16% 

II Zero or negligible CH4 flux 
a) Non-emitting site (zero CO2 flux) 
b) Oxidation (positive CO2 flux) 

Total: 39 
23 
16 

(57%) 
33% 
23% 

III Negative CH4 flux  
a) Oxidation (positive CO2 flux) 
b) Invalid measurement (negative CO2 flux) 

Total: 6 
2 
4 

(9%) 
3% 
6% 

 

Figure 5.2 shows the location of flux measurements from all sampling occasions at 
Kirkjuferjuhjáleiga. There were two main areas where flux measurements were conducted 
repeatedly on all sampling occasions, on a bare-soil area beside the gas-monitoring well 
and on another bare-soil area on the boundary of cells 7 and 8. These two areas are shown 
in expanded views in the figure. Spots with zero CH4 emission are shown in grey (Case II) 
and spots with negative CH4 emission are shown in blue (Case III-a). Emitting sites (Case 
I) are shown in yellow, orange, red and purple, according to the gradually increasing 
magnitude from <8 g m-2 day-1 to >500 m-2 day-1.  

As discussed in chapters 3.2 and 4.2.2, air-tight measurements were difficult or not 
possible on areas of compacted gravel and grass. These surface types, along with the two 
pits that were full of water, cover 94% of the cell surface. This explains the lack of 
measurement points on a large part of the cell. Also, the measurement points on cells 7 and 
9 are from the first sampling occasion (August 15, 2012), before a decision was made on 
which cell should be used in the study. 

Although the distribution of measurement points is uneven, the map shows that CH4 
emissions are not evenly distributed over the surveyed surface of the cell. The highest flux 
rates (>500 m-2 day-1) were only observed on one occasion and only on the bare-soil area 
on the boundaries of cells 7 and 8.  
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Figure 5.2. Map of flux measurements from all sampling occasions at Kirkjuferjuhjáleiga. 
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5.1.3 Small-scale spatial variability 

Flux measurement were conducted on 24 grid-points, equally distributed over an area of 96 
m2 where each point represents a 2 x 2 m square. The measurements were conducted on 
March 21, 2013. The grid covers an area of mostly bare soil and the gas monitoring well is 
inside the grid as shown in Figure 5.3. The size of the grid was determined by the size of 
the bare-soil area and the time available for measurements on this sampling date. The 
results from CH4 flux measurements is shown in Figure 5.4. There seem to be two strongly 
emitting areas within the grid, with observed flux rates up to 212 g m-2 day-1, and lower 
flux rates of 1 to 6 g m-2 day-1 at the edges. Other measurements showed negligible or zero 
CH4 flux rates. Some higher emitting spots may have been missed due to the small 
footprint of the chamber (0.0314 m2).  

 

Figure 5.3. Location of flux measurements 
on grid within cell 8 at Kirkjuferjuhjáleiga. 

8 m 

12
 m

 

0 0 6 177 

0 0 0 198 

0 0 0 0 

2 54 0 1 

0 212 32 0 

0 0 0 0 

Figure 5.4. CH4 flux rates on each 
point in the grid at Kirkjuferjuhjáleiga 
from March 21, 2013 [g m-2 day-1]. 

 

5.1.4 Volume ratio of CO2 to CH4 in LFG emissions 

The volume ratio of CO2 to CH4 in LFG emissions was calculated for 24 measurements 
that were classified as emitting sites (Case I). A statistical summary of the calculated ratios 
is shown in Table 5.4. This is compared to the typical ratio for LFG, which is in the range 
0.53-0.82 (see chapter 2.7.2). The measured CO2:CH4 ratio in the gas monitoring well in 
cell 8 was 0.61-0.64, but this is only representative for the area close to the well. Seven 
measurements showed a higher ratio, in the range of 1.04 to 10.6, indicating oxidation, as 
explained in chapter 2.7.2. Eleven measurements have a volume ratio that is within the 
previously mentioned range for raw LFG. The remaining eight measurements had a lower 
CO2:CH4 ratio, ranging from 0.20 to 0.41. These lower values can neither be explained by 
date nor location, since they appear on different areas and different sampling dates. It 
seems that for some reason, CO2 has been diluted to a greater extent than CH4 at the time 
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of measurement on these spots. One possible reason is that CO2 has been flushed away 
with leachate, since CO2 is more soluble in water than CH4, which is only slightly soluble 
in water (SEPA, 2004). 

Table 5.4. Statistical summary of CO2:CH4 ratios at emitting sites at Kirkjuferjuhjáleiga.  

CO2:CH4 ratios 
Number of measurement points (N) 24
Average 1.7
Maximum 10.6
Upper quartile, 75% 1.1
Median, 50% 0.6
Lower quartile, 25% 0.4
Minimum 0.2

 

5.1.5 Properties and composition of the landfill cover soil 

The grain size distribution curve for the soil sample from cell 8 at Kirkjuferjuhjáleiga is 
shown in Figure 5.5. The sample was assembled from a bare-soil area in proximity to the 
gas-monitoring well. This is a cumulative curve showing the mass portion of material that 
passes through sequentially smaller mesh sizes. The curve only represents material finer 
than 63 mm. Some cobbles larger than 63 mm in diameter represent 15% of the sample 
weight (see Table 5.5), therefore the curve reaches 85% instead of 100%. This does not 
affect calculations for gradation. The value for D60 is 8.8 mm and D30 is 0.12 mm. The 
parameter D10 (as defined in chapter 4.3.4) cannot be determined from Figure 5.5 since 
more than 20% of the material weight passes through the smallest mesh size. Because of 
this reason the coefficient of uniformity (Cu) and the coefficient of curvature (Cc) cannot 
be calculated. The grain diameter corresponding to 10% finer (D10) is obviously smaller 
than 0.063 mm (see Figure 5.5) and minimum values for Cu and Cc might be estimated 
according to that. Using the grain size 0.063 mm for D10 the equations from chapter 4.3.3 
will yield Cu = 140 and Cc = 0.026. The actual values of Cu and Cc should be higher, 
knowing that D10 is smaller than 0.063 mm. The shape of the curve seems to represent a 
well-graded soil with a wide distribution of grain sizes. The value of Cu is much higher 
than the reference value of 6 for well-graded sand. The calculated value of Cc is lower than 
the reference value for well-graded soil but the actual value might reach the given 
reference range. The water content of the sample was 92.5% dw, but this is only 
representative for the time of sampling on November 19, 2012. 
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Figure 5.5. Grain size distribution curve of soil sample from Kirkjuferjuhjáleiga. 

The grain size composition of the soil sample is given in Table 5.5. More than half of the 
weight was fine material, sand (31.6%) and silt and clay (23.9%). Almost one third of the 
sample weight was gravel (29.8%) and the rest was a few cobbles smaller than 90 mm in 
diameter (14.7% of weight). According to the USCS the soil sample can be classified as 
coarse-grained material, or more exactly as well-graded sand with silt, gravel and cobbles 
(SW-SM) (Das, 2006). 

Table 5.5. Composition of soil sample from cell 8 at Kirkjuferjuhjáleiga. 

Soil type Size range 
[mm] 

Portion of sample 
[% of weight] 

Small cobble > 63 14.7 
Gravel 4 – 62 29.8 
Sand 0.063 – 4 31.6 
Silt (including clay < 0.002 mm) < 0.063 23.9 

 
The organic content, determined from two sub-samples (I and II) from the initial soil 
sample, is 22.5% of dry soil smaller than 0.5 mm, as shown in Table 5.6. Total organic 
carbon is 13% of dry weight of each sub-sample. 

Table 5.6. Organic content of two sub-samples from the landfill cover at 
Kirkjuferjuhjáleiga. 

Sub-samples: I II 
Organic content (LOI) 22.5% 22.5%
Total organic carbon (TOC) * 13% 13%

* Assuming that TOC is 58% of organic matter. 
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5.2 Fíflholt 
5.2.1 Landfill gas composition in monitoring wells 

The composition of landfill gas as measured in the two monitoring wells in cell 2 is shown 
in Table 5.7. The measured concentrations are typical for mature LFG in phase IV, apart 
from the measurement in C2-N on January 21, 2013. The observed concentration value for 
nitrogen (N2) in C2-N was especially high on this date and the concentration of oxygen 
(O2) was also also rather high compared to other dates. This indicates atmospheric air 
intrusion into the C2-N well on January 21, 2013 and the lower concentrations of CH4 and 
CO2 on this date are thus probably due to dilution. Nitrogen (N2) is neither produced nor 
consumed in any landfill process and can therefore serve as an indicator of atmospheric air 
intrusion through fissures or cracks along the sides of the well or in the top cover (Gebert, 
Gröngröft, & Pfeiffer, 2011). The LFG concentration ratio of CO2 to CH4 ranges from 0.58 
to 0.80 in C2-N and from 0.76-0.79 in C2-S. 

Table 5.7. Gas composition in monitoring wells in cell 2 at Fíflholt. 

  C2-N C2-S 
Sampling  
date 

CH4 
(%) 

CO2 
(%) 

O2 
(%) 

N2 
(%) 

CH4 
(%) 

CO2 
(%) 

O2  
(%) 

N2 
(%) 

17.10.12 51.4 41.1 0.9 7.1  55.8 44.0 0.2 0 
21.01.13 37.8 27.8 8.3 26.1  56.7 43.2 0.1 0 
28.02.13 57.6 33.5 0.8 8.1  51.9 39.8 0.5 7.8 

 

5.2.2 Flux measurements 

A statistical summary of CH4 flux measurements conducted on cell 2 at Fíflholt is given in 
Table 5.8. A histogram for the same data is shown in Figure 5.6. Measured CH4 flux rates 
at Fíflholt range from -6.5 to 54.2 g m-2 day-1, and the average flux rate is 3.1 g m-2 day-1. 
The majority of measured flux rates are negligeble, as can be seen in Table 5.8 that 75% of 
the flux rates are less than 0.7 g m-2 day-1. 

Table 5.8. Statistical summary of CH4 flux measurements on all sampling occasions at 
Fíflholt. Number of measurements, N = 54. 

Flux rates  (g CH4 m
-2 day-1) 

Average 3.1 
Maximum 54.2 
Upper quartile, 75% 0.7 
Median, 50% 0.2 
Lower quartile, 25% 0.0 
Minimum -6.5 
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Figure 5.6. Histogram of observed CH4 flux rates at Fíflholt. The smaller graph shows a 
histogram for CO2 flux rates, corresponding to the 42 measurements of negligible CH4 
fluxes. 

The majority of CH4 flux rates are weak (< 8 g m-2 day-1) and 78% are lower than 1 g m-2 
day-1. Four (7.4%) of the flux rates are considerable (8-80 g m-2 day-1), but no strongly 
emitting sites were found.  

The categorization into four cases, as described in chapter 4.3.1, of the overall 54 flux 
measurements at Fíflholt is shown in Table 5.9. LFG emissions were detected on 19% of 
the measurement points (Case I) and 35% of the measurements can be identified as non-
emitting sites (Case II). One measurement revealed negative CH4 flux, indicating oxidation 
beyond CH4 flux from the waste layer (Case IV), and 44% of measurements had detectable 
CO2 flux without CH4 (Case III). Again, these point may have high oxidation efficiency or 
the CO2 flux may solely come from microbial soil respiration (no LFG emission). 

Table 5.9. Categorization of flux measurements at Fíflholt (N = 54). 

Case Definition 
Number of 

measurements 
Percentage 

of total 
I Positive CH4 flux 

a) Weakly emitting sites 
b) Considerably emitting sites 
c) Strongly emitting sites 
 

Total: 11 
7 
4 
0 

(20%) 
13% 
7% 
0% 

II Zero or negligible CH4 flux 
a) Non-emitting site (zero CO2 flux) 
b) Oxidation (positive CO2 flux) 

Total: 42 
19 
23 

 

(78%) 
35% 
43% 

 
III Negative CH4 flux  

a) Oxidation (positive CO2 flux) 
b) Invalid measurement (negative CO2 flux)

Total: 1 
1 
0 

(2%) 
2% 
0% 
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The observed flux rates from 17 measurements on top of gas profile sampling tubes at 
Fíflholt are presented in Table 5.10. The results show a clear distinction between the two 
locations, C2-N having much higher flux rates than C2-S. All measurements above 
sampling tubes at the C2-N location would be classified as LFG-emitting sites, whereas all 
CH4 flux rates at the C2-S location are negligible. There is a possibility that the rubber 
stops in the sampling tubes were not completely airtight, since they had not been 
exchanged from the beginning of gas profile measurements in August 2012. Therefore it is 
considered to be possible that some air was drawn from the tubes and into the chamber by 
the fluxmeter pump during flux measurements. That would explain higher flux rates on top 
of the sampling tubes at C2-N than was observed in general on the soil around them.  

Table 5.10. Observed flux rates on top of gas profile sampling tubes at Fíflholt, measured 
on January 21, 2013. 

Depth of 
sampling tube 

(cm) 

Measured flux rates [g m-2 day-1] 

C2-N  C2-S 

CH4 CO2 CH4 CO2

5 16.0 35.3  0.1 0.1
10 30.7 38.6  0.1 0.4
20 16.2 50.9  0.2 0.2
30 7.2 29.4  0.1 0.1
40 8.0 52.4  0.1 2.4
40 12.0 64.0  - -
60 2.3 17.7  - -
80 6.9 2.9  0.2 0.1
120 6.4 46.6  0.7 2.6
120 44.9 232.3  - -

 

Figure 5.7 shows the locations of flux measurements from all sampling occasions at 
Fíflholt. As explained in chapter 4.2.2, the number of measurements on each sampling date 
was controlled by time constraints. Flux measurements were therefore focused on the 
locations around gas profile sampling tubes (from Kjeld, 2013), in proximity to the two 
gas-monitoring wells. This explanes lack of measurement points on other locations. There 
are more points around C2-N because small-scale grid measurements were conducted 
there. The two areas with a greater measurement density around C2-N and C2-S are shown 
in expanded views in Figure 5.7. Spots with negligible CH4 emission are shown in grey 
(Cases II) and spots with negative CH4 emission are shown in blue (Case III). Emitting 
sites (Case I) are shown in yellow and orange, according to the gradually increasing 
magnitude from < 8 g m-2 day-1 to between 8-80 g m-2 day-1 (no higher flux rates found). 
Although the distribution of measurement points is uneven, the map shows that CH4 
emissions were not evenly distributed over the surveyed surface of the cell. 
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Figure 5.7. Map of flux measurements from all sampling occasions at Fíflholt. 
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5.2.3 Small-scale spatial variability 

Flux measurements were conducted on 16 grid-points, equally distributed over an area of 
36 m2 where each point represents a 1.5 x 1.5 m square. The measurements were 
conducted on February 28, 2013. There were no obvious signs of emissions on the surface, 
so the size of the grid was mainly determined by the time available for measurements. 
Although the grid is smaller than at Kirkjuferjuhjáleiga, it should give a similar image of 
small-scale variability. The gas profile sampling tubes at the C2-N location are inside the 
grid as shown in the expanded view in Figure 5.8. It was decided to conduct the grid 
measurements around C2-N because previous measurements had revealed some CH4 
emissions in proximity to this area, as opposed to only negligible emissions around C2-S. 
The location of the grid is shown in Figure 5.8 and the results from CH4 flux 
measurements are shown in Figure 5.9. There were only three points with distint CH4 flux 
found on the grid. These three points had flux rates in the range of 1 to 4 g m-2 day-1 so 
emissions in this area were weak at the time of measurement. No flux was detected on the 
rest of the grid. Again, there is a possibility that higher emitting spots were missed due to 
the small footprint of the chamber (0.0314 m2).  

 

Figure 5.8. Location of flux measurements on 
grid within cell 2 at Fíflholt. The expanded view 
shows how the gas profile sampling tubes are 
located inside the grid layout. 
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Figure 5.9. CH4 flux rates on 
each point in the grid at 
Fíflholt from February 28, 
2013 [g m-2 day-1] 

 

 

 

 

 

5.2.4 Volume ratio of CO2 to CH4 in LFG emissions 

The volume ratio of CO2 to CH4 in LFG emissions at Fíflholt was calculated for 10 
measurements that were classified as emitting sites (Case I). There were three 
measurements with CO2:CH4 ratio in the range 0.51 to 0.65, and thus represent typical raw 
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LFG. Seven measurements had a higher CO2:CH4 ratio, ranging from 1.30 to 5.80, 
indicating oxidation. The measured CO2:CH4 ratio in the gas monitoring wells in cell 2 
ranged from 0.58 to 0.80 in C2-N and from 0.76 to 0.79 in C2-S, as mentioned before. 
These values can be used for comparison but are however only representative for the areas 
close to each well.  

Table 5.11. Statistical summary of CO2:CH4 ratios at emitting sites at Fíflholt. 

CO2:CH4 ratio 
Number of measurement points (N) 11
Average 2.7
Maximum 5.9
Upper quartile, 75% 4.2
Median, 50% 2.3
Lower quartile, 25% 1.0
Minimum 0.5

 

5.2.5 Properties and composition of the landfill cover soil 

The grain size distribution curve for the soil sample from cell 2 at Fíflholt is shown in 
Figure 5.10. The grain diameters corresponding to 10% (D10), 30% (D30) and 60% (D60) 
finer are 0.30 mm, 0.78 mm, and 2.80 mm respectively. The coefficient of uniformity and 
coefficient of curvature, calculated according to the equations given in chapter 4.3.3 yield 
Cu = 9.3 and Cc = 0.7. According to these values, the soil sample represents poorly graded 
soil although the sample consists of different ranges of particle sizes. The water content of 
the sample was 16.3% dw, but this is only representative for the time of sampling on 
December 12, 2012. 

 

Figure 5.10. Grain size distribution curve of soil sample from Fíflholt 

The composition of the soil sample is given in Table 5.12. The major part of the sample is 
sand (70.8%), gravel constitutes a much smaller portion of 21.1%, and silt (including clay) 
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only constitutes 5.4% of the weight. A few cobbles were in the sample (2.7% of the total 
sample weight). According to the USCS the soil sample represents a course-grained 
material and would be classified as poorly graded sand with silt, gravel and cobbles (SP-
SM) (Das, 2006). 

Table 5.12. Composition of soil sample from cell 2 at Fíflholt. 

Soil type Size range 
(diameter) 

Portion of sample 
[% of weight] 

Cobble > 63 mm 2.70 
Gravel 4 - 62 mm 21.1 
Sand 0.063 - 4 mm 70.8 
Silt (includes clay < 0.002mm) < 0.063 mm 5.40 

 

The organic content, determined from two sub-samples (I and II) from the initial soil 
sample, is 6.5-7.6 % of the dry soil that is smaller than 0.5 mm, as shown in Table 5.13. 
Total organic carbon is 3.8-4.4 % of dry weight of each sub-sample. This is much lower 
than would be expected for Histosol, the prevailing soil type at Fíflholt, which typically 
has >20% C. Mixing with other soil types, probably Cambic – Gravelly Vitrisol from a 
quarry beside the landfill, has thus lowered the organic content of the soil substantially. 

Table 5.13. Organic content of two sub-samples from the landfill cover at Fíflholt. 

Sub-samples: I II 
Organic content (LOI) 6.5% 7.6% 
Total organic carbon (TOC)* 3.8% 4.4% 

* Assuming that TOC is 58% of organic matter 
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6 Discussion 
This chapter discusses the answers to research questions as revealed by the findings from 
field measurements. General aspects regarding the occurrence and scale of CH4 
emissions, oxidation and spatial and temporal variability are discussed in the first four 
sections, followed by a comparison between the two investigated landfill sites. The 
suitability of the equipment used for gas flux measurements and limitations of the research 
method are discussed in the last two sections.  

6.1 Evidence and scale of CH4 emissions 
Despite the observed landfill gas production and high CH4 concentrations in the waste 
mass (gas-monitoring wells), the majority of surface measurements showed zero or 
negligible CH4 emissions on both landfills, or 57% at Kirkjuferjuhjáleiga and 78% at 
Fíflholt. This is consistent with findings e.g. from Rachor, Streese-Kleeberg, & Gebert 
(2009). However, emitting areas were also found, with emissions ranging from <1 to 1286 
g m-2 day-1 at Kirkjuferjuhjáleiga and from <1 to 54 g m-2 day-1 at Fíflholt.  

The total CH4 emissions from landfills in Iceland were estimated to be around 194 Gg 
CO2-equivalents in 2007 (Ministry for the Environment in Iceland, 2013). Assuming that a 
GWP100 value of 21 was used for this calculation, this is equivalent to 9.2 Gg CH4 year-1. 
By using a rough estimate of 175 ha for the total area of Icelandic landfill sites (Júlíusson, 
2011), this equals approximately 10-15 g CH4 m

-2 day-1 on average. This estimation falls in 
between the average measured at Kirkjuferjuhjáleiga and Fíflholt in this study. However, 
the arithmetic mean of measured CH4 emissions in this study can not be projected over the 
whole surface of the landfill sites, since conditions vary between cells within the same 
landfill. Also, measurements at Kirkjuferjuhjáleiga were focused on bare-soil areas where 
emissions were expected to be higher than on other locations. Therefore the average of 
these measurements, projected over the whole surface of the landfill, would probably 
overestimate total emissions. Further measurements of CH4 emissions over larger areas of 
the landfills are needed to confirm whole-site emissions. 

A summary of CH4 emission rates from landfills, as measured by various researchers, is 
provided in Scheutz, Kjeldsen, Bogner, et al. (2009) and in Bogner et al. (1997). Results 
from their summaries, for measurements conducted with static chambers on landfills that 
are not equipped with gas recovery systems, are gathered in Table 6.1. The reported CH4 
emissions are in the range from ~0 to 4560 g m-2 day-1 and the average value, taking into 
account the number of measurements behind each given average, is 65.2 g m-2 day-1. The 
overall average of CH4 emissions at Kirkjuferjuhjáleiga (67.5 g m-2 day-1) is very similar to 
this, but the overall average of CH4 emissions at Fíflholt (3.1 g m-2 day-1) is substantially 
lower. However the average of CH4 emissions in each study presented in Table 6.1, varies 
over a wide range from near zero to 274 g m-2 day-1. 
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Table 6.1. Summary of CH4 emission rates from landfills, as measured with static 
chambers on landfills without a gas recovery system. 

Reference Location 
CH4 emissions [g m-2 day-1] 
Average N 

This study Kirkjuf. (Iceland) 67.5 65 
This study Fíflholt (Iceland) 3.1 54 
Abichou, Chanton, et 
al., 2006 

USA 54 76 

- " -  22 88 
Abichou, Powelson, et 
al., 2006 

USA 167 62 

- " -  9 18 
- " -  87 28 
- " -  25 112 
Ishigaki, Yamada, 
Nagamori, Ono, & 
Inoue, 2005 

Japan 26.4 45 

- " -  13.7 14 
- " -  0.02 42 
Kallistova et al., 2005 Russia 18 33 
Boeckx, Van 
Cleemput, & 
Villaralvo, 1996) 

Belgium 238.9 6 

- " -  105.7 6 
Czepiel et al., 1996 USA 58 139 
- " -  12 92 
- " -  17 111 
- " -  274 106 
- " -  48 124 

 

6.2 Spatial variability of CH4 emissions 
Spatial variability of CH4 emissions was confirmed on both landfill sites, although more 
distinct at Kirkjuferjuhjáleiga than at Fíflholt. Investigation of small-scale varibility on grid 
points showed that CH4 emissions can vary greatly between points located 1.5-2 m apart. 
In general the higher-emitting areas did not show any obvious signs of preferential 
pathways on the surface, such as cracks or fissures. As mentioned in chapter 4.2.2, the 
bare-soil areas inside grassy areas at Kirkjuferjuhjáleiga were considered to be possible 
signs of vegetation deterioration due to LFG migration. This was confirmed to some 
degree with measurements that showed considerable and strong CH4 emissions, although 
many measurements on the bare-soil areas also showed zero or negligible emissions. Areas 
of higher emissions are likely to possess greater air-filled porosity or good pore 
connectivity compared to other parts of the landfill (Rachor, Gebert, Gröngröft, & Pfeiffer, 
2013). The intense compaction over a large part of the top-cover on cell 8 at 
Kirkjuferjuhjáleiga is assumed to have significantly decreased the air-filled porosity of the 
underlying soil. Lower emissions should therefore be expected over this area (Gebert, 
Gröngröft, & Pfeiffer, 2011). Only two measurements were conducted on this area due to 
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difficulties in conducting air-tight measurements on the gravelly and compacted surface 
and they showed negligible CH4 flux.  

The spatial variability of underlying waste and hence the intensity of gas production also 
influences the distribution of surface emissions. Gas flux measurements were conducted on 
two main areas within each investigated cell. A summary of estimated deposition year, 
DOC mass and CH4 emissions on these areas is given in Table 6.2. From information on 
size of cell 8 at Kirkjuferjuhjáleiga, and that it took 30 months to fill the cell, it was 
estimated that the waste deposited at the location of bare-soil areas in proximity to the gas 
monitoring well (see Figure 5.2) was from 2006 and waste in the location of the bare-soil 
area on the boundary of cells 7 and 8 was from 2005. According to the waste inventory 
from Sorpstöð Suðurlands (n.d.) the amount of DOC was very similar between these two 
years. The data on waste deposition is given as a sum over a whole year, but the two 
locations are estimated to represent only 1-2 months of waste. It is not possible to confirm 
that the high CH4 emissions (>500 g m-2 day-1) that were exclusively measured on the 
boundary of cells 7 and 8 are due to high DOC content of the underlying waste. Therefore 
it is a possibility that there was still some difference in DOC that cannot be identified from 
the waste inventory. Based on the locations of the two monitoring wells at Fíflholt, it was 
assumed that waste in the area around C2-N was deposited in 2004, and the waste in the 
area of C2-S is from 2005. The weight of DOC was around 13% greater in 2005 than in 
2004, indicating that more biodegradable waste is in the area of C2-S than in the area of 
C2-N. Contrary to what would be expected from this, higher emissions were measured at 
C2-N, and all measurements around C2-S showed negligible CH4 fluxes. The information 
on the waste inventory is however not detailed enough to tell exactly what types of waste 
are dominating beneath the cover-layer on the measurement locations. 

Table 6.2. A summary of DOC mass and CH4 emissions on each of the main investigated 
areas within cell 8 at Kirkjuferjuhjáleiga and cell 2 at Fíflholt. 

Landfill / Cell Location within cell 

Estimated 
year of 
waste 

deposition 

Total DOC 
mass in the 

relevant 
year 

[tons]* 

CH4 emissions 
within this area  

[g m-2 day-1] 
average 

(N) 
max

Kirkjuferjuhjáleiga 
cell 8 

Bare-soil area beside 
gas-monitoring well 

2006 
(april-may) 

3,973 24 (30) 212

Bare-soil area on 
boundary with cell 7 

2005 
(april-july) 

3,806 211 (15) 1286

Fíflholt,  
cell 2 

Area around 
C2-N well 

2004 
(May) 

1,887 4.7 (35) 54

Area around 
C2-S well 

2005 
(May) 

2,129 0.3 (12) 0.7

*Calculated from waste inventory (Sorpstöð Suðurlands, n.d.; Sorpurðun Vesturlands hf., 2003-2012) and 
IPCC default values of DOC fraction of waste types (IPCC, 2006). 

A part of the bare-soil areas at Kirkjuferjuhjáleiga are on the sloping end of the cell. Some 
researches have reported higher CH4 emissions on sloped areas of landfills than on flat top 
areas (see e.g. Chanton et al., 2011). Two reasons are suggested for this, the first one being 
that slopes are eroded by rainfall to a greater degree than flat top areas. The second reason 
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is related to how waste is generally placed in horizontal layers with a daily cover overlying 
each layer. Depending on the type of daily cover, this type of placement can induce greater 
lateral movement of gas, relative to vertical movement (Chanton et al., 2011).  

6.3 Temporal variability of CH4 emissions 
Although temporal variability was not one of the main research topics in this study, gas 
flux measurements were conducted on more than one sampling occasion. The results from 
different sampling dates may thus give a preliminary view of temporal variability. A 
statistical overview of measured CH4 emissions for each sampling date is given in Table 
6.3 for Kirkjuferjuhjáleiga and in Table 6.4 for Fíflholt. Summary of temperature and 
accumulated precipitation is also given in the tables for clarity. It should be kept in mind 
that gas flux measurements were not conducted on the exact same locations between two 
different sampling dates, although most of them were located inside the same sub-areas. 
Therefore, comparison of emissions between two occasions is perhaps not completely 
proper.  

Table 6.3. A statistical summary of CH4 flux measurements at Kirkjuferjuhjáleiga and the 
weather conditions on the corresponding sampling date. 

Kirkjuferjuhjáleiga Sampling date  
 15.08.12 18.10.12 19.11.12 21.03.13 
# of sampling points (N) 17 16 4* 28 
   
Flux rates (g CH4 m

-2 day-1)    
Average 175.3 44.9 0.8 24.5 
Maximum 1285.8 221.3 2.6 212.5 
Upper quartile (75%) 26.2 41.8 1.1 1.1 
Median 0.0 4.8 0.4 0.2 
Lower quartile (25%) 0.0 0.0 0.1 0.0 
Minimum -2.2 -3.2 0.0 0.0 
   

Weather conditions   
Air temperature (°C) 15 1.4 -2.4 4 
Accumulated precipitation,  
24 hour (mm) 

 
1.5 0 0

 
0 

48 hours (mm) 
7 days (mm) 

5.5 
57.7 

0
7.0

0
28.8

0 
4.5 

*After four sampling points the external filter on the accumulation chamber broke, preventing 
further measurements this day. The filter was then replaced before the next sampling occasion. 
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Table 6.4. A statistical summary of CH4 flux measurements at Fíflholt and the weather 
conditions on the corresponding sampling date. 

Fíflholt Sampling date 
 17.10.12 18.11.12 12.12.12 21.01.13 28.02.13
# of measurements (N) 10 8 7 12 17 
Flux rates (g CH4 m

-2 day-1)       
Average 12.1 0.4 1.5 1.8 0.6 
Maximum 54.2 0.8 10.1 6.4 4.4 
Upper quartile (75%) 21.8 0.7 0.0 3.3 0.2 
Median 0.5 0.4 0.0 0.3 0.1 
Lower quartile (25%) 0.2 0.2 0.0 0.1 0.0 
Minimum -6.5 0.0 0.0 0.0 0.0 
      

Weather conditions      
Air temperature (°C) 3.3 1.9 0.1 3.6 2.1 
Acc. precipitation,  
24 hour (mm) 

 
0 

 
0 

 
0 

 
0 

 
0.7 

2 days (mm) 0 0 0 0 8.3 
7 days (mm) 16.9 15.6 4.5 14.9 60.4 

 

As discussed in chapter 2.4.1, CH4 emissions are generally expected to be higher in 
winter than in summer, due to greater oxidation at higher temperatures in summer. 
Counter to this, first indication from the data in this study suggests that CH4 emissions 
may be significantly larger during late summer and early fall than in winter. The data 
is however limited and further investigation is needed to confirm this, along with 
possible explanations.  

In the parallel study conducted by Kjeld (2013) at the Fíflholt landfill, high oxidation 
efficiency was found in winter months. Kjeld´s results suggested that temperature was not 
a controlling factor in the oxidation capacity at Fíflholt, but soil moisture seemed to be a 
more important influencing factor. This may explain that seasonal variability in CH4 
emissions in this study was different from what is typically expected. 

6.4 Indications of CH4 oxidation 
Evidence of oxidation was found on both landfill sites. One third (33%) of the overall 
measurements at Kirkjuferjuhjáleiga and 57% of the overall measurements at Fíflholt 
showed some indication of oxidation, including higher CO2:CH4 ratio in emitted LFG than 
in gas-monitoring wells. CO2 flux on spots where CH4 flux was zero or negligible, and 
negative CH4 flux are also interpreted as indications of oxidation. 

As mentioned in chapter 4.2, an investigation on the oxidation capacity of the current soil 
cover on cell 2 at Fíflholt was conducted parallel to this study (Kjeld, 2013). The main 
results from Kjeld´s study indicate considerable oxidation efficiency of the landfill cover. 
Oxidation efficiency, calculated from gas profile measurements, was in the range from 0 to 
99%, with mean maximum efficiency of 59% at C2-N (at 60 cm depth) and 77% at C2-S 
(at 30 cm depht) (Kjeld, 2013).  
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6.5 Variation in CH4 emissions by region 
There is a considerable difference in the magnitude of measured CH4 emissions between 
the two investigated landfill sites. The highest observed CH4 emission on cell 8 at 
Kirkjuferjuhjáleiga was 1286 g m-2 day-1 and the average of all emission measurements 
was 67.5 g m-2 day-1, as opposed to a maximum of 54.2 g CH4 m

-2 day-1 and an average of 
3.1 g CH4 m

-2 day-1 on cell 2 at Fíflholt. There are several factors that can help explain this 
difference, mainly related either to gas production from the waste mass or to the properties 
of the landfill cover soil. These factors are discussed in the text below and also listed in 
Table 6.5. The last two columns in the table indicate which landfill site has a greater 
advantage for CH4 emissions according to waste properties on one hand and for greater 
CH4 oxidation according to soil-cover properties on the other hand. 

Table 6.5. Comparison between CH4 emissions at Kirkjuferjuhjáleiga (K) and Fíflholt (F), 
and the influencing factors investigated in this study. 

Concluded advantage 

 
Kirkjuf. Fíflholt

for greater 
emissions 

for greater 
oxidation 

Measurements of CH4 emissions     
Maximum [g m-2 day-1] 1286 54.2 K - 
Average [g m-2 day-1] 67.5 3.1 K - 
CO2:CH4 ratio in emissions 
(average) 

1.7 2.7 - F 

Site conditions   
Waste    
Age at time of measurements  5.5-8.5 yrs 7-9 yrs (K) - 
Thickness of waste layer 6 m 4-5 m - - 
Compacted w/compactor  yes yes - - 
DOC total weight 9365 tons 7001 tons K - 
Top cover   
Thickness 1 m 1-1.2 m - - 

Soil type* HA
MV-GV 

with H
- F 

Organic matter (LOI average) 22.5% 7.1% - K 
Soil texture (% of weight) 
- Cobbles  
- Gravel 
- Sand 
- Silt & clay 

 
14.7% 
29.8% 
31.6% 
23.9%

 
2.7% 

21.1% 
70.8% 

5.4%

 
- 
- 
- 
- 

 
- 
- 
F 
F 

Climate (2006-2013)   
Average temperature 5.1°C 4.5°C - - 
Average annual precipitation 1442 mm 772 mm K (F) 

* HA = Histic Andosol, H = Histosol, MV-GV = Cambic-Gravelly Vitrisol (Arnalds et al., 2009). 
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6.5.1 Differences in climate 

Weather conditions have important influence on the rate of oxidation and can also 
influence gas generation inside shallow landfills. This section summarizes the main 
differences in climate at Kirkjuferjuhjáleiga and Fíflholt, but the effects on oxidation and 
gas generation are discussed in more detail in the next two sections. As shown in Table 3.3 
and Table 3.5, the annual average temperature in 2007-2013 was similar at both sites, 
5.1°C at Kirkjuferjuhjáleiga and 4.5°C at Fíflholt. Seasonal variations in temperature were 
also very similar between the two sites, although with slightly higher temperatures at 
Kirkjuferjuhjáleiga, near 0°C during winter months, gradually increasing during spring up 
to around 10-12°C in summer and then declining again during fall. 

The same applies to atmospheric pressure, seasonal variations are similar with higher 
pressures in summer and lower in winter, and most average monthly values are slightly 
higher at Kirkjuferjuhjáleiga than at Fíflholt.  

Trends in precipitation, however, are very different between the two landfill sites. The 
intensity of average annual precipiation at Kirkjuferjuhjáleiga (1442 mm year-1) was 
almost double the intensity at Fíflholt (772 mm year-1) in the years 2007-2013. The 
seasonal pattern in precipitation is also different. At Kirkjuferjuhjáleiga precipitation 
decreases in summer with a minimum in June and then increases again in August and 
throughout the winter months. The meteorological data shows a maximum average 
monthly precipitation in September. At Fíflholt there is not a clear seasonal pattern except 
the precipitation is most intensive in August to October with a maximum in September. 
Precipitation is rather low during both summer and winter at Fíflholt.  

Meteorological data was also gathered for wind speed although this parameter was not 
used directly when interpreting gas emission data. Average wind speed is very similar 
between both sites as well as seasonal patterns with slightly lower wind speeds during 
summer months. This information may be of value for later studies, e.g. if decision is made 
to try measurement methods that rely on wind speed measurements such as the plume 
measurement techniques.  

6.5.2 Differences in deposited waste 

One of the main parameters affecting CH4 emissions is the fraction of DOC in the 
deposited waste (IPCC, 2006), because this decides the maximum amount of CH4 that can 
possibly be produced inside the landfill. The amount of degradable organic carbon in the 
waste in cell 8 at Kirkjuferjuhjáleiga is slightly higher than in cell 2 at Fíflholt but the 
proportion of the total waste mass is similar, i.e. 9365 tons DOC at Kirkjuferjuhjáleiga or 
19% of the total waste mass, versus 7001 tons DOC at Fíflholt or 20% of the total waste 
mass. This difference is perhaps not large enough to explain the greater CH4 emissions at 
Kirkjuferjuhjáleiga but there are also several external factors that affect how much LFG is 
generated from the available material as discussed in chapter 2.2. Two of the most 
important ones are temperature and moisture content. Both landfills are considered shallow 
and thus sensitive to climatic conditions. As mentioned in chapter 2.2, climate effects are 
expected to have significant impact on the rate of microbial decomposition (Kamsma & 
Meyles, 2003).  

On both landfills, the waste was compacted with a heavy compactor after deposition. The 
waste density before finishing the cover layer should therefore have been similar at both 
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investigated cells. However, as discussed in chapter 3.2, the landfill cover was especially 
compacted over a large area on cell 8 at Kirkjuferjuhjáleiga. Perhaps this has also 
increased the density of the waste below and thus created conditions for greater gas 
production. Other factors that affect gas production, such as acidity, nutrient availability 
and the presence and intensity of toxic agents or chemical inhibitors are not known. 

The age of waste at the time of study could also explain the difference to some extent. The 
age of waste in cell 8 at Kirkjuferjuhjáleiga was around 5.5-8.5 years, and the age of waste 
in cell 2 at Fíflholt was around 7-9 years at the time of measurements. In general, a peak in 
gas production is reached 5-7 years after waste deposition (ATSDR, 2001). According to 
that, it is possible that gas production in cell 8 at Kirkjuferjuhjáleiga was at its peak during 
the time of study, and that gas production in cell 2 at Fíflholt was past this peak and thus 
declining. This is however not known.  

Since both landfills are rather shallow, it is possible that precipitation and temperature 
affect conditions inside the landfills and thus also the rate of gas produciton. The greater 
intensity of precipitation at Kirkjuferjuhjáleiga can add more moisture to the waste mass 
and thus enhancing microbial activity. Cell 8 at Kirkjuferjuhjáleiga is also slightly deeper 
(7 m in total) than cell 2 at Fíflholt (5-6 m in total). This might enable better maintenance 
of higher temperatures inside the landfill at Kirkjuferjuhjáleiga, also creating better 
conditions for microbial activity.  

6.5.3 Differences in the landfill covers 

The landfill cover at Kirkjuferjuhjáleiga was categorized as a Histic Andosol as discussed 
in chapter 3.2, and the landfill cover at Fíflholt is a mixture of Histosol and Cambic-
Gravelly Vitrisol as discussed in chapter 3.3. Given the measured organic content of the 
soil sample from Fíflholt, the mixing ratio is probably around 30/70% of Histosol vs. 
Vitrisol. Given this information and the charactistics of the soil types, it is assumed that the 
cover layer at Fíflholt has in general a more neutral pH value (closer to pH 7) and the cover 
soil at Kirkjuferjuhjáleiga is more acid (pH 4.5-5.5). Histosols and Histic Andosols both 
have high water holding capacity and retain vast amounts of water. Vitrisols have however 
a low water holding capacity, lowering this value for Fíflholt as compared to 
Kirkjuferjuhjáleiga.  

Chanton, Powelson, & Green (2009) reviewed literature results from determinations of 
oxidation efficiency and oxidation rate in a variety of soil types and landfill covers. 
According to their summary, sandy soils have shown the greatest rate of oxidation with 
53% oxidation efficiency on average, and clayey soils the lowest rate of oxidation with 
18% oxidation efficiency on average. From the same summary, organic materials 
(compost, wood chips, sludge and mulch) had 28% oxidation efficiency on average.  

According to the sieve analysis test on soil samples in this study, the landfill cover at 
Fíflholt has much greater sand content (70.8% w/w sand) than the landfill cover at 
Kirkjuferjuhjáleiga (31.6% w/w sand), and the silt content (including clay) is much lower 
at Fíflholt (5.4% w/w silt), compared to Kirkjuferjuhjáleiga (23.9% w/w silt). It was not 
possible to separate clay from silt in the sieve analysis test, but it is concluded that clay 
content is higher in the cover at Kirkjuferjuhjáleiga than at Fíflholt. There were more 
cobbles in the soil sample from Kirkjuferjuhjáleiga, but the gravel content was similar 
(Kirkjuferjuhjáleiga-29.8% w/w and Fíflholt-21.1% w/w). According to these results, the 
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soil cover at Fíflholt is coarser and thus probably more porous than the soil at 
Kirkjuferjuhjáleiga. This indicates that atmospheric oxygen has easier access into the soil 
at Fíflholt and conditions for oxidation are more beneficial at Fíflholt.  

In a study performed by Gebert et al. (2011), bulk density of the landfill cover was linearly 
and positively correlated to values for total porosity. Higher bulk density should thus result 
in greater porosity, increasing the accessibility for atmospheric oxygen into the soil. 
According to information on the prevailing soil types at the two landfill sites, it is 
concluded that the cover soil at Fíflholt has a higher bulk density than the cover at 
Kirkjuferjuhjáleiga, due to the high content of soil categorized as Cambic-Gravelly Vitrisol 
at Fíflholt. This is in line with the observed difference in sand content of the soil samples 
from the two landfill sites. 

Studies on CH4 oxidation have shown a positive relationship between oxidation efficiency 
and organic content of the top-cover soil (Christophersen, Linderød, Jensen, & Kjeldsen, 
2000). This has been explained both by the properties of organic material to retain 
moisture and also by the presence of nitrogen in organic matter (Gebert, Gröngröft, & 
Pfeiffer, 2011). Organic matter also influences many of the physical, chemical and 
biological properties of soils, e.g. soil structure, soil compressibility, water holding 
capacity, nutrient contributions, biological activity, and water and air infiltration rates. 

The Loss on Ignition (LOI) test, performed on the soil samples in this study, revealed 
considerable difference in organic content of the soil at the two surveyed cells. According 
to the test, the organic content of the top-cover soil at Kirkjuferjuhjáleiga was 22.5% and at 
Fíflholt the organic content was 7.1%. The higher organic content at Kirkjuferjuhjáleiga 
should enhance biological activity to a greater extent, but it is possible that combined with 
intense rain the air infiltration rate is reduced in this material, thus limiting oxidation. 
Porosity and permeability are also reduced in material with small grain size, such as at 
Kirkjuferjuhjáleiga, and thus also limiting air infiltration.  

6.6 Suitability of the static chamber equipment 
The West Systems fluxmeter, used in this study, proved to be well suitable for measuring 
CH4 emissions on a small scale, but there were also some limitations to its use for the 
purpose of this study.  

The portability design of the static chamber turned out to be a limiting factor in two 
different ways. First of all the chamber is very small in comparison to the extensiveness of 
the surveyed cells. Given the spatial variability of emissions and small coverage of most 
hotspots (see chapter 2.4.1) this means that it is easy to miss emitting spots, not knowing 
where they are. This also means that the total area covered by chamber measurements in 
one day is very limited and measurement locations have be chosen carefully. Secondly, it 
was hard or impossible to keep the chamber air-tight during measurements on compacted 
or rough areas such as gravel and grass. As the surface becomes rougher the footprint of 
the chamber will not be large enough to cover cobbles or bumps, leaving a gap between the 
rim and soil. Very hard surfaces, e.g. frozen or compact, can also prevent an air-tight 
measurement because the rim of the chamber is not sharp enough to cut itself a way into 
the top layer of the soil under such conditions. Consequently, air-tight measurements were 
only possible at areas of non-frozen and soft soil on both landfill sites. This was mainly a 
problem at Kirkjuferjuhjáleiga, since knee-high grass, cobbles and stones cover a large part 
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of the surveyd cell and the surface is also very compact over a large area. The surface 
material at Fíflholt is somewhat softer and easier to remove stones at the required point of 
measurement. To sum up, the chamber can only be used on smooth surfaces where air-tight 
measurement can be ensured. Consequently, there may be large areas on the landfill 
surface where the chamber can not be used for gas flux measurements. Due to its small 
size the chamber is good for investigation of emissions on small-scale but not for the 
estimation of whole-landfill emissions.  

In some studies, permanent frames have been inserted into the landfill cover, such as used 
by Börjeson & Svenson (1997) and Rachor et al. (2009). A chamber is then put on top of 
the frames during each measurement and then removed again to maintain as natural 
circumstances as possible between measurements. This method ensures air-tightness and 
one can also be sure that measurements are conducted on the exact same location at all 
times. However, some investigation of near-surface CH4 concentrations needs to be 
conducted beforehand to select the location of frames wisely. Some precautions may need 
to be taken in cold weather as Maurice & Lagerkvist (2003) found that snow accumulated 
in and around the frames and on some occasions froze in them.  

On the other hand, the design of the fluxmeter as a portable unit is quite comfortable. It is 
easy to travel with the chamber over the landfill surface and the measurement procedure, 
using the handheld computer, is not too complicated. As described in chapter 2.5.1, the 
common way of performing a static chamber gas measurement is to extract gas samples 
with syringes over a certain time interval, and then analyse the samples later in a lab by 
plotting gas concentrations versus time. This is however done instantly in the WestSystems 
fluxmeter with the inbuilt gas detectors, connected to the specialized software in the 
handheld computer, making this equipment superior to the common method. Saving data 
from the fluxmeter software was however not possible during this study so plots of gas 
concentration vs. time were not available afterwards. The gas detectors and the handheld 
computer run on rechargable batteries that last throughout the day. 

The possibility of measuring CO2 flux in parallel with CH4 flux is also a great advantage 
since this can shed some light on the cover’s oxidation efficiency and whether negligible 
CH4 flux is due to oxidation.  

6.7 Limitations of the research method 
Prior to this study there was limited expertise on landfill gas emissions in Iceland (Scharff, 
Hansen, & Gústafsson, 2011). This project was a pilot study on CH4 emissions from 
Icelandic landfills and started with no knowledge or field experience on the subject. In 
retrospect, this has undoubtedly affected the efficiency of field measurements.  

The small surface area sampled per measurement is generally considered the main 
disadvantage of the static chamber technique and makes the method time and labour 
intensive. Although enabling a very precise emission measurements on a small scale, this 
drawback makes estimation of whole-landfill emissions difficult. Due to the large surface 
area of most landfills and spatial variability of emissions, a large number of chamber 
samples are needed to obtain a reliable estimate of whole-site emissions. Also, due to 
temporal varibility, emissions may be changing during one sampling occasion, and should 
therefore be collected as quickly as possible (Mosher, o.fl., 1999). Accordingly, the results 
from this study only provide information on CH4 emissions from a limited number of point 
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sources on the two investigated landfills. The distribution of sampling points makes the 
data unsuitable for estimation of whole-landfill emissions. 

When using solely the chamber, LFG emitting spots can easily be missed. This was clearly 
demonstrated by Rachor et al. (2009) who measured CH4 surface concentrations on a 
predefined whole-site grid. An active search for elevated CH4 concentrations was then 
conducted outside the grid, revealing high surface concentrations that were previously 
missed. In the study described in this thesis, measurement locations were solely based on 
visual inspection of the surface. Although some strong CH4 emissions were found, there is 
a considerable chance that other emitting areas were missed.  

The number of sampling occasions was limited and did not allow for a thorough 
investigation of temporal variability. Mainly, summer measurements are lacking on both 
landfill sites and measurements over the coldest winter months (December-February) are 
lacking at Kirkjuferjuhjáleiga. Scharff et al. (2003) argue that measurements should be 
conducted over several days at a time throughout the year to capture temporal variability, 
with at least 30 sampling points each day.  

Because measurements were not conducted on the exact same locations between two 
sampling dates, the comparability of emissions between two sampling dates is not 
completely valid. The precision of the handheld GPS unit, used to document coordinates 
for each measurement point, was not sufficient to find the exact measurement location 
again. This problem could be solved by somehow marking measurement locations, for 
example with marking stakes.  

The supportive data on gas concentration and soil properties is also limited to small 
confined areas on both Kirkjuferjuhjáleiga and Fíflholt. Both are assumed to represent only 
the location of sampling but not the whole landfill site. Gas concentration and soil 
properties can be heterogenous over the landfill, as mentioned in earlier discussion.  

The cateogorization of gas flux measurements in Case II-b (CO2 flux with zero CH4 flux), 
as well as the analysis of CO2:CH4 ratios, assumes that all CO2 comes from landfill gas and 
oxidation. Measurements of soil respiration from the surfaces of the landfills could confirm 
the source of CO2 and the contribution of soil respiration to CO2 flux. This value is site 
specific because of different soil properties at each site.  
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7 Conclusion 
The main objective of this study was to obtain evidence on the occurrence and scale of 
CH4 emissions from Icelandic landfill sites. The study was also aimed at examining the 
spatial variability of CH4 emissions and any indications of CH4 oxidation. Two landfill 
sites that are not equipped with a gas recovery system were chosen for this purpose, 
Kirkjuferjuhjáleiga and Fíflholt. CH4 emissions were measured with a static chamber 
during fall and winter, from August 2012 through March 2013. Additional data was also 
gathered on soil properties and composition of landfill gas from monitoring wells. The 
measured gas composition in monitoring wells at both landfills, confirmed that gas 
production was in the anaerobic phase IV with CH4 concentrations around 60% v/v at the 
time of study.  

A total of 69 flux measurements were conducted on four occasions at Kirkjuferjuhjáleiga 
and a total of 71 flux measurements on five occasions at Fíflholt. The study was limited to 
one cell at each landfill and furthermore, measurements were focused on two sub-areas 
within the investigated cells. CH4 emissions were negligible on 57% of measurement 
locations at Kirkjuferjuhjáleiga and on 78% of measurement locations at Fíflholt. This is 
most likely due to extensive oxidation on these locations or that the gas escapes through 
other preferential pathways. Emitting areas were also detected, with emissions up to 1286 
g m-2 day-1 at Kirkjuferjuhjáleiga and up to 54 g m-2 day-1 at Fíflholt. The results confirm 
that CH4 emissions are not uniformly distributed, but rather heterogenous over the landfill 
surface. On a small-scale grid, CH4 emissions from points with a 2 m distance, varied from 
0 to 200 g m-2 day-1 at Kirkjuferjuhjáleiga. At Fíflholt, the small-scale spatial variability 
was not as large, showing emissions from 0 to 4 g m-2 day-1 at points located 1.5 m apart. 
However, there seemed to be a distinct difference in scale between the two investigated 
sub-areas at Fíflholt, as no emissions were detected around C2-S monitoring well 
compared to measurements that showed emissions from 1.5 to 54 g m-2 day-1 around the 
C2-N well.  

Indications of microbial CH4 oxidation were found at both landfills. This was based on 
comparison of CO2:CH4 ratios in emission measurements to the CO2:CH4 ratio in gas-
monitoring wells that reach down into the waste mass. The average CO2:CH4 ratio in raw 
LFG inside the landfills was 0.63 at Kirkjuferjuhjáleiga and 0.74 at Fíflholt. In comparison 
the average CO2:CH4 ratio on locations that were categorized as emitting sites was 1.7 at 
Kirkjuferjuhjáleiga and 2.7 at Fíflholt. These elevated ratios suggest that oxidation has 
taken place, where CH4 has been converted to CO2. 

A fourth goal of the study was to examine differences in CH4 emissions from the two 
landfill sites that are located at different regions in the country. The average of observed 
CH4 emissions at Kirkjuferjuhjáleiga was 67.5 g m-2 day-1, whereas the average was 
substantially lower at Fíflholt, or 3.1 g m-2 day-1. Soil sample analysis and categorization of 
prevailing soil types in the landfill cover at the two sites, indicates that the landfill cover at 
Fíflholt has more advantages for CH4 oxidation. This could explain lower CH4 emissions at 
Fíflholt to some extent. It is also suggested that gas production at Kirkjuferjuhjáleiga was 
at its peak, and that gas production at Fíflholt was lower at the time of study, based on the 
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age of waste when measurements were conducted. Finally, there has been a large 
difference in precipitation between the two sites, based on weather data from 2007-2013, 
where the intensity of precipitation was almost double at Kirkjuferjuhjáleiga compared to 
Fíflholt. This might enhance gas production at Kirkjuferjuhjáleiga if there is extensive 
water infiltration into the waste mass. Also, if the cover-soil is too saturated, this may 
prohibit oxygen infiltration into the soil and thus impede CH4 oxidation. 

Evaluation of the static chamber for investigation of CH4 emissions from Icelandic 
landfills was the final objective of the study. The static chamber is not suited for 
measurements on very compact, rough or uneven surfaces due to difficulties in making an 
air-tight measurement on these materials. The small size of the chamber also makes it very 
time consuming to conduct measurements over a whole cell. The conclusion is thus that 
the static chamber is better suited for investigation of emissions on a small-scale, on 
confined areas with a smooth surface.  

Recommendations for future work 

This study will hopefully be helpful for local authorities and landfill operators, responsible 
for greenhouse gas emissions from landfills. Based on the experience gained in this study, 
the following suggestions are recommended for future work on the subject.  

The study focused on finding evidence and scale of CH4 emissions from two Icelandic 
landfills. Sampling locations were based on visual inspection of the surface. This was a 
time consuming method and it is concluded that visual inspection is not sufficient to find 
emitting sites or “hotspots”. Preliminary scanning of surface CH4 concentrations with a 
flame ionization detector (FID) has been used with good success in foreign studies to map 
landfill gas emitting areas and “cold” areas. This is highly recommended, preliminary to 
chamber measurements, to enable a more efficient investigation of CH4 emissions and 
reduce the probability of missing emitting spots.  

The small footprint of the static chamber makes whole-landfill or whole-cell measurements 
labour intensive. The static chamber is thus considered convenient for an investigation of 
CH4 emissions on small sub-areas of a landfill site. Measurements can be conducted on a 
systematic grid, or based on preliminary scanning with FID equipment. If anomalies are 
detected on the surface, the area of the grid should cover the anomaly, such as done in this 
study at the bare-soil areas at Kirkjuferjuhjáleiga. The general rule for the distance between 
grid points is that a tighter grid gives a more exact result. Measurements with a distance 
equal to the size of the chamber, for example over 1 m2 area, would reveal the most 
detailed result for small-scale spatial variability.  

The use of handheld GPS unit appeared to be insufficient to locate previous measurement 
points for repeated sampling. An overall recommendation for chamber measurements is 
thus to mark sampling locations with stakes or flags to ensure that measurements can be 
conducted on the same location repeatedly. 

If the goal is to estimate total CH4 emissions from a whole landfill site with a static 
chamber, measurements should be conducted on a systematic grid covering the whole 
landfill. The spacing between grid points depends on the size of the landfill, but an 
increased number of sampling points (a tighter grid) gives a more reliable estimation of 
total emissions. The overall CH4 emissions are then estimated with geostatistical methods, 
such as kriging or inverse distance weighing. Using the chamber method, CH4 emissions 
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are estimated on parts of landfill surface. To increase the reliability of the result from this 
method, preliminary scanning with FID equipment can be used to organise additional 
measurements outside the grid. Otherwise, there is a chance that high-emitting areas are 
missed. Parallel measurements with other techniques, such as the dynamic plume or mass 
balance methods, as described in chapter 2.5, are valuable for comparison to results from 
the chamber-method. These methods may also be a better option if large areas of the 
landfill surface are too compact or rough for chamber measurements. 

Temporal variability should be taken into account when estimating total CH4 emissions 
from landfills. It is assumed that weakly to monthly sampling over a whole year is needed. 
Daily and diurnal variability in emissions can be investigated over periods of several days. 
Reliability of emission estimation is increased with a greater sampling frequency. 

The static chamber technique can only give a qualitative indication of oxidation by 
comparing CO2:CH4 ratio in emissions to the CO2:CH4 ratio in gas-monitoring wells. To 
quantitatively measure CH4 oxidation some other methods are thus required. Investigation 
of CH4 oxidation in parallel with measurements of CH4 emissions can explain variability in 
emissions. The investigation of soil samples was rather limited in this study. Soil samples 
should be gathered on more than one location and it would be good to measure parameters 
such as air-filled porosity, moisture content, bulk density and pH, in addition to soil texture 
and organic content. Furthermore, measurements of CO2 soil respiration are recommended 
for comparison to measured CO2 flux or CO2 concentrations in landfill gas. This is 
important to distinguish between CO2 emissions from CH4 oxidation and soil respiration. 

Since the installation of a gas recovery system has been deemed technically or 
economically infeasible at most Icelandic landfills, it is worthy to look into mitigation of 
CH4 emissions with biocovers. This would require further investigation and mapping of 
CH4 emissions on landfill surfaces and testing of Icelandic soil materials for oxidation 
capabilities. The chamber method is a good option for monitoring emissions locally, before 
and after implementation of oxidating materials, for example on confined strongly emitting 
areas. A recent study in New Zealand showed good CH4 oxidation efficiency of pumice 
soils in a landfill cover (Pratt et al., 2013). According to this, it might be interesting to test 
Icelandic pumice for oxidation capacity at landfills. 

As an overall conclusion, further measurements of CH4 emissions from landfills with the 
equipment used in this study is would be valuable to put GHG emissions from landfills on 
a more secure foundation. Preliminary scanning with FID equipment is recommended to 
ensure inclusion of all emitting areas.  
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Appendix A: Gas flux measurements 
The following tables show the data from CH4 and CO2 flux measurements (in ppm s-1), 
along with calculated emissions (in g m-2 day-1) and CO2:CH4 ratio for each sampling 
occasion.  

A.1 Kirkjuferjuhjáleiga 
Table A.1. Gas flux measurements at Kirkjuferjuhjáleiga. 

GPS - coordinates Fluxmeter readings [ppm s-1] Calculated emissions [g m-2 day-1]

X Y CH4 R2 CO2 R2 CH4 CO2 
CO2:CH4 

ratio Case 
August 15, 2012 
395213 383661 0.500 0.730 5.300 0.997 2.57 74.8 10.60 I-a) 
395300 383560 1.950 0.986 20.50 0.998 10.0 289 10.51 I-b) 
395301 383562 5.100 0.996 15.00 0.999 26.2 212 2.94 I-b) 
395220 383616 52.00 0.994 39.60 0.999 269 559 0.76 I-c) 
395235 383617 104.0 0.994 37.50 0.999 535 529 0.36 I-c) 
395226 383612 250.0 0.999 151.2 0.999 1286 2134 0.60 I-c) 
395226 383613 166.0 0.999 105.0 0.999 854 1482 0.63 I-c) 
395242 383660 0.000 0.000 0.060 0.850 0.00 0.85 II-a) 
395226 383610 0.000 0.000 0.000 0.000 0.00 0.00 II-a) 

- - 0.000 0.000 0.000 0.000 0.00 0.00 II-a) 
395218 383588 0.000 0.500 2.400 0.994 0.00 33.87 II-b) 
395203 383628 0.000 0.000 2.300 0.991 0.00 32.46 II-b) 
395227 383614 0.000 0.000 2.000 0.994 0.00 28.22 II-b) 
395266 383679 0.160 0.228 0.100 0.690 0.82 1.41 II-b) 
395295 383670 0.000 0.000 0.690 0.990 0.00 9.74 II-b) 

- - 0.000 0.000 1.800 0.990 0.00 25.40 II-b) 
395299 383565 -0.420 0.700 16.000 0.999 -2.16 225.78 III-a) 

October 18. 2012 
395222 383619 0.260 0.800 0.150 0.940 1.40 2.22 0.58 I-a) 
395312 383560 4.990 0.950 1.160 0.970 26.9 17.2 0.23 I-b) 
395330 383552 1.500 0.900 2.800 0.980 8.10 41.5 1.87 I-b) 
395326 383534 1.521 0.979 1.004 0.992 8.21 14.9 0.66 I-b) 
395328 383555 3.080 0.992 3.630 0.990 16.6 53.8 1.18 I-b) 
395314 383565 35.000 0.999 21.0 0.990 189 311 0.60 I-c) 
395301 383558 16.000 0.800 12.000 0.900 86.4 178 0.75 I-c) 
395328 383536 30.030 0.999 12.2 0.999 162 181 0.41 I-c) 
395222 383619 41.000 0.999 12.7 0.999 221 188 0.31 I-c) 
395332 383540 0.000 0.000 0.000 0.000 0.00 0.00 II-a) 
395326 383541 0.010 0.200 0.000 0.002 0.00 0.00 II-a) 
395222 383619 0.000 0.000 0.000 0.000 0.00 0.00 II-a) 
395227 383614 0.000 0.000 0.000 0.000 0.00 0.00 II-a) 
395271 383553 0.160 0.640 0.120 0.850 0.86 1.78 II-b) 
395319 383505 0.073 0.262 0.134 0.946 0.39 1.98 II-b) 
395329 383540 -0.600 0.900 1.060 0.995 -3.24 15.70 III-a) 
395326 383538 -2.150 0.937 -0.700 0.700 -11.61 -10.37 III-b) 
395324 383536 -0.810 0.941 -0.510 0.896 -4.37 -7.55 III-b) 
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November 19, 2012 
395298 383571 0.474 0.879 2.424 0.915 2.56 35.9 5.11 I-a) 
395333 383555 0.048 0.014 0.010 0.105 0.00 0.00 II-a) 
395302 383561 0.023 0.021 0.614 0.994 0.12 9.09 II-b) 
395301 383561 0.113 0.188 3.274 0.996 0.61 48.48 II-b) 

March 21, 2013 
395304 383558 0.400 0.903 0.080 0.883 2.17 1.19 0.20 I-a) 
395305 383570 1.141 0.951 1.186 0.983 6.18 17.6 1.04 I-a) 
395307 383564 5.925 0.998 1.621 0.995 32.1 24.1 0.27 I-b) 
395300 383560 9.883 0.998 3.273 0.995 53.6 48.7 0.33 I-b) 
395301 383570 32.597 0.988 25.185 0.972 177 374 0.77 I-c) 
395299 383570 36.611 0.985 20.850 0.998 198 310 0.57 I-c) 
395306 383564 39.216 0.996 7.753 0.991 212 115 0.20 I-c) 
395295 383563 0.000 0.000 0.000 0.000 0.00 0.00 II-a) 
395299 383566 0.000 0.012 0.048 0.824 0.00 0.71 II-a) 
395306 383562 0.000 0.005 0.065 0.941 0.00 0.97 II-a) 
395302 383561 0.015 0.007 0.031 0.803 0.08 0.46 II-a) 
395299 383563 0.031 0.042 0.040 0.833 0.17 0.59 II-a) 
395303 383566 0.032 0.015 0.059 0.576 0.17 0.88 II-a) 
395298 383562 0.035 0.046 0.010 0.205 0.19 0.14 II-a) 
395301 383561 0.049 0.113 0.011 0.195 0.26 0.16 II-a) 
395302 383557 0.050 0.084 0.001 0.001 0.27 0.01 II-a) 
395300 383561 0.050 0.116 0.050 0.536 0.27 0.74 II-a) 
395299 383566 0.086 0.254 0.020 0.486 0.46 0.30 II-a) 
395221 383615 0.000 0.000 0.050 0.779 0.00 0.74 II-a) 
395217 383615 0.000 0.000 0.052 0.867 0.00 0.77 II-a) 
395211 383617 0.000 0.000 0.063 0.835 0.00 0.94 II-a) 
395219 383617 0.080 0.220 0.037 0.780 0.43 0.55 II-a) 
395303 383565 0.149 0.467 0.097 0.624 0.81 1.44 II-b) 
395305 383564 0.000 0.001 0.116 0.938 0.00 1.72 II-b) 
395307 383563 0.001 0.332 0.182 0.979 0.01 2.71 II-b) 
395307 383571 0.018 0.005 0.293 0.961 0.10 4.36 II-b) 
395301 383564 0.082 0.276 1.000 0.700 0.44 14.87 II-b) 
395218 383617 0.000 0.000 0.485 0.997 0.00 7.21 II-b) 
395304 383568 -1.700 0.904 -1.438 0.986 -9.21 -21.38 III-b) 
395299 383563 -0.702 0.771 -0.275 0.985 -3.80 -4.09 III-b) 
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A.2 Fíflholt 
Table A.2. Gas flux measurements at Fíflholt. 

GPS - coordinates Fluxmeter readings [ppm s-1] Calculated emissions [g m-2 day-1] 

X Y CH4 R2 CO2 R2 CH4 CO2 
CO2:CH4 

ratio Case 

October 17, 2012 

350071 469583 0.103 0.204 0.011 0.224 0.6 0.2  II-a) 

350008 469513 0.014 0.006 0.003 0.041 0.1 0.1  II-a) 

350019 469501 0.066 0.118 0.018 0.211 0.4 0.3  II-a) 

350066 469578 5.340 0.983 3.488 0.955 29 52 0.65 I-b) 

350071 469582 10.06 0.991 24.00 0.997 54 355 2.39 I-b) 

350066 469578 7.840 0.998 4.517 0.997 42 67 0.58 I-b) 

350017 469503 0.025 0.029 0.200 0.400 0.1 3.0  II-a) 

350021 469504 0.065 0.099 0.012 0.190 0.4 0.2  II-a) 

350019 469499 0.133 0.316 0.020 0.458 0.7 0.3  II-a) 

350083 469605 -1.199 0.964 1.068 0.992 -6.5 16  III-a) 

November 18, 2012

350012 469504 0.126 0.492 0.308 0.642 0.7 4.5  II-b) 

350076 469586 0.001 0.000 0.001 0.000 0.0 0.0  II-a) 

350070 469582 0.001 0.002 0.004 0.029 0.0 0.1  II-a) 

350070 469581 0.073 0.061 0.011 0.434 0.4 0.2  II-a) 

350076 469589 0.075 0.102 0.091 0.454 0.4 1.3  II-a) 

350066 469569 0.121 0.135 0.007 0.067 0.6 0.1  II-a) 

350037 469532 0.153 0.461 0.015 0.325 0.8 0.2  II-a) 

350058 469565 0.041 0.053 0.137 0.971 0.2 2.0  II-b) 

Decemer 12, 2012 

350072 469576 0.001 0.000 0.001 0.000 0.0 0.0 1.00 II-a) 

350073 469576 0.001 0.073 1.385 0.993 0.0 20.7 1385 II-b) 

350072 469583 1.863 0.867 2.428 0.960 10.1 36.2 1.30 I-b) 

350038 469532 0.001 0.100 0.001 0.100 0.0 0.0  II-a) 

350131 469698 0.001 0.110 0.547 0.990 0.0 8.2  II-b) 

350131 469694 0.001 0.003 1.026 0.998 0.0 15.3  II-b) 

350130 469698 0.001 0.001 2.704 1.000 0.0 40.4  II-b) 

January 21, 2013 

349976 469434 0.010 0.280 2.058 0.997 0.1 30.0  II-b) 

349959 469435 0.050 0.070 1.455 0.998 0.3 21.2  II-b) 

350072 469587 1.205 0.901 5.000 0.997 6.4 73.0 4.15 I-a) 

350061 469563 0.023 0.008 0.015 0.169 0.1 0.2 II-a) 

350079 469585 1.044 0.967 4.500 0.999 5.6 65.7 4.31 I-a) 

350023 469503 0.006 0.000 0.416 0.899 0.0 6.1 II-b) 

350080 469585 1.200 0.966 2.342 0.999 6.4 34.2 1.95 I-a) 

350082 469587 0.469 0.758 0.241 0.986 2.5 3.5 0.51 I-a) 

350070 469583 0.042 0.046 4.461 0.997 0.2 65.1  II-b) 

350071 469585 0.064 0.021 0.027 0.311 0.3 0.4  II-a) 
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350069 469580 0.054 0.131 2.651 0.996 0.3 38.7  II-b) 

350071 469585 0.005 0.006 0.010 0.200 0.0 0.1  II-a) 

February 28, 2013 

350072 469588 0.799 0.914 1.866 0.983 4.4 28.0 2.34 I-a) 

350070 469589 0.711 0.919 4.124 0.998 3.9 61.9 5.8 I-a) 

350071 469589 0.268 0.650 1.583 0.972 1.5 23.8 5.91 I-a) 

350071 469586 0.010 0.098 0.010 0.062 0.1 0.1  II-a) 

350072 469585 0.030 0.017 0.000 0.198 0.2 0.0  II-a) 

350070 469586 0.035 0.035 0.111 0.909 0.0 1.7  II-b) 

350072 469587 0.031 0.005 1.008 0.998 0.0 15.1  II-b) 

350068 469587 0.001 0.001 0.660 0.994 0.0 9.9  II-b) 

350068 469585 0.001 0.032 1.023 0.996 0.0 15.4  II-b) 

350073 469586 0.008 0.001 0.874 0.996 0.0 13.1  II-b) 

350070 469584 0.009 0.001 0.695 0.992 0.0 10.4  II-b) 

350069 469588 0.010 0.005 0.069 0.750 0.1 1.0  II-b) 

350074 469588 0.016 0.004 0.243 0.967 0.1 3.7  II-b) 

350072 469584 0.029 0.051 0.285 0.964 0.2 4.3  II-b) 

350070 469588 0.038 0.044 0.435 0.991 0.2 6.5  II-b) 

350069 469585 0.047 0.062 0.388 0.983 0.3 5.8  II-b) 

350072 469587 0.002 0.001 0.753 0.962 0.0 11.3  II-b) 
 

Table A.3. Gas flux measurements on top of gas profile sampling tubes at Fíflholt. 

GPS - coordinates Fluxmeter readings [ppm s-1] Calculated emissions [g m-2 day-1]

X Y CH4 R2 CO2 R2 CH4 CO2 
Tube depth 

[cm] 

C2-N 

350072 469587 3.000 0.996 2.418 0.999 16.0 35.3 50 

350072 469587 5.766 0.993 2.644 0.996 30.7 38.6 100 

350072 469588 3.044 0.996 3.486 0.998 16.2 50.9 200 

350071 469587 1.350 0.985 2.012 0.999 7.2 29.4 300 

350072 469586 1.505 0.986 3.591 0.999 8.0 52.4 400 

350072 469586 2.252 0.984 4.385 0.967 12.0 64.0 400 

350071 469587 0.437 0.759 1.212 0.998 2.3 17.7 600 

350073 469587 1.291 0.972 0.196 0.969 6.9 2.9 800 

350072 469587 1.200 0.943 3.193 0.997 6.4 46.6 1200 

350072 469587 8.443 0.997 15.924 0.997 44.9 232 1200 

C2-S 

350020 469498 0.023 0.007 0.007 0.054 0.1 0.1 50  

350020 469498 0.020 0.014 0.024 0.327 0.1 0.4 100  

350020 469498 0.035 0.034 0.016 0.149 0.2 0.2 200  

350020 469498 0.022 0.001 0.009 0.089 0.1 0.1 300  

350020 469498 0.015 0.002 0.162 0.876 0.1 2.4 400  

350021 469498 0.043 0.049 0.004 0.007 0.2 0.1 800  

350020 469498 0.137 0.250 0.177 0.956 0.7 2.6 1200  
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A.3 Syðri-Kárastaðir 
Table A.4. Gas flux measurements at Syðri-Kárastaðir, conducted on September 7, 2012. 

GPS - coordinates Fluxmeter readings [ppm s-1] 
Calculated emissions 

[g m-2 day-1] 

X Y CH4 R2 CO2 R2 CH4 CO2 

408671 549658 0.04 0.042 0.09 0.937 0.22 1.33 

408673 549642 0.1 0.195 0.01 0.145 0.54 0.15 

408665 549591 -0.7 0.279 0.02 0.324 -3.78 0.30 

408655 549625 0 ?? 0.017 0.147 0.961 0.00 2.18 
408686 549687 0.088 0.056 3.196 0.983 0.48 47.3 
408665 549688 0.0018 0 0.032 0.535 0.01 0.00 
408668 549677 0.04 0.05 0.657 0.996 0.22 9.73 
408695 549679 0.53 0.883 0.469 0.995 2.86 6.95 
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Appendix B: Waste inventory from the 
surveyed cells 
The amount of degradable organic carbon (DOC) in deposited waste at the two landfill 
sites was calculated according to the default DOC fraction given for each of the IPCC 
categories as shown in Table B.1. 

Table B.1. Default values of DOC fraction for each IPCC waste category (IPCC, 2006). 

IPCC waste category % DOC

Food 15%
Garden 20%
Paper 40%
Wood 43%
Textile 24%
Nappies 24%
Sludge 5%
Inert 0%
Industrial 15%

 

Table B.2 and Table B.3 show the quantities and categories of landfilled waste in the 
surveyed cells at Kirkjuferjuhjáleiga and Fíflholt respectively.  
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B.1 Kirkjuferjuhjáleiga 
Table B.2. Waste inventory in cell 8 at Kirkjuferjuhjáleiga (Sorpstöð Suðurlands, n.d.). 

IPCC categorization 2004 (July 1-Dec 31) 2005 2006 

Food       

Carcass 160,090 261,280 

Fish waste 111,610 178,010 165,630 

Meat and bone meal 1,099,350 1,137,770 1,311,090 

Slaughterhouse waste 746,350 1,273,340 409,930 

From mixed domestic waste (27%) 1,216,574 2,483,212 2,444,861 

Garden       

Garden waste 93,490 231,870 124,160 

Yard waste 456,420 551,580 

Hay, grass, straw 1,550 43,140 

From mixed domestic waste (1%) 45,058 91,971 90,550 

Paper       

Paper and cardboard 31,510 2,660 

From mixed domestic waste (27%) 1,216,574 2,483,212 2,444,861 

Wood       

Timber 1,785,060 2,287,620 

Timber pallets 76,850 57,380 

From mixed domestic waste (1%) 45,058 91,971 90,550 

Textile       

From mixed domestic waste (3%) 135,175 275,912 271,651 

Nappies       

From mixed domestic waste (9%) 405,525 827,737 814,954 

Sludge       

Livestock manure 75,500 89,660 

Inert       

Plastic from agriculture 5,600 61,380 40,140 

Fishing nets (synthetic material) 69,640 63,790 

Used car tyres 61,090 53,340 65,900 

From mixed domestic waste (32%) 1,441,865 2,943,066 2,897,612 

Industrial       

Mixed construction waste 582,130 1,075,770 1,242,325 

Mixed bulky waste 1,257,300 1,393,060 

Mixed commercial waste 1,260,530 2,499,330 2,656,570 

From container area, unspecified 872,860 

Contaminated soil 110,740 15,320 

Other unspecified 262,010 56,680 230,730 

Total per year in cell 8 [kg] 9,600,848 19,789,371 20,067,004 

Landfilled separately       

Sewage sludge 241,300 758,540 773,300 

Screenings 32,170 630 
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Daily Cover material in cell 8 2004 (July 1-Dec 31) 2005 2006 

Light materials from car recycling 
(e.g. textiles, plastic and rubber) 2,061,625 4,453,820 4,816,380 

Gravel 3,199,500 5,695,000 6,080,000 

Total per year [kg] 5,261,125 10,148,820 10,896,380 
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B.2 Fíflholt 
Table B.3. Waste inventory in cell 2 at Fíflholt (Sorpurðun Vesturlands hf., 2003-2012) 

IPCC categorization 2003 2004 2005 2006* 

Food   

From mixed domestic waste (27%) 2,040,212 2,279,648 2,020,502 786,434 

Shell from fish and shrimp processing 3,508 3,920 16,340 0 

From canteens and kitchens (biodegradable) 5,860 1,070 

Garden 

From mixed domestic waste (1%) 75,563 84,431 74,833 29,127 

Garden waste (biodegradable) 6,068 6,780 27,940 16,480 

Paper 

From mixed domestic waste (27%) 2,040,212 2,279,648 2,020,502 786,434 

Paper, cardboard, magazines and newspapers 823 920 4,280 1,090 

Wood 

From mixed domestic waste (1%) 75,563 84,431 74,833 29,127 

Wood chips, cuttings, veneer, chipboards, timber 647,420 723,400 1,152,030 1,090,105 

Textile 

From mixed domestic waste (3%) 226,690 253,294 224,500 87,382 

Nappies 

From mixed domestic waste (9%) 680,071 759,883 673,501 262,145 

Sludge 

Sludge from sewage and septic tanks 18,257 20,400 214,980 35,270 

Inert 

From mixed domestic waste (32%) 2,418,029 2,701,805 2,394,669 932,070 

Concrete, bricks, tiles, clay and gypsum 50,548 56,480 43,640 16,520 

Plastic from agriculture 49,939 55,800 81,460 26,070 

Fishing gear (e.g. nets from synthetic material) 50,244 56,140 55,740 18,730 

Used car tyres 31,440 0 

Unspecified (04.01.00) 1,900 

Industrial 

Mixed industrial waste from companies 915,260 624,500 

Wood, glass and plastic ** 22,822 25,500 37,600 2,520 

Furniture 9,200 10,280 0 

Other Municipal waste 99,520 111,200 636,520 1,288,290 

Total per year in cell 2 [kg] 8,514,691 9,513,960 10,706,430 6,356,265 

Landfilled separately 

Asbestos (from insulation and construction) 19,340 64,740 352,880 176,440 

Carcasses 203,000 16,480 4,840 10,520 

Slaughterhouse and fish waste 203,860 239,840 455,040 

Daily cover material in cell 2 

Crushed wood chips [kg] ? 2,520,170 2,941,460 5,583,881 
* Cell 2 was closed in the beginning of July 2006. The quantities given in the table for 2006 are therefore 
50% of the actual quantites reported for the whole year 2006. 


