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ABSTRACT
Landfilling is one of the most common ways of municipal solid waste (MSW) disposal in
developing countries. Air pollutants emitted from landfills contributes to the emission in the
atmosphere of greenhouse gases and cause serious problems to the human health. Methane
emission from landfill is serious environmental global concern as it accounts for approximately
15 percentages of current greenhouse gas emissions. The current study was focused on the
determination of air emissions from the Akrotiri landfill site which is located at the Akrotiri area
(Chania, Greece). The models used are the triangular model, the stoichiometric model and
LandGEM model. These models are used to estimate the total landfill gas production from a
given amount of waste. The models differ on their scientific approach for the quantification on
emissions, their complexity and input data requirements. The LandGEM model was selected
for the determination of more representative assessed landfill gas emission rates. The
maximum biogas production rate by the LandGEM model was calculated to be 1.64× 103 Mg
yr-1 and was observed during the year 2008 for the A phase of the landfill, while for the B
phase the maximum biogas production rate was 2.70 × 103 Mg yr-1 and was observed during
2014.
KEYWORDS: methane, LandGEM, stoichiometric, triangular.

1. INTRODUCTION
Municipal solid waste is a significant contributor to greenhouse gas emissions through
decomposition and life-cycle activities processes. The majority of these emissions are a result
of landfilling, which remains the primary waste disposal strategy internationally (Lou, 2009). In
particular the disposal of waste in landfills generates methane that has high global warming
potential. Effective mitigation of greenhouse gas emissions is important and could provide
environmental benefits and sustainable development, as well as reduce adverse impacts on
public health (Papageorgiou, 2009).
In the last decades the greenhouse gases produced by human activities have been
predominating over those of natural origin (Hansen, 2004). The waste sector is a significant
contributor to greenhouse gas (GHG) emissions accountable for approximately 5% of the
global greenhouse budget (IPCC, 2006). This 5% consist of methane (CH4) emission from
anaerobic decomposition of solid waste and carbon dioxide (CO2) from wastewater
decomposition (IPCC, 2006).
Landfills are among the nation’s largest emitters of methane, a key greenhouse gas, and
there is considerable interest in quantifying the surficial methane emissions from landfills
(Mackie, 2009).The greenhouse gases emissions related to landfilling are mainly due to
methane (CH4) and carbon dioxide (CO2) present in the biogas produced by anaerobic
bacteria using as carbon source the biodegradable carbon contained in the waste (IPCC,
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2007a; Gardner et al., 1993). European research has identified that landfill gas is composed
of 140 trace components of which 90 were common to all studies landfill sites (Parker et
al.,2002). NMOCs (non-methane organic compounds) usually make up also less than 1% of
landfill gas. Methane is regarded as one of the most important GHGs because its global
warming potential has been estimated to be more than 20 times of that of carbon dioxide and
atmospheric methane concentration has been increasing in the range of 1–2% per year
(IPCC, 2007a).
The atmospheric concentration of methane has increased by 151% since 1750 and its
concentration continues to increase (IPCC, 2007a). Furthermore, methane is an explosive
gas in concentrations between 5 and 15 percent in air. Although there is no immediate danger
from the methane emitted in atmosphere from landfills, it could accumulate inside the landfill
mass, thus increasing its concentration. There have been several fire reports due to methane
emissions in landfills (Christensen et al., 1998; Boltze and De Freitas, 1997; Jones and
Nedwell, 1990; Kjeldsen and Fischer, 1995).
There are two life stages in a landfill, its operating stage, where municipal solid waste (MSW)
is being disposed of, and its closed stage, where storage capacity is reached. Operating
landfills emits more CH4 than closed landfills since the major part of degradation occurs in the
first few years following disposal with decreasing emission rates with time after closure
(Fourie and Morris, 2004; Humer and Lechner, 1999a). Following closure, a landfill continues
to emit GHG, possibly for several hundreds of years (Borjesson et al., 2004).
Globally, efforts are being made to control greenhouse gas (GHG) emission from various
sources, waste sector is one of them. The Kyoto protocol in Europe foresees the reduction of
the principal anthropogenic emissions of the gases responsible for altering the natural
greenhouse effect. In particular, in the period 2008– 2012, the industrialized countries should
reduce the emissions by 5% in respect to the 1990 values. So, reducing the GHG emission
from landfills contributes to stabilizing GHG concentrations in the atmosphere at a level that
would prevent the dangerous anthropogenic interference with the climate system.
Global greenhouse gas emissions in 2005 from waste based on reported emissions from
national inventories and national communications, and (for non-reporting countries) on 1996
inventory guidelines and extrapolations was 750 Mt CO2-eq (US EPA, 2006) while based on
2006 inventory guidelines and BAU projection was 520 Mt CO2-eq (Monni et al., 2006). The
US EPA (2006) study collected data from national inventories and projections reported to the
United Nations Framework Convention on Climate Change (UNFCCC) and supplemented
data gaps with estimates and extrapolations based on IPCC default data and simple mass
balance calculations using the 1996 IPCC Tier 1 methodology for landfill CH4. Monni et al.,
(2006) calculated a time series for landfill CH4 using the first-order decay (FOD) methodology
and default data in the 2006 IPCC Guidelines, taking into account the time lag in landfill
emissions compared to year of disposal (IPPC 2007b).
Due to the importance of GHG emissions from landfills, in the current study a methodology is
adopted to calculate the total landfill gas production from landfills using different emission
models. The methodology is applied to a landfill in the area of Chania, Greece.
2. MATERIALS AND METHODS
2.1 Description of the Akrotiri landfill site
The methodology has been applied to a local landfill which belongs to the Chania municipality
on the island of the Crete (Greece). The Akrotiri landfill is located in the northeast part of the
prefecture of Chania and east of the city of Chania. The landfill consists of 2 phases. The first
phase (rehabilitated cell) began the operation during 2003 and closed on 13th May 2007 and
had a capacity of 440.000 cubic meters. The second phase (active cell) started the operation
on 14th May 2007 and is foreseen to operate until 2013. The capacity of the phase B is
660.000 cubic meters. The annual acceptance rate of solid waste was 80,000 tn yr-1 for the A
phase of the landfill and 85,000 tn yr-1 for the phase B of the landfill. The waste in the landfill
is composed from bio waste (40.27%), paper (16.39%), plastic (15.26%) and slow-degraded
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materials (such as wood, plastic, etc) (11.98%) as derived from measurements for the waste
composition at the Akrotiri site.
2.2 Description of the gas emission rate models
In the current study three different emission models for gas generated from landfills have
been incorporated. The models used are the triangular model, the stoichiometric model and
LandGEM model. These models are used to estimate the total landfill gas production from a
given amount of waste. The models differ on their scientific approach for the quantification on
emissions, their complexity and input data requirements. A short description of them is
presented.
2.2.1 The triangular model
In the triangular model the organic materials in landfill are divided into two categories:
materials that degrade rapidly (from 3 months to 5 years) and materials that degrade slowly
(up to 25 years). The degradation rate usually reaches the maximum within the first two years
and then gradually reduced. The annual rates of degradation for fast and slow biodegradable
material are based on a triangular model. The maximum rate of production occurs during the
first and fifth year from the beginning of production for the rapidly and slowly decomposable
materials respectively. The biogas production is assumed that begins at the end of the first
complete year of the landfill operation. The total quantity of biogas produced from municipal
solid waste (MSW) placed first time of operation can be expressed with the following formula:
Total biogas produced (m3 kg-1) = ½ (years of gas production) × (peak biogas production rate
(m3 kg-1 yr-1)).
However an important factor which limits the use of the model is the moisture content. Usually
in landfills the available moisture is insufficient to perform complete conversion of
biodegradable organic materials into municipal solid waste (MSW). The best moisture content
for the conversion of biodegradable organic fraction is in the range between 50-60%.
However, in many landfills, the moisture is not uniformly distributed. When the moisture
content is low, the biogas production curve is more linear and extends to longer time periods
(Halvadakis, 1983).
2.2.2 The stoichiometric model
The stoichiometric model is based on a global stoichiometric reaction, in which the reactants
in the waste are represented by an empirical chemical formula, and the products include
methane and carbon dioxide. The biodegradation processes of the organic biodegradable
fraction to form landfill gas can be described by the global stoichiometric reaction
(Tchobanoglous et al., 1993)
CaHbOcNd + n H2O → x CH4 + y CO2 + w NH3 + z C5H7O2N + energy

(1)

One limitation of the model is associated with the stoichiometric estimates of waste fractions
which are not biodegradable (lignin, plastics), the moisture limitations and also toxins some
fraction of the waste which is not accessible (e.g. plastic bags).
2.2.3 The LandGEM emission model
The LandGEM (landfill gas emissions model) is an easy to use automated tool to quantify air
emissions from landfills. It is developed by the Control Center technology of the American
Environmental Protection Agency (US E.P.A). The methodology for the estimation of gaseous
emissions using the model is based on a simple degradation equation. The model determines
the mass of methane generated using the methane generation capacity and the mass of
waste deposited. The LandGEM emission methodology can be described mathematically by:
n

QCH4=

1

∑∑

i =1 j = 0.1

( )

⎛M ⎞
kL0 ⎜ i ⎟ e − kt
⎝ 10 ⎠

where QCH4 is the annual methane generation in the year of calculation (m3 yr-1), i the yearly
time increment, n is the difference: (year of the calculation)-(initial year of waste acceptance),
j the 0.1 year time increment, k is the methane generation constant (yr-1), L0 is the potential
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methane generation capacity (m3 Mg-1), Mi is the mass of waste in the ith year (Mg), ti,j is the
age of the jth section of waste Mi accepted in the ith year (decimal years).
The model assumes that CO2 emissions are the same as CH4 emissions and that landfill gas
emissions are twice the CH4 emissions. The annual emissions (Qc) for each VOC, (kg yr-1), is
computed using the equation:
QC= (Qm x Cc x mc)/ ((1 x 106) x (22.41))

(2)
3

-1

where Qm is the methane generation rate (m yr ), Cc is the concentration of compound c
(ppmV), mc is the molecular weight of compound c (kg kg-1 kg-1), 22.41 is the standard volume
of an ideal gas at 1 Atm (m3 kg-1 mol-1) and 1 x 106 is a conversion factor (ppmV) (Paraskaki
and Lazaridis, 2005).
The required inputs for estimating the amount of generated landfill gas are the design
capacity of the landfill, the annual acceptance rate, the landfill gas generation constant k, the
landfill gas generation potential Lo and the number of year of waste acceptance. Default
values for k and L0 can be used or site-specific values can be introduced (US EPA, 2005).
In the current application the methane generation rate k is set equal to 0.02 yr-1 and is
determined by the equation (US EPA, 2004):
k=3.2 x 10-5 (annual average precipitation) +0.01= 3.2 × 10-5 × 371+0.01 = 0.02 yr-1

(3)

where, the annual average precipitation is determined from meteorological data at the study
area.
Furthermore, the potential methane generation capacity L0 is equal 100 m3 Mg-1 which
corresponds to the conditions at the Akrotiri landfill, the NMOC concentration is equal to 2400
ppmV (as hexane) and the methane content is equal to 50%.
3. RESULTS
Figures 1-2 show the annual landfill gas production rates provided by the LandGEM, the
triangular and the stoichiometric models for the landfill A and B phases respectively. Each
model makes different assumptions and using different input data. The difference between
modelled and the measured landfill gas emission is a result of unknown parameters. Such
parameters include the extent of aerobic and anaerobic decomposition, nutrient limitations,
micro-organism inhibition because of waste-toxicity, physico-chemical interactions and other
conditions for bacteria cell synthesis. Consequently the LandGEM model is selected for the
determination of more representative assessed landfill gas emission rates since it is the most
reliable model for the quantification of the emission rates and provides the most conservative
and proximate estimates (Paraskaki and Lazaridis, 2005).
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Figure 1. Annual landfill gas production rates (m3 yr-1) provided by the LandGEM, the
triangular and the stoichiometric models for the Akrotiri landfill A phase (2003-2007)
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Figures 3-4 show the annual emission rate of biogas, CH4 and CO2 production for landfill A
and B phase respectively in accordance with the LandGEM model. The maximum biogas
production rate is 1.64× 103 Mg yr-1 and is observed during the year 2008 for the landfill A
phase, while for the B phase the maximum biogas production rate is 2.70 × 103 Mg yr-1 and is
observed during 2014. The maximum emission rate of CH4 is 4.37 × 102 Mg yr-1 and 1.20 ×
103 Mg yr-1 CO2 for the landfill A phase, while for the landfill B phase the maximum emission
rate of CH4 is 7.22 × 102 Mg yr-1 and 1.98 × 103 Mg yr-1 for CO2. The years 2008 and 2014 for
landfill A and B phase respectively corresponds to the closure year of the landfill which means
that at this year a significant risk for the human population could be present (Ruston 2003).
Methane is 21 times more efficient at trapping heat than carbon dioxide (CO2) contributing
crucially to global heating. It is calculated that 3.8% of the United States global warming
potential arises from methane emissions from landfills (US EPA; 1995; Tagaris et al., 2003;
Akolkar et al., 2008).

4,00E+07

4,00E+08

3,50E+07

3,50E+08

3,00E+07

3,00E+08

2,50E+07

2,50E+08

2,00E+07

2,00E+08

1,50E+07

1,50E+08

1,00E+07

1,00E+08

5,00E+06

5,00E+07

0,00E+00
2005

2010

2015

2020

2025

2030

Gas production rate m3/year
(rate from stoichiometric model)

Gas production rate m3/year

AKROTIRI LANDFILL B PHASE

0,00E+00
2035

Years
Triangular model

LandGEM Model

Stoichiometric model

Figure 2. Annual landfill gas production rates (m3 yr-1) provided by the LandGEM, the
triangular and the stoichiometric models for the Akrotiri landfill B phase (2007-2013)
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Figure 3. Annual emission rates (Mg yr-1) of biogas, CH4 and CO2 for the Akrotiri landfill A
phase (2003-2007)
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Figure 4. Annual emission rates (Mg yr ) of biogas, CH4 and CO2 for the Akrotiri landfill B
phase (2007-2013)
Figures 5-6 present the annual emission rates of CO, H2S, benzene and vinyl chloride for
the landfill A and B phases respectively. The maximum emission rate of CO is 2.14 × 10-1 Mg
yr-1 and 6.68 × 10-2 Mg yr-1 for H2S for the landfill A phase, while for the landfill B phase the
maximum emission rate of CO is 3.53 × 10-1 Mg yr-1 and 1.10 × 10-1 Mg yr-1 for H2S. The
maximum emission rate of benzene is 4.68 × 10-2 Mg yr-1 and 2.49 × 10-2 Mg yr-1 for vinyl
chloride for the landfill A phase, while for the landfill B phase the maximum emission rate of
benzene is 7.73 × 10-2 Mg yr-1 and 4.11 × 10-2 Mg yr-1 for vinyl chloride. It should be said that
vinyl chloride is volatile component (the 73.4% of the mass is in the gas phase) while the
benzene in percentage 80.3% it is found absorbed in the soil. This particularity of components
has important impact on how these chemicals behave and moved out of the landfill (Lin et al.,
1995).
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Figure 5. Annual emission rates (Mg yr ) of CO, H2S, benzene and vinyl chloride for the
Akrotiri landfill A phase (2003-2007)
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Figure 6. Annual emission rates (Mg yr ) of CO, H2S, benzene and vinyl chloride for the
Akrotiri landfill B phase (2007-2013)
Finally figures 7-8 present the annual emission rates of NMOC for the landfill A and B phases
respectively. The maximum emission rate of NM0C is 11.27 Mg yr-1 for the landfill A phase,
while for the landfill B phase the maximum emission rate of NMOC is 18.62 Mg yr-1. NMOC
are contained in the biogas in a small percentage up to 2% and include various harmful and
odor organic air pollutants as HAP and volatile organic components (VOC). Despite their
small concentration in the biogas they are emitted in atmosphere causing risk to public health
in the general population because of the harmful and toxic gases containing, unpleasant odor
in regions adjacent to landfill, atmospheric problems such as photochemical smog and ozone
formation due to the photochemical activity of VOC and finally contribute to the greenhouse
effect (Fadel et al., 1997). A study by the Environmental Protection Agency (US-EPA) has
resulted to the identification of 94 non-methane organic compounds (NMOC) (US EPA 1995).
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Figure 7. Annual emission rates (Mg yr ) of NMOC for the Akrotiri landfill A phase (20032007)
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Figure 8. Annual emission rates (Mg yr-1) of NMOC for the Akrotiri landfill B phase (20072013)
According to the official data from the IPCC framework, methane emissions in 2007 from
landfills in Greece were 116.64 kt yr-1 while biogas productions in 2002 from the Ano Liosia
landfill (Athens) were 301370 Nm3d-1 and 991.8 m3d-1 from the Volos landfill.
4. CONCLUSIONS
Three different landfill gas emission models were applied for the estimation of the landfill gas
emission rates of the Akrotiri landfill site. The LandGEM model is selected for the
determination of more representative assessed landfill gas emission rates and for further
dispersion estimations since it is the most reliable model for the quantification of the emission
rates (Paraskaki and Lazaridis, 2005). A main weakness of the triangular model is that uses
arbitrary values for the determination of the maximum landfill gas yield time and the emission
period. In addition, the stoichiometric model provides only rough estimates of the potential
gas yield and should only be used in defining maximum attainable yields.
Methane emissions in 2005 from Akrotiri landfill A phase was 0.005354 Mt CO2-eq which
represent 0.22% of total methane emissions released from landfills in Greece (2.4 Mt CO2eq).
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