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Abstract 

In this study, the total methane (CH4) generation rate and gas recovery efficiency at two Danish 

landfills were determined by field measurements. The landfills are located close to each other and 

are connected to the same gas collection system. The tracer gas dispersion method was used for 

quantification of CH4 emissions from the landfills, while the CH4 oxidation efficiency in the landfill 

cover layers was determined by stable carbon isotopic technique. The total CH4 generation rate was 

estimated by a first-order decay model (Afvalzorg) and was compared with the total CH4 generation 

rate determined by field measurements. CH4 emissions from the two landfills combined ranged 

from 29.1 to 49.6 kg CH4/h. The CH4 oxidation efficiency was 6-37%, with an average of 18% 

corresponding to an average CH4 oxidation rate of 8.1 kg CH4/h. The calculated gas recovery 

efficiency was 59-76%, indicating a high potential for optimization of the gas collection system. 

Higher gas recovery efficiencies (73-76%) were observed after the commencement of gas extraction 

from a new section of one of the landfills. A good agreement was observed between the average 

total CH4 generation rates determined by field measurements (147 kg CH4/h) and those estimated 

by the Afvalzorg model (154 kg CH4/h). 

Keywords: 

Methane emission, methane oxidation, tracer gas dispersion method, landfill gas generation 

modeling 
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1. Introduction 

The disposal of waste containing biodegradable fractions in landfills results in the generation 

of landfill gas (LFG) consisting of methane (CH4: 55-60% v/v) and carbon dioxide (CO2: 40-45% 

v/v). CH4 is a potent greenhouse gas, 28 times more powerful than CO2 in terms of global warming 

potential over a time period of 100 years (IPCC, 2013). In Denmark, the landfilling of organic 

waste has been banned since 1997. However, many landfills still continue to generate CH4. 

According to the European Pollutants Release and Transfer Registers (E-PRTR), landfills— 

excluding landfills of inert waste—receiving more than 10 tons of waste per day or with a total 

disposal capacity above 25,000 tons are required to report their CH4 emissions (CEC, 2006). In 

many countries, including Denmark, CH4 emissions are reported by modeling the CH4 generation. 

These models are based on first-order decay (FOD) of organic matter, as shown by Equation 1: 

𝑚𝑚𝑡𝑡 = 𝑚𝑚0 × 𝑒𝑒−𝑘𝑘𝑡𝑡                                               (Eq. 1) 

where 𝑚𝑚𝑡𝑡 is the mass of organic carbon (g) after time t, 𝑚𝑚0 is the mass of organic carbon (g) at t = 

0; 𝑡𝑡 is the degradation time (yr) and 𝑘𝑘 is the FOD kinetic constant (yr-1). These models often use 

waste quantities and compositions as their input. However, the uncertainty of these models can be 

significant, due to poor information about the waste composition and amounts of deposited waste, 

or changes in the landfilled waste due to implementation of new waste management strategies and 

technologies (Scharff and Jacobs, 2006). Therefore, field measurements are critical in order to 

achieve precise CH4 emission rates from landfills. 

CH4 produced in landfills can be recovered and used as a renewable energy source to produce 

heat and electricity, which may reduce greenhouse gas emissions and can generate revenue (Spokas 

et al., 2006). Gas recovery is achieved through the construction of horizontal or vertical gas 

extraction wells. At landfills where the gas quality is too low to be utilized, the CH4 is sometimes 
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flared or biocovers for oxidizing CH4 are designed in order to mitigate CH4 emissions from 

landfills. Determination of the gas recovery efficiency (GRE) is important in order to assess the 

potential for optimization of the gas collection system, aiming for higher CH4 recovery and lower 

CH4 emissions. Relatively few studies reported in the literature have determined the GRE from 

landfills using field measurements (Börjesson et al., 2009; Lohila et al., 2007; Mosher et al., 1999; 

Spokas et al., 2006). The GRE can be calculated by the ratio of the CH4 recovery rate (kg/h) to the 

CH4 generation rate (kg/h) as follows (Eq. 2): 

𝐺𝐺𝐺𝐺𝐺𝐺 (%) = ( 𝐶𝐶𝐶𝐶4 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐶𝐶𝐶𝐶4 𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑔𝑔𝑡𝑡𝑟𝑟𝑟𝑟

 ) × 100                             (Eq. 2) 

𝐶𝐶𝐶𝐶4 𝑔𝑔𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔𝑔𝑔𝑡𝑡𝑒𝑒𝑔𝑔 can be calculated as the sum of CH4 recovered, CH4 emitted to the 

atmosphere, CH4 oxidized, CH4 migrated laterally, and CH4 internally stored in the landfill as 

follows (Bogner and Spokas, 1993): 

𝐶𝐶𝐶𝐶4 𝑔𝑔𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔𝑔𝑔𝑡𝑡𝑒𝑒𝑔𝑔 = 𝐶𝐶𝐶𝐶4 𝑒𝑒𝑚𝑚𝑒𝑒𝑡𝑡𝑡𝑡𝑒𝑒𝑔𝑔 + 𝐶𝐶𝐶𝐶4 𝑜𝑜𝑜𝑜𝑒𝑒𝑔𝑔𝑒𝑒𝑜𝑜𝑒𝑒𝑔𝑔 + 𝐶𝐶𝐶𝐶4 𝑔𝑔𝑒𝑒𝑟𝑟𝑜𝑜𝑟𝑟𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔 + 𝐶𝐶𝐶𝐶4 𝑚𝑚𝑒𝑒𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡𝑒𝑒𝑔𝑔 +

∆𝐶𝐶𝐶𝐶4 𝑠𝑠𝑡𝑡𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒                                 (Eq. 3) 

In spite of gas flaring, utilization or oxidation systems, a portion of the generated CH4 is 

emitted to the atmosphere from slopes, the leachate collection system, cracks in the landfill cover, 

or by diffusion through the cover. Different methods have been developed for the quantification of 

CH4 emissions from landfills (Scheutz et al., 2009). A traditional method is using dynamic and 

static surface flux chambers (Barlaz et al., 2004; Christophersen et al., 2001; Kjeldsen and Fischer, 

1995; Scheutz et al., 2011b). However, using field chambers is a laborious and expensive method, 

and it is more suitable for quantifying emissions from small-scale landfills, smaller sections of 

landfills or sources with homogenous emissions (Börjesson et al., 2000; Galle et al., 2001). 
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Other landfill CH4 emission measuring methods include vertical radial plume mapping 

(Goldsmith et al., 2012; Thoma et al., 2010), micrometeorological measurements (Lohila et al., 

2007; McBain et al., 2005), inverse dispersion modeling (Babilotte et al., 2010; Figueroa et al., 

2009), and the tracer gas dispersion method. Some studies have compared different measurement 

methods and indicated the advantage and disadvantages of each method (Babilotte et al., 2010; 

Tregoures et al., 1999).  

The tracer gas dispersion method is one of the most promising methods, which has been 

tested for quantification of CH4 emissions from landfills (Börjesson et al., 2009; Czepiel et al., 

2003; Mønster et al., 2015, 2014; Scheutz et al., 2011a). The tracer gas dispersion method is based 

on the assumption that the emitted CH4 and tracer gas will disperse in the same way in the 

atmosphere. The CH4 emissions from the landfill are quantified by the simultaneous measurement 

of CH4 and tracer concentrations in transects across the CH4 and tracer gas plume, downwind from 

the landfill. 

A fraction of CH4 is microbially oxidized to CO2 by methanotrophs when passing through the 

landfill cover. According to the Intergovernmental Panel on Climate Change (IPCC) and the US 

Environmental Protection Agency (USEPA), the default value for CH4 oxidation in the landfill 

cover is considered to be 0-10% of the CH4 generated (IPCC, 2006; USEPA, 2004).  

However, this value is challenged by some studies (Börjesson et al., 2007; Chanton et al., 

2011, 2009). For instance, Chanton et al. (2009) reported a mean value of 35 ± 6% by reviewing 

literature results from 42 determinations of the fraction of oxidized CH4 by laboratory and field 

measurements. Börjesson et al. (2007) obtained fractions of oxidized CH4 between 6.0-24.8% for 

four active landfills and 36.7-42.8% for two closed landfills. The USEPA recently revised the 

default value for CH4 oxidation in the landfill cover to a graduated oxidation efficiency depending 
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upon the loading of CH4 to the cover (USEPA, 2013).  According to the revised USEPA guidelines 

at low CH4 flux (< 10 g CH4/(m2.d)) the landfill soil cover can oxidize up to 35% of the flux, while 

at higher fluxes (> 70 g CH4/(m2.d)) the oxidation efficiency is recommended to be 10%.   

Site-specific determination of oxidized CH4 is important in order to determine a reliable GRE. 

Stable carbon isotopic analysis can be used to quantify the CH4 oxidation efficiency in landfill 

settings. The isotopic analysis is based on the preference of methanotrophs to oxidize 12C instead of 

13C. Therefore, CH4 becomes 13C enriched after passing through the landfill cover (Börjesson et al., 

2007, 2001; Chanton and Liptay, 2000; Chanton et al., 1999). 

A fraction of the generated CH4 can migrate laterally off-site (Christophersen et al., 2001). 

Lateral migration of CH4 depends on many factors, including the type of top cover, weather events 

(changes in barometric pressure, etc.), and the geology of the landfill surroundings (Scheutz et al., 

2009). Nevertheless, using geomembranes or geosynthetic clay bottom liners can minimize the 

lateral migration of CH4 (Spokas et al., 2006). 

Landfills can store a portion of the generated CH4 (∆𝐶𝐶𝐶𝐶4 𝑠𝑠𝑡𝑡𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒 in Eq. 3). The amount of 

the stored CH4 within a landfill can be affected by changes in the barometric pressure and the 

moisture content of the cover (Scheutz et al., 2009). Apart from changes in barometric pressure and 

precipitation, many other factors can impact CH4 storage within a landfill, including changes in 

leachate levels, changes in the amount of CH4 dissolved in leachate, and changes in GRE (Spokas et 

al., 2006). 

The overall objective of this study was to determine the recovery efficiency of the gas 

collection system installed at two Danish landfills. The objective was met by establishing a CH4 

mass balance for the two sites, determining the CH4 generation, emission and oxidation. The CH4 
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generation was modeled while the CH4 emission and oxidation was determined by performing field 

measurements. The modeled CH4 generation was compared to the results of the field measurements. 

2. Materials and methods  

2.1. Landfill sites description 

The Odense Nord (55°27'16.15"N, 10°25'3.82"E) and Stige Ø (55°26'54.90"N, 

10°25'39.41"E) landfills are located in Odense, Denmark. The Stige Ø landfill received several 

types of waste, including municipal solid waste generated in Odense, from 1967 to 1994. After 

1994, the landfill received only soil (1.3 million tons) until its closure in 2005. The landfill contains 

around 7 million tons of waste and soil, and covers an area of 56 hectares. The Stige Ø landfill is 

covered by 1 m of soil and was converted into a recreational center after its closure. 

The Odense Nord landfill received waste starting in 1994, and it is still in operation. The 

Odense Nord landfill receives different types of waste, including mixed waste, shredder waste, 

mineral waste, contaminated soil, garden waste and sludge. Until the end of 2015, around 3 million 

tons of waste and soil had been disposed in the landfill. In the northern part of the site, co-

composting of park and garden waste, sewage sludge, and straw is carried out. The shredder waste 

is disposed in individual cells covering an area of 6.5 hectares and divided into two sections. Both 

sections are filled to their maximum capacity; however, the sections have not been finally covered, 

due to potential landfill mining of shredder waste in the near future. The cell with mixed waste 

covers an area of 12.6 hectares and is divided into three sections. Two sections are finally covered 

by around 10 m of soil, and one section is still in operation. The cells containing shredder waste and 

mixed waste are lined with a composite bottom liner (1 mm HDPE membrane on top of a 30 cm 

clay layer). A map of the Odense Nord (with its different sections) and Stige Ø landfills is presented 

in Fig. 1. 
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Fig. 1. Map of the Odense Nord (left) and Stige Ø (right) landfills (Imagery ©2016 Google, 
Aerodata International Surveys, Digital Globe, Map data ©2016 Google). 

2.2. CH4 recovery measurements 

Gas recovery facilities are installed in the Stige Ø landfill, and in the cells with mixed waste 

and shredder waste in the Odense Nord landfill. There are 160 vertical gas wells in the Stige Ø 

landfill, which are connected to four measuring, pump, and regulation modules (MPR-module). 

These four MPR-modules are connected to two compressors. In the Odense Nord landfill, there are 

19 vertical and 10 horizontal gas wells in the cell containing mixed waste, which are connected to a 

MPR-module and a compressor. In the first section of the shredder waste cell there are 13 vertical 

gas wells, which are connected to a MPR-module and a compressor. Moreover, in May 2016, 14 

vertical gas wells were constructed in the second section of shredder waste cell, which were 

connected to the same MPR-module and compressor of the first section of shredder waste. In total 
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these six modules are connected to a local power plant where a gas engine produces electricity and 

heat.  

The LFG flow (m3 LFG/h) at normal temperature and pressure (NTP; T=293.15 K, P=1 atm) 

and the CH4 content of the LFG (v/v %) entering the gas engine was recorded every two minutes. 

The recovered gas flow entering the gas engine (in m3 LFG/h) was converted to m3 CH4/h by 

multiplying the LFG volume by the recorded CH4 v/v% entering the gas engine. Finally, the CH4 

volumes were converted to CH4 mass by multiplying it by the density of CH4 (0.668 kg/m3 at NTP). 

An average CH4 recovery rate entering the gas engine, showing a sum of the total CH4 recovery rate 

from both of the landfills, was calculated for the time interval when emission measurements were 

performed. 

2.3. CH4 emission measurements 

The tracer gas dispersion method was used for quantifying total CH4 emissions from the two 

landfills. CH4 emissions can be quantified by performing several traverses downwind perpendicular 

to the plume from the landfill while measuring the atmospheric concentration of CH4 and tracer gas. 

The CH4 emission rate (𝐺𝐺𝐶𝐶𝐶𝐶4) can be calculated as a function of the ratio of the integrated cross-

plume concentration of the CH4 emitted to the integrated cross-plume concentration of the tracer 

gas, according to the following equation:  

𝐺𝐺𝐶𝐶𝐶𝐶4 = 𝑄𝑄𝑡𝑡𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟   ×  
∫ �𝐶𝐶𝐶𝐶𝐶𝐶4−𝐶𝐶𝐶𝐶𝐶𝐶4𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏� 𝑟𝑟𝑑𝑑𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝𝑝𝑝 𝑝𝑝𝑏𝑏𝑏𝑏
𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠  

∫ �𝐶𝐶𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝𝑏𝑏 −𝐶𝐶𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝𝑝𝑝 𝑝𝑝𝑏𝑏𝑏𝑏
𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠  𝑟𝑟𝑑𝑑

 ×  𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶4  
𝑀𝑀𝑀𝑀𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝𝑏𝑏  

                                 (Eq. 4) 

where 𝑄𝑄𝑡𝑡𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 is the release rate of the tracer gas (kg/h), 𝐶𝐶𝐶𝐶𝐶𝐶4 and 𝐶𝐶𝑡𝑡𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 are the concentrations of 

CH4 and the tracer downwind (ppbv), 𝐶𝐶𝐶𝐶𝐶𝐶4 𝑏𝑏𝑔𝑔𝑟𝑟𝑘𝑘𝑔𝑔𝑟𝑟𝑟𝑟𝑏𝑏𝑔𝑔𝑟𝑟 and 𝐶𝐶𝑡𝑡𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 𝑏𝑏𝑔𝑔𝑟𝑟𝑘𝑘𝑔𝑔𝑟𝑟𝑟𝑟𝑏𝑏𝑔𝑔𝑟𝑟 are the background 

concentrations of CH4 and the tracer gas (ppbv), 𝑜𝑜 is the distance across the plume, and 𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶4 and 
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𝑀𝑀𝑀𝑀𝑡𝑡𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 are the molar weight of CH4 and the tracer gas. Further details of the method can be 

found in Mønster et al. (2014).  

Prior to each measurement campaign, a screening of the landfills was performed by driving on 

all roads onsite and in the vicinity of the landfill in order to identify major emission areas. Tracer 

gas bottles with acetylene were placed in these areas to simulate the occurring CH4 emission.  The 

release rate of acetylene (𝑄𝑄𝑡𝑡𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟) was known (typically around 0.6 kg/h from each bottle) and 

controlled with calibrated flow meters (Sho-rate, Brooks Instrument, Holland). Gas concentrations 

were measured by a C2H2/CH4/H2O analyzer (G2203, S/N DFADS2005, Picarro, Inc., Santa Clara, 

CA) based on Cavity Ring-Down Spectroscopy (CRDS). Background concentrations of CH4 and 

tracer gas were measured upwind from the source area.  

The required distance from the source of the emissions to the plume integration transects 

depends on the size of the emission area, the atmospheric turbulence and how well the tracer and 

CH4 distribution match (Mønster et al., 2014). In this work, the distance from the source of the 

emission to the plume integration transects were between 1000 m to 2900 m. Driving speed was 

usually 30-40 km/h.  

Meteorological parameters (wind speed, wind direction, temperature, and barometric 

pressure) were recorded by a weather station (All-In-One weather sensor, model 102780, 

Climatronics, USA), which was mounted on top of the vehicle. Table 1 provides the date and time 

intervals of the measurements, wind direction, average wind speed, temperature, and barometric 

pressure for the time interval when emission measurements were performed, plus changes in 

barometric pressure during a period of 6 hours before each measurement, the number of tracer gas 

release points, and the number of accepted performed traverses.   
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Table 1. Overview of whole-site CH4 emission quantification campaigns. 
Date Measuring 

time interval 
Wind 
direc-
tion 

Avg. 
wind 
speed 
(m/s) 

Avg. 
tempe-
rature 
(°C) 

Avg. 
barometric 
pressure 
(mbar) 

Change in 
barometric 
pressure 
during the 6 
hours before 
measuremen
t (mbar/h) 

Tracer 
release 
points 

Number 
of plume 
traverses 

January 14, 2016 16:30-22:00 E 5 ± 0.6 1.3 ± 0.2 1003 ± 0.3 -0.03 4 11 
March 15, 2016 15:30-20:30 SE 3 ± 0.9 4.4 ± 1.4 1032 ± 1.1 +0.25 4 10 
September 8, 2016  13:00-19:00 ESE 5 ± 0.8 24.0 ± 0.9 1009 ± 1.2 -0.33 4 9 
October 6, 2016  12:00-17:00 NE 7 ± 0.5 11.3 ± 0.4 1027 ± 0.7 -0.20 4 12 
October 7, 2016 08:30-13:00 ENE 6 ± 0.8 10.8 ± 0.1 1024 ± 0.5 -0.10 4 15 
October 21, 2016 11:30-15:00 ENE 7 ± 0.4 8.0 ± 0.2 1015 ± 0.1 -0.03 4 11 

2.4. CH4 oxidation measurements 

Stable carbon isotopic analysis was used to quantify CH4 oxidation in the top layer of the 

landfills. The isotopic analysis is based on the preference of methanotrophs to oxidize 12C at a 

slightly faster rate than 13C. Thus, CH4 becomes 13C-enriched after the gas has passed through the 

cover and been exposed to CH4 oxidation bacteria. Carbon isotopic composition, expressed as δ, is 

defined as follows: 

δ C13 = � 𝑅𝑅𝑠𝑠𝑏𝑏𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑅𝑅𝑆𝑆𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
− 1� × 1000                                                          (Eq. 5) 

where 𝐺𝐺𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟  is the 13C/12C ratio of the sample and 𝐺𝐺𝑆𝑆𝑡𝑡𝑔𝑔𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟  is the 13C/12C of a standard marine 

carbonate (PDB, 0.01124). The fraction of oxidized CH4 (𝑓𝑓𝑟𝑟𝑑𝑑) can be calculated by (Börjesson et 

al., 2007; Chanton et al., 1999):  

𝑓𝑓𝑟𝑟𝑑𝑑 = 𝛿𝛿𝑝𝑝𝑒𝑒𝑏𝑏𝑝𝑝𝑠𝑠𝑠𝑠− 𝛿𝛿𝐴𝐴
1000 (𝛼𝛼𝑏𝑏𝑒𝑒−𝛼𝛼𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠)

                                 (Eq. 6) 

where 𝛿𝛿𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 is the excess of δ13C in the plume corrected for background or upwind samples, 𝛿𝛿𝐴𝐴 is 

the carbon isotopic content of anoxic CH4, 𝛼𝛼𝑟𝑟𝑑𝑑 is the fractionation factor associated with CH4 

oxidation by landfill cover and 𝛼𝛼𝑡𝑡𝑟𝑟𝑔𝑔𝑔𝑔𝑠𝑠 is the transport fractionation factor. The excess of δ13C in the 

plume was calculated as:  
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[𝛿𝛿 𝐶𝐶𝐶𝐶4]𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 =  [𝐶𝐶𝐶𝐶4]𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠.[𝛿𝛿𝐶𝐶𝐶𝐶4]𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠−[𝐶𝐶𝐶𝐶4]𝑏𝑏𝑝𝑝𝑏𝑏.[𝛿𝛿𝐶𝐶𝐶𝐶4]𝑏𝑏𝑝𝑝𝑏𝑏
[𝐶𝐶𝐶𝐶4]𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠− [𝐶𝐶𝐶𝐶4]𝑏𝑏𝑝𝑝𝑏𝑏

                                              (Eq. 7) 

where [𝐶𝐶𝐶𝐶4]𝑠𝑠𝑟𝑟𝑔𝑔𝑠𝑠 and [𝛿𝛿𝐶𝐶𝐶𝐶4]𝑠𝑠𝑟𝑟𝑔𝑔𝑠𝑠 represent concentration and δ13C values of CH4 in the downwind 

plume and [𝐶𝐶𝐶𝐶4]𝑔𝑔𝑠𝑠𝑏𝑏 and [𝛿𝛿𝐶𝐶𝐶𝐶4]𝑔𝑔𝑠𝑠𝑏𝑏 represent the concentration and δ13C values of background air 

measured upwind of the landfills. 

It was assumed that transport of CH4 up through the soil was dominated by advection, which 

does not cause isotopic fractionation (Börjesson et al., 2007), thus the term 𝛼𝛼𝑡𝑡𝑟𝑟𝑔𝑔𝑔𝑔𝑠𝑠 was assumed to 

be 1. However, if diffusion was important, then 𝛼𝛼𝑡𝑡𝑟𝑟𝑔𝑔𝑔𝑔𝑠𝑠 > 1. The effect of this assumption is that 

using the isotopic approach can lead to an underestimation of the CH4 oxidation and thus the 

obtained results can be considered conservative, providing the minimum CH4 oxidation (Chanton et 

al., 2009). The parameter 𝛼𝛼𝑟𝑟𝑑𝑑 was determined by the incubation of soil cover samples. 

Gas samples for the determination of the carbon isotopic content of anoxic zones (𝛿𝛿𝐴𝐴) were 

taken from the four MPR-modules at Stige Ø and one MPR-module at the shredder waste cell of 

Odense Nord. The downwind samples were taken by two methods: samples were obtained in the 

downwind plume, and from surface air across the landfills. The plumes of CH4 were located by the 

CRDS instrument. In addition, locations with elevated CH4 concentrations across the landfill were 

identified by a hand-held analyzer (TVA-1000B, Thermo Environmental Instruments) equipped 

with a flame ionization detector (FID), where surface air samples were taken. Samples from the 

downwind plume (2-6 samples), and background air (2-3 samples) were taken in 120 mL evacuated 

glass serum vials, while samples from the surface air (4-5 samples) and anoxic zone (1-4 samples) 

were taken in 30 mL evacuated glass vials. The bottles were sealed with 1 cm thick butyl rubber 

stoppers and aluminum crimp-seals. Analysis of 13C-content of CH4 was performed at Florida State 

University, USA using the analytical set-up as describe in Chanton et al. (1999). Samples for 

determination of the CH4 oxidation were collected on May 12, 2016 and February 10, 2017.  
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The rate of CH4 oxidation, MO (kg/h) was calculated from the total CH4 emission rate and 

fraction of oxidized CH4 using the following equation (Scheutz et al., 2011a): 

𝑀𝑀𝑀𝑀 = 𝑓𝑓𝑟𝑟𝑑𝑑  ( 𝐸𝐸
1− 𝑓𝑓𝑏𝑏𝑒𝑒

)                                 (Eq. 8) 

where 𝑓𝑓𝑟𝑟𝑑𝑑 is the fraction of oxidized CH4 (%), and 𝐺𝐺 is the total CH4 emission rate (kg/h). 

In order to determine the fractionation factor due to oxidation, 𝛼𝛼𝑟𝑟𝑑𝑑, incubations of cover soil 

samples were performed. Three soil samples were taken from a 10-15 cm depth, including one 

sample from the shredder waste cell of the Odense Nord landfill, and two samples from the Stige Ø 

landfill: one from the northern part and one from the southern part. The sampling depth of 10-15 

was chosen as CH4 oxidation was expected at this depth interval due to overlapping gradients of 

CH4 and oxygen (O2) in the cover layer (Scheutz et al., 2009). After collection, the samples were 

transported to the laboratory and kept at 10 °C. In the laboratory, the samples were sieved (mesh 

size 4 mm) and 200 g of each sieved sample were placed in a 1.1 L glass incubation bottle, which 

were sealed with a rubber septum. Soil samples were incubated at room temperature (22 ºC). 

CH4 (100 mL) was added to each incubation bottle at time zero, resulting in an initial 

concentration of 10-11% CH4. Immediately after the addition of CH4, gas samples of 0.3 mL were 

withdrawn and analyzed for CH4 using a trace gas chromatograph (TRACE 1310 GC, Q PLOT, 

0.32 mm, 8 m, Thermo Scientific) equipped with a FID. Next, 8 mL gas samples were taken and 

stored in pre-evacuated glass vials for later isotopic analysis. Gas sampling was continued until the 

CH4 concentration was lower than 1%. In total, six gas samples were taken from each incubation 

bottle. Analysis of 13C-content of CH4 was performed at Florida State University, USA.  

The fractionation factors (𝛼𝛼𝑟𝑟𝑑𝑑) were calculated following the approach derived by Coleman et 

al. (1981) using their equation, as follows: 
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𝛿𝛿 𝐶𝐶𝑡𝑡13  ≅ 1000 �1
𝛼𝛼
− 1� ln � 𝐶𝐶

𝐶𝐶0
� +  𝛿𝛿 𝐶𝐶𝑡𝑡=013                                                           (Eq. 9) 

where 𝛿𝛿 𝐶𝐶𝑡𝑡13  is the δ13C value of the CH4 remaining at time 𝑡𝑡, 𝐶𝐶
𝐶𝐶0

 is the fraction of CH4 at time 𝑡𝑡 

and𝛿𝛿 𝐶𝐶𝑡𝑡=013  is the δ13C value of CH4 at the initial time. When 𝛿𝛿 𝐶𝐶13  is plotted versus ln( 𝐶𝐶
𝐶𝐶0

), the 

slope of the line fitted to the data is 1000 �1
𝛼𝛼
− 1�. The locations of the collected upwind and 

downwind gas samples, surface air samples, and soil samples are shown in the Fig. A1 in the 

Supplementary Material (SM).  

2.5. CH4 migration and changes in CH4 storage 

In the Odense Nord landfill the bottom liner consists of a HDPE membrane placed on top of a 

clay layer. The CH4 flux through a HDPE liner with thickness of 1.5 mm has been estimated at 0.58 

cm3 CH4/(m2⋅d), corresponding to 4.2×10-7 kg CH4/(m2⋅d), at 1 atm (Pauly, 1989; Lim, 1995). The 

CH4 migration through the bottom membrane of the Odense Nord landfill was calculated by 

multiplying this value by the area of the shredder waste and mixed waste cells of the Odense Nord 

landfill (19.1 hectares), assuming no compromise in the integrity of the membrane. This provides a 

conservative estimation of lateral CH4 migration at the Odense Nord landfill, as the diffusional 

resistance of the clay layer was not considered. At the Stige Ø landfill, a drainage trench running 

along the edge of the landfill collects leachate and surface water. The drainage trench is 

unsaturated, as leachate is not allowed to accumulate and is continuously pumped away. CH4 

generated in the waste body is emitted to the atmosphere from the drainage trench and is thus 

accounted for in CH4 emission measurements. Therefore, lateral gas migration from Stige Ø was 

assumed to be zero. 

In theory, ∆𝐶𝐶𝐶𝐶4 𝑠𝑠𝑡𝑡𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒 could be determined by shutting down the gas collection system for 

a period of time (e.g. one week) and monitoring the CH4 concentration and LFG flow entering the 
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gas engine before and after the shutdown of the gas collection system. The amount of additional 

CH4 collected after shutdown in comparison to prior shutdown is an approximation of  

∆𝐶𝐶𝐶𝐶4 𝑠𝑠𝑡𝑡𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒. As shutting down the gas collection system could pose a risk to the health of 

citizens using the recreational center on the Stige Ø landfill, it was not possible to determine 

∆𝐶𝐶𝐶𝐶4 𝑠𝑠𝑡𝑡𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒 in this study.  

2.6. Gas generation modeling  

The Afvalzorg model was used to estimate the total CH4 generation from the two landfills, as 

this model was found to be the most suitable in a previous study comparing the three models 

LandGEM, IPCC, and Afvalzorg with measured CH4 emissions (Mou et al., 2015a). The Afvalzorg 

model, which was developed by a Dutch waste management company, is a multi-phase model that 

calculates the CH4 generation using a FOD model. This model operates with three degrees of 

degradability (fast, moderate and slow) and accommodates up to eight waste categories.  

The annual deposited waste amounts were provided by the landfill operators. The amount of 

waste deposited at Stige Ø landfill during 1979, 1980, 1990 and 1994 was not available. For these 

years, the amount of deposited waste was assumed to be the same as their previous years. The 

amount of deposited waste was then fitted into the eight waste categories of Afvalzorg model, 

which can be found in Table A1 and Table A2 of the SM. 

The total CH4 generation was estimated by using the default values provided in the Afvalzorg 

model as well as by a revised version of the model using site-specific values for the degradable 

organic carbon contents (DOCC) and for the k-values of shredder waste, sludge and bulky mixed 

waste. The biochemical methane potential (BMP) and k-values of shredder waste, sludge, and bulky 

mixed waste for the Odense Nord landfill were determined in previous studies (Mou et al., 2015b, 
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2014). The BMPs of the above-mentioned fractions were used to calculate the DOCC using the 

following equation (IPCC, 2006): 

𝐵𝐵𝑀𝑀𝐵𝐵 = 𝐷𝐷𝑀𝑀𝐶𝐶𝐶𝐶 × 𝐹𝐹 × 16/12                                      (Eq. 10) 

where 𝐹𝐹 is the volume fraction of CH4 and 16 and 12 are the molar masses of CH4 and carbon, 

respectively. F was considered to be 50%. For waste categories other than shredder waste, sludge 

and bulky mixed waste, the default k-values and DOCCs provided by the Afvalzorg model were 

used in the revised model. The default and revised DOCCs and k-values can be found in Table A3 

and Table A4 of the SM. 

3. Results and discussion 

3.1. CH4 surface screening of the landfills 

Fig. 2 shows the CH4 screening results of the Odense Nord (2a) and Stige Ø (2b) landfills on 

March 15, 2016. The screening results for the other measurement campaigns can be found in the 

SM (Fig. A2-Fig. A5). At the Odense Nord landfill, elevated CH4 concentrations were observed at 

the mixed waste cell and shredder waste cell. In addition, high CH4 concentrations were seen at the 

composting facility (Fig. 2a). At the Stige Ø landfill, the majority of elevated CH4 concentrations 

were observed next to the drainage trench around the landfill, especially in the northern section of 

the landfill (Fig. 2b). In order to quantify and potentially separate the CH4 emissions from 

individual areas, four tracer gas bottles were placed at the identified main emission areas.  
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Fig. 2. Screening results of the Odense Nord (A) and Stige Ø (B) landfills on March 15, 2016. The 
red lines show the atmospheric CH4 concentrations measured at 2 m height above the landfill 
surface. The background CH4 concentration (1.9481 ppm) was subtracted. The highest CH4 
concentration measured was 13.2229 ppm above background (Imagery ©2016 Google, Aerodata 
International Surveys). 

3.2. CH4 emissions measurements 

Fig. 3 shows CH4 and tracer gas plumes measured downwind of the landfills, and Table 2 

provides an overview of the measured emissions from the landfills, the composting facility and 

distinguished sections of the landfills, when possible. Overall, six measurement campaigns were 

performed from January to October 2016. Based on the screening results, four tracer bottles—one in 

the northern part of the Stige Ø landfill and three in the Odense Nord landfill—were placed, which 

are marked with orange triangles in Fig. 3.  
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Fig. 3. CH4 (red) and tracer gas (yellow) plumes measured downwind of the landfills. The yellow 
triangles indicate the tracer gas release locations. The blue circles show the emissions from the 
composting facility or distinguished sections of the landfills (Imagery ©2016 Google, Aerodata 
International Surveys). 

The total emission from the two landfills ranged from 29.1 to 49.6 kg CH4/h, corresponding to 

0.93-1.58 g CH4/(m2.d) and 0.07-0.12 g CH4/(ton waste.d). The lower emission rate from the 

landfills on March 15, 2016 (45.8 kg CH4/h) in comparison to January 14, 2016 (49.6 kg CH4/h) 

may be due to the increasing barometric pressure on March 15. Previous studies have shown that 

changes in barometric pressure can affect the emissions from landfills (Nastev et al., 2001; Poulsen 

et al., 2003; Xu et al., 2014; Young, 1992).  
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Table 2. CH4 emission from the landfills and composting facility. Digits given in parentheses 
represent standard deviation. 
Date Emissions from 

both landfills + 
composting facility 
(kg CH4/h) 

Emissions 
from the 
composting 
facility (kg 
CH4/h) 

Emissions 
from both 
landfills 
(kg CH4/h) 

Emissions from the distinguished 
section of the landfills (kg CH4/h) 

January 14, 2016 68.5 (4.1) 18.9 (2.4) 49.6 (4.1) Southern part of Stige Ø + Mixed 
waste cell of Odense Nord = 5.4 (1.1) 

March 15, 2016 64.7 (9.1) n.d.a 45.8b Northern part of Stige Ø = 17.1 (1.2) 

September 8, 2016 52.7 (4.3) n.d.a 29.1c Southern part of Stige Ø + Mixed 
waste cell of Odense Nord = 4.3 (0.7) 

October 6, 2016 54.9 (7.0) 23.6 (3.8) 31.2 (4.1) - 

October 07, 2016 58.0 (5.6) 24.5 (5.1) 33.5 (3.8) Stige Ø=12.7 (0.85) 

October 21, 2016 61.0 (4.2) 28.0 (2.9) 33.0 (2.3) - 

a: Not distinguishable 
b: As the emission from the composting facility could not be distinguished from the landfills, the composting emission 
rate of January 14 was subtracted from ''Emissions from both landfills + composting facility'' to calculate the emission 
from the landfills. 
c: As the emission from the composting facility could not be distinguished from the landfills, the composting emission 
rate of October 6 was subtracted from ''Emissions from both landfills + composting facility'' to calculate the emission 
from the landfills. 

Emission rates of 29.1, 31.2, 33.5, and 33.0 kg CH4/h from the landfills on September 8, 

October 6, 7 and 21, respectively, were lower than emission rates of 49.6 and 45.8 kg CH4/h on 

January 14 and March 15, respectively. This was most likely due to the commencement of gas 

extraction from the second section of the shredder waste cell in May 2016. Low CH4 emissions 

were observed from the southern part of the Stige Ø landfill and the mixed waste cell of the Odense 

Nord landfill (5.4 and 4.3 kg CH4/h on January 14 and September 8, respectively). This indicated 

that the majority of emissions from the two landfills came from the shredder waste cell of the 

Odense Nord landfill and the northern part of the Stige Ø landfill. 

The measured emission of 18.9 kg CH4/h from the composting facility on January 14, 2016 

was comparable to the measured emission of 16.8 kg CH4/h from the same composting facility on 

January 2012 (Mønster et al., 2015). The measured emission from the composting facility on 

October 6 (23.6 kg CH4/h) was higher than the emission on January 14 (18.9 kg CH4/h). This is 
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most likely due to higher amount of garden waste in October in comparison to January, and thus 

more composting activity in the facility.  

The measured emissions in this study (29.1-49.6 kg CH4/h) were higher than most of the 14 

Danish landfills measured by Scheutz et al. (2011b, 2011c) and Mønster et al. (2015) using the 

tracer gas dispersion method, which most likely is due to higher waste amounts in Stige Ø and 

Odense Nord landfills (10.03 × 106 tons) in comparison to the other studied Danish landfills (0.23-

2.20 × 106 tons). However, the measured emissions were significantly lower than the measured 

emissions of 167-1293 kg CH4/h (L/min was converted to kg/h by using the density of CH4 at STP 

(0.716 g/L)) from U.S. landfills measured by Mosher et al. (1999) using the tracer gas dispersion 

method. Moreover, the measured emissions per area of the landfill and per disposed waste mass in 

this study (0.93-1.58 g CH4/(m2.d), and 0.07-0.12 g CH4/(ton waste.d) were significantly lower than 

the measured emissions of 23-130 g CH4/(m2.d), and 1.54-8.88 g CH4/(ton waste.d) from the U.S. 

landfills measured by Mosher et al. (1999). The lower emissions from Danish landfills can be 

explained by the ban on landfilling of waste with high organic contents in 1997 in Denmark. 

However, apart from waste type, CH4 generation and emission depends on many other factors, 

including the existence of a gas collection system or a biocover oxidation system, landfill cover 

type, and climate conditions. 

3.3. CH4 oxidation measurements 

The fractionation factor 𝛼𝛼𝑟𝑟𝑑𝑑 obtained from soil incubations were 1.025, 1.015, and 1.024 for 

samples from the shredder waste cell, northern part, and southern part of Stige Ø, respectively. Plots 

of the 𝛿𝛿 𝐶𝐶13  values versus ln( 𝐶𝐶
𝐶𝐶0

) can be found in the SM (Fig. A6). Table 3 presents a summary of 

the 𝛼𝛼𝑟𝑟𝑑𝑑 values used in the literature, with the associated temperatures and determination methods. 

The αox values measured for the soil collected at the shredder waste cell and southern part of Stige 
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Ø (1.025 and 1.024, respectively) were comparable to previous studies performed at 25 °C (1.022-

1.023 in Table 3). However, the measured αox value for the northern part of Stige Ø was lower than 

values reported in the literature. 

Table 3. Overview of reported CH4 oxidation fractionation factors (αox) for landfill cover soils in 
the literature and their associated soil incubation temperatures. 
αox T (ºC) Method Reference  

1.022 25 Soil incubation Chanton et al. (2008) 
1.027 and 1.023 4 and 25 Soil incubation Börjesson et al. (2001) 
1.022 25 Soil incubation Liptay et al. (1998) 
1.049 to 1.025 8 to 35 Soil incubation Chanton and Liptay (2000) 
1.023 - Estimated from literature Cabral et al. (2010) 
1.020 - Estimated from literature Rachor et al. (2011) 
1.025 22 Soil incubation, shredder waste This study 
1.015 22 Soil incubation, northern Stige Ø This study 
1.024 22 Soil incubation, southern Stige Ø  This study 

Table 4 shows the results of the stable carbon isotopic analysis and the calculated CH4 

oxidation efficiencies (𝑓𝑓𝑟𝑟𝑑𝑑). The δ13CH4 values of downwind samples ranged between -59.94 and -

48.45, and were comparable to the downwind δ13CH4 found by Scheutz et al. (2011a) at a Danish 

landfill (-51.18 to -47.40), and at a number of Swedish landfills (-52.30 to -46.68) found by 

Börjesson et al. (2007). The upwind δ13CH4 values, ranging between -49.43 and -46.68, were also 

comparable to upwind δ13CH4 values found in previous studies (Börjesson et al., 2007; Scheutz et 

al., 2011a). The δ13CH4 values of the anoxic zone, δA (-69.61 to -54.38), were lower than the excess 

δ13CH4 values (-62.51 to -52.65), showing that the samples were enriched in 13C after passing 

through the top layer of the landfills. 
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Table 4. The carbon isotope ratio of CH4 in samples from the Odense Nord and Stige Ø landfills 
and the fraction of oxidized CH4 during two measurement campaigns. Numbers in parentheses give 
the standard deviations. The numbers of samples are mentioned in section 2.4. 
Landfill Date Plume / 

surface a 
Downwind 
CH4 
concentration 

Downwind 
δ13CH4 

Upwind  
CH4 
concentration 

Upwind  
δ13CH4 

Excess 
δ13CH4 

Anoxic 
CH4; δA 

fox 
 

Odense 
Nord 

February 
2017 

Plume 2.14 
 (0.07) 

-50.20  
(0.76) 

2.02  
(0.01) 

-49.43  
(0.08) 

-61.67 
(10.33) 

-69.61 
(0.17) 

0.32 
(0.41) 

May 
2016 

Plume 2.48  
(0.14) 

-49.97  
(0.64) 

1.97 
 (0.02) 

-47.99  
(0.39) 

-57.62 
(1.00) 

-66.80 
(0.09) 

0.37 
(0.04) 

May 
2016 

Surface 24.23 
 (29.63) 

-59.94 
 (6.98) 

1.97 
 (0.02) 

-47.99  
(0.39) 

-62.51 
(7.17) 

-66.80 
(0.09) 

0.17 
(0.29) 

Stige Ø February 
2017 

Plume 2.34  
(0.20) 

-49.66 
 (0.28) 

2.03  
(0.03) 

-48.90  
(0.27) 

-55.96 
(3.69) 

-57.21 
(0.40) 

0.06 
(0.19) 

May 
2016 

Plume 2.74 
 (0.33) 

-48.55 
 (0.25) 

1.92  
(0.01) 

-46.68 
 (1.66) 

-53.10 
(0.98) 

-54.38 
(0.60) 

0.07 
(0.05) 

May 
2016 

Surface 3.98  
(1.96) 

-48.45 
 (3.86) 

1.92  
(0.01) 

-46.68 
 (1.66) 

-52.65 
(7.15) 

-54.38 
(0.60) 

0.09 
(0.37) 

a: This column shows whether the downwind samples were taken in the downwind plume or on the surface across the landfill. 

The δA values at the Odense Nord landfill on both measurement campaigns (-69.61 and -

66.80) were lower than the reported δA values of -62.33 to -53.81 found in previous studies 

(Börjesson et al., 2007; Chanton et al., 1999; Scheutz et al., 2011a). As the anoxic zone samples at 

the Odense Nord landfill were taken from the shredder waste MPR-module, this different isotopic 

signature could be related to the observed special gas composition—a high CH4 content and very 

low or no CO2—at shredder waste monofills in previous studies (Aghdam et al., 2017; Olsen and 

Willumsen, 2013; Scheutz et al., 2011b). A previous study (Aghdam et al., 2017) has shown that 

high CH4 generation from shredder waste monofills is due to reduction of existing CO2 in the 

produced LFG by H2. The CO2 reduction pathway produces more 13C depleted CH4 in comparison 

to the acetate fermentation pathway (Chanton et al., 2011) and thus a lower δ13CH4 value. 

Overall, the oxidation efficiency (fox) was higher in the Odense Nord landfill (17-37%) in 

comparison to the Stige Ø landfill (6-9 %). This could be due to a higher diffusion of atmospheric 

oxygen into the uncovered waste in the Odense Nord landfill, increasing CH4 oxidation in 

comparison to the Stige Ø landfill, which has a 1-10 m compacted soil layer as the top cover. The 

significant difference in the measured CH4 oxidation efficiency at the two landfills highlights the 
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importance of site-specific determination of CH4 oxidation efficiency, rather than using the default 

value of 10% recommended by IPCC (2006) and USEPA (2004). 

The downwind surface samples taken in May 2016 from the Odense Nord landfill showed a 

lower oxidation efficiency (17%) in comparison to the oxidation efficiency calculated based on 

downwind plume samples (32-37%). Moreover, a higher average CH4 concentration (24.23 ppm) 

and a lower δ13CH4 value (-59.94) was observed for surface samples taken in May 2016 from the 

Odense Nord landfill in comparison to the rest of the samples. This means that the lower oxidation 

efficiency obtained in surface samples at the Odense Nord landfill in May 2016 could be due to air 

samples taken from CH4 emission hot spots, where CH4 did not have enough retention time in the 

soil to be oxidized.  

The average CH4 oxidation efficiency was 18% and was used to determine the total CH4 

generation from both landfills. A very wide range of CH4 oxidation efficiencies (0-94%) has been 

reported in the literature (Börjesson et al., 2001; Chanton et al., 2011; Scheutz et al., 2011a; Spokas 

et al., 2006). The average CH4 oxidation efficiency in this study was comparable to the CH4 

oxidation efficiency of 16-21% determined by Scheutz et al. (2011a) at a Danish landfill before 

installation of a biocover. 

The estimated CH4 load to the landfill covers for Stige Ø and Odense Nord is 1.4 g 

CH4/(m2⋅d), assuming that the CH4 load is the CH4 generated minus the CH4 collected. According 

to the revised USEPA guidelines the oxidation efficiency at both landfills can thus be assumed to be 

35% as the CH4 flux to the landfill cover is < 10 g CH4/(m2⋅d).  Following USEPA guidelines the 

oxidation efficiency at Stige Ø will thus be overestimated.  

3.4. Total CH4 generation and gas recovery efficiency 
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Table 5 shows the CH4 emission rate (E), CH4 recovery rate (R), CH4 oxidation rate (MO), 

total CH4 generation rate (E+R+MO) reported in kg CH4/h, and the obtained GRE (%). The 

calculated CH4 migration was 0.003 kg CH4/h, which was negligible in comparison to the CH4 

emission, oxidation and recovery, and thus was not included in Table 5. A composite bottom liner 

(a geomembrane on top a clay layer) is a common measure to effectively prevent the migration of 

CH4 and the leakage of leachate (Bouazza and Van Impe, 1998) and thus the very low calculated 

CH4 migration in this study was found to be reasonable. 

Table 5. CH4 emission, oxidation, recovery, and GRE of the landfills. 
Date E = CH4 

emissions rate 
(kg/h) 

R = CH4  
recovery rate  
(kg/h) 

MO = CH4 
oxidation 
rate (kg/h) 

Total CH4 
production rate 
(E+R+MO; kg/h) 

Gas recovery 
efficiency (%) 

January 14, 2016 49.6 88.1 10.9 148.6 59 
March 15, 2016 45.8 84.8 10.1 140.7 60 
September 8, 2016 29.1 115.3 6.4 150.8 76 
October 6, 2016 31.2 109.2 6.8 147.2 74 
October 7, 2016 33.5 108.1 7.4 149.0 73 
October 21, 2016 33.0 108.1 7.2 148.3 73 
Average 37.0 102.3 8.1 147.4 69 
Standard deviation 8.5 12.6 1.9 3.5 7 

 

The lower CH4 oxidation rates in September and October (6.4-7.4 kg CH4/h), in comparison 

to January and March (10.1-10.9 kg CH4/h), are a direct result of the lower CH4 emission rate after 

installation of gas collection in the second section of shredder waste in May 2016 (see Eq. 8). The 

total CH4 generation rate ranged between 140.7 and 150.8 kg/h with an average of 147.4 kg/h and a 

small standard deviation (3.5 kg/h). The CH4 recovery rate and efficiency was 84.8-115.3 kg/h and 

59-76 %, respectively. The higher CH4 recovery rate and efficiency in September and October in 

comparison to January and March shows that commencement of gas extraction from the second 

section of shredder waste cell in May 2016 enhanced gas collection. The obtained GRE indicates 

that there is a quite high potential for the optimization of gas collection system, especially for Stige 
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Ø. An optimization of the gas collection system could lead to lower CH4 emission to the 

atmosphere and higher CH4 recovery, which may lower greenhouse gas emissions from the site and 

generate revenue. If the GRE can be improved by only 5% (7.4 kg CH4/h higher recovery), this is 

equal to a reduction of 6.2 kg CH4/h or 1520 ton CO2-eq/year emissions to the atmosphere. 

GREs reported in the literature range from 14-94% (Börjesson et al., 2009; Lohila et al., 2007; 

Mosher et al., 1999; Spokas et al., 2006). The GRE depends on many factors, including the design 

and management of the system and the presence and type of top cover. The very low GRE of 14% 

measured at a Swedish landfill by Börjesson et al. (2009) was related to management problems, 

while the 94% GRE was measured at a French landfill with a final clay cover (Spokas et al., 2006). 

The obtained GRE in this study was comparable to the GRE of 69-79% measured by Lohila et al. 

(2007) at a Finnish landfill, which had a top cover consisting of a compost soil layer on top of a 

clay layer. However, it was lower than the 90% measured by Mosher et al. (1999) at a U.S. landfill 

with a geomembrane cover. 

3.5. Modeling and comparison with field measurements 

Fig. A7 and Fig. A8 in the SM show the minimum and maximum annual CH4 generation rate 

at the Odense Nord and Stige Ø landfills, estimated by the Afvalzorg model using both default 

values and site-specific values. The modeled total CH4 generation rate in 2016 for both landfills 

combined was 136.3-172.6 kg/h when using default values and 86.3-109.3 kg/h when using site-

specific values. In general, a good agreement was observed between the modeled average CH4 

generation and the measured average generation (147.4 kg CH4/h); however, the measured 

generation agreed best with the modeled generation when default values were used.  

Mou et al. (2015a) observed the best agreement between field measurements and modeling 

results at four Danish landfills when using the Afvalzorg model, in comparison to using the IPCC 
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and LandGEM models. However, they found that using the default values of the Afvalzorg model 

resulted in an overestimation of the total CH4 generation, while they observed a better agreement 

between the field measurements and the revised Afvalzorg model with calibrated BMPs and k-

values. This is in contrast with our results, which could be due to the uncertainty related to waste 

sampling, and to differences in the factors governing gas generation at different landfills. Moreover, 

the CH4 oxidation efficiency was assumed to be 10% in the study by Mou et al. (2015a), which may 

result in an underestimation of the CH4 generation. 

In a previous study by Börjesson et al. (2009), a good agreement was observed between field 

measurements (CH4 emission measurements and determination of the CH4 oxidation using stable 

carbon isotopic analysis) and the results of the IPCC model, when the fraction of degradable carbon 

dissimilated was set to 0.54, which is similar to the dissimilation factor of 0.58 used in our study.  

4. Conclusions 

The gas recovery efficiency from two Danish landfills was determined by a combination of 

field measurements, including the quantification of total CH4 emissions by the tracer gas dispersion 

method and the quantification of the CH4 oxidation efficiency in the top layer of the landfills by 

stable carbon isotopic technique. Moreover, the total CH4 generation determined by field 

measurements was compared to the estimated total CH4 generation using the Afvalzorg LFG 

generation model. The measured average total CH4 emission from the two sites combined was 37 

kg/h and the average CH4 oxidation rate was 8.1 kg/h. The average CH4 recovery rate was 102 kg/h 

and the gas recovery efficiency was 59-76%, indicating a further potential for gas collection. On-

site CH4 screenings showed areas with significant emissions, which can be used to develop a future 

plan for optimization of the gas collection system. The average total CH4 generation rate 

determined by field measurements (147.4 kg/h) was in good agreement with the average modeled 

total CH4 generation using the Afvalzorg model (154.4 kg CH4/h). 
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