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Abstract  
 
The potential of in-situ aeration regarding the stabilization of a 40 years old waste deposit (landfill 
“Heferlbach” close to the Vienna airport) is investigated. Thereto an established methodology for deriving 
site-specific aftercare completion criteria is adapted. Three different approaches to deduct gas-related 
completion criteria for in-situ aeration measures are applied to the Heferlbach landfill. Approach A is 
based on a risk assessment of diffusive CH4 migration into a nearby basement room, approach B is based 
on the definition of the goal criterion of the remediation project and approach C on a generic emission 
criterion recommended as a release criterion from landfill aftercare. While the two generic criteria 
(approach B and C) lead to very low tolerable landfill gas production rates (around 0.4 m³ CH4 m-2 a-1), the 
risk-based approach resulted in distinctively higher tolerable gas production rates.  
Using the different completion criteria, the in-situ aeration measures can be finished after four years (risk-
based approach) or may be terminated after six, respectively seven years (approaches B and C, based on 
generic criteria). Our results indicate that generic criteria may lead to overly conservative landfill gas 
completion criteria at the Heferlbach landfill. With some limitations, the presented approaches can be 
used to evaluate the “stringency” of different completion criteria and establish a formal relationship 
between generic criteria and risk-based assessments. 
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1 Introduction  

The method of in-situ aeration of municipal landfills is considered to be able to accelerate the biological 
stabilization upon completion of economically feasible landfill gas utilization (Ritzkowski and Stegmann 
2012). Remaining uncertainties, especially concerning the temporal termination point, the remaining 
landfill gas production potential and quality control of the applied remediation treatment are yet to be 
tackled. At the landfill Heferlbach near Vienna airport a low-pressure in-situ aeration treatment is ongoing. 
Unlike for many other aeration projects, the main objectives of the remediation project are the reduction 
of landfill gas production potential and not the reduction of leachate pollution. On the one hand, this is 
due to the local hydrogeologic situation, which renders groundwater pollution a subordinate priority. On 
the other hand, residential buildings are located partly on the landfill or close to it (cf. fig. 1-1), potentially 
exposing them to landfill gas intrusion and consequently explosion hazards. Landfill gas migration can 
occur via diffusive (due to differences in concentration) and advective (due to differences in pressure) 
transport (Bogner and Spokas 1993).  
 
 

 
Figure 1-1: Map of the landfill Heferlbach. Numbers indicate sections for in-situ aeration, the grey shaded structures indicate 

buildings, where the red shades represent building parts directly located on the landfill (after DI Trugina & Partner ZT-

GmbH on behalf of WGM (Wiener Gewässermanagement Gesmbh, 2012).  

 
It is the aim of this work, to illustrate different approaches for determining completion criteria for in-situ 
aeration at the Heferlbach landfill. Apart from generic criteria, we derive site-specific completion criteria 
in consideration of tolerable residual landfill gas production rates taking into account explosion hazards in 
nearby buildings. We are following the formal approach presented by Laner et al. (2012), using a nearby 
basement as the point of compliance (PoC) and the lower explosive limit of CH4 in air (between 4 and 5 
vol. %) as the maximum allowable concentration at the PoC. To keep the assessment simple and in line 
with available data, we consider only diffusive transport processes. Data to evaluate convective transport 
phenomena (pressure gradients in the landfill, preferential flow paths etc.) is not available and, in addition, 
transport due to atmospheric pressure alteration is expected to even out over the year.  
 

2 Material and Methods  

2.1 Methods  

 
The landfill Heferlbach (cf. fig. 1-1) in total contains 219.000 m3 waste material and is characterized by an 
average height of 3.7 m. The landfilled waste mainly consists of municipal solid waste (MSW, 660 kg t-1 
moist mass), excavated soil (180 kg t-1 moist mass) and construction and demolition waste (160 kg t-1 
moist mass, cf. fig. 2-1).  
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Figure 2-1: Average depth profile of the landfill Heferlbach.  

 
The site was filled from 1965 to 1974 with 240.000 m3 including top soil. The Austrian Environmental 
Agency (AEA) concluded 2005, that the landfill still poses an environmental hazard due to possible gas 
migration. Based on this evaluation an in-situ aeration of the site was projected, installed and finally put 
into operation at the beginning of 2012. At the same time (beginning 2012) we took 56 waste samples 
from the landfill with a focus on areas rich in organics. Information on the distribution of organic material 
was available in advance, since a survey to characterise the landfill was carried out in 2001 (NÖ 
Umweltschutzanstalt, not published). For our sampling (2012) we used an excavator; subsequently the 
waste material obtained was sieved on site with a mesh width of 20 mm. The screen underflow was 
transported to the laboratory and finally analysed for its content of organic matter. In particular total 
carbon (TC) and total inorganic carbon (TIC) were analysed by combustion in a vario MACRO CHNS 
Analysator (Elementar Analysensysteme GmbH). Total organic carbon (TOC) was calculated as difference 
between TC and TIC.  
The following analyses, for the sake of a conservative approach, are based on selected TOC values 
representing areas of the landfill highest in organics content (68 kg t-1 moist mass).  
 

Diffusion 
We use an adaptation of Fick’s first law taking in consideration a tortuosity factor for determining the 
diffusive gas transport (equation 1)  
 

       
  

  
  (1) 

 
where Jg is the diffusive gas transport (g m-2 s-1), Dg is the coefficient of diffusion for CH4 in air (2.1 10-5 
m2 s-1, (Keffer 2001)), τ is the tortuosity factor, Δc is the concentration difference (g m-3) and Δx is the 
distance (m). The tortuosity factor after Millington and Quirk (1961) (equation 2) remains constant for all 
calculations  
 

    
  

         (2) 

 

with γ, n and m as empirical constants (1,10/3 and 2), θ as volumetric air content (0.2 m3 m-3) and ϕ as 
total porosity (0.4 m3 m-3). Equation 1 is used to calculate the flow of CH4 from the deposited organic 
waste to the atmosphere and to the basements in the immediate vicinity of the site. The average distance 
between the waste generating landfill gas and the atmosphere is 2.5 m, as landfill gas has to diffuse 
through some of the waste material (1 m) and material of the top cover (1.5 m, cf. fig. 2-1). The transport 
distance from the waste to the closest basement is assumed to be 0.5 m, as building foundations were not 
directly built in the waste body. Therefore, a distance of 0.5 m is regarded as a rather conservative 
estimate.  
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Gas production model  
The gas production model (equation 3) was derived from the IPCC guidelines for national Greenhouse 
Gas Inventories 2006 as  
 

           (      )   (3) 

 
with lfg(t) as cumulative landfill gas production (m³) after t years, k as decomposition constant (a-1), t as 
time (a) and M0 as landfilled waste (t). The k-rate (0.052 a-1) was calculated after IPCC (2006), assuming a 
waste composition of 0.05 kg kg-1 paper and textile content, 0.05 kg kg-1 kitchen waste and plant residues 
content and 0.05 kg kg-1 wood content (in total 0.15 kg kg-1).  
 
The gas production potential (equation 4) is calculated as  
 

              (4) 
 
where L0 is the gas production potential (m3 t-1 moist mass), Coe is the degradable organic carbon (kg t-1). 
The CH4 content of the landfill gas was assumed as 50 vol. %. The degradable organic carbon (equation 5) 
is assumed as  

             (5) 
 
Except for considerations about the in-situ aeration, the TOC was on behalf of a conservative approach 
assumed to be higher than average (68 kg t-1 moist mass) resulting in a Coe of 17 kg t-1 moist mass.  
 

Completion criteria for landfill in-situ aeration  
The different end-points for in-situ aeration measures are based on generic criteria, on the one hand, and 
on site-specific considerations, on the other hand, leading to three approaches:  
 

- Approach A: Using a backwards-calculation from the point of compliance (basement room) to 
the emission source (generation of CH4 in the landfill) can form the basis to determine acceptable 
CH4 generation rates. This risk-based procedure formally derives a completion criterion for in-situ 
aeration starting from the maximum tolerable impact (concentration of 4 vol. % CH4 in an indoor 
room) due to landfill gas production. In this study, we use a volume of the theoretical basement 
room of 3 m3 m-2 neighbouring landfill surface. For a conservative approach we take a rather low 
air exchange rate (once per week) of this hypothetical cellar room in consideration, resulting in a 
cellar “volume” of 159.4 m3 m-2 landfill area a-1.  

- Approach B: The goal of the remediation project at the Heferlbach landfill was defined as a 
maximum tolerable concentration of 5 vol. % CH4 in the pore space of the deposited waste. The 
criterion is specified based on the idea that CH4 concentrations on such a low level in the landfill 
pore space will not lead to explosive concentrations of CH4 in the landfill vicinity. However, the 
criterion was not formally derived, but qualitatively argued for.  

- Approach C: A generic emission criterion of 0.42 m³ CH4 m-2 a-1 for the completion of landfill 
gas management was suggested by the ÖWAV working group on landfill aftercare (Fellner et al. 
2008). Based on the, worst case, assumption of no CH4 oxidation in the top cover, this criterion 
can be directly translated to an acceptable residual gas generation rate after completing in-situ 
aeration.  

 
Calculations of the necessary Coe reduction via in-situ aeration are based on data about C-extraction rates 
(calculated on an hourly base with the ideal gas law, including air flow, off-gas temperature, and CO2 and 
CH4 concentrations) from the first year of aeration. This allows us to comply with the different 
completion criteria described above. The corresponding parameters of the gas production (under 
anaerobic conditions) are found by adapting the input parameters of the gas production model to fall 
below the three completion criteria described above. Based on these considerations, it is possible to 
calculate the tolerable organic C remaining in the waste after the end of aeration. Hence, the required C-
discharge during in-situ aeration can be determined and translated into a minimum duration of in-situ 
aeration measures.  
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3 Results and Discussion  

 
The average depth profile of the landfill illustrates the different layers of cover material and waste 
deposited at the site (cf. fig. 2-1). The soil on top is followed by excavated soil, construction waste, and 
MSW at the bottom without a base lining system. However, due to various reasons (e.g. lowering of the 
ground water level by chemical industry, low leachate pollution strength) the environmental threat of 
leachate was considered to be of minor importance at this site (AEA 2005). For an overall 
characterisation, in 2001 the average TOC-content was 34 kg t-1 moist mass +/- 23 (standard deviation, 
n=47), and in 2012 it was 55 kg t-1 moist mass +/- 23 (n=56). In 2012 it was higher mainly due to the 
focus on organic hot spots during sampling.  
 

Diffusion model  
Using the risk-based approach (Approach A), we evaluated the maximum allowed CH4 concentration in 
the landfill to not exceed 4 vol. % CH4 in the indoor air of neighbouring basement rooms (cf. Fig. 3-1 a)). 
Naturally, a distance between landfill gas generation and basement of 0 m results in a maximum gas 
concentration of 4 % (source = PoC). However, a distance of 0.5 m already results in a tolerable 
concentration of 20.3 % CH4 at the source. The results in fig. 3-1 were derived with a conservative 
approach based on the assumption that there would be no foundation or cellar wall. Therefore the 
distance of 0.5 m was considered to be a realistic and rather secure value. It is also shown that diffusive 
CH4 transport would be too slow already at a distance of 3 m to create an explosive atmosphere in the 
cellar room (since the maximum allowed CH4 content in the pore space of the landfill would be > 100%).  
 
The landfill gas production rates corresponding to the maximum CH4 concentration in the pore space of 
the landfilled waste are calculated by linking the pore space-concentration to the consequent diffusive flux 
to the atmosphere. Hence, for 20.3 vol. % CH4 (max. landfill conc. for the distance landfill – basement of 
0.5 m) the flux of CH4 through the top material to the atmosphere is 1.6 m³ m-2 a-1. The calculation 
illustrates therefore, that up a landfill gas production of 1.6 m³ m-2 a-1 exceeding explosive CH4 
concentrations in indoor air is fairly unlikely. As shown in fig. 3-2 (legend: limit A) and in table 3-1, the 
diffusion rate to the atmosphere with a CH4 concentration of 20.3 vol. % would exceed the gas 
production with a k-rate of 0.052 a-1 after 11 years. However, it should be emphasized that a robust 
assessment would have to take local heterogeneities and advective transport phenomena into account, 
which was not the case in this illustrative example.  
 

 
Figure 3-1: Diffusion models: a) Maximum allowed CH4 concentration in the landfilled waste to induce a cellar 

concentration of 4 % CH4 for four different distances and b) diffusive CH4 loss from the landfill to ambient air (up) and to 
the neighbouring cellar (right) with the assumption of 20.3 vol. % CH4 in the pore space of the landfilled waste.  

 
The defined goal (Approach B) prior the start of aeration was to reach a maximum CH4 concentration of 
5 vol. % in the landfill pore space. The considerations underlying this goal criterion focussed on 
preventing CH4 migration to neighbouring cellars. However, they are not in a formal way based on 
modelling. Using the same calculation to relate the CH4 concentration in the landfill pore space and the 
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diffusive flux to the atmosphere as above, results in a maximum tolerable gas generation rate of 0.39 m³ 
CH4 m-2 a-1 (cf. fig. 3-2; legend: limit B).  
Finally, the tolerable gas generation rate is also assessed using the completion criterion defined by the 
ÖWAV working group (Approach C). As illustrated in fig. 3-2 (legend: limit C), the gas generation due to 
this criterion is slightly above the criterion derived using approach B. As was stated in the method section, 
no possible CH4 oxidation was taken into account.  
 

 
Figure 3-2: CH4 production with three different completion criteria with and without in-situ aeration. The CH4 production 

after in-situ aeration is shown with a k-rate of 0.052 a-1. The k-rates are given in a-1. 
 

Methane production  
The initial CH4 production (2012) with a k-rate of 0.052 a-1 was calculated as 2.70 m3 CH4 m-2 a-1 (cf. fig. 
3-2). Since the waste material of the landfill is quite old, we consider that the applied k-rate might have 
been too high. Therefore we include a range of k-rates (125 %, 100 % and 50 %) in our analyses (cf. fig. 3-
2), to check the robustness of our prognoses. The durations for reaching the different criterions with 
different k-rates are shown in table 3-1 with all anaerobic landfill gas production estimates falling below 
the criteria of all approaches after 50 years. It is shown in fig. 3-2 that gas production rate using the 
highest k-rate falls below the most tolerable criterion (A) as the last of the considered gas production 
rates, but reaches the strictest criterion (B) as the first.  
 

Table 3-1: Duration of reaching completion criteria (duration values are rounded up to full years) 

Scenario A (risk approach) B (project goal) C (generic) 

Anaerobic 

k-rate [a-1] 0.065 0.052 0.026 0.065 0.052 0.026 0.065 0.052 0.026 

Duration [a] 12 11 0 34 38 50 33 36 46 

Aaerobic (after aeration) 

Duration [a] 4 7 6 

 

Estimated duration of in-situ aeration measures  
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One major goal of the study is to determine the necessary duration of in-situ aeration to fulfil the 
completion criteria. Using the two criteria based on approach B and C, the duration of in-situ aeration 
would have to be seven, respectively six years based on a yearly C-discharge of 529 t C (cf. fig. 3-2, table 3-
1). Using the criterion based on approach A would result in a shorter duration (four years) of in-situ 
aeration (cf. fig. 3-2, table 3-1). 
 

Limitations of the evaluation  
The model is based on a theoretical pore space (ϕ) with a similar distribution and air content (θ) over the 
whole landfill. A constraint of the approximated C-discharge rate during aeration using field data is that 
the top soil layer may also have contributed to the measured C-discharge. The C-discharge rate was 
upscaled in a linear way. Since it is likely, that the C-discharge will decrease during the ongoing aeration, 
the necessary duration of in-situ aeration for fulfilling the criteria may be longer than estimated based on 
the available data from the first year of aeration.  
The selection of input parameters like TOC and cellar air exchange was done in a rather conservative way: 
the TOC was on purpose overestimated for a more secure risk assessment and the cellar air exchange was 
considered to be rather low with 0.006 h-1 (a typical residential room should be provided with an air 
exchange rate of 0.5 h-1 according to DIN 4108-2, 2013).  
In spite of these rather conservative assumptions, for various reasons it still cannot be excluded that the 
CH4 concentration in neighbouring residential cellars would reach the lower explosive limit. For instance, 
the heterogeneity of landfills (Laner, Fellner et al. 2011) could lead to underestimated organic hot-spots. 
The tortuosity factor was generalized over the whole landfill. A possible temperature influence was only 
considered by determination of the k-rate and in the diffusion coefficient (25 °C). In landfills readily 
occurring preferential flow (Pontedeiro, van Genuchten et al. 2010) could also have an influence on gas 
migration. In addition, the applied landfill gas production model was not validated with measurement data.  
 

4 Conclusions  

 
Different approaches to derive gas-related completion criteria for in-situ aeration measures have been 
adapted to the Heferlbach landfill. While generic criteria lead to very low tolerable landfill gas production 
rates (around 0.4 m³ CH4 m-2 a-1), a risk-based approach based on a maximum allowable CH4 
concentration in indoor air of 4 vol. % and diffusive transport processes resulted in distinctively higher 
tolerable gas production rates. Using the different completion criteria, in-situ aeration measures can be 
finished after four years (risk-based approach) or may be terminated after six, respectively seven years 
(approaches B and C, based on generic criteria). Our results indicate that generic criteria may lead to 
overly conservative landfill gas completion criteria at the Heferlbach landfill.  
However, there are numerous simplifications and assumptions present in our analysis which should be 
refined by future research before robust statements about the relationship between risk-based and generic 
approaches can be made. For instance, the heterogeneities of MSW landfills and the subsurface 
environment need to be explicitly taken into account to enable more sophisticated modelling and 
assessment. Also the anticipated reduction of the C-discharge rate with increasing duration of the in-situ 
aeration measures should be considered. In any case, the presented approaches can be used to evaluate the 
“stringency” of different completion criteria and establish a formal relationship between generic criteria 
and impact-based or risk-based assessments.  
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