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ABSTRACT:  

Landfills and old waste deposits pose a large risk potential for humans and the environment. Numerous 

studies have demonstrated that the environmental hazards emanating from conventional municipal solid 

waste (MSW) landfills may last for centuries. Leachate emissions are the main reason for this since their 

pollution burden will remain at an environmentally incompatible level for hundreds of years.  

The objective of the present work is to investigate to what extent emissions of carbon and nitrogen in 

landfill leachate might be reduced permantely by landfill aeration. Thereto landfill simlulation reactor 

experiments using waste from an old landfill (waste age > 40 years) have been conducted under different 

conditions (anaerobic, aerobic and subsequently anaerobic, aerobic) and balances for carbon and 

nitrogen have been established. For the latter, all emissions of C and N (except N2) and their pools at the 

start and end of the experiment have been determined. In addition, the chloroform fumigation-extraction 

method has been used to determine microbially bound carbon and accordingly estimate nitrogen in 

microbial biomass. The results of the experiments reveal that 18 g TOC·kg DM-1 of the waste material 

have been mineralized during aerobic treatment for 699 days, which equals about 14% of the initial TOC 

content (only waste material smaller than 20 mm was used for the experiments, hence the content of 

plastics was rather low). For the anaerobic treatment, the minrealisation of carbon amount to only 10 g 

TOC·kg DM-1 h. For the aerobic-anaerobic reactors a slight increase in methane emissions (0.22 mg CH4 

kg DM-1 d-1) approximately 10 months after termination of aeration has been observed. Leachate 

emissions from the reactors, which have been aerated for at least sometimes, were significantly lower 

(factor 1.5 for TOC and factor 4 for TN) than for the anaerobic reactors, although the differences in the 

remaining carbon and nitrogen pools of the different treatments were rather small or even insignificant. 

The biocidal treatment applied indicates that this emission reduction is rather based on an increased 

sorption capacity of aerated waste (higher ion exchange capacity) than a lower overall pollutant potential. 

Furthermore, it is shown that regardless of the operation mode, most nitrogen remained in solids (83.1-

92.6%) and is subject to internal recycling during waste degradation. Moreover, it was shown that up to 

2.5% of the Nitrogen present in the waste is transferred to N2O during aeration, which might negatively 

influence the greenhouse gas balance of landfill aeration projects. 
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1. INTRODUCTION 

Landfilling of untreated Municipal Solid Waste MSW represents the predominant way of waste disposal 

worldwide. Even in affluent countries such as the United States or Austrialia, a large share of Municipal 

Solid Waste is still landfilled. Emissions from such landfills are persistently - even decades after closure 

- posing risks to human health and the surrounding environment. About 20 years ago, in-situ aeration was 

established as a remediation method for old landfills (Heyer et al., 1999), whose reactivity had already 

subsidenced (directly linked to fading landfill gas production). In the recent years, numerous studies (e.g., 

Ritzkowski et al., 2006; Brandstätter et al., 2015a,b, Ritzkowski & Stegmann, 2012; Hrad & Huber-Humer, 

2017) have been conducted to assess the emission reduction achievable via landfill aeration. The results 

of these studies indicate that in-situ aeration unquestionably accelerates degradation and subsequently 

lowers the most hazardous emissions (methane in landfill gas and ammonium in leachate) almost to zero, 

at least at laboratory scale. However, if this emission reduction is sutainable or not, has hardly been 

investigated so far.  

In particular, it is unclear to what extent increases in ammonium release and methane production are 

to be expected after terminating landfill aeration. 

Hence, the objective of the present paper is to investigate the behaviour of landfilled waste after the 

completion of in-situ aeration. Thereto, a total of nine Landfill Simulation Reactors are operated differently 

- three of them returning to anaerobic degradation after 12 months of aeration and thus simulating aeration 

end. For all 9 reactors carbon and nitrogen pools at the beginning and at the end of the experiments were 

determined together with the according emissions of both substances during the experimental period of 

753 days. 

Since the remaining emission potential after aeration may depend on the amount of microbial biomass 

accumulated during the aerobic period, a biocidal treatment - as often used in soil biology - for determining 

microbially bound carbon was applied and extends the carbon balance established for the experiments. 

2. MATERIALS AND METHODS  

The landfill simulation reactors (LSR) were operated in triplicates. Hence, three groups of operation 

were conducted: completely aerobic, aerobic changing back to anaerobic after experiments halftime and 

completely anaerobic operation hereinafter referred to as “aerobic”, “aerobic-anaerobic” and “anaerobic”. 

In order to ensure alike starting conditions, an initial anaerobic phase of almost 2 months, was applied to 

all nine reactors. The total operation time was 753 days. 

2.1 Waste material and reactor design  

The waste material taken for the experiments originates from a MSW landfill located in Vienna. The 

waste age was estimated to more than 40 years. The material was excavated during the drilling of new 

gas extraction wells. It was sieved to 20mm and stored under anaerobic conditions prior installation in the 

corresponding LSR. Data about the waste characteristics some information about the operation of the 

reactors are sumizared in Table 1.  

 

Table 1. Characteristics of waste and LSR experiments.  
 

aerobic aerobic-

anaerobic 

anaerobic 

Initial water content [% TW] 26.1 26.1 26.0 

Initial TOC Content [g TOC DM-1] 138 133 130 

Initial N content [g N DM-1] 5.3 5 5 

RI4 (respiration activity after 4 days) 8.4 6.8 6.7 
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GP21 (gas generation after 21 days)a 15.3 

Initial waste density [kg TW·m-3] 970 940 960 

Specific fresh water addition [l·kg DM-1] 0.8 0.9 0.6 

Specific water recirculation [l·kg DM-1] 25 26 25 

Specific aeration [Nm3·kg DM-1] 0.53 0.30 0 
a … Only a pooled sample was tested for GP21 

TW … total weight 

DM … dry matter 

 

A schematic illustration of the LSR design is given in Figure 1. The reactors were manufactured of 

polypropylene with a total volume of 60L. A sieve plate (mesh width 5 mm) separated the waste materials 

from the leachate collection at the bottom of the reactors. Leachate was recirculated in expanding 

intervals from every day at the start of operation to twice a week before terminating the experiments. 

Thereto, the leachate was collected in a small, separate tank and returned back into the reactor by 

injection of inert gas (Argon) into the leachate collection tanks. Leachate sampling was conducted every 

4 weeks with increased frequency of 2 weeks after changes in operation (e.g., switch from anaerobic to 

aerobic operation). A nozzle in the centre of the reactor’s lid ensured even distribution of the recirculated 

leachate. After installation, an initial amount of 4L deionized water was added to the waste material in 

order to ensure a complete saturation. Per recirculation sequence about 2L of leachate have been 

circulated back to the reactors. A temperature sensor was placed inside the waste body in order to 

regulate the temperature of the reactors at 34.5±1.2°C using a resistance heating. Thermal losses were 

minimized by wrapping the reactor’s lateral area with insulation wool of 40mm thickness. Six reactors 

were aerated temporarily or during the entire experiment after an initial anaerobic period lasting for 55 

days. Thereto aeration gas, consisting of 21%O2 in Ar5.0 (Messer, Austria) was injected into a pressure-

reducing valve and split up into six pathways each of them leading to a single reactor. Each path was 

equipped with a throttle valve for fine adjustment and a thermal massflow meter (FMA3103, OMEGA 

Engineering, Germany) for flow rates between 0-0.1 NL min-1 (accuracy ±1.5% from full scale, equivalent 

to ±1.5 NmL min-1). The sensor signal was transferred, locally displayed and recorded on a data logging 

device (PMS-110R, ICCP, Austria). The aeration gas entered the waste material centred through an 

injection lance. Direct aeration of the leachate collected at the bottom of the reactor was avoided by 

placing the injection pipe on a 5-8cm layer of waste material. The influx was kept constant at 30 mL min-

1 for approximately 150 days of aerated operation (200 days in total) and afterwards reduced to 15 mL 

min-1 due to the observation of a significant decrease of CO2 concentration in the offgas. The exhaust 

pipe was positioned in the reactor’s lid and equipped with a gas-washing bottle during aeration, filled with 

150mL HCl at pH 2 in order to collect NH3 evaporated. The flask was removed before measuring the 

offgas concentrations directly from the reactor’s headspace. The exhausts of reactors in anaerobic 

operation were connected to gas collection bags with a volume of 10L. The corresponding valve - usually 

in open position - was closed before removing the bag and the gas volume generated was quantified with 

eudiometers. The offgas composition was again measured directly in the reactor’s headspace. 
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Figure 1. Design of Landfill Simulation Reactor  

2.2 Analytical methods and Chloroform fumigation-extraction (CFE) 

During the experiment solid samples were taken and analyzed for their C and N content. For the 

anaerobic reactors two samples were taken, at the beginning and at the end of the experiment, whereas 

samples were retrieved three times additionally from the (partly) aerated ones. 

At all sampling campaigns, special focus was given on the thorough mixing of the material of each 

individual reactor prior taking the samples. Subsequently to the mixing of waste, a sample of 3.5kg (for 

each reactor) was composed from randomly taken subsamples of the material (in general, about 10 

subsamples were taken). The so obtained reactor sample was sieved to 4mm and both sieve fractions 

were analysed for their composition especially regarding carbon and nitrogen as well as water content. 

Subsequently, the smaller fraction (≤4mm) was split up into different analysis samples. All analysis 

performed on the solid samples and on leachate are summarized in Table 2. 
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Table 2. Solid sample and leachate analysis.  
 

Parameter Fraction according to 

So
lid

 

TOC both DIN EN 15407 

Ignition loss both DIN EN 15403 

Leaching (2M KCl) ≤ 4𝑚𝑚 - 

Leaching (deionized water) ≤ 4𝑚𝑚 - 

RI4 (respiration activity) ≤ 4𝑚𝑚 ÖNORM S 2027-4 

GP21
a (gas generation by fermentation test) ≤ 4𝑚𝑚 ÖNORM S 2027-3 

Fumigation (TOC extract) ≤ 4𝑚𝑚 DIN EN 1484 

Le
ac

h
at

e 

NH4-N - DIN EN ISO 13395 

NO3-N - DIN EN ISO 13395 

NO2-N - DIN EN ISO 11905-1 

TN - DIN EN ISO 11905-1 

TOC - DIN EN 1484 

pH - - 

SO4
2- - DIN EN ISO 787-13 

Cl- - DIN EN ISO 787-13 

 

In addition to parameter listed in Table 2, chloroform fumigation-extraction (CFE) was performed for 

all solid samples. CFE describes a biocidal treatment where liquid chloroform is evaporated into vacuum 

and subsequently condenses at all surfaces, leading to lysis and increased release of carbon and nitrogen 

from the cells (Jenkinson & Powlson, 1976; Brookes et al., 1985; Vance et al., 1987). The main application 

of CFE is to measure the composition of soil organic matter. In detail, the process was conducted as 

follows: Every sample (only ≤4mm fraction) is divided into at least four subsamples of 2.5g each. Two are 

extracted directly with 2M KCl whereas the remaining samples are fumigated in a desiccator, kept in 

chloroform atmosphere for 24 hours and are extracted afterwards. A beaker of soda granulates placed in 

the desiccator absorbs abiotic CO2. All extracts are filtered, the solid fraction is discarded, and the liquid 

solution is analysed for TOC (DIN EN 1484, 1997) respectively TN (DIN EN ISO 11905-1, 1998). The 

difference between measured values from fumigated and non-fumigated samples is considered for 

determining microbial bound carbon and nitrogen. Typcially, the difference between fumigated and non-

fumigated C release is divided by a certain in factor (e.g. 0.45) in order to derive the microbial biomass in 

the sample.  

3. RESULTS AND DISCUSSION 

3.1 Mass balances for carbon and nitrogen 

A carbon balance for the experiment was established by substracting cabon discharge via solid 

sampling, off-gas and leachate from the initial amount of carbon and compared to the amount of carbon 

detected in the final sampling campaign. The initial amount of carbon was quite similar for all reactors 

about 130g TOC·kg DM-1 waste. For the (partly) aerated reactors, 3 additional samples containing 

altogether about 36g TOC·kg DM-1 were removed. As described in similar experiments (Raga & Cossu, 

2013; Brandstätter et al., 2015a) the carbon release via offgas accounts for virtually every carbon 

discharge in the system (completely aerobic operation: 18g TOC·kg DM-1; anaerobic operation: 10g 

TOC·kg DM-1). Leachate discharge is - regardless of the operation mode - negligible (<0.3g TOC·kg DM-

1). Differences of 15g TOC·kg DM-1 occurred between the calculated and the actually measured amount 

of carbon. The deviations most probably were caused by some leakage of air into the reactors (and the 

uncontrolled discharge of offgas, respectively) when handling the reactors for leachate recirculation and 
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exhaust measurements. 

 

The mass balance for nitrogen was calculated in the same manner as for carbon - from an initial 

amount of nitrogen in solids (5-5.3 g N·kg DM-1) the measured values of N discharge for solid sampling 

(about 1.3 g N·kg DM-1), leachate and nitrous oxide were subtracted. The balance deviation was 

considered to represent N2 formation (Brandstätter et al, 2015b). Nitrogen pathways and pools are always 

associated with significant uncertainties (even at lab-scale), hence the N2 emissions determined in this 

manner are inaccurate. The operation mode heavily influences the pathway of nitrogen removal. For 

anaerobic operation the N2O and N2 formation (<0.0005 resp. <0.1 g N·kg DM-1) were insignificant, 

whereas leachate discharge remained the most relevant pathway (0.3 g N·kg DM-1). Hence, the overall 

amount of nitrogen in the anaerobic system stays quite the same with 4.6 g N·kg DM-1 (92.6%). Release 

via N2O and N2 is decisive to the completely aerobic reactors, with 0.13 resp. 0.67 g N·kg DM-1) - nearly 

twice as much as for leachate about 0.075 g N·kg DM-1. This value is similar to the aerobic-anaerobic 

group, whereas the discharge via N2O and N2 is expectably lessend (0.04 g N·kg DM-1 resp. 0.45 g N·kg 

DM-1). Subsequently 83.1% of initial nitrogen remained in solids for complete aeration - 88.9% for partly 

aeration.  

3.2 Carbon and nitrogen in biomass 

The reduction of emissions caused by in-situ aeration is often linked or even explained by enhanced 

incoopration in biomass. Hence, the remaining emission potential after termination of aeration would 

depend highly on the biomass accumulated during aeration (Ritzkowski & Kuchta, 2018). CFE was used 

to validate this presumption for microbial carbon. The microbial nitrogen was estimated assuming an 

elemental composition of sewage sludge containing 33-50% carbon, 10-20% oxygen, 2-6% nitrogen and 

3-4% hydrogen (Wiechmann et al., 2013). The data obtained is summarized in Table 3.  

Table 3. Microbial bound carbon and nitrogen  

Group of 
Operation 

Experiment  
duration 

[d] 

Carbon in 
solids 

 [g TOC 
kg DM-1] 

Biomass 
carbon 
 [g TOC 

kg DM-1] 

Ratio 
CMB/C 

[%] 

Nitrogen 
in solids 

 [g N 
kg DM-1] 

Biomass 
nitrogen 

 [g N 
kg DM-1] 

Ratio 
NMB/N 

[%] 

aerobic 0 134.4±8.5 11.1 8.2 5.1±0.29 1.3 25.5 

aerobic-anaerobic 0 132.7±5.2 11.1 8.4 5.0±0.19 1.3 26.0 

anaerobic 0 130.5±6.1 10.6 8.1 5.0±0.10 1.3 26.0 

aerobic 54 121.4±6.4 13.2 10.9 4.5±0.32 1.6 35.6 

aerobic-anaerobic 54 122.9±4.8 13.9 11.3 4.6±0.45 1.7 37.0 

aerobic 110 113.3±4.8 13.0 11.5 4.0±0.11 1.6 40.0 

aerobic-anaerobic 110 115.8±4.6 13.5 11.6 4.2±0.16 1.6 38.1 

aerobic 355 110.3±2.3 7.2 6.5 3.8±0.13 0.9 23.7 

aerobic-anaerobic 355 103.2±2.5 7.0 6.7 3.6±0.25 0.8 22.2 

aerobic 753 89.1±1.2 7.0 7.8 4.2±0.23 0.8 19.0 

aerobic-anaerobic 753 95.2±0.4 9.0 9.5 4.3±0.08 1.1 25.6 

anaerobic 753 103.7±3.6 3.9 3.7 4.6±0.06 0.5 10.9 

CMB … Carbon bound in microbial biomass 

NMB … Nitrogen bound in microbial biomass 

 

At experiment start, all groups had similar content of carbon in solids (around 133 g TOC kg DM-1) as 

well as biomass carbon (11 g TOC kg DM-1), resulting in a ratio of a little more than 8% of TOC 

incooporated in biomass. With aeation start (day 54) the ratio increased to 11% and remained constant 

until day 110. As aeration continued (day 355), both carbon in solids (105 g TOC kg DM-1) and biomass 
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(6.5 g TOC kg DM-1) decreased, leading to a ratio of 7%. Comparing measurements of day 355 and day 

753 for the aerobic group, the biomass carbon is quite constant, indicating that microbiota was in 

maintenance metabolism. Nonetheless the ratio increased as more carbon was mineralized. For the 

aerobic-anaerobic group, the picture differs - the amount of biomass carbon increased from day 355 

(termination of aeration) to day 753. The change in operation back to anaerobic state might had an impact 

on substrat availability (decomposition of aerobic microbiota) and anaerobic microorganisms are 

generally slow in growth. Hence, the anaerobic micobial population exceeded the aerobic ones in 

maintenance metabolism at the end of the experiment. This assumption is supported by the fact, that 

methane emissions recurred after a 10-month lag, short before the end of the experiment. For the 

completely anaerobic reactors only 4% of carbon are stored in biomass at day 753 (end of experiment). 

It is obvios, that biomass nitrogen needs to follow the same trend as biomass carbon as it is calculated 

on a constant elemental composition. Nonetheless, the ratio of microbial nitrogen to nitrogen in solids is 

in general far higher than for carbon. Starting from around 25%, aeration start led to an increase to 35-

40% of nitrogen to be incorporated in biomass. Subsequently the ratio dropped back to a stable value of 

20-25% with continued aeration - quite close to the starting value. Hence, it seems unlikely to track the 

emission reduction caused by in-situ aeration solely to accumulation in biomass, although it might affect 

the ammonium emissions within a short period after start of aeration.  

3.3 Sorption capacity of the waste material 

At the end of the experiment (day 753) for all operational groups nearly the same amount of TOC 

extracted in 2M KCl was observed, but the leachate content was significantly varying. Hence, a detailed 

comparison between leachate (total water) and 2M KCl for TOC as well as NH4-N was conducted - see 

Figure 2. Although no measurements for sorption capacity were performed, the ratios of these two 

parameters in leachate and 2M KCl are considered representative for sorption capacity of the waste 

material.  

 

Figure 2. Ratio of NH4-N and TOC in total water and 2M KCl eluate 
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At start of the experiment, 30% of NH4-N and 45% of TOC which are extractable with 2M KCl are also 

found in leachate for all groups. During the anaerobic phase (day 54), there are no significant changes 

observed. The following sampling campaigns (day 110 and 355) were performed only on the aerated 

reactors, and the emissions of NH4-N and TOC in leachate and 2M KCl had already dropped to almost 

zero. Calculating a ratio from two values close to zero seems hardly meaningful - thus these 

measurements are only indicated by a colored circle. Accordingly, there are only two groups remaining: 

the anaerobic control sample on day 753, stating about 23% NH4-N and 53% TOC in leachate compared 

to 2M KCl and the reactors, which returned to anaerobic state on day 355, indicating 8% NH4-N and 28% 

TOC found in leachate compared to 2M KCl. Whereas for the anaerobic operation over the experiment’s 

duration no significant changes in these ratios occur, the once aerated reactors show a significant 

decrease. Combined with the often-observed optical alterations of aerated landfill material towards 

humus-like appearance (known for its high sorption capacity) the conclusion of a persistent increase in 

sorption capacity is supported. Although leachate was in contact with all the waste material, and 2M KCl 

eluation has only been performed on the 4mm fraction, systematic differences in the measurements must 

be taken into account. Nonetheless, the data supports the conclusion that other factors influence changes 

in sorption capacity more heavily. If sorption effects are decesive for emissions emanating from an 

aerated landfill, the question arises if the pollutant release is simply prolonged on a lower level.  

4. CONCLUSIONS 

The experiment conducted focused on the time after the termination of aeration, especially regarding 

recurring methane and ammonium emissions. Both remained reasonable low at 0.22 mg CH4·(kg DM·d)-

1 in off-gas and resp. 25 mg NH4-N·L-1 in leachate. Twice as much carbon (14.1% of initial TOC) is 

released via off-gas under completely aerobic conditions compared to only 7.6% in anaerobic state. The 

ratio of biomass carbon varies only little over the whole experiment’s duration: (4)7-14% are incorporated 

in biomass. 83.1-92.6% from initial nitrogen remain in solids. Biomass nitrogen follows the same trend 

(due to the assumption of constant elemental composition), but reaches far higher levels. (10)25-40% of 

nitrogen are accumulated in biomass, which fits the fact of high internal recycling. It seems unlikely, that 

the decline in emissions caused by in-situ aeration is solely a result from increased incorporation in 

biomass. Comparing the leachate contents with results of 2M KCl extraction tests, the emission reduction 

might be connected with alterations (increase) in sorption capacity. This lowers of course the release rate 

of nitrogen, however it might extend the period of pollutant release and subsequently prolong after-care. 

Combining the data on microbial biomass and sorption capacity, the rapid decrease in ammonium 

emissions directly after aeration start could be a result from increased microbial activity. Nonetheless on 

the long-term, there were no observations indicating that biomass accumulation was the main driver for 

emission reduction.  
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