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SUMMARY:
The investigations of aerobic in-situ stabilisation of old sites in labscale test show that a significant reduction of the nitrogen concentration in the leachate takes place. The degradation and release of organic compounds via the gas phase could be accelerated. The required aeration volumina for the biological stabilisation are technically realisable as the total oxygen demand is relatively low.

1 INTRODUCTION

In Germany approx. 540 landfills are in operation and over 86000 old sites are known in total (BMU, 1994). If technical barriers do not exist or if they are insufficient, an environmental impact may occur via the emission pathways gas and leachate.
Results from research activities by the TU Hamburg-Harburg into the long-term behaviour of landfills show that emission concentrations especially for leachate drop to completely harmless limiting values only after long periods of 100 up to 300 years (HEYER et al., 1996). 

Completed landfills and old sites without bottom liner can be secured by installing a landfill capping system in combination with active gas extraction. The gas production rate in old completed landfills is low. For this reason landfill gas (LFG) cannot be used for thermal or energetic purposes. Nevertheless LFG has to be treated e.g. by using catalytic combustion or biofilters. Although the biological activity of old completed landfills is relatively low leachate represents an emission potential for long periods of time. Landfill capping systems reduce or prevent leachate production but they may fail in function and again leachate production has to be expected. It becomes clear that no real remediation of the landfill can be achieved by the above-mentioned measures but only a securing by reducing emissions while conserving the emission potential.

The objective should be to develop suitable remediation measures to reduce the long term emission potential of a landfill.

2 Objective of In-Situ STABILISATION Measures

The objective of in-situ stabilisation measures is to transfer the landfill body as soon as possible a status of low biological reactivity by accelerating the microbial conversion processes. To realise this, treatment procedures with active aeration are suitable. By this means the organics not easily biodegradable will be aerobically degraded. As there is a considerable reduction of the pollution potential, it should be considered to install instead of a liner system a less costly soil cover with a topsoil layer could be used for the recultivation. This soil cover should be designed in a way that leachate production shall be minimised and there is a potential for methane oxidation.

Due to the in-situ pretreatment leachate concentration will decrease so that the period for leachate treatment could be decreased. In total, the following economy potentials result from the in-situ stabilisation:

· Substitution of a landfill capping system by less costly and long-lasting topsoil cover sufficient thickness so that an own water balance develops.

· lower operating costs for the treatment of the leachate.

· lower costs for the maintenance of the topsoil cover.

· reduction of the aftercare phase of several decades.

· oxidation of trace organics and methane in the top soil cover

3 Investigations into the In-Situ STABILISATION of Wastes from Completed Landfills on a Laboratory Scale

3.1 Material and methods

To carry out the investigations into the aerobic stabilisation, several waste samples from two landfills have been examined. The solid waste samples were taken during gas wells drilling. The age of the wastes was between 8 and 14 years. The presented test results refer to the waste samples of landfill A with the deposition periods and the extraction depths indicated in Table 1 (B1 or B2 represent the drilling-number and N 13 the extraction depth (N13 = on average 13 m under the surface of the landfill). The investigations into the aerobic stabilisation were carried out in landfill simulation reactors (LSR) at a temperature of 30o C. Further information regarding the experimental set-up of the landfill simulation tests can be found in HEYER et al., 1995.

Table 1.
Survey of the examined waste samples of landfill A in the landfill simulation test

	LSR /
	landfill
	deposition
	extraction
	weight in LSR

	sample
	
	period
	depths [m]
	[kg dry matter]

	1 / B1N13
	A
	13
	11 - 15
	56,1

	3 / B1B2
	A
	8 and 14
	15 - 17
	55,3

	
	
	
	9,5 - 13,5
	

	5 / B2Z15
	A
	8
	13,5 - 16,5                             
	54,6


At the beginning, the three landfill simulation reactors were operated under anaerobic conditions by leachate recirculation for several hundreds of test days. This was done to maintain typical milieu conditions of a closed landfill when starting the aeration tests and in order to be in the position to assess the potential of emission under anaerobic conditions. Afterwards, the reactors were aerated with the aeration rates mentioned in paragraph 3.2.3. 

3.2 Results

3.2.1 Chemical-physical solid examinations

To characterise the waste samples, chemical-physical examinations of the solid samples were carried out before emplacing them into the landfill simulation reactors and at the beginning of the aeration period. The results of the solid analyses are shown in Table 2.

Table 2.
Results of the solid analyses of landfill A

	LSR /
sample
	deposition
period
	volatile solids
	C
	N
	conductivity
	  pH

	
	[a]
	[wt.-%]
	[wt.-%]
	[wt.-%]
	[mS/cm]
	[-]

	analyses before emplacing into LSR



	1 / B1N13
	13
	15,95
	11,38
	0,51
	0,89
	7,37

	3 / B1B2
	8 and 14
	24,52
	16,82
	0,75
	1,55
	7,62

	5 / B2Z15
	8
	16,06
	12,31
	0,52
	1,49
	8,18

	analyses at the beginning of the aeration



	1 / B1N13
	13
	-
	-
	-
	-
	-

	3 / B1B2
	8 and 14
	20,34
	12,28
	0,48
	0,59
	7,73

	5 / B2Z15
	8
	13,41
	8,41
	0,33
	0,30
	8,37


The low volatile solids values and the carbon contents of the waste samples at the beginning of the aeration period show that a significant degradation of organic substance took place during the landfill simulation under anaerobic milieu conditions. At the beginning of the aeration tests, the solid samples B2Z15 in the reactor LSR 5 show the lowest carbon concentrations so that these solid samples are already stabilised to a large extent. Thus a faster aerobic stabilisation of the solids is expected. The decrease of the nitrogen in the solid matter and the conductivity of the leachate during the anaerobic phase in the LSR is mainly due to dilution, which is the result of taking leachate samples and replacing the same amount of liquid by tap water.

3.2.2 Respiration activity of wastes samples from closed landfills

The biological activity of the solid samples was determined by means of respiration activity (RA) examinations with the Sapromat (Voith, Heidenheim, Germany). The way a Sapromat works is described a.o. in LEIKAM et al., 1995. Apart from the usual determination of the oxygen consumption after 96 hours, long-term investigations of 500 hours - partly of more than 1000 hours - have been carried out. Via these long-term investigations the maximum oxygen demand of the solid samples can be ascertained. The oxygen consumption is related to dry matter (dm). 

The respiration activity has been determined before emplacing the solid samples into the landfill simulation reactors and for the reactors LSR 3 and LSR 5 also after the beginning of the aeration tests. Figure 1 shows the respiration activities after 96 hours (RA96h) and the maximum respiration activities (RAmax.) directly after emplacing the solid samples into the landfill simulation reactor and at the beginning of the aeration tests. 

The determination of the maximum oxygen demand was effected after a test period of 500 hours or 1000 hours by means of reciprocal plots according to Lineweaver-Burk (in KRÄMER et al., 1993).
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Figure 1.
Oxygen demand of solid samples after 96 hours (RA96h) and calculated maximum oxygen demand (RAmax.) according to Lineweaver-Burk (in KRÄMER et. al., 1993)

By means of the respiration activity tests it becomes evident that the samples taken from inside the landfill only show approx. 10% of their initial activity (fresh residual wastes of households RA96h = 50-80 mg O2/g dm). The lower biological activities at the beginning of the aeration tests show that a biological residual degradation took place under optimised anaerobic conditions. Especially the maximum oxygen demand (RAmax.) of the solids is clearly below the initial emplacement values. The total oxygen volume needed for in-situ stabilisation of one ton deposited waste can be calculated from the determined maximum oxygen demand of the solid samples. For waste sample B1B2 (LSR 3) a need of air of approx. 105 m3/t dm is stated after the sampling in the LSR and of approx. 35 m3/t dm at the beginning of the aeration test in the reactor LSR 3. For the solids B2Z15 (LSR 5), the need of air after the sampling is at 85 m3 air/t dm and at the beginning of the aeration in the LSR 5 at 22.5 m3 air/t dm. 

3.2.3 Aerobic Stabilisation of Wastes from Completed Sites

The aeration tests were started after an anaerobic phase in the LSR of approx. 350 to 400 test days. The start of aeration is marked by means of arrows in Figures 2. The aeration of the three landfill simulation reactors was effected at intervals. The aeration rates were as follows:

LSR 1 / B1N13
 0.09 l/kg dm in approx. 1 min.. The aeration was carried out twice to four times a week.

LSR 3 / B1B2
1.8 l/kg dm*h for approx. four hours. The aeration was carried out every 7 and every 14 days.

LSR 5 / B2Z15
1.8 l/kg dm*h for approx. four hours. The aeration was carried out weekly.

Leachate

The pH-value in the leachate (see Figure 2) changes in dependency on the aeration rate. While a significant increase of the pH-value > pH 7.0 can be stated for the reactors LSR 3 and LSR 5, where higher aeration rates were applied, the low aeration rate for LSR 1 does not have an effect on the pH-value. The decrease of the pH-value that started already under strictly anaerobic conditions also continues after the start of a very low aeration.
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LSR 1 / B1N13
: aeration  (0.9 l/kg dm in 1 min.) from day 321. on

LSR 3 / B1B2 
: aeration  (1.8 l/kg dm*h in 4 h) from day 407. on

LSR 5 / B2Z15
: aeration  (1.8 l/kg dm*h in 4 h) from day 454. on

Figure 2.
pH, SO4 and HCO3 in the leachate landfill A, LSR 1 / 3 / 5

The sulfate content in the leachate increase pattern is quite similar to the parameter pH-value. An influence of the aeration on the stronger decrease of the bicarbonate content cannot be found for the different aeration rates and intervals. The lime-carbonic acid balance does not seem to be disturbed at these aeration rates.

The chosen aeration rates do scarcely have an effect on the organic contaminants in the leachate. The COD concentration does not show significant changes (see Figure 3) but it has to be taken into consideration that the COD content is with 400 to 500 mg/l already very low at the beginning of the aeration tests. After an aeration period of 200 days, the COD concentrations are below 200 mg/l. The BOD5 contents in the leachate at the beginning of the aeration tests are only at 25 to 50 mg/l and are going down relatively fast to values below 20 mg BOD5/l. Due to the very low concentration, a faster decrease of the BOD5 value during the aeration phase could not be stated compared with the strictly anaerobic landfill simulation. 



Figure 3.
COD, BOD5 in the leachate landfill A, LSR 1 / 3 / 5

The nitrogen content in the leachate of reactor LSR 1 / B1N13 only changes to a small extent. The decrease of the TKN concentration (Total Kjeldahl Nitrogen) in the leachate of reactors LSR 3 / B1B2 and LSR 5 / B2Z15 is clearly discernible (see Fig. 4). The TKN concentration for reactor LSR 3 is far below 70 mg/l after 200 days of aeration while the concentration for reactor LSR 5 is far below 70 mg/l after only 50 days of aeration. An increase of the nitrate concentration in the leachate of reactors LSR 3 and LSR 5 could not be found. Part of the nitrogen is released via the gas pathway as ammonium in the condensate and as ammonia in the exhaust air. 

Figure 4 shows the TKN content in the leachate of the landfill simulation reactor (LSR 2) operated under anaerobic conditions which was also filled with waste samples from landfill A. Even after 900 days, the nitrogen content in the leachate of reactor LSR 2 does hardly fall below 100 mg/l. Due to the aerobic in-situ stabilisation the nitrogen content in the leachate can be reduced significantly in a few months (LSR 3/5). This effect is very important as especially the parameter nitrogen influences significantly the aftercare-period (see HEYER et al., 1996).



LSR 3 / B1B2:
aeration (1.8 l/kg dm*h in 4 h) from day 407. on

LSR 5 / B2Z15: aeration (1.8 l/kg dm*h in 4 h) from day 454. on

Figure 4.
TKN in the leachate landfill A, LSR 2 (anaerobic) LSR 3 / 5

The heavy metal content in the leachate were extremely low for all examined landfill simulation reactors. Even at the beginning of the aeration no increased release of heavy metals could be stated - e.g. as a consequence of a possible demobilisation or oxidation of metal sulfides.

Gas
At the beginning of the aeration, the gas atmosphere in the landfill simulation reactors showed the typical gas composition for the stable methane phase of a landfill. 

The low aeration rates for reactor LSR 1 / B1N13 were chosen to simulate "natural" change from anaerobic to aerobic milieu conditions of an old deposit. 

Due to the low air supply in LSR 1 / B1N13 the oxygen is consumed immediately after the addition (5 l/d) which is indicated by the low oxygen content and the slight increase of the CO2 concentration in the produced gas (see Fig. 5). By the aeration and the involved dilution of the landfill gas produced anaerobically, the methane concentration decreases and the inert gas portion of nitrogen increases. The organic substances in the solids are converted aerobically dependent upon the amount of air supplied. After the complete oxygen consumption the anaerobic degradation continues. An inhibition of the anaerobic microorganisms is not detectable. A stimulation of the microorganisms is more likely as the carbon release in the form of methane still increased after the beginning of the aeration (see Fig. 6). In LSR 3 / B1B2 anaerobic conditions are also restored after several hours of intensive aeration (100 l air/h = 1.8 l air/kg dm*h). Thus methane concentrations between 15 and 35 vol.-% in the landfill gas are stated at the end of the "non-aeration" phase. During the aeration phase the methane concentrations drop down to zero. In the reactor LSR 5 / B2Z15 similar fluctuations of the gas composition are ascertained. At the end of the "non-aeration" phase, the methane concentrations amount to only 10 vol.-% and less. 



LSR 1 / B1N13 : aeration (0.09 l/kg dm in 1 min) from day 321. on

LSR 3 / B1B2   : aeration (1.8 l/kg dm*h in 4 h) from day 407. on

LSR 5 / B2Z15 : aeration (1.8 l/kg dm*h in 4 h) from day 454. on

Figure 5.
Gas Composition in the LSR 1 / 3 / 5, Landfill A

The influence of the aeration on the degradation of the organic components becomes evident. The release of the converted organic components takes place via the gas path in form of methane and carbon dioxide. Fig. 6 describes the influence of aeration on the carbon turnover. 



Figure 6.
Carbon release via the gas pathway in LSR 1 / 3 / 5, landfill A

The increase of the carbon release by the aeration is apparent for the low aeration rate for LSR 1 as well as for the aeration rates for LSR 3 and LSR 5. The influence of the aeration on the degradation processes is quite significant, especially in LSR 3. By aeration the degradation of organic substances was approx. 5 times higher compared to the degradation under anaerobic conditions over the same period of time. 

In LSR 5, the degradation rate of the organic substances could be more than doubled. The lower carbon release of reactor LSR 5 compared to reactor LSR 3 is probably due to the higher gas production during the anaerobic phase of treatment (till the 420th day of the test) which results in less lower biodegradable substances at the beginning of the aeration tests.

The labscale tests regarding the aerobic stabilisation of solids waste samples from completed landfills show that by aeration a strong reduction of the nitrogen concentration in the leachate can be achieved. Figure 7 shows that due to aeration the target value of the 51st appendix of the German waste water regulation (Rahmen-AVwV) is reached approx. 400 to 500 days of investigation earlier compared to reactors LSR 3 / 5 operated strictly anaerobically (extrapolation of the data till the 400th test day where the reactors were operated under anaerobic milieu conditions). Therefore, it can be expected that the leachate treatment period can be significantly reduced for several years. 



Figure 7.
Extrapolation of the TKN leachate concentration under strictly anaerobic milieu conditions and TKN-concentration due to aeration of the waste samples

The carbon turnover is increased significantly during the aeration phases. Organic substances medium-difficult or difficult to degrade, which can only be degraded over a long period of time in an anaerobic milieu, are increasingly converted during the aeration phases.

After a test period of approx. 500 days, there are still also anaerobic milieu conditions present. When evaluating the data from the laboratory scale tests it has to be taken into consideration that aeration was only effected once a week or every 14 days - that means that due to lack of oxygen between the aeration measures there was always a change in milieu conditions from partly aerobic to completely anaerobic. By practising longer periods and shorter intervals of aeration aerobic degradation processes will become more significant. This may result in a faster mineralisation of the waste. Further investigations to optimise these intervals are necessary. 

4 Transfer of the Laboratory Test Results to actual COMPLETES Landfills

4.1 Calculation

An assessment of the maximum oxygen demand can be made via the long-term test in the Sapromat - as described in chapter 3.2.2. The maximum amount of air needed is between 85 and 105 m3/t dm for the waste samples derived from landfill A (deposition age between 8 and 14 years). On the basis of the laboratory aeration tests is assumed for the aerobic in-situ stabilisation a period of max. 1 to 1.5 years may be necessary. 

Assuming an aeration period of one year and an average water content of the wastes of 35% (wet waste) as well as a total air supply of 100 m3 /t dm, a daily aeration rate results in up to 0.18 m3/t wet waste (= 0.0075 m3 /t wet waste* hour). As the calculated air supply rate only covers the required oxygen demand, the aeration rate should be higher to cover inevitable losses (e.g. incomplete utilisation of the oxygen). It becomes evident that the air supply rate is relatively low and that the aeration can easily be realised without causing technical problems.

4.2 Technical realisation

The aerobic in-situ stabilisation can be applied to completed old sites and landfills, with or without bottom liner system, where the following situation are present:

· Only low gas production (extraction is still necessary but an utilisation is no more economic)

· Decreasing leachate concentrations which still exceed the target values of the 51st appendix of the German waste water regulation (Rahmen-AVwV)

· Technical barriers are not installed and it will be too costly to cap the landfill on the future

Up till now, the aerobic stabilisation of landfill cells was mainly carried out in context with landfill mining measures. The main objective was the removal of odour-intensive substances and gas trace substances before digging out the wastes. Two different aeration systems were applied:

· Combined pressure / suction aeration in alternating operation

· Impulse aeration process and suction of the exhaust air (e.g. Bio-Puster-Technique)

Compared to the aerobic in-situ stabilisation, very high aeration rates were used for the landfill mining measures to achieve a fast reduction of the odour. But the aeration period was only 2-3 weeks.

When practising the aerobic in-situ stabilisation with regard to safety aspects it has to be taken into consideration that no landfill gas can leak uncontrollably from the treatment area. As methane with concentrations between 5 and 15 vol.-% forms an explosive mixture with atmospheric oxygen, all pipes and systems should be designed for the nominal pressure of 10 bar and should be additionally secured by explosion valve. 

To intensify the effect of the aerobic in-situ stabilisation, a humidification of the dry landfill areas may be necessary. The water content can be increased during the aeration processes. This is technically realisable for the Bio-Puster-Technique (PORR-Umwelttechnik, 1992) as well as for the pressure aeration process (GIDARAKOS et al., 1996).

As the in-situ stabilisation should be carried out over longer periods (approx. 1 year), the energy consumption of the aeration aggregates has to be considerated. Large scale investigations in the planning stage must consider the effect of the gas migration in the landfill body when choosing the aeration aggregates (radius of influence of the aeration tubes); and in addition the optimum aeration rate has to be found out respecting economical aspects .

4.3 Cost aspects

Apart from the decrease of the emission and hazardous potential of a landfill that is difficult to value economically, additionally costs can be saved when using the in-situ stabilisation. For the recultivation measures and for the aftercare phase of a landfill, the following costs may have to be faced:

At the end of the operations
· Construction of an equalising layer on top of the waste

· Construction of a (temporary) landfill covering system

· Construction of a landfill capping system

· Construction of a recultivation layer

· Construction/displacement of the landfill gas extraction

Over several decades
· Operation costs for leachate monitoring and treatment

· Maintenance works at the landfill capping system

· Maintenance costs for the surveillance and maintenance of the whole landfill area during the aftercare phase

The main cost factors for carrying out in-situ stabilisation are:

· Installation of an aeration / gas extraction

· Installation of a biofilter for the exhaust air purification

· Energy costs for the aeration aggregates

· Maintenance costs for surveillance / servicing of the plants

As the hazardous potential of the aerobically stabilised landfill cells is significantly decreased the above mentioned measures regarding surface capping etc. should be reconsidered. As a consequence less costly covering systems could be applied. In total, the following cost saving may be the result of the in-situ stabilisation:

· Substitution of the surface liner system by a less costly soil cover which allows to build up an own water balance as well as an immediate recultivation and needs only little maintenance

· Lower costs regarding the leachate treatment

· Reduction of the aftercare phase by several decades

· Earlier recultivation and reutilisation 

To which extent costs can be saved by the application of in-situ stabilisation depends on the specific situation. 

5 Conclusion

The investigations into the in-situ stabilisation carried out on laboratory scale showed that by aeration measures a significant reduction of the nitrogen concentration in the leachate takes place within a few months. Furthermore, the degradation and release of organic compounds via the gas phase could be significantly accelerated. It can be concluded from the test results obtained up till now that the aerobic in-situ stabilisation is suitable for the stabilisation of old deposits in so far that the hazardous potential is significantly reduced. 

The required aeration volumina for the biological stabilisation are technically realisable as the total oxygen demand of the deposited wastes is only very low (in the area of 100 m3/t dm). The advantages involved with in-situ stabilisation are the reduction of environmental impacts and cost savings can be realised when instead of a capping system a well designed soil covering system is installed which is less costly in construction, operation and maintenance. In addition the phase of aftercare is significantly reduced.
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