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Abstract  
 
The management of sanitary landfills after closure is an important engineering, economic and sustainability issue. 
The society needs sustainable methods for landfilling from an environmental perspective but it has to be cost-
effective and affordable for a society as well. Compared with inorganics, carbon and nitrogen are more reactive. 
It is important to identify the time needed for them to achieve the limit values of leachate emission (i.e., the 
length of aftercare period). However, does it mean that the environmental impacts have been minimized after 
the active aftercare period? Especially at low temperature, the decomposition rate and release rate of carbon and 
nitrogen are lower; so the leachate emission concentrations are lower and it is easier to achieve the emission limit 
values. In these conditions the remains of carbon and nitrogen in the landfill are higher. In the degradation stable 
humic compounds, carbon and nitrogen sinks, are formed. Their fraction in the mass balance is relatively low 
and they are partially leached from the landfill. The humification process seems to be affected by temperature, 
but has still open questions. The performance of carbon and nitrogen within aftercare (active aftercare) and after 
aftercare (passive aftercare) is meaningful to discuss. The solutions should be designed accordingly from both 
environmental and economic considerations.  
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1. Introduction 

The tendency of waste management strategy started in the 1990s is to utilise most of the reusable and recyclable 
waste and minimise the waste deposited in the landfill, whereas landfilling is still the most widely used and 
economical method for ultimately disposing of municipal solid waste in most countries. Meanwhile, the 
cumulative amount of waste landfilled has exceeded a level worthy of concern. For example, the cumulative 
amount of waste landfilled in EU countries since the year 2000 exceeds 1000 million tons (European 
Commission, 2011).  

After the operation of decades the length of landfill aftercare period plays an important role on landfill 
implementation. In general, the aftercare criteria of a closed landfill include landfill emissions control, waste 
stabilisation and land utilisation. The active landfill aftercare ends principally when no activities are required to 
ensure that no adverse effects on the environment will result from the closed landfill. Landfill emissions as 
leachate and landfill gas (LFG) have to be controlled and treated until their amount and quality has reached a 
limit value that is environmentally acceptable. 

The active aftercare is compulsory in many national regulations according to some limit values of emission 
released from landfill, and in some countries the length of aftercare is approved and supervised by the competent 
authority with environmental permit. In ideal scenarios, it is expected that landfills could biodegrade to stable 
conditions within 25 – 30 years after closure (Heyer and Stegmann, 2008). However, in the real-scale landfills, 
especially in big landfills, the required liquid to solid ratio (L/S ratio) needed for biodegradation is difficult to 
achieve in this time, which means that the landfill aftercare period is quite long and costly (Christensen et al., 
1992). Compared with a 30-60-year aftercare period landfill, the operational cost, i.e. the landfill gas and leachate 
emission control cost and the landfill cover and piping system maintenance cost, will be much higher if this 
period is prolonged to 100 years.  

As reported by Laner et al. (2011), after a 7-year aftercare period, about 63 % of the originally deposited organic 
carbon, 79 % of the total nitrogen and 86 % of the total chloride still remains in the waste. Compared with 
inorganics, carbon and nitrogen are more reactive; thus their release and environmental impacts may last longer. 
The amount of these substances is important for the landfill operation after closure. It was found that the landfill 
temperature plays a key role in determining the long-term potential of landfill emission. Temperature 
significantly affects the biological transformation process of landfill thereby the residual substances in the 
deposited waste. Decreasing temperature results in slow biodegradation rate and low emission potential (Wang 
and Pelkonen., 2009). However, there is scarce literature related to case studies of landfilling at low temperature.  

In this study, it is important to identify the time needed to achieve the limit values of carbon and nitrogen 
emission (i.e., the length of aftercare period). However, if considering the performance of carbon and nitrogen 
within aftercare (active aftercare) and after aftercare (passive aftercare), does it mean the environmental impacts 
of the carbon and nitrogen have been minimized, especially at low temperatures? In this context the role of 
possible carbon and nitrogen sinks are discussed. 

2. Materials and Methods 

This study is a part of the study related to landfill leachate management in the aftercare period and for a 
background description of experiments the previous publication is referred (Wang et al., 2012). Shortly, the data 
analysed are gathered from two sources. One is the experimental results of a 3.8-year anaerobic landfill 
simulation, where waste was sampled from a large landfill near Helsinki at different depths and combined to 
form a representative average composition with age of around 3 years. Another is the forecasting data calculated 
by the coefficients of the variables (COD and NH4-N) emission potential forecast models. By utilizing a 
regression analysis tool, the forecast modelling is developed as a function of temperature and annual L/S ratio, 
which is summarized in Table 1. Three major reference temperature levels are discussed as psychrophilic (20OC), 
mesophilic (32 OC) and thermophilic (46 OC). 
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Table 1: Coefficients of NH4-N and COD forecast models  

blaey   

Temperatures a b  R-squared value P-value 

NH4-N 

20 1534.28 -0.5264 0.99 0.02 

32 1874.11 -0.5572 0.99 0.04 

46 2022.33 -0.5062 0.99 0.05 

COD 

20 3420.78 -0.7170 0.99 0.01 

32 3794.03 -0.7087 0.98 0.05 

46 4345.57 -0.6417 0.99 0.05 

 
where: 
y --- concentration of target component, e.g., COD and NH4-N generation rate etc. 
l --- L/S ratio 
a, b, c --- coefficients 
a, b and c were determined by linear regression analysis. According to the residual analysis, the simulated range 
can be reasonably extended based on this model. To simplify the modelling, the simulation is started from the 
peak value during the acidic phase and the short initial aerobic phase is omitted. 

Moreover, for the target limit values for leachate emission determining the end of the aftercare period, they are 
assumed as 200 (30) mg/L COD (BOD) and 70 (70) mg/L total nitrogen TN (NH4-N), respectively. These limit 
values may vary from more general regulations to site-specific considerations in different countries. This 
assumption is mainly based on German ones (Heyer, 2003; Stegmann et al., 2006) and representative according 
to the standards of the major countries.  

 

3. Results and Discussion 

3.1       Long term emissions and temperature impacts  

 
Landfill emissions are associated with biochemical degradation of organic matters in landfills during the 
operation and also during the decades after landfill closure. Leachate is generated from the preferential and 
transient flow of water through the deposited waste. Apart from the emissions, most of the substances are 
contained in the deposited waste. Compared with inorganics, carbon and nitrogen are more reactive and their 
environmental impacts may last longer.  

Evolution of COD and NH4-N concentrations are shown in Figure 1, which data is basis for their emission 
forecasting curves at the main reference temperatures. To simplify the modelling, the cumulative emission 
estimation is a conceptual calculation. So, the cumulative emission coefficients are expressed by percentage to 
mainly show the relative values at different temperatures. 

The experimental data in Figure 1 showed the peak values initially different across the studied temperature range. 
Higher temperature conditions result in higher emission concentrations. Meanwhile, the decreasing rates of the 
emission concentrations show a reverse tendency. For example, as the operational L/S ratio increased 0.2 units, 
the decreasing rate of COD concentration is 12% in thermophilic and it is around 13.2-13.4% under low 
temperature conditions. Similarly the decreasing rates of NH4-N concentrations are 9.6% and 10.5% per 0.2 L/S 
units, respectively. The emission concentrations under lower temperature conditions decrease faster. The 
differences lasted throughout the entire life of the landfill, indicating that the temperature has an impact on the 
cumulative emissions. For example, when achieving the limit values, the cumulative COD discharged in 
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psychrophilic and mesophilic conditions are 68% and 77% of total COD discharged in thermophilic conditions. 
Meanwhile, the emission coefficients of NH4-N discharged in psychrophilic and mesophilic conditions are 72% 
and 84% of thermophilic conditions. 

 

 
 

 

 
 

Figure 1: Modelled NH4-N and CODconcentrations and emission coefficients 

 

COD reaches the direct discharge limit value at an L/S-ratio of 4.0 in psychrophilic conditions. In mesophilic 
conditions, the COD emission concentration meets the direct discharge limit value at an L/S-ratio of 4.2, 
whereas in thermophilic conditions the required L/S-ratio is 4.8. Under psychrophilic and mesophilic conditions 
the NH4-N concentration in the leachate reaches the direct discharge limit value at a very close L/S-ratio level of 
5.9, even though the number under psychrophilic condition is slightly lower than the one under mesophilic 
condition. Under thermophilic condition, it reaches at an L/S-ratio of 6.7. It is clear that NH4-N is the main 
parameter that needs be considered. This does accord to the results of the decreasing rates of emission 
concentrations. Assuming at the typical reference landfills with the same annual L/S ratio, the estimated aftercare 
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period at low temperature conditions is 12% shorter than at high temperature (thermophilic). Interestingly at low 
temperatures, the difference of carbon and nitrogen release rates and estimated aftercare lengths in psychrophilic 
and mesophilic conditions is rather tiny compared with the difference between mesophilic and thermophilic 
conditions. Hence, mesophilic condition of the landfill could increase the decomposition rate and thus the 
cumulative emission and the generation of landfill gas; but it does not have any significant impact on the increase 
of the aftercare period comparing with psychrophilic condition.  

From the leachate management point of view, this means that higher temperature will increase the amount of 
emission, which then must be taken care of during aftercare with higher treatment costs. But if we consider 
landfills as the artificial carbon and nitrogen sinks, landfill management strategies should concern not only to 
make the landfills requiring shorter active aftercare, but also creating lower environmental risks. Under higher 
temperature conditions, the decomposition rate of waste is increased; so the leachate concentrations are higher 
and it is harder to achieve the emission limit values. Likewise, when the aftercare period is managed at low 
temperature, the remains of carbon and nitrogen in the landfill are higher (especially hard COD). After closure, 
isolation of landfills seems to become the popular option in Europe. It is expected that isolation makes the 
closed landfills as the pure artificial reservoirs for several decades or even hundred years. However, most sinks 
cannot endure absolutely and will fail at some time point. In other words, it postpones the environmental risks to 
future. From this point of view, it is safe to manage the landfill to be more stable and release more emission 
within the active aftercare period. 

 

3.2       Carbon and nitrogen balances and their sinks 

 

Released carbon and nitrogen are shown in Table 2. Most representative mass balances are based on frequent 
analysis of gas and leachate components, as the analysis based on solid waste samples (for example initial and 
end conditions) may include considerable variations and the representativeness of small sample volumes of non-
homogenous material may be poor. 

 
Table 2. Carbon and nitrogen emissions and balances 

 

Temperature 20 33 46 °C 

Liquid path 

  TOC 3.88 4.04 4.45 g/kg TS 

  COD 10.0 10.4 11.4 g/kg TS 

  NH4-N 2.59 3.01 3.34 g/kg TS 

 TOC/NH4-N 1.50 1.34 1.33 - 

Gas path 

   Carbon 33.04 45.13 47.58 g/kg TS 

Carbon total 36.92 49.17 52.03 g/kg TS 

Carbon % in liquid phase 10.5 8.2 8.6    % 

Cinert % of total C emissions 6 5 5    % 

 

These results show that temperature has clear impact on carbon and nitrogen balances and hence emissions, 
which are highest in thermophilic conditions and lowest in psychrophilic conditions.  

At lowest temperature the fraction of carbon in liquid phase was highest in spite of the lowest COD 
concentration in the leachate (Figure 1). Thus leaching has to some extent more important role in these 



 

 

Sinks a Vital Element of Modern Waste Management 
2nd International Conference on Final Sinks 
16 – 18 May 2013 
Espoo, Finland 

 

  

 

 

conditions, in which also the ratio of leached C/N was highest indicating some storage of nitrogen in the waste 
matrix, compared with higher temperature conditions.   

Volatile solid (VS) decreased from initial 45 % to 27 %, which represent 40 % reduction in the organic fraction. 
This number approximates also the TOC reduction and is higher than Prantl (2007) and Heyer (2003) have 
found, but which were based on clearly lower initial VS contents. Their results showed around 3-fold aerobic 
degradation compared to anaerobic alone. Hence it is essential to include the aerobic degradation in mass 
balances and when estimating emissions. However, with the (young) waste material of high VS content, the 
sequential aerobic reduction of VS would be lower than the anaerobic one. Amount of released nitrogen in 
leachate was 2.6-3.3 gN/kg TS, and it is estimated as 20-25 % of the initial nitrogen content. This fraction is 
between the values Heyer (2003) and Prantl (2007) found. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Organic carbon and nitrogen pools and their conversions and sink(s) 

 

 

Organic matter pools (carbon and nitrogen) in the landfilled waste are shown in Figure 2. The role of humic 
substances is important, as they are stable compounds and are sinks for both carbon and nitrogen.  Lignin 
compounds, important constituents of wood and products of wood fibres, are stable in anaerobic conditions, but 
are degradable in aerobic conditions. Thus in long-term this pool cannot be considered as a true sink, but it may 
be involved in the humification process. 

Amount of the inert carbon fraction (Cinert ) was around 5 % of total carbon emissions (Table 2). This is based 
on the estimation that the inert fraction of carbon in the leachate has been 60 % of the total organic fraction in 
the liquid phase. It can be assumed that this consists mostly of humic substances. This result indicates however 
the fraction in water, and does not give a complete picture. Some humic substances are non-soluble, as well 
some other fixed complexes. Their role remains open.  

Prantl (2007) found that the maximum humic fraction of degraded waste was around 5 % in laboratory and field 
experiments, based on chemical analyses of waste samples. This level is close to the estimate found here, but may 
not give an overall picture, as the extraction of humic acids may be only partial. Hence the role and sinks of 
humic substances may be more extensive. Based on this, it is worth to evaluate the role of leaching humic 
substances from the containment perspective, as a part of the stable organic matter do not remain in the landfill.  

In technical waste treatment processes like composting and mechanical-biological treatment, the fraction of 
humic substances has been clearly higher (Prantl 2007). One important difference between these is the 
temperature, as these processes operate in the thermophilic range. In thermophilic conditions the formation of 
inert COD was highest (Fig. 1), and this obviously indicates a stronger humification process and a higher fraction 
of humic substances in the waste. It is estimated that in psychrophilic conditions nitrogen concentration was 
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highest in the waste matrix; it may be related to a slightly different humification process at lower temperature. 
Identification of the role of these factors requires further work.  

The results discussed here are mostly related to phenomena, which have been studied in small scale. In full-scale 
applications the heterogeneity of landfilled waste has a strong impact on water flow and hence on the waste 
fractions, which are impacted (and not impacted) by active technical measures like water recirculation (Fellner et 
al., 2009, Wang et al., 2012). As a whole, this should be considered when selecting these measures to achieve an 
efficient active aftercare.       

4. Conclusions 

 
It is estimated that in a typical landfill under psychrophilic and mesophilic conditions, the required L/S ratio for 
carbon and nitrogen to meet the limit values is around 5.9. The real active aftercare period depends on the 
annual L/S ratio applied, but technically it will be more than one generation. Low temperature conditions need 
clearly shorter active aftercare period compared with thermophilic condition. For landfill management point of 
view, it is a cost-effective solution. Humic compounds are carbon and nitrogen sinks in long-term. Their 
production seems to be rather low in relation to degraded amount, but the overall picture has still open questions. 
Higher temperature indicated stronger humification process by producing higher amount of inert COD (mostly 
humic substances) in liquid phase. Lower temperature indicated higher nitrogen fraction in waste matrix, a 
possible result of slightly different humification. Evaluation of the containment of humic matter in landfills is 
worth further work.   
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