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ABSTRACT 
 
Landfill leachate from municipal solid waste (MSW) landfills is a long-term emission 
problem, which may last for several hundreds of years. The waste management resulting in 
this type of problem cannot be considered sustainable. This doctoral thesis focuses on the 
possibilities for changing leachate management strategies in order to enable a greater degree 
of sustainability.  
 
The first part of the study focuses on results from laboratory and field experiments and 
addresses the long-term behaviour of MSW leaching. Methodological considerations, 
qualitative differences between leachates and quantitative estimations are included.  
 
The second, applied, part of the study includes sampling at two different landfills in Sweden 
and focuses on evaluation of  

- the possibilities and limitations of separate collection of polluted waters within a 
landfill area and  

- the possibilities of extending the content of monitoring programmes without 
extending the analytical programme.  

 
The results of the first part show that predictions of leachate qualities should not be performed 
with small-scale shaking leaching tests. Landfill simulator reactors are more appropriate. The 
results also confirm that leachate poses a long-term problem and that nitrogen is likely 
associated with the longest lasting environmental concerns. The time required to reach 
concentration limit values depends largely on the actual landfill design. The period to reach 
concentration limits is more generally expressed in terms of liquid to solid ratios than time. 
The period may be shortened by enhanced stabilisation of MSW. This may be done by, e.g., 
an increased water addition to the waste, an increased recirculation and a decreased size of 
waste particles.   
 
The results further show that it would be beneficial to implement separate collection of 
different polluted waters within the landfill area, especially with respect to surface run-off 
waters and leachate, but potentially also with respect to different leachates. Such a separate 
collection would facilitate an effective pollutant-oriented treatment without the need to 
manage unnecessarily large quantities.  
 
The number of analyses within a leachate monitoring programme can, by means of 
multivariate data analysis (MVDA), be reduced without loss of crucial information about the 
excluded analyses. Alternatively, it may also be possible to retain the number of analyses, but 
extend the information to include additional substances, like specific organic compounds. In 
the latter case, the added substances need to be included in a reference set for model creation.  
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SAMMANFATTNING 
 
Lakvatten från kommunala avfallsupplag är ett emissionsproblem över lång tid. Det kan röra 
sig om flera hundra år, vilket gör den bakomliggande avfallshanteringen ohållbar. Den här 
avhandlingen fokuserar på möjligheterna att förändra strategierna för lakvattenhanteringen, så 
att en högre grad av hållbarhet kan erhållas.   
 
Den första delen av studien fokuseras på resultat från försök i laboratorium och fält. De 
behandlar lakning av kommunalt avfall i ett långtidsperspektiv och inbegriper valet av metod 
för prediktering, kvalitativa skillnader mellan olika lakvatten liksom även kvantitativa 
uppskattningar av stabiliseringsperioden. 
 
Den andra delen av studien är en tillämpad del och omfattar provtagning vid två olika 
avfallsupplag i Sverige. Fokus för utvärderingen har varit: 

- möjligheterna och begränsningarna med att ha en separat insamling av olika 
förorenade vatten inom ett avfallsupplag. 

- möjligheterna att utöka informationen från kontrollprogram utan att utöka 
analysprogrammet. 

 
Resultaten från den första delen visar att småskaliga lakningsförsök i form av skaktest inte är 
lämpliga att använda för långtidspredikteringar. För detta ändamål är upplagssimulatorer 
bättre lämpade. Resultaten verifierar att lakvatten är ett långtidsproblem och att kväve är det 
ämne som sannolikt kommer vara behäftat med de mest långvariga bekymren. Tiden som det 
tar att nå en koncentrationsnivå i lakvattnet som motsvarar utsläppsgränsvärden varierar 
mycket och beror i hög grad på utformningen av avfallsupplaget. För att minska inflytandet av 
varje upplags utformning, så bör perioden det tar att nå utsläppskoncentration uttryckas som 
L/S-kvot (förhållandet vattenmängd över torrt fast avfall) istället för som tid. Den aktuella 
L/S-perioden kan förkortas med påskyndad stabilisering av avfallet. Detta kan till exempel 
åstadkommas genom en ökad vattenhalt i avfallet, en ökad recirkulation och en minskad 
storlek på avfallsmaterialet. 
 
Resultaten visar vidare att det skulle vara fördelaktigt att införa en separat insamling av olika 
förorenade vatten inom ett avfallsupplags område, speciellt med hänsyn till förorenade 
ytvatten kontra lakvatten, men även med hänsyn till olika typer av lakvatten. En separat 
insamling underlättar etablerandet av en lakvattenbehandling som fokuserar på att minimera 
den totala mängden utsläppta föroreningar liksom att undvika behandling av onödigt mycket 
vatten.   
 
Antalet analyser i ett kontrollprogram för lakvatten kan genom multivariat data analys 
(MVDA) minskas utan att avgörande information om de uteslutna analyserna går förlorad. 
Alternativt kan man bibehålla antalet analyser, men utöka informationen i 
kontrollprogrammet så att det omfattar ytterligare analyser, såsom olika specifika organiska 
ämnen. I det senare alternativet krävs dock att de tillfogade ämnena ingår i en 
referensprovtagning för att skapa den multivariata modellen. 
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1. INTRODUCTION 
 
This thesis focuses on landfill leachates from municipal solid wastes (MSW), i.e., the polluted 
water emitted from MSW landfills. The quality of such leachates varies within very broad 
ranges, as illustrated in Figures 1 and 2 for leachates from the two dominating degradation 
phases – the acidogenic and methanogenic degradation phases. The average values from 
different studies may differ by almost two orders of magnitude. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Scattering of average values (in relation to mean average value) for acidogenic 

landfill leachates. Based on data from Ehrig (1989), Knox (1984) in SNV (1992), 
Kruse (1994), Kulander (1990), Lagerkvist (1994), Marttinen et al. (2000) and 
Robinson (1995). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Scattering of average values (in relation to mean average value) for methanogenic 

landfill leachates. Based on data from Ehrig (1989), Kjeldsen and Christoffersen 
(2001), Knox (1984) in SNV (1992), Kruse (1994), Kulander (1990), Lagerkvist 
(1994), Marttinen et al. (2000) and Robinson (1995).  
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Several different factors affect the leachate quality. These factors can be divided into three 
categories depending on: 
 

• the waste: type of waste, grade of decomposition 
• the landfill environment: phase of degradation, humidity, temperature, etc. 
• the landfill management: compacting, cover, height of landfill layers, etc. 

 
In addition, there may be observable quality variations due to the techniques used in sampling 
and analyses. However, these are likely to contribute to quality variations less than the three 
factors mentioned above.   
 
There are further changes in leachate quality over to time. Leachates are generated over long 
periods and are considered the longest lasting emission from landfills, as illustrated in Figure 
3. It is likely that leachate treatment will be required for hundreds of years. Owing to the fact 
that it is expected to take a considerable length of time for substances to reach harmless 
concentrations in the leachate, landfill management must be considered unsustainable. In 
order to achieve a sustainable management, certain tools are needed. The tools can be found 
in the categories mentioned above; factors that can be altered in order to change the leachate 
quality.  
 

Goal

gas

leachate

1 10 100 1000
time (years)

[C]x = concentration or transport
            of substance x.

stabilised landfill

("harmless content")

 
Figure 3 Outflow from a municipal landfill as a function of time. After Belevi and 

Baccini (1989). 
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2. OBJECTIVES 
 
As considered in the introduction, landfill leachates from MSW landfills present a long-term 
emission problem that may last for several hundreds of years. Due to the long duration of this 
problem, the management of landfill leachates can be considered unsustainable. The objective 
of this thesis has been to investigate different ways of improving the leachate management of 
today in order to achieve a more sustainable leachate management. 
 
The investigations performed in order to achieve this goal have been divided into two major 
parts: 
 

1. Evaluation of leachate quality. Different experiments, mainly in laboratory scale, 
were performed in order to gain more information on different common MSW 
leachate qualities. The focus has been on how different factors influence leachate 
quality and especially on the long-term prediction of leachate quality.  

 
2. Improvement techniques in a shorter time perspective. Two different field studies 

were performed in order to evaluate two options for possible leachate management 
improvements.  

 
This thesis consists of a literature review, some chapters summarising the findings of the 
different papers included and one chapter each for conclusions and suggestions for further 
research. The complete papers included in this thesis can be found in the appendices. 
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3. LITERATURE REVIEW 
 
3.1 INFLUENCES OF WASTE COMPOSITION 
 
There are many different kinds of waste within the waste category municipal solid waste 
(MSW). MSW includes wastes from different kinds of ashes that are dominated by inorganic 
material, to putrescible waste with a high organic content. Until recently, most different kinds 
of municipal wastes have generally been landfilled together. However, different techniques 
have evolved to separate different categories of waste – either by source separation, 
mechanical separation after waste collection or a combination of both separation techniques. 
The separation of waste in different categories has further facilitated the establishment of pre-
treatment techniques for treating waste prior to landfilling.   
 
In the following, examples will be given for observed differences regarding leachate quality 
from different wastes within the category MSW. Effects of separation of waste qualities will 
be discussed as well as the effect of certain pre-treatment options. 
  

3.1.1 Observed quality differences 
 
As mentioned above in Chapter 3.1, the kinds of waste included in the category MSW are 
diverse. It is quite evident that leachate quality differs depending on waste composition. The 
two extremes are probably ashes and putrescible waste. In general, one can claim that 
leachates from ash are rich in salts and metals, while leachates from putrescible waste are 
dominated by organic material and nitrogen. But even within each category of waste, there are 
discrepancies. 
 
Ashes can have different sources. They can originate from incineration of wood, brown coal, 
MSW, refuse derived fuel (RDF), etc. The ash origin affects the quality of the ash and 
subsequently the quality of the leachate. An ash from incineration of MSW has in general 
higher loading of metals than e.g., an ash from incineration of wood chips. From each kind of 
fuel, both a bottom ash and a fly ash are derived. In Table 1 differences between bottom and 
fly ash regarding MSW incineration (MSWI) ashes are illustrated. It can be noted that the fly 
ash is normally richer in salts, since the typical maximum concentrations of calcium (Ca), 
sodium (Na), chloride (Cl) and potassium (K) are higher in fly ash as compared to bottom ash. 
Many metals are also noted in higher concentration in the fly ash; among these are lead (Pb), 
zinc (Zn), chromium (Cr) and cadmium (Cd). However, bottom ash may contain some 
substances that occur in fly ash in approximately the same or even higher concentrations. 
Examples of such substances are copper (Cu), molybdenum (Mo) and mercury (Hg).  
 
The influence of easily degradable material on leachate quality is well known. The amount of 
easily degradable material will influence the degradation processes. This will be further 
discussed in Chapter 3.2, but it may be stated here that a high amount of easily degradable 
material can make the landfill environment acidogenic, which implies very high organic 
concentrations in the leachate. This has been observed, for landfill conditions, by e.g., Nilsson 
and Åkesson (1995), who found higher organic concentrations from test cells with additional 
easily degradable material as compared to cells without additions. Even if the degradation has 
not turned acidogenic, the organic content of the waste will influence the organic content of 
the leachate. For an existing landfill, Andreas (2000) noted an increased organic content of 
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the leachate as a result of several years of increase in the amount of easily degradable organic 
material in the waste. Results from Lagerkvist et al. (1997) indicate, for most substances, a 
less polluted leachate from waste with a low content of easily biodegradable material, as in 
lighter industrial waste (non-industry-specific, mainly waste from offices and commercial 
activity) than in leachate from municipal waste. 
 
Table 1 Typical maximum concentration levels of contaminants in leachates from 

various MSWI (municipal solid waste incineration) residues. From information 
compiled by Hjelmar (1996). 

 
Typical maximum levels 
of concentration in 
leachate 

MSWI bottom ash MSWI fly ash 

>100 g/l  Cl, Ca 
10-100 g/l  Na, K, Pb 
1-10 g/l SO4, Cl, Na, K, Ca Zn 
100-1000 mg/l NVOC*, NH4-N NVOC*, SO4 
10-100 mg/l   
1-10 mg/l Cu, Mo, Pb Cu, Cd, Cr, Mo 
100-1000 µg/l Mn, Zn As 
10-100 µg/l As, Cd, Ni, Se  
1-10 µg/l Cr, Hg, Sn  
< 1µg/l  Hg 

* NVOC: non-volatile organic carbon 
 

3.1.2 Techniques for taking advantage of leachate quality differences due to differences in 
waste qualities 

 
There are two major techniques for separating waste fractions; either by source separation or 
by mechanical separation after collection. Regardless of the separation technique, the 
resulting different waste qualities may be landfilled separately or be steered to co-disposal. 
The waste may also be subjected to specific pre-treatments prior to landfilling.  
 
Some waste categories are delivered separately without any major efforts concerning source 
separation. Examples of such wastes are many types of ash. A separate landfilling of ashes is 
commonly applied in Sweden, since many permits of the 1980s and 1990s set demands on 
separate landfilling of ashes. However, in such cases, leachates from different locations within 
the same landfill are rarely managed separately, limiting the value of this separate landfilling. 
 
Source separation of household waste seems to be quite common, at least in European 
countries. It seems as if, in addition to pre-sorting of fractions like glass and metals, the waste 
is often divided into a fraction of putrescible waste and a residual fraction. This is indicated in 
studies by Oonk and Woelders (1999), Vroon et al. (1999), Lorber et al. (2001) and 
Scheelhaase (2001). 
 
Mechanical separation is applied in several European countries like Germany (Scheelhaase 
2001), the Netherlands (Luning et al. 2001), Italy (Cossu et al. 2001b) and Austria (Lorber et 
al. 2001). The waste that is sorted is mainly unsorted MSW and the residual solid waste from 
source separation. Separation may be performed in different ways. After sorting out reusable 
fractions like ferro-metals, papers, plastics and a residual dry fraction (RDF), an organic rich 
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rest fraction will remain, which is sometimes called MSOR – mechanically separated organic 
residue. The MSOR can be subjected to treatment by biological methods. Both aerobic and 
anaerobic methods have been evaluated and applied. The biological treatment is often 
mentioned as a bioreactor treatment and targets a stabilised waste within a short time frame. 
Scheelhaase (2001) claims that the organic load contained in the leachate of the biologically 
pre-treated residual waste can be reduced by more than 90%. 
 
The combination of mechanical and biological pre-treatment (MBP) of MSW is under 
evaluation as an alternative to incineration. The goal of the treatment is to achieve an upper 
limit of 5% VS in deposited waste, which is sometimes legally required.  
 
Different kinds of pre-treatment also exist to stabilise ashes prior to landfilling. The focus of 
pre-treatments has then mainly been on fly ashes. Fly ashes are categorised as hazardous 
material within the European Union and pre-treatment is demanded by law prior to landfilling 
in Japan (Ecke 2001). Ecke (2001) made an overview of applicable pre-treatment options and 
compiled the information in a table (see Table 2). It can be noticed that the thermal methods 
are the only ones that decompose dioxins. The risk of metal release to the environment is 
decreased in different ways. For most methods, the metals are still in the waste matrix, 
however, bound in another way making them less susceptible to leaching. 
 
Table 2 Characteristics of fly ash treatment processes. ¥ 100 equals US$ 0.83, according to 

the internetbank rate on June 17, 1999. From Ecke (2001) 

 
 Treatment 
 Thermal Chelate Phosphate Cement Leaching 
Costs (103¥t-1) 5-60 10-15 7-14 ~4 4 
Metals Solidified, stabilised, 

separated 
Stabilised Stabilised Solidified, 

stabilised 
Separated 

PCDD/F* decomposition Remain in 
waste 

Remain in 
waste 

Remain in 
waste 

Remain in 
waste 

Utilization of 
waste 

Disposal, reuse possible Disposal Disposal Disposal Disposal 

Waste mass No change or decrease 1-5% 
increase 

10% 
increase 

5-40% 
increase 

No change 

* Polychlorinated dibensodioxins/dibensofurans 
 
 
3.2 INFLUENCES OF LANDFILL ENVIRONMENT  
 
Moisture content, temperature, pH and redox potential are all measures of the environment in 
a landfill. All these factors influence the possibilities for chemical and biological reactions; 
e.g., without moisture, no degradation will take place, as the biochemical processes are 
dependent on a solvent (water). The rate of chemical reactions and degradation processes is 
temperature-dependent, and a moderate increase in temperature generally increases the rate of 
reactions and degradation. The pH and the redox potential mainly set the conditions for the 
possible phases of degradation.  
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3.2.1 Phases of degradation 
 
The redox potential is of vital importance, since it controls which biological processes can 
take place. The biological processes in turn have a profound impact on the materials exchange 
between the landfill and its environment, especially where carbon and metals are concerned. 
There are several different phases of decomposition of the MSW in a landfill. Depending on 
how a phase is defined, three to five phases have been observed at landfills and an additional 
one to four phases may be expected. The observed phases are an aerobic phase of short 
duration (months) that is sometimes divided into an oxygen-consuming and a nitrate- 
consuming phase, an anaerobic acidogenic phase (years) and an anaerobic methanogenic 
phase (decades). The latter can be divided into an initial and a stable methanogenic phase.  
 
Under aerobic conditions, most of the transformed organic material will leave the landfill as 
gaseous carbon dioxide. The production of leachate is low, but the leachate that is formed is 
generally heavily polluted and has a pH slightly above neutrality (~8) (Lagerkvist 1995).  
 
The acidogenic phase is characterised by a low pH (as reflected in the name of the phase) and 
a high organic leachate content dominated by volatile fatty acids. Carbon dioxide and 
hydrogen gas are gaseous emissions from this phase. The fatty acids in the leachate will, by a 
lowering of the pH and by their capability of forming metal complexes, increase the mobility 
of many metals. Acidogenic degradation is self-constraining if the degradation products 
accumulate in such concentrations that the hydrolysing and fermenting bacteria can no longer 
gain energy from the transformation of organic material into fatty acids, etc. The degradation 
products can be removed by transport mechanisms or by further degradation.  
 
At methanogenic conditions, the degradation products of the acidogenic degradation are 
further degraded to gaseous carbon emissions as methane and carbon dioxide. As a 
consequence of the consumption of fatty acids, the system pH increases to about neutral (~7) 
conditions. The leachate is further characterised by a moderate organic content that is 
dominated by fulvic acid resembling material (humic substances with a medium-high 
molecular weight) (Christensen 1982). The conditions that are established, i.e., a neutral pH in 
combination with a low redox potential, will promote the immobilisation of metal ions by 
facilitating the formation of metal hydroxides, sulphides, carbonates and complexes with 
organic material. The transport of metals from the landfill will therefore be low during the 
anaerobic methanogenic phase.  
 
In addition to the observed phases, speculations about additional phases exist (e.g., Mennerich 
(1984), Kjeldsen et al. (2002), Lagerkvist (1995), Revans et al. (1999), Bozkurt et al. (1999)). 
The scenarios are built on the assumption that the landfill will turn aerobic when the organic 
material is depleted and oxygen may penetrate into the landfill. There is no evidence that the 
oxidation phase will necessarily occur, since no observations of this degradation phase have 
been made in landfills. There are, however, observations from laboratory experiments as well 
as landfills where the environment has been forced aerobic. Some authors divide the 
development from strictly anaerobic to aerobic environment into several phases (see e.g. 
Kjeldsen et al. (2002)), but the intrusion of air and the establishment of aerobic conditions 
will be referred to here as the oxidation phase. The main concern regarding the oxidation 
phase is whether there will be heavily increased metal concentrations in the leachate or not.  
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3.2.2 Acidogenic and methanogenic leachates 
 
The acidogenic and the methanogenic degradation conditions are the two most important 
conditions for the quality of the formed leachates. The short duration of the initial aerobic 
phase makes it less important for the mass flows.  
 
The formation of volatile fatty acids (VFA) is the main reason for the low pH, often about 5-
6, and the high organic content in acidogenic leachates. The content of organic material in the 
leachate is often expressed as one or a combination of BOD, COD and TOC (see “list of 
terms” for explanations of abbreviations). Some typical analytical results of acidogenic 
landfill leachates are presented in Table 3. The content of VFAs, recalculated as equivalents 
of TOC, clearly shows that the VFAs are the dominant constituents of the dissolved organic 
material in acidogenic leachate (about 80 % of the TOC). 
 
Leachate produced under methanogenic conditions contains less organic material compared to 
acidogenic leachates (see Tables 3 and 4). The organic material has high molecular weight 
and is not easily degradable. This can be seen from the low BOD/COD ratio (typically about 
0.1) found in methanogenic leachates.  
 
Table 3 Composition of acidogenic landfill leachate. Unit: mg/l, except for pH and 

BOD/COD ratio.  
 

 Average 
Germany 

(Ehrig 1989) 

Average  
Great Britain 

(Robinson and 
Gronow 1993) 

Intervala Interval 
(Rastas 2002)b 

pH 6.1 6.7 4.5 - 7.8 4.5 - 7.8 
BOD5 13 000 18 632 4 000 - 68 000 500 – 68 000 
COD 22 000 36 817 6 000 - 152 000 400 – 152 000 
TOC - 12 217 1 010 - 29 000 350 –29 000 
BOD/COD 0.58 0.51c - - 
VFA (TOC-ekv) - 8 197 963 - 22 414 - 
SO4 500 676 <5 - 1 750 4 – 2 800 
Ca 1 200 2241 10 - 6 240 - 
Mg 470 384 25 - 1 150 - 
Fe 780 654 20 - 2 300 0.1 – 2 300 
Mn 25 33 0,3 - 164 - 
Zn 5 17 0,1 - 140 0.02 - 200 

a Based on data from Ehrig (1989) and Robinson and Gronow (1993). 
b Based on data from Ehrig (1989), Kettunen (1997), Kruempelbeck and Ehrig (1999), Kruse (1994), 

Marttinen et al. (2000), Robinson (1995) and Tchobanoglous et al. (1993). 
c  Derived from mean values of BOD and COD. 
- Data missing. 
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Table 4 Composition of methanogenic landfill leachate. Unit: mg/l, except for pH and 
BOD/COD ratio.  

 
 Average 

Germany, (Ehrig 
1989) 

Average  
Great Britain, 
(Robinson and 
Gronow 1993) 

Intervala Interval 
(Rastas 2002)b 

pH 8 7.5 6.8 - 9 6.4 – 9 
BOD5 180  374 20 - 1 770 <0.5 – 1 770 
COD 3 000 2 307 500 - 8 000 <1 – 8 000 
TOC - 733 184 - 2 270 14 – 2 270 
BOD/COD 0.06 0.16c - - 
VFA (TOC-ekv.) - 18 <5 - 146 - 
SO4 80 67 <5 - 420 <1 – 1 190 
Ca 60 151 20 - 600 - 
Mg 180 250 40 - 478 - 
Fe 15 27 1.6 - 280 0.2 – 330 
Mn 0.7 0.5 0.03 - 45 - 
Zn 0.6 1.1 0.03 - 6.7 <0.005 - 9 

a Based on data from Ehrig (1989) and Robinson and Gronow (1993). 
b Based on data from Ehrig (1989), Kettunen (1997), Kruempelbeck and Ehrig (1999), Kruse (1994), 

Marttinen et al. (2000), Robinson (1995) and Tchobanoglous et al. (1993). 
c  Derived from mean values of BOD and COD. 
- Data missing 

 
There are less differences in metal concentration between acidogenic and methanogenic 
leachates than could be expected. Some metals occur in higher concentrations under 
acidogenic as compared to methanogenic conditions (see e.g., the concentrations of iron and 
zinc in Tables 3 and 4). However, for many metals, there are no observable differences due to 
the degradation phase (Ehrig 1989) (see Table 5). This does not imply that there are no 
differences. They may just be hard to detect, since the collected leachate is often a mixture of 
leachates from different parts and niches of a landfill predominated by different 
environmental conditions, although “classed” as either being in an acidogenic or a 
methanogenic state, depending on the dominant condition. Consequently, the spread in 
analytical data for any given condition is large and partly overlapping. This can be noted from 
an investigation by e.g., Ehrig (1989). When comparing leachates from fifteen landfills, the 
spread in data was large (see Table 5), and no significant differences could be detected in 
metal concentrations due to different degradation conditions.  
 
The differences in leachate composition between acidogenic and methanogenic degradation 
conditions are most obvious for organic material and some metals. Nutrients and other 
elements and compounds such as sodium, chloride and AOX (adsorbable organic halogens) 
are not dependent to the same extent on the prevailing degradation conditions (see Table 6) 
(Ehrig 1989). In contradiction with the findings of Ehrig, results from Lagerkvist (1994) show 
large differences in phosphorous depending on the prevailing degradation conditions. The 
concentration of total phosphorous decreased one order of magnitude (from 34 to 3.2 mg/l) in 
a leachate after a change from acidogenic to methanogenic conditions. 
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Table 5 Metal concentrations in landfill leachates. Unit: µg/l. 
 
 Average, 

(Ehrig 
1989) 

Acidogenic, 
(Robinson 

and Gronow 
1993) 

Methanogenic, 
(Robinson and 
Gronow 1993) 

Interval 
acidogenic, 

(Rastas 2002)a 

Interval 
methanogenic, 
(Rastas 2002)a 

Interval 
(Ehrig 1989) 

As 160 24 34 - - 5 - 1 600 
Cd 6 20 15 <0.2 - 100 <0.01 – 900 0.5 - 140 
Co 55 - - - - 4 - 950 
Ni 200 420 170 <10 – 1 800 36 – 600 20 - 2050 
Pb 90 280 200 <1 - 900 <0.1 – 1 900 8 - 1020 
Cr 300 130 90 <10 – 1 500 <0.01 – 700 30 - 1 600 
Cu 80 130 130 3 – 1 100 <0.7 – 600 4 - 1 400 
Hg 10 0.4 0.2 - - 0.2 - 50 

a Based on data from (Ehrig 1989), (Kettunen 1997), (Kruempelbeck and Ehrig 1999), (Kruse 1994), 
(Marttinen et al. 2000), (Robinson 1995) and (Tchobanoglous et al. 1993). 

 
Table 6 Landfill leachate constituents non-sensitive to degradation phases, according to 

Ehrig (1989). Unit: mg/l, except for alkalinity (mg CaCO3/l) and AOX (µg Cl/l).  
 

 Average Interval Interval 
acidogenic, 

(Rastas 2002)a 

Interval 
methanogenic, 
(Rastas 2002)a 

Cl 2 100 100 - 5 000 8.5 – 5 000 <1 – 5 000 
Na 1 350 50 - 4 000 29 – 3 000 4 – 3 650 
K 1 100 10 - 2 500 - - 
alkalinity 6 700 300 - 11 500 160 – 15 870 100 – 11 500 
NH4-N 750 30 - 3 000 8.5 – 3 610 <1 – 2 040 
Org-N 600 10 - 4 250 - - 
tot-N 1 250 50 - 5 000 - - 
NO3-N 3 0.1 - 50 <0.2 - 18 <0.1 – 64 
NO2-N 0.5 0 - 25 <0.01 – 1.4 <0.01 – 7.2 
tot-P 6 0.1 - 30 - - 
PO4-P - - <0.05 – 22.6 <0.01 – 18.4 
AOX b 2 000 320 - 3 500 - - 

a Based on data from Ehrig (1989), Kettunen (1997), Kruempelbeck and Ehrig (1999), Kruse (1994), 
Marttinen et al. (2000), Robinson (1995) and Tchobanoglous et al. (1993). 

b Adsorbable halogenated organic material 
 

3.2.3 Leachate from the oxidation phase 
 
Since there are no field observations from a naturally occurring oxidation phase, the leachate 
data rely on laboratory and field experiments with forced aeration. The experience so far is 
diverse regarding the oxidation phase. Leikam et al. (1999) could not observe an enhanced 
decrease in organic matter in the leachate due to aeration. They claim this was due to the low 
organic content at the beginning of the aeration part of the experiments. Heyer et al. (1999) 
and Ritzkowski and Stegmann (2001), on the other hand, claim that biodegradable organic 
components are converted faster due to the aeration, but without showing any results of this. 
The nitrogen concentrations, however, show an evident decrease due to aeration (Heyer et al. 
(1999), Leikam et al. (1999) and Cossu et al. (2001a)), and concentrations well below 70 mg/l 
have been observed (Heyer et al. (1999) and Leikam et al. (1999)). The low nitrogen 
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concentrations may either be explained by nitrification and denitrification within the waste 
body and/or by incorporation of nitrogen in biomass. The latter explanation (incorporation in 
the biomass) is in line with observations of Beaven and Walker (1997), who found decreasing 
nitrogen concentrations in the leachate as a consequence of the establishment of new 
microflora when the environmental conditions changed from an acidogenic to a methanogenic 
phase. The observed low nitrogen concentration of the oxidation phase may, hence, be a 
temporal drop and the concentrations may increase when the biological system is in balance 
again. However, no experiments have been conducted so far that would make it possible to 
evaluate which process is responsible for the nitrogen decrease and then whether or not a 
future increase in nitrogen concentration can be expected. 
 
There is a great concern as to whether there will be substantially increased metal 
concentrations in the leachate during the oxidation phase of MSW landfills. Results obtained 
so far from laboratory experiments and modelling give different results. Increased 
concentrations were observed by Mennerich (1984), Mårtensson et al. (1999) and Flyhammar 
and Håkansson (1999). Flyhammar and Håkansson (1999) claim that the metal concentrations 
may increase by an order of magnitude. Laboratory experiments and modelling by Revans et 
al. (1999), however, indicate that the speciation of the metals may change, but no significant 
increases in the aqueous concentrations in leachate are anticipated. Ritzkowski and Stegmann 
(2001) found that the metal release to leachate is redox-dependent – a change from anaerobic 
to aerobic conditions did not significantly intensify the mobilisation of heavy metals via the 
leachate phase as long as the redox potential did not exceed a certain value. Other reasons for 
the observed differences may be pH differences (Flyhammar and Håkansson 1999), 
differences in amount and composition of the organic material in the leachates or the mode of 
operation of the experiments. Mårtensson et al. (1999) found, e.g., that recirculation will 
accentuate the potential for an increased metal mobility. 
 

3.2.4 Techniques for taking advantage of leachate quality differences due to degradation 
phases 

 
Composted bottom layer 
 
Methanogenic conditions can be provided from the start of filling through the application of a 
composted layer of solid waste at the bottom of a landfill. Leachate from added layers of 
waste will percolate through the methanogenic bottom layer and attain methanogenic leachate 
characteristics while passing this layer. This is illustrated with regard to BOD in Figure 4.  
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Figure 4 Treatment effect of a 0.5 m thick composted layer at the bottom of a landfill, 
with regard to leachate BOD. From Damiecki (1987) in Doedens and Cord-
Landwehr (1989).  

 
 
Two-step anaerobic degradation (TSAAD) 
 
The technique of TSAAD divides the degradation in two physically separated units. The first, 
larger, step contains the waste. Acidogenic degradation is promoted in this step, chiefly 
through moisture addition and the avoidance of excessive air contact. The leachate from the 
acidogenic step is transferred to the second, smaller unit, the methanogenic step, where the 
methane formation takes place. The general design of a TSAAD is illustrated in Figure 5. The 
volume requirement of the second step is smaller than for the acidogenic step, since the 
degradation of cellulose, the main substrate of MSW, is limited by the initial hydrolysis step. 
If an MSW cell is used as the second step, a reasonable volume may be about 1/10 of the 
acidogenic cell (Lagerkvist 1995). Another alternative is to use high-rate reactors for the 
methanogenic step, in which case further volume reduction is possible.  
 

Step 1: Acid
Fermentation

Infiltration

Recirculation
within step 1

Recirculation
within step 2
(& to step 1) Purified leachate to

secondary treatment
& recipient

Gas to users

Accumulation of
hazardous elements

Step 2:
Methane
production

 
 
Figure 5 TSAAD, (Two-Step AnAerobic Degradation). From Lagerkvist (1995). 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

15

The possible advantages of TSAAD over conventional landfilling were summarised by 
Lagerkvist (1995) as: 
 

-  No or minimal methane emission from the landfill to the atmosphere during 
acidogenic degradation. 

-  The formation of methane can be controlled; both with regard to where and when it 
should be formed. Also, the production rate can be varied at will. 

-    Many hazardous compounds are mobilised during acidogenic conditions and are 
degraded or fixed during methanogenic conditions. This makes it possible to liberate a 
large waste volume from a share of its most harmful constituents and to concentrate 
these in a smaller volume.  

 
 
Forced aeration 
 
Forced aeration implies the alteration from methanogenic conditions to aerobic conditions. 
The technique has been tested in the field at existing landfills Cossu et al. (2001a) and Heyer 
et al. (2001). The aeration was performed as a low-pressure aeration through gas wells in the 
landfill body and in such a way that the potential risk of explosions could be avoided. No data 
regarding leachate quality has been presented from these studies. 
 
 
3.3 INFLUENCES OF LANDFILL MANAGEMENT 
 
The design and construction of a landfill can greatly influence conversion processes within 
the waste, and consequently the leachate quality. In this chapter different landfill management 
options will be discussed. 
 

3.3.1 Filling height  
 
The surface to volume ratio of landfills has a strong impact on fluxes to and from the landfill 
such as infiltration, heat transfer and gas exchange between the landfill and the atmosphere.  
A typical Swedish landfill is built flat, with a small filling height in relation to the landfill 
surface area. Because of the increasing scarcity of land and more expensive bottom liners, the 
tendency today is toward higher landfills, which will affect landfill processes in various ways. 
 
Meijer (1993) concludes from field measurements on a set of “flat” landfills in southern 
Sweden that, after 5-6 years, the waste temperatures are only some or a few degrees higher 
than the soil temperature at corresponding depths. Kulander (1990) concluded from studies of 
leachate quality, that degradation processes were less intense in the landfills of the north of 
Sweden as compared with the south. One might expect that increased landfill height would 
tend to preserve the heat from degradation processes better and thus promote a more intense 
degradation. On the contrary, increased height may also lead to less specific air intrusion, 
which limits the influence of aerobic conversion and the associated heating effect. An 
increased landfill height may also lead to a less pronounced seasonal variation. The 
fluctuations in air temperature influence the waste temperature to a depth of several metres.  
Lagerkvist (1995) and Meijer (1993) have observed a yearly variation of at least 2-3°C in the 
temperature of landfilled household waste at a depth of 3-4 metres. At the upper waste 
surface, Lagerkvist noted yearly variations of temperature of 15-20°C below a one-metre cap.   
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Since a smaller specific landfill area (surface/volume) leads to less specific infiltration 
(leachate/mass of waste) the stabilisation time with regard to inorganic contaminants will 
increase (Meijer 1993), which was also observed from a field study at Trondheim by Wigdel 
(1982). Wigdel found that the leachate flux was the limiting factor for contaminant transport, 
whereas the contaminant concentration was fairly constant and appeared to be largely 
governed by other factors such as chemical equilibrium. Kulander (1990) made similar 
observations with regard to the concentrations of inorganic contaminants, failing to observe 
any differences between 5 and 12 metre high landfills.   
 
Besides the total height, the rate at which the height is reached affects the landfill processes. 
Ehrig and Scheelhaase (1993) claim that a placement of more than 4 metres per year will 
increase BOD- and COD-concentrations to an extent that the transition from acidogenic to 
methanogenic conditions will be delayed. This reflects the positive effect of pre-composting 
for the development of methanogenic conditions in landfills. However, if the waste is placed 
at lower densities, sufficient aerobic conversion can be achieved regardless of the rapid 
increase in the filling height. Moreover, as an additional benefit, the compost heat may be 
preserved in the landfill to a greater degree than would be possible with a slower height 
increase. This has been shown to promote rapid development of methanogenic conditions and 
lowered concentrations of organic contaminants in leachate (Lagerkvist et al. 1997). 
 

3.3.2 Density  
 
The placement density of the solid waste will affect the degradation processes in various 
ways. Placing wastes with low density means that more air is included in the landfill and a 
greater pore volume is achieved. This promotes a pronounced aerobic degradation phase, 
leading to a temperature increase as well as a conversion of the most easily degradable waste 
fractions. In turn, this will be beneficial for the development of methanogenic microflora, i.e., 
the development of a stable methanogenic degradation state, where the degradation rate is 
mainly controlled by the hydrolysis step and not by methane production.  However, if the 
aerobic phase is too extended, it might lead to drought and decreased degradation because of 
dryness. Another problem that can develop is fire. Results from the integrated Swedish test 
cell programme, which included test cells with differences in density – from 0.46 up to 0.9 
tonnes/m3, indicate that lower placement densities lead to a swift and intense gas generation 
(Lagerkvist et al. 1997).  
 

3.3.3 Shredding  
 
A smaller particle size will lead to a larger surface area, which promotes the leaching of both 
organic and inorganic substances. The results of Heyer and Stegmann (1995) verify this, even 
though the results should be considered with caution, since they are based on experiments 
with a single waste that were run without replicates. All the studied variables, which included 
BOD, COD, TKN, chloride and sulphate, were found to leach more from the grinded waste 
than from the same material without grinding. The grinding of organic waste may influence 
the degradation phase. Reinhardt and Ham (1973) and Tittlebaum (1982) found significantly 
higher organic leachate content from shredded MSW compared to non-shredded MSW. This 
indicates that dissolved organic material in the leachate had accumulated due to the increased 
availability of the shredded waste. Reinhardt and Ham (1973) noted that, in spite of the higher 
initial organic concentrations, test cells with shredded waste (5-16 cm) became methanogenic 
faster than cells with unprocessed waste. Test cells with unprocessed waste remained 
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acidogenic through the whole study, which lasted several years. Warith (2002) also claims 
that the onset of methanogenic conditions was faster when the waste was shredded.  
 
The size of waste particles may not just affect the leachate quality, but it may also affect the 
amount of emitted material and the time for stabilisation. The time for digestion of different 
wastes, ranging from mixed vegetables and meat to hay, was found to be shorter when the 
particle size was reduced (Palmowski and Müller 2000). The effect was most apparent for the 
harder degradable materials, in this case hay and leaves. These materials also showed an 
increased degradability when the particle size was reduced, as registered by about a 15-20% 
increase in the amount of collected gas. The particle sizes studied ranged from 2 cm down to 
sizes in the order of millimetres to micrometres. Müller et al. (1998) also found an increased 
degradability of 10-20% as a result of disintegration, in this case of sewage sludge. An 
increased degradability will affect the composition of the waste in the longer term, since less 
organic material will be left in the waste matrix. This is likely to have an influence on both the 
leachate composition in the longer term and the time required for the landfill to stabilise.  
 

3.3.4 Recirculation  
 
Recirculation of leachate promotes biological activity by increasing and equalizing the 
moisture content, permitting a good contact between microbes, substrate and nutrients, and 
carrying away degradation products. Townsend et al. (1996) claim that all laboratory studies, 
landfill lysimeter tests and controlled landfill cells have shown that increasing the moisture 
content and practicing leachate recycling have a positive effect on waste stabilisation. The 
degree of enhancement can be significant. Klink and Ham (1982) noted e.g., an increase in 
methane production rate of 25-50% in experiments with recirculation compared to those 
without. Recirculation is, hence, one of the key issues of bioreactor landfilling, which is 
basically a concept of enhanced biological degradation of the waste. The degree of waste 
stabilisation by recirculation is influenced by how and to what degree recirculation is 
performed.  
 
The rate of recirculation is important for the enhancement of degradation. A larger volume of 
recirculated leachate will, according to the results of Chugh et al. (1998), promote the estab-
lishment of methanogenic conditions as well as increasing the methane production rate. They 
used a daily recirculation of 2, 10 and 30% of the initial volume of waste loaded in the 
reactor. However, their results could also be an effect of inoculation of the leachate and not 
solely due to the amount of recirculated leachate.  
 
The flow pattern may influence the degree of stabilisation. Both Fourie et al. (2001) and 
Beaven et al. (2001) noted preferential flow paths in bioreactors with high leachate flow. 
Fourie et al. (2001) discussed that the flow in preferential paths may influence the 
possibilities, or at least the time required, to stabilise the waste. The flow patterns within the 
waste are, however, not static. Biological degradation weakens the structure of the waste 
causing channels within the waste to collapse (Reinhart and Townsend 1998), and thus the 
leachate finds new pathways. Flow paths may also be reopened when gas production declines, 
as gas partially blocks the pores in the landfill (Reinhart and Townsend 1998). Other factors 
forcing the leachate to find new flow paths are chemical precipitation and biological clogging 
in the pores of the waste body.  
 
The quality of the recirculated leachate may also influence the degree of stabilisation. 
Leachate inoculated with methanogenic bacteria can have a positive effect on the 
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establishment of methanogenic conditions, but may have little or no effect if the seeding is 
sufficient from the start, as indicated from the results of Bogner and Spokas (1995). 
Exchanging some of the recirculated leachate with fresh water is expected to have large 
influence on the stabilisation of substances like nitrogen and chloride that are predominantly 
emitted by leachate. Until now, however, there are scarce results from the so- called flushing 
bioreactor concept; i.e., bioreactor landfilling where the recycling is exchanged with a 
combination of recycling and an exchange of leachate with fresh water. The initial results of 
Cossu et al. (2001b) indicate decreased concentrations of both organic material and nitrogen 
due to flushing. However, it is questionable whether these results are due to an increased 
waste stabilisation or if dilution is the predominant effect. Several investigations are currently 
focusing on the flushing bioreactor concept, e.g., Vroon et al. (1999), Cossu et al. (2001b), 
Beaven and Knox (1999). 
 

3.3.5 Additions to the waste  
 
Additions to MSW are generally made in order to steer the degradation to the methanogenic 
phase faster. Other reasons could be co-disposal of hazardous waste and a possible more 
sustainable management of hazardous material (Cossu and Serra 1989). Hazardous material 
will  not be discussed here, however. 
 
Examples of additives to MSW could be methanogenic leachate, sewage sludge, organic rich 
sludges, ashes, calcium carbonate and lime. Additives have three main functions: to serve as 
either a pH-buffering agent, an inoculum or a source of nutrients. Experiences of the use of 
additives vary, with some enhancing the establishment of methanogenic conditions and some 
even accelerating the acidogenic degradation. From the information summary of most 
bioreactor landfill projects in the world, presented by Reinhart and Townsend (1998), it seems 
likely that a combination of several factors determines the actual effect. Among those factors 
are the waste composition, degree of recirculation or one or several kinds of additions (e.g. 
sludge and buffer, just buffer, just sludge). Recirculation in combination with sludge addition 
and buffering seems to be beneficial in most cases, even though short circuits may make 
buffer additions ineffective.  
 

3.3.6 Bottom liners, top covers and daily cover 
 
Top covers, or caps, may serve to slow down landfill processes, mainly because infiltration is 
limited, which can lead to drier landfills. The caps also affect the gas-exchange between the 
landfill and the atmosphere and may lead to less aerobic degradation.  Bottom liners and the 
drainage material may affect leachate quality, as biofilms can develop on the particle surfaces, 
especially if small particle size materials such as sands are used.  
 
Daily cover may influence the water flow. Experiences from a couple of bioreactor landfill 
projects show that a low permeable daily cover (clayey cover soil) may prevent vertical water 
flow of leachate, resulting in incomplete use of moisture storage capacity as well as perched 
water table, ponding and lateral flow within the landfill (Reinhart and Townsend 1998). Daily 
cover may, hence, be one reason for uneven moisture movement and may limit a uniform 
leaching of the waste.   
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3.4 INFLUENCES OF TECHNIQUES FOR SAMPLING AND ANALYSES  
 
There are many factors of uncertainty involved in every analysis value. Amongst these factors 
of uncertainty are the conditions of both the sampling and analysis procedures. 
 
The sampling point is of great importance and must be chosen carefully in order to achieve 
results that reflect the conditions which are the object of study. Meijer (1993) showed changes 
of leachate quality in a leachate collection ditch. The major shifts in leachate quality occurred 
in the first 10-20 metres from the outlet of the landfill; or, expressed in time, during less than 
one hour after the leachate had left the landfill. The redox potential and the pH increased, 
while the content of free carbon dioxide and metals decreased. The changes are mainly due to 
increasing oxidising conditions. Swedish leachates are usually strongly influenced by 
processes taking place in collection ditches and they are most often very diluted by the influx 
of run-off water and groundwater. 
 
If it is not possible to analyse the samples immediately, they have to be stored in closed 
bottles. Loss of carbon dioxide to the atmosphere can lead to changes in the pH, which can 
influence equilibriums for metals, etc. Moreover, samples should be stored in a cool place, if 
analyses cannot be performed immediately. However, a change in quality takes place even 
when precautions are taken and samples are stored in a cool place in closed bottles. In Figures 
6 and 7, Chian and DeWalle (1976) illustrate the effect of sample storage in closed bottles at 
5°C. It is seen that samples should be analysed within two days in order to avoid any risk of 
major changes in quality. From Figure 6 it can be observed that there were considerable 
changes in colour after two days. This coincides with a visual change of colour from light 
grey to dark brown. The change is due to iron oxidation from ferrous to ferric iron. Hereafter, 
the trivalent iron forms colloidal iron hydroxides, contributing to the brown colour and even 
to an increase in suspended solids (Figure 7). As a result, even the turbidity increases. The 
decrease in COD and the increase in suspended solids mainly depend on the fact that the 
sample was exposed to oxygen during subsampling. 
 
During the analysis procedure, random and systematic errors can arise. For example, all 
analyses that require dilutions can involve sources of uncertainty. Analyses of highly loaded 
leachates often require high dilutions. Sometimes, the reliability of an analysis can be checked 
by studying the relation to other analyses. One example concerns organic material analysed as 
COD and TOC. For soluble organic compounds, the COD/TOC ratio can theoretically reach a 
maximum value of 4.0. If the ratio exceeds this value, one or both of the analyses can be 
called into question. 
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Figure 6 Changes in COD, turbidity, colour and conductivity for leachate stored in closed 
bottles at 5°C (1 day = 1440 minutes). From Chian and DeWalle (1976).  
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Figure 7 Changes in redox potential, pH and suspended solids (SS) for leachate stored in 
closed bottles at 5°C (1 day = 1440 minutes). From Chian and DeWalle (1976).  

 
Samples of leachates can be analysed either filtrated or unfiltrated. The unfiltrated options are 
likely the most common. The amount of suspended solids is generally low in leachates. In 
analyses from Chian and DeWalle (1976), where leachates from twelve landfills were 
investigated, the amount of suspended material varied between 0.03% and 22% of the TS. 
Samples from half of the landfills had a suspended solid content that represented less than 
2.5% of the TS. Jensen and Christensen (1999) found that up to 6% of the total solids were 
above 0.40 µm, which is close to the common filter size separating the suspended solids (0.45 
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µm). Still, many chemical activities occur at surfaces and the suspended solids as well as 
colloids in the leachate present possibilities for reactions at surfaces. Gounaris et al. (1993) 
looked at the colloidal distribution in a methanogenic leachate. The results show that the 
colloidal fraction (>1.3 nm – 10 µm) constitutes less than 10% of the total solids. Both 
Gounaris et al. (1993) and Jensen and Christensen (1999) found that most of the colloids were 
of the smallest colloidal fraction, which would be classified as dissolved, with the normal size 
of filter separating suspended and dissolved matter. Still, substantial but highly variable, 
amounts of metals may be found in the colloidal fractions. Gounaris et al. (1993) found up to 
about equal amounts of the metals lead and chromium could be found in the colloidal phases 
as compared to the dissolved phase. 
 
 
3.5 CHANGES IN LEACHATE COMPOSITION OVER TIME 
 
Data from full-scale landfills may cover changes in leachate quality over a period of up to 
about 30-40 years, as modern landfills have not existed for longer periods. With regard to the 
time needed for the completion of waste conversion processes occurring in landfills, 30-40 
years is a short period. The changes observed in the quality of leachates from full-scale 
landfills mainly cover the transition between the introductory acidogenic degradation and the 
subsequent methanogenic degradation. The shift between acidogenic and methanogenic 
conditions covers a period of 1-2 years within the first decade of the existence of a landfill 
(Ehrig and Scheelhaase 1993). The shift has been observed to happen within four years after 
landfill closure (Krug and Ham 1997). When relating the time to the first tipping of the waste, 
the shift will on an average happen within 10 years (Krug and Ham 1997) or, according to 
Robinson and Gronow (1993), within 8 years.  
 
From studies of existing landfills some general patterns have been identified from ratios 
between different substances in leachates as a function of the landfill age, see Figure 8. The 
conditions are initially acidogenic, but change to methanogenic. Similar trends could be 
provided for single variables. However, the ratios are more useful when evaluating the 
degradation phase of a specific landfill, since the ratio is less sensitive to, e.g., dilution and 
daily, weekly or seasonal variations in leachate production. 
 
There is a trend of decreasing BOD/COD ratios in leachates from ageing landfills (Figure 8). 
The degradability of the dissolved organic material tends to decrease with time. As a rule of 
thumb, a ratio of about 0.5 or above indicates that the organic material is readily degradable, 
and a ratio of about 0.1 or below indicates a high portion of poorly degradable organic 
material. The decrease in easily degradable organic material with time can, apart from the 
BOD/COD ratio, also be obtained from the ratio of VFA/TOC (the part of the organic 
material comprising volatile fatty acids), since VFA is the dominating organic matter under 
acidogenic conditions.  
 
The organic material decreases faster compared with the portion of inorganic substances in 
leachates, as illustrated by the VS/FS ratio in Figure 8. The decrease in organic material with 
time is caused by both gaseous emissions and flow transport with leachate, but the reduction 
of inorganic substances is dominated by transport in leachate. In leachates from a landfill 
hosting acidogenic conditions, the VS/FS ratio is typically about 2, and in the methanogenic 
leachate, about 0.2. 
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Figure 8 Typical developments for COD/TOC, BOD/COD, VS/FS and VFA/TOC ratios 

in leachates dependent on landfill age. During the first few years the conditions 
are acidogenic and towards the end the conditions are methanogenic. The two 
conditions are separated by a transition phase. After Chian and DeWalle (1976). 

 
In addition to studying ratios of different substance concentrations to determine the dominant 
degradation state, it is possible to use pH and the sulphate concentration for the same purpose. 
Under acidogenic conditions, the pH is typically below 6, and under methanogenic 
conditions, about 7 or above. Sulphates are present under acidogenic conditions, but under 
methanogenic conditions, the sulphate is reduced to form sulphides – sulphides that tend to 
precipitate in complexes with cations.  
 
It is hard to find any clear trends from leachate concentrations after the transition to 
methanogenic conditions. Existing studies that present data solely for the methanogenic phase 
and cover data over a longer period are few. Andreas (2000) presents data over a 20-year 
period, but it is not possible to discern any clear trends from the results. The data are 
influenced, at the end of the studied period, by the changed waste composition, observed as 
increased concentrations of chloride and organic material in the leachate. Other studies cover 
a period of up to about 5-6 years. This period is far too short for any trends to emerge, and it 
is not possible to fit any trends to the fluctuating data.  
 
 
3.6 PREDICTIONS OF LEACHATE QUALITY 
 
Leachate emissions from MSW landfills are generally considered a long-term problem; but 
how long will the problem persist and what will be the limiting substances? These are 
questions especially relevant for existing landfills, where the waste is not subjected to any 
measures aimed at decreasing the leaching potential prior to landfilling. 
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3.6.1 Methods of prediction  
 
The four major alternative methods for prediction of leachate concentration level and 
development are: 
 

- Small-scale shaking leaching tests. Fast experiments (hours to days) in which a 
grinded waste is mixed with a specific amount of water, the mixture is shaken for a 
certain time. 

- Leaching tests in landfill simulator reactors. Experiments in about a 100-litre scale 
with gas collection and most often leachate recirculation. The duration of the 
experiment is often several hundred days. 

- Test cells. Field experiments in a large scale – pilot experiments. 
- Landfills. Data from several compartments within one landfill or data from several 

different landfills of different age are required in order to estimate trends from the 
data. 

 
In addition to these ways of obtaining leachate data, solid waste samples of different ages in 
existing landfills have been analysed for substances (Belevi and Baccini (1989), Heyer and 
Stegmann (1995), Kabbe et al. (1995) and Andreas and Bilitewski (1999)). Trends, or at least 
tendencies, of the part of leached material can then be obtained and predictions of future 
leaching may be done. The solid landfill samples were also used in leaching tests.  
 
All the different methods stated above have been used. The most common seems to be the 
landfill simulator approach. For this kind of experimentation, Rowe (1995) stated that the 
decline in concentration, with time, can often be empirically approximated to be a first-order 
rate equation, of the form C = C0 exp[-kt]. Such an exponential decrease has been used by 
e.g., Belevi and Baccini (1989) and Heyer and Stegmann (1995). Reitzel et al. (1992) also 
fitted data with an exponential curve. However, they plotted the data towards the liquid to 
solid (L/S) ratio instead of time. Exponential fitting is, however, not the sole method used. 
Youcai et al. (2000) fitted data to equations on the form C = C0* At.  
 
Baccini et al. (1987) point to the problem of using laboratory data to approximate or predict 
actual landfill conditions, a practice that should take into account the heterogeneity of 
landfills and uncertainties about how the different chemical and biological processes proceed 
within the landfill (especially over long periods of operation). The different ways of turning 
laboratory data over days to landfill data over years are based on the water regimes of both 
scales. Ehrig (1989) evaluated, empirically, two possible ways to use the water regime, either 
according to water contact per unit area or water contact per unit volume. The water contact 
per unit volume had a better fit and was, hence, used. Heyer and Stegmann (1995) used a 
conversion factor of 100, since the setting of the water balance was about 100 times higher for 
the simulators.  
 

3.6.2 Results of predictions  
 
Many substances in the leachate have been observed to have an exponential decrease in the 
leachate concentration. Among these substances are carbon, chloride ions and nitrogen 
(Baccini et al. (1987), Reitzel et al. (1992)). Other substances are less easily mobilised and 
may be retarded in the waste matrix by adsorption and precipitation. Examples of such 
substances are phosphorous and iron (Reitzel et al. 1992).  
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Several different studies have been performed in order to estimate the time when leachate 
may be considered a source of pollutants. The results are diverse, as can be noted from Tables 
7 and 8. The largest time span for TOC is from 12 to 1700 years. Other variables also cover a 
very broad time span, from decades to several centuries or even a thousand years.  In addition 
to the estimations of Tables 7 and 8, Ehrig (1989) has estimated the part of different 
substances that may be leached at different times. He found that the main amount of carbon 
that may be mobilised could be transferred within a few decades. Nitrogen, metals and 
halogens may, however, give rise to polluted leachate that requires treatment for much longer 
periods. Several hundreds of years may be relevant for nitrogen and even longer periods for 
metals and halogens. Results from Reitzel et al. (1992) show that an L/S (generated amount of 
leachate to total solids of the waste) of at least 6 may be required to come close to some 
potential discharge limits for COD and ammonium. For a landfill with 20 tonnes of MSW per 
m2, an L/S of 6 will require about 600 years if the annual infiltration is about 200 mm. The 
reasons for the different values of estimated times from different studies may be several. As 
indicated in Tables 7 and 8, two possible reasons may be the value of the concentration limit 
and the method used for predictions.  
 
Table 7 Predicted times (years) to reach given concentration limits of organic content 

according to different sources.  
 

Limit concentration (mg/l) 
COD TOC BOD AOX 

Source of data Method 

60 100 200 20 100 15 0.5 
         
Youcai et al. (2000) Test cell  <15    <15  
Kruempelbeck and Ehrig (1999) Landfills   65-320    40-100 
Belevi and Baccini (1989) SLT*    500-1700    
Kruse (1994) Simulators 280-335  185-240    340-520
Heyer et al. from (Kruempelbeck 
and Ehrig 1999) 

Simulators   80-360    30-210 

Andreas and Bilitewski (1999) Simulators 200-300  120-220     
Andreas (2000), older waste Simulators   10-130  12-78   
Andreas (2000), newer waste Simulators   295-637  129-545   
* Small-scale shaking leaching tests (leaching with deionised water).  
 
Table 8 Predicted times (years) to reach given concentration limits of nitrogen, chloride 

and phosphorous according to different sources.  
 

Limit concentration (mg/l) 
N Cl P 

Source of data Method 

5 15 50 70 100 200 0.4 
         
Youcai et al. (2000) Test cell  24    58  
Kruempelbeck and Ehrig (1999) Landfills    Decades- 

centuries
25-130   

Belevi and Baccini (1989) SLT* 55-80    100-150  100-
700 

Kruse (1994) Simulators 815-930  440-550  210-260 140-185  
Heyer et al. from (Kruempelbeck 
and Ehrig 1999) 

Simulators    120-450 90-250   

Andreas and Bilitewski (1999) Simulators 250-580   120-300    
Andreas (2000), older waste Simulators    23-344 104-248   
Andreas (2000), newer waste Simulators    206-920 205-778   
* Small-scale shaking leaching tests (leaching with deionised water).  
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The predictions of future leachate composition development may focus on the substances that 
will pose the longest lasting pollution problems. Even in this respect, the results of different 
researchers are diverse. The most common results indicate that nitrogen or possibly nitrogen 
and/or organic material will be the long-term pollutant from MSW landfills, as indicated from 
Tables 7 and 8 and the information above in this chapter. However, other results exist. Rowe 
(1991) concluded, mainly from theoretical discussions, that chloride is limiting, since 
biological processes will speed up the release of biologically related compounds. This is 
supported by the results of Youcai et al. (2000). Belevi and Baccini (1989) found that organic 
carbon (TOC) would, by far, pose the longest lasting pollution problem. In the latter case, the 
results may be due to the method used. Ehrig (1989), on the other hand, claimed that metals 
and halogens would pose the long-term problem, even within the methanogenic phase. Other 
researchers have also contended that metals would pose a potential long-term problem when, 
and if, the oxidation phase were to occur, see Chapter 3.2. 
 
 
3.7 MONITORING OF LEACHATE QUALITY 
 
The goal of most activities in connection to the landfilling of MSW is to achieve sustainable 
landfill management. The means of evaluating when and whether the goals have been 
achieved are many. Among the tools available are limit values for discharge and comparison 
values for recipients influenced to various degrees by pollution. Examples of such values will 
be given in this chapter. 
 
Further, it is essential to maintain control over the stabilisation processes of the landfill and 
potential environmental impact. Monitoring programmes enable this. 
 

3.7.1 Monitoring programmes 
 
The content of monitoring programmes differs between countries as well as between different 
sites. Hjelmar et al. (1994) compiled data from seven EU states regarding the frequency with 
which different variables are used in the monitoring of landfills. The results are presented in 
Table 9. It may be noted that only a few metals and hardly any specific organic substances are 
present in the table. This is due to the way information was gathered (a questionnaire with 
predetermined variables). More variables than mentioned in Table 9 may, hence, be included 
in monitoring programmes in a more or less frequent manner.  
 
Table 9 Monitoring parameters for leachate, groundwater and surface water grouped 

according to the frequency with which they are used in monitoring programmes by 
some EU member states. From Hjelmar et al. (1994). 

 
 Nearly always used Regularly used Seldom used 
Leachate pH, conductivity, BOD, 

COD, tot-N, NH3-N, Cl-, 
Zn, Cd 

SS, Phenols, SO4
2-, Fe, 

Pb 
TOC, Oil, AOX, F-, S2-, 
Na, K, Ca, Mg 

Groundwater pH, conductivity, NH3-N, 
Cl- 

BOD, COD, TOC, tot-N, 
SO4

2-, Na, K, Ca, Mg, Fe, 
Zn, Pb, Cd 

SS, Oil, AOX, Phenols, 
F-, S2- 

Surface water pH, conductivity, COD, 
Cl- 

BOD, tot-N, NH3-N, 
SO4

2-, Fe, Zn, Pb 
SS, TOC, Oil, AOX, 
Phenols, F-, S2-, Na, K, 
Ca, Mg, Cd 
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3.7.2 Requirements for discharge 
 
The means of evaluating when leachate can be left untreated, i.e., directly discharged to the 
recipient, may be comparisons with limit values for discharge or comparison values for 
recipients influenced to various degrees by pollution. In Table 10, limit values of different 
countries are given for direct discharge to surface water recipients. Sweden is not included, 
since the Swedish policy is not to give national limit values, but to adapt limit values to each 
situation (each landfill and recipient). Even if leachate is to be discharged to the sewer system, 
i.e., to be sent to a wastewater treatment plant, there may be leachate-quality requirements. 
Such quality demands are given as discharge limits in Table 11.  
 
Discharge limit values set by authorities may change over time, even though the effect of a 
discharge is the same. Other possible ways of determining when the period of leachate 
treatment will end could be to look at effects in the recipient or to compare water quality of 
recipients with the leachate quality. According to Naturvårdsverket (1990), a discharge of 
leachate that causes a doubling of the concentration of phosphorous or nitrogen in the 
recipient will give a distinct to strong influence. Oxygen-consuming material levels 
(measured as CODMn) can, however, be raised ten times before an influence can be regarded 
as distinct to strong. To obtain the same influence on the recipient from metals, the increase in 
metal content has to be threefold. 
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Table 10 Limit values for d irect discharge of leachate or discharge of leachate after on-site treatment to surface water. From Hjelmar et al. (1994) and the last-

four countries from Doedens and Theilen (1992).  

Component Unit Denmarka France 
MSW landfill

France 
Hazardous

waste landfill

Germany Spain EUb Netherlands Netherlands Italy
(1976)

Switzerland
(1988)

Austria (1981)

pH 5.5 to 8.5 5.5 to 8.5 5.5 to 9.5 6.5 to 9
SS mg/l 20 80 to 300 35 to 60 80 20 30, (50)
BOD mg/l 8 20 20 40 to 300 25 20 7-20d 40 20 20, 25max
COD mg/l 20 125 200 160 to 500 125 100 160 d 75, 90max
TOC mg/l 70 70c

AOX mg/l 0.5
EOX mg/l 0,005
Phenols mg/l 0.1 0.1 0.5 0.05 0.1
BTEX µg/l 5
Hydrocarbons mg/l 5 10 10
CN dissolved mg/l 0.1 0.1
Tot -N mg/l 8 70c 15 20
TKN mg/l 8-15d

NH3-N mg/l 2 10 50, 10c 4-8d 12 d d

NO3-N mg/l 20 d d

NO 2-N mg/l 1-4d 0.6 0.3 1.5
PO4

3- mg/l 3c

SO 4
2- mg/l 500 1000 300 d

F- mg/l 15 15
Cl- mg/l Fixed by local authorities d d

Ca mg/l
Fe mg/l 2 2 2
Total heavy metals mg/l 15 15
Hg µg/l 50 50 50 0.5 0.5 5 10 10
Cr6+ µg/l 100 100 500 75 200 100 100
Cr (tot) µg/l 2200 2100 2100
Pb µg/l 1000 500 500 50 200 500 1000
Cd µg/l 200 200 100 2.5 2.5 20 100 100
As µg/l 100 100 100c 50
Se µg/l 30
Sn µg/l 10000 2000 2000
Zn+Cr+Ni+Pb+Cu µg/l 400
Zn µg/l 2000 200 500 2000 3000
Ni µg/l 500 100 2000 2000 2000
Cu µg/l 100 100 500 50 50 100 500 1000
Fishtox. class 2 0-5d

a Limit values for other components are set by the local authorities b EU directive regarding discharge of sewage (91/271/EØF), 21/04/91
c Future limits for discharge after on-site treatment

d Depends on quality and size of the river. 
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four countries from Doedens and Theilen (1992).  

Component Unit Denmarka France 
MSW landfill

France 
Hazardous

waste landfill

Germany Spain EUb Netherlands Netherlands Italy
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pH 5.5 to 8.5 5.5 to 8.5 5.5 to 9.5 6.5 to 9
SS mg/l 20 80 to 300 35 to 60 80 20 30, (50)
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Table 10 Limit values for d irect discharge of leachate or discharge of leachate after on-site treatment to surface water. From Hjelmar et al. (1994) and the last-
four countries from Doedens and Theilen (1992).  

Component Unit Denmarka France 
MSW landfill

France 
Hazardous

waste landfill

Germany Spain EUb Netherlands Netherlands Italy
(1976)

Switzerland
(1988)

Austria (1981)

pH 5.5 to 8.5 5.5 to 8.5 5.5 to 9.5 6.5 to 9
SS mg/l 20 80 to 300 35 to 60 80 20 30, (50)
BOD mg/l 8 20 20 40 to 300 25 20 7-20d 40 20 20, 25max
COD mg/l 20 125 200 160 to 500 125 100 160 d 75, 90max
TOC mg/l 70 70c

AOX mg/l 0.5
EOX mg/l 0,005
Phenols mg/l 0.1 0.1 0.5 0.05 0.1
BTEX µg/l 5
Hydrocarbons mg/l 5 10 10
CN dissolved mg/l 0.1 0.1
Tot -N mg/l 8 70c 15 20
TKN mg/l 8-15d

NH3-N mg/l 2 10 50, 10c 4-8d 12 d d

NO3-N mg/l

70c

AOX mg/l 0.5
EOX mg/l 0,005
Phenols mg/l 0.1 0.1 0.5 0.05 0.1
BTEX µg/l 5
Hydrocarbons mg/l 5 10 10
CN dissolved mg/l 0.1 0.1
Tot -N mg/l 8 70c 15 20
TKN mg/l 8-15d

NH3-N mg/l 2 10 50, 10c 4-8d 12 d d

NO3-N mg/l 20 d d

NO 2-N mg/l 1-4d 0.6 0.3 1.5
PO4

3- mg/l 3c

SO 4
2- mg/l 500 1000 300 d

F- mg/l 15 15
Cl- mg/l Fixed by local authorities d d

Ca mg/l
Fe mg/l 2 2 2
Total heavy metals mg/l 15 15
Hg µg/l 50 50 50 0.5 0.5 5 10 10
Cr6+ µg/l 100 100 500 75 200

20 d d

NO 2-N mg/l 1-4d 0.6 0.3 1.5
PO4

3- mg/l 3c

SO 4
2- mg/l 500 1000 300 d

F- mg/l 15 15
Cl- mg/l Fixed by local authorities d d

Ca mg/l
Fe mg/l 2 2 2
Total heavy metals mg/l 15 15
Hg µg/l 50 50 50 0.5 0.5 5 10 10
Cr6+ µg/l 100 100 500 75 200 100 100
Cr (tot) µg/l 2200 2100 2100
Pb µg/l 1000 500 500 50 200 500 1000
Cd µg/l 200 200 100 2.5 2.5 20 100 100
As µg/l 100 100 100c 50
Se µg/l 30
Sn µg/l 10000 2000 2000
Zn+Cr+Ni+Pb+Cu µg/l 400
Zn µg/l 2000 200 500 2000 3000
Ni µg/l 500 100 2000 2000 2000
Cu µg/l 100 100 500 50 50 100 500 1000

100 100
Cr (tot) µg/l 2200 2100 2100
Pb µg/l 1000 500 500 50 200 500 1000
Cd µg/l 200 200 100 2.5 2.5 20 100 100
As µg/l 100 100 100c 50
Se µg/l 30
Sn µg/l 10000 2000 2000
Zn+Cr+Ni+Pb+Cu µg/l 400
Zn µg/l 2000 200 500 2000 3000
Ni µg/l 500 100 2000 2000 2000
Cu µg/l 100 100 500 50 50 100 500 1000
Fishtox. class 2 0-5d

a Limit values for other components are set by the local authorities b EU directive regarding discharge of sewage (91/271/EØF), 21/04/91
c Future limits for discharge after on-site treatment

d Depends on quality and size of the river. 
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Table 11 Examples of limit values for d ischarge of leachate to municipal sewage treatment plants. From Hjelmar et a l. (1994), and the last three
from Doedens and Theilen (1992).

Component Unit Denmark Germany Spain United 
Kingdom

Netherlands Netherlands Switzerland
(1988)

Austria
(1981)

pH 5.5 to 8.4 6 to 9.5 6.5 to 9
SS mg/l 600 a a

BOD mg/l 40 to 300 a a 300-400a a

COD mg/l 400c 160 to 500 a a a

TOC mg/l
Oil mg/l 20 50 to 100
CH 4 dissolved mg/l 0.14 to
AOX mg/l 0.5
EOX mg/l 5
Phenols mg/l 5 50 5 20
BTEX µg/l 500
Hydrocarbons mg/l 20
CN dissolved mg/l 0.1 2
Tot -N mg/l a

TKN mg/l 300
NH 3-N mg/l 300 200 a

NO 3-N mg/l a

NO 2-N mg/l 3 9
PO 4

3- mg/l a

SO 4
2- mg/l 1500 1000 to a 300 a a

S2- mg/l 2 1
Cl- mg/l a a

Ca mg/l
Fe mg/l 20 a

Total heavy metals mg/l 10 5
Hg µg/l Trace level 50 1500 2.5 to 5 2 10 10
Cr6+ µg/l 375 500 100
Cr (total) µg/l 3000 500 7500 2500 2100
Pb µg/l 2000 500 3,000 200 500 1000
Cd µg/l 2000 100 1500 5 to 50 10 100 100
As µg/l 100b 1500 50
Ag µg/l 1000 1000
Sn µg/l 2000 2000 2000
Zn+Cr+Ni+Pb+Cu µg/l 2000 to
Fe mg/l 150
Zn µg/l 5000 2000 15000 1000 2000 3000
Ni µg/l 3000 500 5000 170 2000 2000
Cu µg/l 3000 500 7500 250 1000 1000
a Criteria are site specific and depend on capacity on the receiving works. b Future limits for discharge after on-site treatment
c or 95% elimination
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Kingdom

Netherlands Netherlands Switzerland
(1988)

Austria
(1981)

pH 5.5 to 8.4 6 to 9.5 6.5 to 9
SS mg/l 600 a a

BOD mg/l 40 to 300 a a 300-400a a

COD mg/l 400c 160 to 500 a a a

TOC mg/l
Oil mg/l 20 50 to 100
CH 4 dissolved mg/l 0.14 to
AOX mg/l 0.5
EOX mg/l 5
Phenols mg/l 5 50 5 20
BTEX µg/l 500
Hydrocarbons mg/l 20
CN dissolved mg/l 0.1 2
Tot -N mg/l a

TKN mg/l 300
NH 3-N mg/l 300 200 a

NO 3-N mg/l a

NO 2-N mg/l 3 9
PO 4

3- mg/l a

SO 4
2- mg/l 1500 1000 to a 300 a a

S2- mg/l 2 1
Cl-

5
Phenols mg/l 5 50 5 20
BTEX µg/l 500
Hydrocarbons mg/l 20
CN dissolved mg/l 0.1 2
Tot -N mg/l a

TKN mg/l 300
NH 3-N mg/l 300 200 a

NO 3-N mg/l a

NO 2-N mg/l 3 9
PO 4

3- mg/l a

SO 4
2- mg/l 1500 1000 to a 300 a a

S2- mg/l 2 1
Cl- mg/l a a

Ca mg/l
Fe mg/l 20 a

Total heavy metals mg/l 10 5
Hg µg/l Trace level 50 1500 2.5 to 5 2 10 10
Cr6+ µg/l 375 500 100
Cr (total) µg/l 3000 500 7500 2500 2100
Pb µg/l 2000 500 3,000 200 500 1000
Cd µg/l 2000 100 1500 5 to 50 10 100 100
As µg/l 100b 1500 50
Ag µg/l 1000 1000
Sn µg/l 2000 2000 2000
Zn+Cr+Ni+Pb+Cu µg/l 2000 to

mg/l a a

Ca mg/l
Fe mg/l 20 a

Total heavy metals mg/l 10 5
Hg µg/l Trace level 50 1500 2.5 to 5 2 10 10
Cr6+ µg/l 375 500 100
Cr (total) µg/l 3000 500 7500 2500 2100
Pb µg/l 2000 500 3,000 200 500 1000
Cd µg/l 2000 100 1500 5 to 50 10 100 100
As µg/l 100b 1500 50
Ag µg/l 1000 1000
Sn µg/l 2000 2000 2000
Zn+Cr+Ni+Pb+Cu µg/l 2000 to
Fe mg/l 150
Zn µg/l 5000 2000 15000 1000 2000 3000
Ni µg/l 3000 500 5000 170 2000 2000
Cu µg/l 3000 500 7500 250 1000 1000
a Criteria are site specific and depend on capacity on the receiving works. b Future limits for discharge after on-site treatment
c or 95% elimination
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3.8 SUMMARY OF LITERATURE REVIEW 
 
Several different options are available for achieving a more sustainable leachate management, 
many of which are under investigation. 
 

- Waste may be separated and possibly pre-treated before landfilling. Currently, there is 
an interest in mechanical biological pre-treatment (MBP) of MSW and the residual 
MSW after source separation. The MBP may be an alternative to incineration in order 
to achieve a low organic content of the waste, which is sometimes required for 
landfilled material. 

 
- Waste containing organic material may be steered to different degradation phases. 

Currently, there is a focus on the effects of a forced oxidation phase after anaerobic 
degradation. In addition, it may be possible to deliberately use different lengths of the 
two anaerobic degradation phases in order to steer the leachate quality in a short or 
long-term perspective. However, the focus of research has not been on the latter. 

 
- Waste may be managed differently at landfill sites. Currently, there is an interest in 

recirculation, especially with emphasis on the flushing bioreactor landfill. It is 
anticipated that this will prove to be a means of stabilising organic-rich waste, not just 
for the organic components but also for inorganic substances. 

 
- Sampling and analyses do affect leachate quality; however, not to the same extent as 

the factors above. There is no major focus on these issues. Some studies have focused 
on the partitioning of metals according to particle sizes. This may influence the choice 
of sampling technique or even the choice of leachate treatment technique. 

 
- Leachate quality changes over time. The focus so far has mainly been on the transition 

between acidogenic and methanogenic degradation. There is a lack of long-term data 
from landfills that may verify the decreasing concentration trends observed from 
laboratory experiments. 

 
- Predictions of leachate quality. The results of investigations performed differ 

markedly. The estimated times to reach discharge limits may differ two orders of 
magnitude. Currently, there is little interest in these issues. 

 
- Monitoring of leachates. There has not been much focus on this subject. 

 
One may conclusively state that most efforts are currently devoted to landfills receiving waste 
and possible actions for treating the arriving waste. However, some efforts are also being 
directed towards existing landfills. Those efforts are mainly devoted to forced aeration, 
recirculation and possibly prediction of leachate quality. Still, there is a lack of knowledge 
about long-term effects of existing landfills and of how these landfills could be managed in a 
more sustainable manner than today. The focus of this thesis has therefore been on predictions 
of leachate quality from such existing landfills and some possible measures to improve 
leachate management at these landfill sites. The results of the studies will be presented in the 
following chapters. 
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4.  QUALITY DIFFERENCES IN LEACHATES FROM 
DIFFERENT DEGRADATION PHASES (PAPER I) 

 
The objective of this study was to evaluate the differences between acidogenic and 
methanogenic MSW leachates. 
 
 
4.1 MATERIAL AND METHODS 

4.1.1 Simulators and pilot plant 
 
The data used originate from leaching experiments of municipal solid waste (MSW) in 
landfill simulators and from a pilot plant for two-step anaerobic degradation. The simulators 
contained about 40-45 kg of MSW, while the pilot plant contained 457 tonnes of waste.  
 
The materials in all simulators were initially acidogenic. Some of the simulators were forced 
methanogenic after a period of air injection. In order to facilitate the statistical treatment of 
the results, criteria had been defined for the methanogenic degradation phase. Besides 
vigorous methane production, a reactor had been considered methanogenic when the trend for 
organic material, as COD and VS, was still declining and: 
 

pH > 7.0 
COD < 6000 mg/l 
VS < 6000 mg/L 

 
The same criteria have been used for the methanogenic leachate from the pilot plant. No data 
from overloaded situations have been used.  
 
Analyses were made on unfiltered samples. 
 

4.1.2 Evaluation 
 
Simulator and pilot plant data were compared by box-plots and unpaired comparison of 
averages by t-test.  For the simulator data, a paired comparison of averages at the same L/S 
ratio was also performed with the t-test. The comparisons with t-tests were evaluated on a 5% 
significance level. The paired comparison was not performed on metals, due to lack of data. 
 
A multivariate data analysis (MVDA), in this case a principal component analysis (PCA), was 
performed on the methanogenic leachate from the pilot plant. The MVDA calculations were 
performed with SIMCA, a commercially available computer program (Umetrics 2001).   
 
Geochemical equilibrium calculations were performed with the program PHREEQC version 2 
(Parkhurst and Appelo 1999). The possibilities for sulphide precipitation were calculated for 
the methanogenic leachate from simulators. The inorganic content of the leachates was 
considered in the calculations. No special considerations were made regarding the solid waste 
matrix or the content of the gas phase.  
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4.2 RESULTS AND CONCLUSIONS 
 
Ehrig (1989) divided variables into those dependent, and those independent of the degradation 
phase. This division was based on observations at landfills. Other authors have observed 
similar patterns at landfills (e.g., Robinson (1995) and Hjelmar et al. (1994)). However, they 
have not tried to verify observed differences in a statistical way. This study, which is based on 
experiments in different degradation phases, confirms differences found by Ehrig (1989). 
Such variables with confirmed differences are pH, BOD, COD, magnesium, calcium, iron, 
manganese and zinc. All, except pH, occur at higher levels under acidogenic conditions as 
compared to methanogenic conditions. In addition, from the results of this study, the 
following variables can also be considered to occur at higher levels under acidogenic 
conditions: TOC, VS, TS, conductivity, nitrogen, phosphorous, sulphur, sodium, potassium, 
arsenic and cobalt.  
 
There are some noticeable exceptions to the list of variables with higher concentrations under 
acidogenic conditions. Under specific circumstances, it seems as if lead, copper, barium and 
aluminium occur in higher concentrations under methanogenic conditions than under 
acidogenic conditions. This is in contradiction to what can be expected from earlier 
observations at landfills (e.g., Ehrig (1983), Hjelmar et al. (1994) and Robinson (1995)) and 
at plants for two-step anaerobic degradation of MSW or putrescible refuse (Ecke 1997). 
Higher concentrations under acidogenic conditions may be explained as:  

- a lower pH (acidogenic) promotes the dissolution of metals; 
- the lower redox potential and higher pH under methanogenic conditions favours the 

formation of many different solid metal complexes (Ecke 1997).  
The reason for the observed exceptions is probably the formation of aluminium hydroxide and 
adsorption of metals to it. This fits with the pH interval of aluminium hydroxide formation, 
adsorption orders of metals to aluminium hydroxide and with observations from the PCA of 
the methanogenic leachate from the pilot plant. The alternative hypothesis, the expectation of 
sulphide formation as an explanation, was also tested, but could be discarded. The largest 
effect of aluminium hydroxide formation and adsorption to it is likely to occur at pH 6.5, due 
to aluminium having its lowest solubility at this pH (in surface waters) (Driscoll and Postek 
1996) and that metal adsorption is often enhanced at lower pH in the presence of organic 
ligands (Goldberg et al. 1996).  
 
The knowledge of the quality differences between acidogenic and methanogenic leachates, 
including situations of possible exceptions to the normal case, is valuable for a better 
understanding of leachate emissions from MSW. The operation of landfills and/or treatment 
plants for MSW may be steered in such a way as to either avoid situations with increased 
metal concentrations or to take advantage of them. The motives of such a steering could, e.g., 
be to steer the long-term leachate composition or to increase the waste stabilisation rate. 
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5. PREDICTIONS OF LEACHING FROM MSW (PAPERS II 
AND III)  

 
The objective of Paper II was to evaluate methods used for predictions. The objective of 
Paper III was to predict which substances will pose a long-term problem and also to estimate 
the period required to reach stabilisation in the landfill. 
 
 
5.1 MATERIAL AND METHODS 

5.1.1 Experiments 
 
The study of Paper II is based on comparisons of experiments performed within several 
different projects. These experiments cover different scales – from small-scale shaking 
leaching tests (SLTs) over simulator leaching to a large-scale test cell. The included 
experiments also cover several categories of wastes that can occur in MSW landfills: from 
wood ash over a combination of MSW and ash from brown coal incineration to MSW solely. 
 
The SLTs were performed on 100-125 g of grained and dried waste. The waste was mixed 
with water at certain proportions and shaken for 24 hours. In order to achieve a leaching curve 
towards the liquid to solid (L/S) ratio, the water or the solid waste were exchanged in steps, 
each with a shaking period of 24 hours.  
 
Results from the simulator experiments were used in both Papers II and III. The simulators 
had a volume of about 100 litres. Waste was added and water was recirculated. Gas and 
leachate samples were collected. On occasions of leachate sampling, the sampled amount of 
leachate was replaced by fresh water. Additional water was added on certain occasions. 
 

5.1.2 Evaluation techniques 
 
The evaluation method presented in Paper II covers a comparison of leaching pattern and 
concentration levels of the different scales of experiments. Comparisons were made with 
respect to L/S and each comparison was based on waste samples from the same sampling 
point and occasion. When data of two methods did not overlap in L/S, the probability of a fit 
between the leaching curves was evaluated.  
 
In Paper III, the leaching patterns from simulator experiments were fitted to exponential 
decreasing curves. The amount of emitted substances was calculated based on concentration 
and leachate amounts taken out of the system on each occasion. The calculations of emission 
potentials, however, were based on integration of the exponentially decreasing curves.  
 

5.1.3 Liquid to solid ratio (L/S) and time 
 
L/S is the liquid over solid ratio. The calculations of L/S are based on the water added to the 
waste, according to: 
 
L/S = [I*t + M/A + (1-TS)*H*ρ] / [TS*H*ρ] (Eq. 1) 
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where 
 

L = infiltrated water + actively added water + initial water content of the waste 
(tonnes/m2) 
S = dry content of the initial waste (tonnes/m2)  
I = Infiltration (m3/(m2, year)) 
A = surface area (m2) 
ρ = density (tonnes of waste/m3) 
H = Height (m) 
TS = total solids (tonnes of TS/tonnes of waste) 
t = time (years) 
M = amount of added water (m3) 

 
The time, t, can then be calculated as: 
 
t = [(H*ρ * (L/S*TS – 1 + TS)) – M/A] / I (Eq. 2) 
 
 
5.2 RESULTS AND CONCLUSIONS 

5.2.1 Paper II 
 
The results showed large discrepancies between the leaching pattern and leachate 
concentration level of SLTs and simulator experiments, as can be seen in Figure 9. The 
leaching pattern of a conservative substance like chloride did also not show a good fit 
between simulators and SLTs, see Figure 10. 
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Figure 9 Electrical conductivity in leachate from SLTs and simulator experiments 

performed with wood bottom ash. 
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Figure 10 Chloride in leachate from SLTs and simulator experiments with MSW+ash. SLT 

data start at L/S 10, presenting duplicate test data. Sample data for one of the 
wastes within the category MSW+ash. 

 
 
The leaching pattern of simulators and the test cell showed similarities in leaching pattern, as 
can be seen regarding the decreasing concentration trend between L/S 2 and <3, see Figure 
11. The concentration level differs, however. The similarity in trends is interrupted by a 
sudden increase in concentration level of the test cell (Figure 11). After the sudden increase in 
concentration, the test cell shows a tendency to follow the decreasing trend again. 
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Figure 11 A comparison in development of conductivity with L/S for simulators and field 
test cell. 
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The reasons for the discrepancies were sought for in factors that differed between the different 
test performances. The factors were defined as: 
 

•  L/S ratio 
•  Biological degradation 
•  Water exchange 
•  Recirculation/mixing 
•  Duration of experiment 
•  Size of particles 
•  Temperature 
•  Sample preparation/storage 

 
L/S was used for comparisons of the different tests. It was found to be a better tool for 
comparisons between different tests and landfills than the time factor, but the L/S alone has 
limited application. Other factors influence the leaching. The absence vs presence of 
microbiological activity is the factor with largest impact.  
 
 
SLTs vs. simulators 
 
The lack of biological activity in SLTs is the main reason why those tests are not a good tool 
for predictions of leachate quality from MSW landfills over the long term. Still, some single 
constituents, e.g., conservative substances like chloride, are not influenced much by biological 
activity. The discrepancy that was found for conservative substances between SLTs and tests 
with biological activity was mainly due to the amount of substances removed from the waste 
by water exchange; i.e., those substances are no longer part of the leaching.   
 
The temperature may be responsible for up to about 10% of the concentration differences. The 
factors recirculation/mixing and size of particles were of minor importance in these 
experiments. The duration of experiments is too short to establish equilibrium for most 
substances. The preparation of the samples is crucial and determines the level of other factors 
such as the presence of biological activity or size of particles. 
 
 
Simulators vs. test cell 
 
Based on the comparison of results from simulators and the large-scale test cell, it was 
concluded that the landfill simulator tests can be used to predict: 
 

•  highest expected concentration of various leachate analytes such as organic material, 
nitrogen and conductivity;  

•  concentration development of several analytes; 

•  lowest L/S ratio to stabilise the waste (i.e., a certain percentage of the amount in the 
waste has been removed and the pollution potential has decreased) with respect to 
organic material, nitrogen and salts; it is likely that this is also valid for metals. 
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Landfill simulator tests are, however, not very useful for predicting the L/S ratio required to 
reach a certain concentration. The associated uncertainty of the predictions is at least a factor 
of 4. 
 
The applicability of leaching tests is mainly limited by the fact that the landfills have not been 
operated at optimal conditions. It is likely that some elements of the waste in landfills do not 
contribute to the leaching due to, e.g., uneven water distribution and barriers such as plastic 
bags. This was indicated by lower concentrations from the test cell than from simulators and a 
sudden increase in electrical conductivity of the test cell leachate after a longer period of 
recirculation (Figure 11).  
 
The applicability of leaching tests for predictions would be greater if enhanced stabilisation 
could be applied in both leaching tests and at landfills. Suggested changes of factor levels in 
order to achieve an enhanced stabilisation are presented in Table 12. Kinetic aspects, 
geotechnical landfill stability issues, as well as practical considerations limit the degree of 
increase or decrease, as indicated in Table 12. In addition, the design of the leachate 
collection system influences the possibility of applying enhanced stabilisation.  
 
Table 12 Suggested changes of factor levels in order to enhance waste stabilisation. 
 
Factor Changed direction 

compared with situation 
of today 

Suggested suitable level  

Water addition increase Limited by kinetics. Min HRT1 of 24 h at 
acidogenic degradation. At methanogenic 
conditions longer HRT 

Water withdrawal increase See water additions 
Leachate recirculation increase Minimum a daily recirculation of 30% of 

initial waste volume 
Particle size decrease Upper limit about 10 cm 
Temperature increase (methanogenic 

conditions)  
Mesophilic range, keep stable 

Preparation  Additions of inoculum with leachate 
(initially) 

1 HRT: hydraulic retention time 
 
 
Applying a modified landfill simulator test in accordance with information in Table 12 would 
make it possible to generate results of leaching tests that consider biological activity and 
cover a wide L/S interval, making leaching predictions more reliable. 
 

5.2.2. Paper III 
 
Even though simulator tests cannot be considered a good tool for predicting the L/S ratio to 
reach certain concentration levels (as concluded in Paper II), they are still one of the best 
options for such estimations.  
 
The concentration trends of simulator tests with waste can often be fairly well fitted to 
exponential decreasing trends. However, there are exceptions with a low goodness of fit, R2. 
Such situations may be due to concentration levels that are too low, initial leaching phases 
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with different leaching pattern or a probable establishment of new micro-flora. The latter will 
mainly influence the nutrient concentrations. The R2 after corrections due to an initial 
different phase and exclusions due to insufficient concentration level varied for the simulator 
tests between 0.43 and 0.98.  
 
Leachate emissions are influenced by waste composition. The specific emission potential, i.e., 
the predicted release of a substance in relationship to the initial content of this specific 
substance in the waste, was for COD and TOC found to be larger for wastes with higher 
organic content than for wastes with lower organic content. The specific emission potential 
for nitrogen shows a tendency to follow this pattern, but it could not be verified by the results 
of Paper III.  
 
Leachate emissions are influenced by environmental conditions. Well-established 
methanogenic degradation tends to favour nitrogen as a potential long-term leachate pollutant, 
when compared to organic material. The specific carbon emissions (by gas and leachate) were 
observed to be 7 times the specific nitrogen emissions at L/S 5 for methanogenic conditions, 
while the specific carbon and nitrogen emissions were more in the same range for acidogenic 
conditions. A combination of different degradation phases may influence the overall 
emissions by leachate. The observed upper limit of specific leachate emission potentials at 
methanogenic conditions was observed to be about 35% for nitrogen and about an order of 
magnitude lower, i.e., about 1.5%, for carbon. 
 
Nitrogen seems to be the long-term problem in most situations, when compared to organic 
material. This is valid for most situations and both when calculating the remaining specific 
emission potential and when extrapolating concentration trends. However, the concentration 
limits may determine which substances will be considered a long-term problem. 
 
The period required to reach specified concentration limits is preferably expressed as L/S, not 
as time, since the landfill design and management are major determining factors where time is 
concerned. The number of years equal to one L/S unit varies with more than one order of 
magnitude for different common intervals of landfill design – from 6 to 252 years. The L/S 
ratio is more general and can be converted to time for each specific landfill. The longest L/S 
period required to reach concentration limits was predicted to be 27 and was connected to 
nitrogen.  
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6. ACCURACY OF COD ANALYSIS OF LANDFILL 
LEACHATES (PAPER IV)  

 
The objective of this study was to identify how inorganic constituents of landfill leachates can 
affect the COD analysis.  
 
 
6.1 MATERIAL AND METHODS 
 

6.1.1   Experimental design 
 
Two designed experiments were performed in series. The first experimental layout was 
performed according to a two-level factorial design with resolution IV (2(7-3)). The second 
layout was performed according to a CCF design (central composite face – centred design) 
(Umetri 1998). Factors evaluated in the first part of experiments were: chloride, ammonium, 
sulphide, iron (II), manganese (II), time of reaction and concentration of the dichromate 
solution. Three significant factors were left for the second part of experiments: sulphide, iron 
(II) and manganese (II). In addition to these factors, two organic substances frequently 
occurring in acidogenic leachate were included – ethanol and acetic acid. In all experiments, a 
methanogenic leachate from laboratory simulator leaching of MSW was used as a 
background; i.e., the inorganic substances to be evaluated were added to the leachate. This 
was done in order to maintain the complexity of leachate composition and to be able to 
observe interaction effects of the inorganic factors with, e.g., the organic material in the 
leachate. The experiments were only evaluated regarding COD analysis. 
 

6.1.2 Statistical evaluation 
 
The experiments were evaluated by multiple, linear regression using the Modde software from 
Umetri (1999). The evaluation was done for CODdev, i.e., the measured COD with the 
theoretical oxygen demand of the added ethanol and/or acetic acid excluded. 
 
 
6.2 RESULTS AND CONCLUSIONS 
 
The results of the first part of experiments show that chloride, ammonia and changes in the 
COD method had no significant effect (95% confidence level) on the COD value. However, 
iron (II), manganese (II) and sulphide had. In the second part of the experiments, it was 
observed that up to a third of the COD value could have its origin in these inorganic variables. 
Sulphide and iron (II) were the dominating factors, including the interaction between the two 
substances. The interaction effect accounted for about half of the COD value due to the 
inorganic additions. The results confirm the hypothesis that COD cannot be used solely as a 
measure of the organic matter of MSW landfill leachates. The results further showed that 
interactions between substances may be important; both inorganic interactions and inorganic-
organic interactions. The latter may explain the observed difficulties in reaching low effluent 
COD values from biological treatment plants for landfill leachates. 
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7. IMPROVEMENT OF LEACHATE MANAGEMENT AT 
LANDFILL SITES (PAPERS V AND VI) 

 
The objective for Papers V and VI was to evaluate techniques that may improve the leachate 
management at landfill sites. The focus was on improvements applicable in the short term, 
though the long-term effects were not neglected. A separate collection of different polluted 
waters within a landfill area was evaluated in Paper V. The focus of Paper VI was on a 
technique to improve the information within the monitoring programme. 
 
 
7.1 MATERIAL AND METHODS 

7.1.1 Sampling and analyses 
 
Sampling of leachate was performed in the field. For Paper V, sampling was defined at 
several places at the Dåvamyran landfill site, which is located near Umeå in northern Sweden. 
Within the Dåvamyran landfill there are areas mainly devoted to landfilling of ash, co-
disposal of MSW and ash, as well as areas devoted to different kinds of sorting activities. 
Leachate samples were collected from wells in the ash area and form wells in the co-disposal 
area. Samples of surface run-off water were collected in ditches at specified locations. In 
Paper VI, there was a single sampling point located in the leachate pond of the Äskya landfill, 
which is situated at Älmhult in the south of Sweden.  
 
Unfiltered samples were analysed. The analyses presented in Paper V include common 
analyses, including pH, conductivity, measures of summarised organic content, nitrogen and 
metals. The analytical programme within Paper VI covers a broader spectrum of analyses, 
including several specific organic substances or groups of substances.  
 

7.1.2 Statistical evaluation by MVDA 
 
Principal component analysis (PCA) has been applied to the data of both papers (V and VI). 
PCA is a method designed to extract and display the systematic variation in a data matrix X. 
Partial least squares projection to latent structures (PLS) has been applied to the data of paper 
VI. PLS is a regression extension of PCA, which is used to connect the information in two 
blocks of variables, X and Y, to each other. 
 
The quality of the models is expressed as goodness of fit (R2) and goodness of prediction 
(Q2). 
 
 
7.2 RESULTS AND CONCLUSIONS 

7.2.1 Paper V 
 
Leachate composition varied within the Dåvamyran landfill; both between landfill parts that 
contain different compositions of waste and within landfill parts containing the same kind of 
waste, as illustrated by the separate location of the different waters within the PCA plot of 
Figure 12. The leachate from the co-disposal area (co-disposal of MSW and MSWI ash) had 
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higher amounts of nitrogen, organic material, chromium and alkalinity compared to the 
MSWI ash leachate. This can be noted from the loading scatter plot of Figure 13, since the 
mentioned substances are located in the upper left corner and, hence, are one major reason 
why the co-disposal leachate is located in the upper left corner of the score scatter plot in 
Figure 12. The conductivity and the amounts of metals (iron, manganese, cobalt and nickel) 
were higher in the ash leachate compared to the co-disposal leachate.  
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Figure 12 Score scatter plot for the different kinds of waters within Dåvamyran landfill. 

Principal component (PC) 1 versus PC 2. R2= 0.755 and Q2= 0.635. L1 and L4: 
leachates from the co-disposal area, L2 and L3: leachates from the ash area, S0 
and S1: surface run-off waters. P: leachate from the leachate pond. 
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Figure 13 Loading scatter plot for the different waters within Dåvamyran landfill. PC 1 
versus PC2. R2= 0.755 and Q2= 0.635. 

 
 
The pH in leachates from the landfill part with MSWI ash was below neutrality, contrary to 
what might be expected. The relatively low pH is possibly caused by the carbonate system, 
i.e., carbonation and decalcification. Another reason might be sulphide oxidation.   
 
Separate collection and treatment of waters with different qualities within the landfill area 
may be advantageous for leachate management, since this may enable a reduction in the mass 
flow discharge of different substances from the landfill site as well as a reduction of the 
overall discharge concentrations. 
 

7.2.2 Paper VI 
 
The content of specific organic substances varied significantly, but no obvious time trends 
were observed. High peak values were registered for some substances. The highest one-time 
registered concentration of one of the phthalates was 180 µg/l, while the concentration of all 
phthalates on all other occasions showed a maximum value of 2.7 µg/l and most often below 
0.6 µg/l. A similar situation was found for pesticides. The phenoxy acid 2,4-DB appeared at a 
concentration of 11 µg/l on a single occasion, while the concentrations of that phenoxy acid as 
well as the other phenoxy acids were a maximum 0.67 µg/l on the other occasions. Still, a 
good PLS model could be provided with the specific organic substances as Y and all other 
variables as X. The goodness of fit for each of the individual organic substance was above 
0.90, and the goodness of prediction for each organic substance was generally above 0.80 (the 
only exception was vinyl chloride, which had a goodness of prediction of about 0.65). The 
drawback of the model is the high number (5) of significant principal components. However, 
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the high goodness of fit and goodness of prediction verify the hypothesis that it is possible to 
predict the content of specific organic substances or groups of substances in a landfill leachate 
from more common analyses by the use of MVDA. 
 
The observed variation in concentrations of the more common variables in Äskya landfill 
leachate is smaller than the ones mentioned above for some of the specific organic substances. 
A tenfold difference in concentration is, for these more common variables, very large. The 
exceptions were iron and zinc. Many of the x-variables in the PLS model mentioned above 
(specific organic substances as Y and the rest of variables as X) indicate almost the same 
thing; i.e., they are situated close to each other on loading plots, see Figure 14. The hypothesis 
that some analyses can be estimated by others was tested by making a PLS model in which 
just one analysis of each category was kept as an x-variable. The excluded variables were set 
as responses (y-variables); e.g., TOC was kept as x, but DOC became a y-variable. None of 
the specific organic substances were included in the model. The result of this modelling can 
be seen as a loading plot in Figure 15. The model has a high goodness of fit (R2X = 0.999; 
R2Y = 1.000) and a high goodness of prediction (0.993). It then seems possible to reduce the 
number of analyses within the monitoring programme and retain the information about the 
leachate composition (as well as the excluded variables). 
 
 
 

 
Figure 14 PCA of the x-variables within the first PLS model (specific organic substances 

as Y and the rest of variables as X), i.e., pH, the inorganic content and the 
measures of summarised organic content. 
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Figure 15 PLS loading plot for the model of predicting some inorganic variables from 

other inorganic variables. X-variables: grey circles, Y-variables: black boxes. 
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8. CONCLUSIONS AND FINAL REMARKS  
 
The main conclusion of the investigations within this thesis is that it is possible to improve the 
leachate management of today and achieve a more sustainable leachate management.  
 
8.1 EVALUATION OF LEACHATE QUALITY 
 
It has been shown that 
 

- Acidogenic and methanogenic leachates differ in quality to a larger extent than 
previously believed. Nitrogen and some metals are among the additional substances 
that show differences due to degradation phase. There are also certain circumstances 
under which the concentrations of lead, copper, barium and aluminium are higher 
under methanogenic conditions than under acidogenic conditions. This increased 
knowledge about concentration differences due to degradation phases may be utilised 
either in applications like bioreactor landfills or for avoidance of disturbances in 
leachate treatment plants.  

 
- Predictions of leachate quality should not be performed with small-scale shaking 

leaching tests. Landfill simulator reactors are useful tools for prediction of the highest 
expected concentrations, the concentration development and the lowest L/S ratio to 
stabilise the waste. The landfill simulator reactors are, however, afflicted with an 
uncertainty of at least a factor of four when used for prediction of L/S ratio to reach a 
certain concentration. 

 
- The implementation of laboratory leaching results at landfills is very dependent on the 

actual landfill site. It is therefore suggested that the development of different 
concentrations in leachate ought to be presented towards L/S ratio instead of time. 
This will facilitate the comparison of laboratory with field data and the evaluation of 
the reliability of predictions based on laboratory data. 

 
- Nitrogen seems to pose the long-term pollution problem in leachates, when comparing 

organic material and nitrogen. Nitrogen as a long-term problem is more accentuated 
under methanogenic conditions compared to acidogenic conditions.  

 
- COD cannot be used solely as a measure of the organic matter of MSW landfill 

leachates. Interactions between substances may be important and may explain why it 
is hard to reach low effluent COD values from biological leachate treatment plants.  

 
 
8.2 IMPROVEMENT OF LEACHATE MANAGEMENT AT LANDFILL 

SITES 
 
The leachate management at existing landfills may be improved by  
 

- Keeping leachates from different parts of the landfill separated. This may lead to a 
reduction of the overall discharged amount of substances to the environment. The first 
and most obvious step towards a separate collection of waters is the division between 
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leachate and less polluted surface run-off water. The next step may be to collect 
different leachates. 

 
- Treating the monitoring information with multivariate data analysis. The information 

within existing monitoring programmes may be extended with information about 
additional substances. These additional substances are normally only analysed on 
some occasions in order to generate information to the data model. Alternatively, the 
amount of analyses within the existing monitoring programme could be reduced, but 
information about the excluded substances could still be provided.  
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9. FURTHER RESEARCH 
 
Different potential areas of additional research are highlighted in the following. The focus is 
on areas with connection to existing landfills. There are additional topics for landfills under 
construction, such as the understanding of the high-rate flushing bioreactor. 
 
 
9.1 RELIABILITY IN PREDICTIONS 
 
There is still a lack of knowledge about the performance of MSW landfills in the long term. 
There is a lack of field observations over longer periods. It would be interesting to achieve 
such time series, recalculate them towards L/S ratio and compare them with the results of 
leaching tests. This would be a verification/falsification of the landfill simulator tests as a 
good option for future predictions and the question to be answered is: Are landfill simulator 
reactors suitable for leachate quality predictions? 
 
 
9.2 LONG-TERM LEACHING 
 
The predictions of how long emissions will last are mainly based on extensions of leachate 
concentration trends of laboratory experiments. Will these trends actually develop as 
predicted? And how are the trends influenced by different factors, like waste composition, 
degradation phases and landfill operation (like shredding and recirculation)? Laboratory 
experiments in landfill simulator reactors could be used to investigate these topics. 
  
 
9.3 EMISSION POTENTIALS 
 
How much of a substance may be emitted during natural circumstances? In order to be able to 
evaluate different options for landfilling, it is necessary to know how much of the material in 
the waste may be emitted. There is a lack of information about different environmental 
conditions. The emission potentials given so far only cover one degradation phase. It would 
be interesting to know the emission potentials of different substances that are emittable over 
several natural phases, including e.g., the methanogenic degradation and the oxidation phase. 
The overall emission potential could be compared for different kinds of wastes, facilitating an 
evaluation of disposal options – co-disposal or separate disposal. 
 
 
9.4 SAMPLE PRE-TREATMENT 
 
There is often some question as to whether leachate samples should be filtered prior to 
analyses or not. This question needs to be highlighted and evaluated. Even if the amount of 
particles and colloids is low in leachates, a dominating part of certain compounds could be 
found in this phase. The knowledge of such patterns can be important for the choice and 
efficiency of leachate treatment plants. 
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9.5 MONITORING 
 
MVDA seems to be a technique with options for increased information collection, simplified 
data evaluation and/or saving of money on monitoring programmes. It would be interesting to 
evaluate the possibilities and limitations with MVDA for monitoring programmes. The next 
step could be to investigate the possibilities of applying the technique to many landfills 
simultaneously. 
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10. LIST OF TERMS 
 
AOX Adsorbable organic halogens 
BOD Biological oxygen demand 
BTEX Benzene, toluene, ethylbenzene and xylene 
CN cyanide 
COD Chemical oxygen demand 
Cond Electrical conductivity 
DOC Dissolved organic carbon 
Emission potential How much of a substance that may be emitted 
EOX Extractable organic halogens 
EU European union 
FS Fixed solids (=TS-VS) 
L/S Liquid to solid ratio 
MBP Mechanical, biological pre-treatment 
MSW Municipal solid waste 
MSWI Municipal solid waste incineration 
MVDA Multivariate data analysis 
NH4-N Ammonia nitrogen 
NO2-N Nitrite nitrogen 
NO3-N Nitrate nitrogen 
NVOC Nonvolatile organic carbon 
PC Principal component 
PCA Principal component analysis 
PCDD/F Poly chlorinated dibensodioxins/dibensofurans 
PLS Partial least squares projection to latent structures 
Q2 Goodness of prediction 
R2 Goodness of fit 
SLT Small scale shaking leaching test 
Specific emission potential How much of a substance that may be emitted in relation to the 

amount of the substance originally present in the waste. 
Specific organic substances A summarised name for organic material, that has been defined (as 

opposite to BOD, that summarises organic material without 
specifying any substances)  

SS Suspended solids 
TKN Total kjeldahl nitrogen (mainly ammonia and organic nitrogen) 
TOC Total organic carbon 
TS Total solids 
VFA Volatile fatty acids 
VS Volatile solids 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

49

11. ACKNOWLEDGEMENTS 
 
I would like to express my gratitude to the funding organisations, the people providing me 
with data, information or help with sampling, the people being a support in my work and 
those being a personal support. So I whish to thank: 
 
UMEVA, Miljöteknik Orbit AB, Älmhult municipality, Åke and Greta Lissheds foundation 
and the faculty of Luleå University of Technology for financial support.   
 
Prof. Anders Lagerkvist and Dr. Lale Andreas for letting me use their respective thesis data 
and for cooperation in preparation of papers. Dr. Holger Ecke for cooperation with the COD-
paper, support and encouragement. Jan-Olov Andersson, prof. Grahame Farquhar and Leif 
Molander for comments on data or on manuscripts as well as for encouragement. Prof. Björn 
Öhlander for supervision during the latter phase of my thesis creation. Lea Rastas for her 
contribution with a senior design project.  
 
Ulla-Britt Uvemo, Annika Österberg, Kerstin Nordqvist for patient laboratory assistance. 
Cecilia Johansson, Maria Ärlestig, Dr. Christian Maurice and Sven-Östen Andersson for help 
with sampling at Dåvamyran landfill. Bengt Bengtsson for help with sampling at Äskya 
landfill. The staff at Dåvamyran landfill, especially Kent Ljungbladh and Christer Carlsson, 
for practical assistance at the Dåvamyran landfill site.  
 
Jorma Kangas, Ulrika Haapaniemi and Lasse Kylefors for co-operation in establishing the 
field projects. 
 
The secretaries of the division Anette Heikkilä, Britt-Inger Nilsson, Gunilla Hedman and 
Gunvor Backman for administrative issues as well as providing a nice environment. 
 
Arvid Jacobsson, Kerstin Grennberg, Thomas Forsberg and all other persons at the division of 
Waste Science & Technology. 
 
Larisa, Bibi, Birgitta, Kairi, Ann-Sofie, other friends and my family, especially Roger, for 
support during the thesis process.  
 
Mark Wilcox and Wayne Chan for editing language. 
 
 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

50 

12. REFERENCES 
 
Andreas, L. and B. Bilitewski (1999). Effects of waste quality and landfill technology on the 

long-term behaviour of municipal landfills. Waste Management & Research 17: 
413-423. 

Andreas, L. (2000). Langzeitemissionsverhalten von Deponien fur Siedlungsabfälle in den 
neuen Bundesländern. Doctoral dissertation, ISBN 3-934253-04-0, Institut fur 
Abfallwirtschaft und Altlasten, Technische Universität Dresden, Dresden. 

Baccini, P., G. Henseler, R. Figi and H. Belevi (1987). Water and element balances of 
municipal solid waste landfills. Waste Management & Research 5: 483-499. 

Beaven, R. and K. Knox (1999). Design of a demonstration high rate flushing bioreactor 
landfill. SUnRISE, University of Southampton, Southampton. ENTRUST ref no 
727168.002; http://www.soton.ac.uk/~sunrise/hrfb.pdf.   

Beaven, R., K. Knox and B. Croft (2001). Operation of a leachate recirculation trial in a 
landfill test cell. Sardinia '01, Eighth International Landfill Symposium, T. H. 
Christensen, R. Cossu and R. Stegmann, S. Margheritha di Pula, Cagliari, Italy, 
CISA (Environmental Sanitary Engineering Centre), Cagliari, Italy. III(V). 595-
604. 

Beaven, R. P. and A. N. Walker (1997). Evaluation of the total pollution load of MSW. 
Sardinia '97: Sixth international landfill symposium, 13-17 October 1997, 
Christensen, Cossu and Stegmann, S. Margherita di Pula, Cagliari, Italy, CISA 
(Environmental Sanitary Engineering Centre), Cagliari, Italy. I(V). 57-71. 

Belevi, H. and P. Baccini (1989). Long-term behavior of municipal solid waste landfills. 
Waste Management & Research 7: 43-56. 

Bogner, J. and K. Spokas (1995). Effect of Leachate Recirculation on Landfill Gas Production 
and Leachate Quality: A Controlled Laboratory Study. Final subcontract report, 
NREL/TP-430-7973. National Renewable Energy Laboratory (NREL), Golden, 
Colorado. 86. 

Bozkurt, S., L. Moreno and I. Neretnieks (1999). Long-term fate of organics in waste deposits 
and its effect on metal release. The Science of the Total Environment 228: 135-
152. 

Chian, E. S. K. and F. B. DeWalle (1976). Sanitary Landfill Leachates and Their Treatment. 
Journal of the Environmental Engineering Division, American Society of Civil 
Engineering (EE2) 102: 411-431. 

Christensen, T. H. (1982). Perkolat. Noter om: Kontrollerede lossepladser. Köpenhamn, 
Teknisk forlag a-s. Danske Ingeniørers Efteruddannelse: 6.1- 6.45. 

Chugh, S., W. Clarke, P. Pullammanappallil and V. Rudolph (1998). Effect of recirculated 
leachate volume on MSW degradation. Waste Management & Research 16(6): 
564-573. 

Cossu, R., M. C. Lavagnolo and R. Raga (2001a). In situ stabilisation of old landfills: lab 
scale and field tests. Sardinia '01, Eighth International Landfill Symposium, T. 
H. Christensen, R. Cossu and R. Stegmann, S. Margheritha di Pula, Cagliari, 
Italy, CISA (Environmental Sanitary Engineering Centre), Cagliari, Italy. IV(V). 
531-540. 

Cossu, R., R. Raga and D. Rossetti (2001b). Experimental reduction of landfill emissions 
based on different concepts. The PAF model. Sardinia '01, Eighth International 
Landfill Symposium, T. H. Christensen, R. Cossu and R. Stegmann, S. 
Margheritha di Pula, Cagliari, Italy, CISA (Environmental Sanitary Engineering 
Centre), Cagliari, Italy. I(V). 219-230. 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

51

Cossu, R. and R. Serra (1989). 2.6  Effects of codisposal on degradation process. Sanitary 
landfilling: process, technology and environmental impact. Christensen, Cossu 
and Stegmann, Academic press Ltd, London: 121-151. 

Doedens, H. and K. Cord-Landwehr (1989). Leachate recirculation. Sanitary Landfilling: 
Process , Technology, and Environmental Impact. T. H. Christensen, R. Cossu 
and R. Stegmann. London, Academic Press Limited: 231- 249. 

Doedens, H. and U. Theilen (1992). Effluent requirements and related leachate treatment 
processes. Landfilling of waste: leachate. Christensen, Cossu and Stegmann, 
Elsevier science publishers Ltd.: 417-428. 

Driscoll, C. T. and M. P. Postek (1996). Chapter 9: The Chemistry of Aluminium in Surface 
Waters. The Environmental Chemistry of Aluminum. G. Sposito. Boca Raton, 
Florida, USA, CRC Press, Inc. 

Ecke, H. (1997). Anaerobic Processes for Control of Metal Fluxes from Solid Wastes. 
Licentiate thesis, 1997:35, ISSN 1402-1757, ISRN: LTU - LIC - - 1997/35 - - 
SE, Dep. of Environmental Engineering, Luleå University of Technology, 
Luleå. 

Ecke, H. (2001). Carbonation for fixation of metals in municipal solid waste incineration 
(MSWI) fly ash. Doctoral Thesis, 2001:33, ISSN 1402-1544, Department of 
Environmental Engineering, Division of Waste Science & Technology, Luleå 
University of Technology, Luleå. 

Ehrig, H. (1989). Leachate Quality. Sanitary Landfilling: Process, Technology, and 
Environmental Impact. T. H. Christensen, R. Cossu and R. Stegmann. London, 
Academic Press Limited: 213-229. 

Ehrig, H.-J. (1983). Quality and quantity of sanitary landfill leachate. Waste Management & 
Research 1: 53-68. 

Ehrig, H.-J. and T. Scheelhaase (1993). Pollution potential and long term behaviour of 
sanitary landfills. Sardinia '93: Fourth international landfill symposium, 11-15 
october 1993, Christensen, Cossu and Stegmann, Cagliari, Italy, CISA. 2(2). 
1203-1225. 

Flyhammar, P. and K. Håkansson (1999). The release of heavy metals in stabilised MSW by 
oxidation. The Science of the Total Environment 243/244: 291-303. 

Fourie, A. B., N. H. Rosqvist and L. H. Röhrs (2001). Potential impacts of preferential 
flowpaths on the opreation of a flushing bioreactor. Sardinia '01, Eighth 
International Landfill Symposium, T. H. Christensen, R. Cossu and R. 
Stegmann, S. Margheritha di Pula, Cagliari, Italy, CISA (Environmental 
Sanitary Engineering Centre), Cagliari, Italy. I(V). 319-328. 

Goldberg, S., J. A. Davis and J. D. Hem (1996). The Surface Chemistry of Aluminium Oxides 
and Hydroxides. The Environmental Chemistry of Aluminum. G. Sposito. Boca 
Raton, Florida, USA, CRC Press, Inc. 

Gounaris, V., P. R. Anderson and T. M. Holsen (1993). Characteristics and environmental 
significance of colloids in landfill leachate. Environmental Science & 
Technology 27(7): 1381-1387. 

Heyer, K.-U., K. Hupe, J. Heerenklage, M. Ritzkowski, F. Dalheimer and R. Stegmann 
(1999). Aeration of old landfillls as an innovative method of process 
enhancement and remediation. Sardinia 99: Seventh International Landfill 
Symposium, T. H. Christensen, R. Cossu and R. Stegmann, S. Margherita di 
Pula, Cagliari, Italy, CISA (Environmental Sanitary Engineering Centre), 
Cagliari, Italy. IV(V). 563-571. 

Heyer, K.-U., K. Hupe, M. Ritzkowski and R. Stegmann (2001). Technical implementation 
and operation of the low pressure aeration of landfills. Sardinia '01, Eighth 
International Landfill Symposium, T. H. Christensen, R. Cossu and R. 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

52 

Stegmann, S. Margheritha di Pula, Cagliari, Italy, CISA (Environmental 
Sanitary Engineering Centre), Cagliari, Italy. IV(V). 521-530. 

Heyer, K.-U. and R. Stegmann (1995). The long-term behaviour and residual emission 
potential of landfills. Sardinia '95: Fifth international landfill symposium, 2-6 
october 1995, Christensen, Cossu and Stegmann, S. Margherita di Pula, 
Cagliari, Italy, CISA (Environmental Sanitary Engineering Centre), Cagliari, 
Italy. 1(3). 149-161. 

Hjelmar, O. (1996). Disposal strategies for municipal solid waste incineration residues. 
Journal of Hazardous Materials 47: 345-368. 

Hjelmar, O., L. M. Johannessen, K. Knox, H.-J. Ehrig, J. Flyvbjerg, P. Winther and T. H. 
Christensen (1994). Management and Composition of Leahate From Landfills. 
Final report, DGXI A.4. Waste 92. Commission of the European Communities,  

Jensen, D. L. and T. H. Christensen (1999). Colloidal and dissolved metals in leachates from 
four Danish landfills. Water Research 33(9): 2139-2147. 

Kabbe, G., H. J. Roos, A. Wirtz, F. Forge, H. F. Schröder and M. Dohmann (1995). Long-
term emission behaviour of sanitary landfills. Sardinia '95: Fifth international 
landfill symposium, 2-6 october 1995, Christensen, Cossu and Stegmann, S. 
Margherita di Pula, Cagliari, Italy, CISA (Environmental Sanitary Engineering 
Centre), Cagliari, Italy. 1(3). 163-172. 

Kettunen, R. (1997). Treatment of landfill leachates by low-temperature anaerobic and 
sequential anaerobic-aerobic processes. Doctoral thesis, Publication 206, 
Tampere University of Technology, Tampere, Finland. 

Kjeldsen, P., M. A. Barlaz, A. P. Rooker, A. Baun, A. Ledin and T. H. Christensen (2002). 
Present and long term composition of MSW landfill leachate - a review. Critical 
reviews in Environmental Science and Technology .in press October 2002. 

Kjeldsen, P. and M. Christoffersen (2001). Composition of leachate from old landfills in 
Denmark. Waste Management & Research 19: 249-256. 

Klink, R. E. and R. K. Ham (1982). Effects of moisture movement on methane production in 
solid waste landfill samples. Resources and Conservation 8: 29-41. 

Kruempelbeck, I. and H.-J. Ehrig (1999). Long-term behaviour of municipal solid waste 
landfills in Germany. Sardinia 99 Seventh International Landfill Symposium, 4-
8 October 1999, Christensen, Cossu and Stegmann, S. Margherita di Pula, 
Cagliari, Italy, CISA (Environmental Sanitary Engineering Centre), Cagliari,  
Italy. 1(5). 27-36. 

Krug, M. N. and R. K. Ham (1997). Analysis of long-term leachate characteristics. Sardinia 
97 Sixth International Landfill Symposium, 13-17 October 1997, Christensen, 
Cossu and Stegmann, S. Marherita di Pula, Cagliari, Italy, CISA (Environmental 
Sanitary Engineering Centre), Cagliari,  Italy. 2(5). 117-131. 

Kruse, K. (1994). Langfristiges Emissionsgeschehen von Siedlungsabfalldeponien. Doctoral 
thesis, Heft 54, ISSN 0934-9731, Institut fur Siedlungswasserwirtschaft, 
Tecnische Universität Braunschweig, Braunschweig. 

Kulander, K.-E. (1990). Lakvatten från avfallsdeponier: utvärdering av analysresultat från 
lakvattenkontroll 1975-1985. SNV rapport 3760. Naturvårdsverket,  

Lagerkvist, A. (1994). Experiences of two step anaerobic degradation of MSW in laboratory 
and field experiments. Seventeenth International Madison Waste Conference, 
University of Wisconsin-Madison. 241-259. 

Lagerkvist, A. (1995). Tvåstegs anaerob nedbrytning: En alternativ behandlingsteknik för 
upplagt hushållsavfall. Doktorsavhandling, 1995:177 D, Tekniska Högskolan i 
Luleå.,  



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

53

Lagerkvist, A., P. Nilsson, J.-E. Meijer, H. Karlsson and T. Rihm (1997). Samordnad 
deponigas - Forskning, Utveckling, Demonstration. Slutrapport. RVF rapport 
97:7.  

Leikam, K., K.-U. Heyer and R. Stegmann (1999). Aerobic in situ stabilization of completed 
landfills and old sites. Waste Management & Research 17: 555-562. 

Lorber, K. E., M. Nelles, A. Ragossnig, B. Raninger and J. Schulik (2001). Longterm 
comparison between mechanical biological pretreated and non pretreated 
landfill. Sardinia '01, Eighth International Landfill Symposium, T. H. 
Christensen, R. Cossu and R. Stegmann, S. Margheritha di Pula, Cagliari, Italy, 
CISA (Environmental Sanitary Engineering Centre), Cagliari, Italy. I(V). 239-
246. 

Luning, L., F. M. L. J. Oorthuys, B. A. Kamphuis, D. J. a. Sisselaar and G. E. Loesberg 
(2001). Realisation, start-up and initial operational experiences of Vagron's 
MBP plant in Groningen the Netherlands. Sardinia '01, Eighth International 
Landfill Symposium, T. H. Christensen, R. Cossu and R. Stegmann, S. 
Margheritha di Pula, Cagliari, Italy, CISA (Environmental Sanitary Engineering 
Centre), Cagliari, Italy. I(V). 425-434. 

Marttinen, S., J. Jokela, J. Rintala and R. Kettunen (2000). KAATO 2001- HANKE: Jätteiden 
hajoaminen kaatopaikalla sekä kaatopaikkavesien muodostuminen, 
ominaisuudet ja käsittely. (degradation of waste in landfills and formation of 
leachate: properties and treatment"). Finnish Solid Waste Association's 
publications, http://www.jatelaitosyhdistys.fi/katsaus2.pdf,  

Meijer, J.-E. (1993). Lakvatten från avfallsupplag, Sammanställning av fältstudier. 
Licentiatavhandling, Rapportkod: TRITA-KUT 93:1073, Institutionen för mark- 
och vattenresurser, Kungliga Tekniska Högskolan, Stockholm,  

Mennerich, A. (1984). Gemeinsame Ablagerung von Hausmüll und Gewerbeabfällen. Müll 
und Abfall(8): 225-231. 

Müller, J., G. Lehne, J. Schwedes, S. Battenberg, R. Näveke, J. Kopp, N. Dichtl, A. 
Scheminski, R. Krull and D. C. Hempel (1998). Disintegration of sewage 
sludges and influence on anaerobic digestion. Water Science & Technology 
38(8-9): 425-433. 

Mårtensson, A. M., C. Aulin, O. Wahlberg and S. Ågren (1999). Effect of humic substances 
on the mobility of toxic metals in a mature landfill. Waste Management & 
Research 17: 296-304. 

Naturvårdsverket (1990). Bedömningsgrunder för sjöar och vattendrag. Naturvårdsverket 
allmänna råd 90:4.  

Nilsson, P. and M. Åkesson (1995). Comparisons of emissions from different test cells. 
Sardinia '95: Fifth international landfill symposium, 2-6 October 1995, 
Christensen, Cossu and Stegmann, S. Margherita di Pula, Cagliari, Italy, CISA 
(Environmental Sanitary Engineering Centre), Cagliari, Italy. 1(3). 173-182. 

Oonk, H. and J. A. Woelders (1999). Full-scale demonstration of treatment of mechanically 
separated organic residue in a bioreactor at VAM in Wijster. Waste 
Management & Research 17: 535-542. 

Palmowski, L. M. and J. A. Müller (2000). Influence of the size reduction of organic waste on 
their anaerobic digestion. Water Science & Technology 41(3): 155-162. 

Parkhurst, D. L. and C. A. J. Appelo (1999). PHREEQC for Windows version 1.5.03 (uses 
source of PHREEQC-2 version 2.3). U.S. Department of the interior. U.S. 
Geological survey. Denver, Colorado, USA. 

Rastas, L. (2002). A Literature Review: Typical leachate - does it exist? Report of SBA199 
Senior design project, Div of Waste Science & Technology, Luleå University of 
Technology, Luleå, Sweden, Luleå. 22 pages + appendixes. 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

54 

Reinhardt, J. J. and R. K. Ham (1973). Final report on a demonstration project at Madison, 
Wisconsin to investigate milling of solid wastes between 1966 and 1972 volume 
I. Final report on work performed under demonstration grant number 3-G06-EC-
00000-00S1. U.S. Environmental Protection Agency, Office of Solid Waste 
Management Programs, 127. 

Reinhart, D. R. and T. G. Townsend (1998). Landfill Bioreactor Design & Operation. 1-
56670-259-3, Lewis Publishers. 

Reitzel, S., G. Farquhar and E. McBean (1992). Temporal characterization of municipal solid 
waste leachate. Canadian Journal of Civil Engineering 19(4): 668-679. 

Revans, A., D. Ross, B. Gregory, M. Meadows, C. Harries and J. Gronow (1999). Long term 
fate of metals in landfill. Sardinia '99, Seventh International Landfill 
Symposium, T. H. Christensen, R. Cossu and R. Stegmann, S. Margheritha di 
Pula, Cagliari, Italy, CISA (Environmental Sanitary Engineering Centre), 
Cagliari, Italy. I(V). 199-206. 

Ritzkowski, M. and R. Stegmann (2001). Effects of aerobization of municipal solid waste on 
the mobilization of heavy metals via the leachate phase. Sardinia '01, Eighth 
International Landfill Symposium, T. H. Christensen, R. Cossu and R. 
Stegmann, S. Margheritha di Pula, Cagliari, Italy, CISA (Environmental 
Sanitary Engineering Centre), Cagliari, Italy. IV(V). 551-560. 

Robinson, H. D. (1995). The technical aspects of controlled waste management: a review of 
the composition of leachates from domestic wastes in landfill sites. 
CWM/072/95. UK Department of the Environment,  

Robinson, H. D. and J. R. Gronow (1993). A review of landfill leachate composition in the 
UK. Sardinia '93: Fourth International Landfill Symposium, 11-15 October 
1993, Christensen, Cossu and Stegmann, S.Margherita di Pula, Cagliari, Italy, 
CISA. 1(2). 821-832. 

Rowe, K. R. (1991). Contaminant impact assessment and the contaminating lifespan of 
landfills. Canadian Journal of Civil Engineering 18(2): 244-253. 

Rowe, R. K. (1995). Leachate characteristics for MSW landfills. Sardinia '95: Fifth 
international landfill symposium, 2-6 october 1995, Christensen, Cossu and 
Stegmann, Cagliari, Italy, CISA. 1(3). 327-344. 

Scheelhaase, T. (2001). Landfill behaviour of MBP-waste and new landfill concepts for a low 
emission landfill. Sardinia '01, Eighth International Landfill Symposium, T. H. 
Christensen, R. Cossu and R. Stegmann, S. Margheritha di Pula, Cagliari, Italy, 
CISA (Environmental Sanitary Engineering Centre), Cagliari, Italy. I(V). 247-
254. 

SNV (1992). Lakvattenbehandling. Lokala metoder för behandling av lakvatten från 
avfallsupplag. SNV 4052. Statens Naturvårdsverk,  

Tchobanoglous, G., H. Theisen and S. Vigil (1993). Integrated Solid Waste Management. 
Engineering principles and management issues. International edition.  McGraw-
Hill, Inc. Singapore. 

Tittlebaum, M. E. (1982). Organic carbon content stabilization through landfill leachate 
recirculation. Journal Water Pollution Control Federation 54(5): 428-433. 

Townsend, T. G., W. L. Miller, H.-J. Lee and J. F. K. Earle (1996). Acceleration of Landfill 
Stabilization Using Leachate Recycle. Journal of Environmental Engineering 
122(4): 263-268. 

Umetri (1998). Introduction to Design of Experiments. Umetri AB. Umeå, Sweden. 
Umetri (1999). Modde 5.0. Umetri AB. Umeå, Sweden. 
Umetrics (2001). Simca-P version 9.0. Umetrics AB. Umeå, Sweden. 
Warith, M. (2002). Bioreactor landfills: experimental and field results. Waste Management 

22: 7-17. 



Predictions of leaching from MSW and measures to improve leachate management at landfills 
 

K.Kylefors, Division of Waste Science & Technology, LTU, 2002 

55

Wigdel, G. (1982). Vannforurensning fra avfallsfyllinger. Institutt for Vassbygging, NTH, 
Trondheim, Norway.  

Vroon, R., H. Oonk and W. van Marwijk (1999). A laboratory-scale exploration of the long-
term behaviour of mechanically separated organic residue in a flushing 
bioreactor. Waste Management & Research 17(6): 527-534. 

Youcai, Z., L. Jianggying, H. Renhua and G. Guowei (2000). Long-term monitoring and 
prediction for leachate concentrations in Shanghai refuse landfill. Water, Air 
and Soil Pollution 122: 281-297. 




