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2   WASTE CHARACTERISATION 
 
2.1   Summary 
 
This chapter gives an introduction to the methodology for waste characterisation. 
Emphasis is placed on investigations including physical, chemical and biological 
analyses, leaching tests and landfill simulations. Basic methods to evaluate and present 
the collected data are outlined by means of examples. 
 
2.2   Introduction 
 
Wastes can have different characteristics. The management of a particular waste must 
be adapted to its characteristics, in order to get a desired landfill function. Landfill 
technology, landfill siting and choices of recipients are affected by the waste’s 
properties.  
 
Waste characterisation is mostly used in order to assess future environmental impacts 
from the disposal of waste. The concept pollution potential has a great importance in the 
analysis of risks. It is a measure of the waste’s ability to pollute the environment. 
Factors that affect the pollution potential are primarily the concentration gradients 
between the waste and its environment and the mobilisation rates of pollutants under 
various conditions. The pollution potential of a waste decreases through certain 
processes, e.g. by degradation, complex formation and emissions. The landfill is 
stabilised with regard to its setting, when emissions approach the background fluxes of 
the site.  
 
Waste properties are systematically documented through characterisation. The 
properties can be independent of the surroundings, but they can also depend on the 
interaction between waste and its environment. The result of a characterisation is a 
simplified description of the real waste behaviour, which can be used to choose landfill 
strategy and technical solutions. 
 
Characterisation of waste poses several difficulties. A fairly usual starting point of a 
waste characterisation is the realisation that there is a lack of knowledge and/or 
documentation about the wastes and the environmental conditions the wastes may be 
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subjected to. Since there are always economic and practical constraints to consider, 
there is a risk of making wrong choices and choosing irrelevant tests. There is always a 
demand for simple and cheap characterisation methods. Unfortunately, the deviation 
from reality often grows with increasing simplicity. The Deutsche Institut für Normung 
e.V. (DIN S4) standard leaching test is a good example (DIN 1984). If a material is 
sensitive to biodegradation or redox conditions, this often used test can give results (e.g. 
leaching rates of some compounds) that differs many orders of magnitude from what 
may occur in landfill environments. Another difficulty lies in the time perspective. The 
processes that are to be studied in the landfill continue for a long period of time, 
sometimes hundreds of years, and there is still no tool that has been proven usable for 
simulating long-time processes with a good precision. 
 
There are no universal methods that can be used in a waste characterisation but there are 
some general aspects that should be regarded. Some important aspects such as: the 
purpose of the characterisation, methods used for characterisation and 
evaluation/presentation of results. 
 
2.3   Goals for the characterisation 
 
A waste characterisation often has a fairly narrowly defined goal, expressed or not, 
since some conception of a problem has generated the demand for the characterisation. 
The first step in a characterisation process is to identify and analyse these goals. As 
indicated in figure 2.1, the goal of the waste characterisation will determine what 
information is needed and what methods that must be used to obtain the information. 
Since the setting of the characterisation goals is such a decisive step for the outcome of 
the characterisation, it is then important to consider the total scenario of different goals 
and interests that contribute to the design and the use of a waste characterisation. 
 
A characterisation can be used for different purposes, e.g. to assess future 
environmental impacts caused by the disposal of waste, to find methods to stabilise the 
waste or to understand and gain new knowledge about the processes occurring in the 
waste. A characterisation can also be made for administrative purposes. Wastes can be 
classified as hazardous or not hazardous and the classification may affect both the actual 
management of the waste as well as the administration of it. Authorities and landfill 
operators may need to identify wastes as being the same as declared by the generator. 
The characterisation is then made in order to avoid erroneous placement of wastes. 
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Figure 2.1 Overview of waste characterisation methodology. 
 
2.4   Waste investigations 
 
Waste investigations are used to learn about the waste’s inherent properties and its 
behaviour under various conditions. The selection of investigations to be performed is 
based on the goals for the characterisation and also with due respect to the limitations 
that exists with regard to available time and resources. The investigations can be done 
through measurements and analyses of the waste or the waste can be subjected to 
various influences or environments and its behaviour can be observed. For instance, a 
waste can be exposed to a pH-variation and the effect on the mobility of different 
elements can be observed. Sometimes new data can be obtained by using analytical or 
numerical models that are based on functional relationships that are known. E.g., it is 
possible to calculate the composition of biogas that may be formed from a waste if you 
know the composition of the waste. Data can also be collected from literature and other 
sources. Material databases are a new information source where information about e.g. 
leaching processes can be found. An example is a material databank founded by the 
Netherland Energy Research Foundation (ECN) (de Groot & van der Sloot 1992). 
Ideally, methods for data collection, evaluation and presentation should all be known 
before the waste investigation begins. 
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Both the intrinsic properties of the wastes and external factors may influence the 
behaviour of the wastes. Some factors that affect the landfill and the mobility of 
compounds are: 
 

• Precipitation 
• Temperature 
• Wind 

 
And landfill technology such as: 
 

• Landfill and barrier design 
• Filling techniques (e.g. compaction) 
• Process technology (e.g. leachate circulation) 

 
Several environmental factors will have a great importance for the conversion processes 
in a landfill (Löwenbach 1978, Ham, Anderson et al. 1979, IAWG 1995). Among these 
factors are:  
 

• Water supply and flow patterns 
• pH 
• Temperature 
• Ionic strength (activity) 
• Presence of dissolved organic and inorganic ligands and organic solvents 
• Physical properties like particle size 

 
The water supply affects the transport of dissolved and suspended particles. It also 
affects chemical and biological processes, oxygen supply and transport of other gases. 
The climate and filling techniques, e.g. shape of surface layer, affect the water supply in 
a landfill. The contact time between the leachate and the waste determine if reactions 
reach equilibrium or not. It depends on the amount of water, the landfill technology and 
the flow pattern in the landfill. 
 
pH affects the solubility of several compounds, chemical reactions and biological 
processes. There is no biological activity at extreme pH-values, i.e. at about pH < 1 and 
pH > 10. The pH is in its turn affected by: 
 

• The available buffer system 
• Transport of acids and bases to and from the landfill 
• Redox reactions 
• Biological degradation of organic matter  
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Some examples of pH buffers in waste are carbonic species, metal oxide, metal 
hydroxides, organic acids and aluminium species. The pH and the buffer capacity can 
change during time if acids/bases are added to the landfill from rainwater, ground water 
or leachate. The pH can also be affected by gas reactions and biological activity. 
 
Redox relations can affect the solubility of compounds, the biological activity and the 
pH. Most metals form complexes with low solubility when the redox potential is low. 
The decomposition of organic matter and mobility of metals are also affected by the 
redox potential. Nitrates/nitrite, manganese(IV)/manganese(II), iron oxide(III)/iron(II), 
sulphate/sulphide and CO2/acetic acid are redox couples that can buffer a waste. The 
redox potential in the landfill is affected by gas exchange with the atmosphere and by 
the decomposition of organic compounds. 
 
The temperature in a landfill is affected by the climate and by chemical and biological 
processes. Solubility of compounds and reaction rates are in turn affected by and 
affecting the temperature. The solubility of most compounds increases with 
temperature. Calcium hydroxide is an exceptional case. Its solubility decreases when the 
temperature increases. The solubility of non-polar organic compounds in a solution 
depends on the surface tension of the solvent. Decomposition of organic matter forms 
components that can reduce the surface tension and solubility of polar compounds. The 
solubility and transport are also affected by the ionic strength, the activity and the ion 
exchange in the leachate. The waste structure affects the conductivity for gas and liquid, 
and, at the same time, the transport processes. Pore size will also have an impact on the 
distribution of microorganisms. 
 
Depending on the characterisation goals, the lack of information may be defined and the 
relevant properties and processes to be studied can be selected. 
 
2.4.1   Sampling 
 
A critical step of a waste investigation is the sampling. The aim is to achieve a 
representative sampling. It has to take into account many factors, such as the sampling 
area, the sample size, the sample preparation, the season, the kind of waste etc. The 
waste homogeneity influences the amount and number of samples needed. For MSW, 
fairly large samples are necessary (Pohlmann 1994). Maystre and Viret (1995) come to 
the conclusion that at least 300 kg of sample is needed at each sampling occasion. With 
other wastes that are more homogenous, for example waste from process industries, 
representative sampling can be reached with smaller samples. The samples used in 
experiments and analyses might be homogenised and divided into sub-samples. This 
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can be done using methods like mixing, crushing, grinding, milling and dissolving. The 
sample preparation influences the waste properties. E.g., waste comminution can cause 
heating resulting in the evaporation of some compounds.  
 
A common method for dividing samples into sub-samples is quartering. For this 
purpose special equipment that divides a sample into four equally large sub-samples is 
widely used. The process is repeated until the desired sample size is reached. According 
to Ham and co-workers (1979), quartering is the only technique that yields a 
representative sample. 
 
Analyses should directly follow the sampling because all storage tends to affect the 
sample. For some analyses, it is very often essential that they are made on a fresh 
sample; for instance the measurement of the redox potential, the electrical conductivity, 
the pH, the temperature and the colour. If samples need to be stored, an appropriate 
storing technique must be chosen. In many cases, there are methods specially designed 
to conserve the property that is to be studied. These are often found in the method 
descriptions for the respective analysis. A common storage method is to freeze the 
samples in darkness.  
 
There are various subdivisions of waste investigations that can be made. Following, a 
division is made according to the nature of properties investigated. 
 
2.4.2   Physical properties 
 
A physical investigation yields information about the mechanical and structural 
characteristics of a waste.  
 
Among physical properties are characteristics like density, grain-size, angle of repose, 
hydraulic conductivity, settling properties, frost heave sensitivity, sensitivity for dry/wet 
conditions, water-holding capacity etc. Some assays that may be useful for the 
investigation of physical properties are listed in table 2.1. For a review of tests that can 
be used on solidified wastes, we recommend the work of Means et al. (1995). 
Following, we outline some physical tests that are frequently used in waste 
characterisation. 
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Composition analysis 
 
The composition analysis is frequently used to determine the composition and the 
amount of solid wastes. The waste is sampled and visually sorted in head- and part 
fractions. The fractions are e.g. paper, plastic, combustible and hazardous waste. The 
fractions are weighted separately and calculated as a percentage of total waste weight 

Table 2.1 Some common assays for the determination of physical waste properties. 

Assay Methods Comment 

Visual examination 1 • Composition analysis followed by 

weighing and/or volume 

determinations 

Cutting, piercing, dusting, 

recognisable components. Fuel, 

reusable materials, compost fraction

Particle size analysis 2, 3, 4 • Dry sieving 

• Wet sieving 

• Sedimentation 

Can give a measure on the wastes 

shear strength, frost heaving 

sensibility etc. 

Angle of repose 5, 6 • Repose cone test 

• Drained shear strength 

 

Gives internal angle of friction 

Moisture content 7 • Determination of the weight of 

water per weight of waste solids 

 

Field capacity 6 • Addition of water until saturation Water holding capacity 

Compaction properties 5 • Proctor compaction test 

• Modified proctor compaction 

• Oedometer test 8 

Dynamic compaction 

 

Static compaction 

Density 5 • Bulk density, ρb 

• Dry density, ρd 

• True density, ρt  

 

Hydraulic conductivity 9 • Constant head 

• Falling head 

 

Freeze/thaw sensitivity 10 • Freezing and thawing in cycles Mainly for potential liner materials 

and solidified wastes 

Wetting/drying sensitivity 11 • Wetting and drying in cycles In combination with e.g. 

determination of hydraulic 

conductivity before and after as an 

assay for evaluation 

1(Hancke, Halmø et al. 1974), 2(Stieß 1995), 3(Craig 1994), 4(ASTM 1998), 5(Karlsson & Hansbo 1984), 
6(Bergman 1996), 7(Das 1990), 8(Knutsson 1981), 9 confer chapter 3 Landfill hydrology, 10(ASTM 1999), 
11(ASTM 1994)  
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after the sorting. The choice of sampling area and sampling method is the most 
important process in a picking analysis regarding international regulations (Nordtest 
1995b). Nordtest identifies five important issues regarding composition analysis: 
 

• The sampling area has to be well defined. 
• The time of sampling should be chosen regarding to the seasonal variations. 
• The sampling period should continue during a longer time to avoid weekly 

variations. 
• The sampling can be made at three levels, i.e. at the households, from the 

transport vehicle or from the waste treatment facility. 
• The sampling size should be chosen regarding to the population density. 

 
Particle size distribution 
 
A particle size distribution is used to assess e.g. 
 

• gas and liquid flux limitations in wastes 
• changes in waste morphology over time due to e.g. leaching, compaction and 

wetting 
• the waste compressibility, the slope stability and other mechanical properties 

 
The analysis involves the determination of the percentage by weight of particles within 
different size ranges. When using dry or wet sieving, the sample is passed through a 
series of standard sieves having successively smaller mesh sizes. The weight of soil 
retained in each sieve is determined and the cumulative percentage by weight passing 
each sieve is calculated. The sedimentation analysis is applied on fine-grained wastes 
with particle size diameter of usually less than 75×10-6 m (ASTM 1998). The method is 
based on Stokes’ law, which governs the velocity at which spherical particles settle in a 
suspension: the larger the particles the greater is the settling velocity and vice versa. The 
law does not apply to particles smaller than 0.2×10-6 m because of the influence of the 
Brownian movement. Stieß (1995) and Craig (1994) give an introduction to particle size 
analyses. 
 
Angle of response 
 
The angle of repose is used in the design of landfill cells, e.g. to avoid slope failure 
(Bergman 1996). The angle of repose is determined by pouring the waste onto a sheet of 
sandpaper until the diameter of the base of the cone reaches 0.40 to 0.42 m. The 
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distance between the beaker with waste and the top of the cone is kept as small as 
possible, typically 1 to 2 cm. The angle of repose α is calculated by 
 

 
r
htanarc=α  (E2.1) 

 
where h and r are the height and the radius of the cone, respectively (figure 2.2). The 
method was tested for different kinds of industrial waste (Bergman 1996).  

α

Waste

Sandpaper
surface

r

h

 
Figure 2.2 Angle of response test (Bergman 1996). 
 
 
Field capacity 
 
Field capacity measurements determine the water holding capacity of wastes. The latter 
is important for balancing the water flow over landfills and to assess the in-situ water 
content. First, a sample of known dry mass is soaked in water. Second, excess water is 
removed by gravity filtration. The field capacity is calculated as the mass of free water 
per total solids (kg water (kg TS)-1). Bergman (1996) developed this method for 
industrial waste samples of up to 100 kg. 
 
Oedometer test 
 
Oedometer tests determine the characteristics of a waste during one-dimensional 
consolidation or swelling. They are used for e.g. calculating waste bulk densities at 
different vertical loads and for the assessment of waste settling properties.  
 
The test procedure is described in detail by Craig (1994). It uses a specimen in the form 
of a disc, held inside a metal ring and lying between two porous stones (figure 2.3). The 
upper porous stone, which can move inside the ring with a small clearance, is fixed 
below a loading cap through which pressure can be applied to the specimen. The whole 
assembly sits in an open cell of water to which the pore water in the specimen has free 
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access. The compression of the specimen under pressure is measured by means of a dial 
gauge operating on the loading cap. 
 
Waste density 
 
The density ρ of a sample is its mass m divided by its volume V. In landfill technology, 
it is an important variable, used for the layout and design of both waste pretreatment 
facilities and landfills. There are three major kinds of densities, viz. bulk density (ρb), 
dry density (ρd) and true density (ρt).  
 
The bulk density is the ratio of the total mass to the total volume of the sample. Bulk 
density is not an absolute material property as is the density of individual particles of a 
material. The bulk density depends especially on how the material is loaded when filled 
into the container used for defining the volume of the waste. It also may increase with 
time due to settlement. The bulk density can be determined e.g. in oedometer tests (see 
above).  
 
The dry density is the ratio of the total dry mass to the total volume of the sample. It is 
calculated using the bulk density and the total solid content (TS). 
 
The true density is the ration of the total dry mass to the total particle volume excluding 
pores, cracks and voids. The true volume of a waste can be determined using a 
contaiment with defined volume (so-called pycnometer) and employing Archimedes' 
principle of fluid displacement. The fluid can be a liquid (e.g. water) or a gas (e.g. 
helium). When using a liquid, air attached to the surface can cause errorneous results 
which can be reduced by boiling or ultrasonic treatment. To avoid voids and reduce 
pore volumes, samples are comminuted.  

Load

Porous stones

Specimen

Metal ring

Loading cap

Water

 
Figure 2.3 The oedometer (Craig 1994). 
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Hydraulic conductivity 
 
The hydraulic conductivity K is a measure of the flow of a fluid through the pore 
structure of a waste. K is a function of the degree of compaction which is usually 
expressed as bulk density ρb (K = f (ρb)). For further details confer chapter 3 Landfill 
hydrology. 
 
 
2.4.3   Chemical and biological properties 
 
Waste characterisation often aims at determing the content of contaminants. Because 
wastes are generated in the technosphere at many different sources, there is a multitude 
of possible contaminants. They can be categorised according to table 2.3. Chemical and 
biological assays are used to analyse either a single compound / element or a waste 
property. Most analyses are standardised. Their approval, compilation and publication is 
done by national and international standardisation committees such as  
 

• The Swedish Institute for Standards (SIS 1999) 
• The International Organization for Standardization (ISO 1999) 
• The American Society of Testing and Materials (ASTM 1999) 
• Deutsche Institut für Normung e.V. (DIN 1999).  

 
Until today, there is a lack of appropriate methods for waste investigations. Most 
chemical and biological methods are developed within other fields such as wastewater 

Table 2.2 Predominant contaminant categories in waste and some related analyses. 

Contaminant categories Some related analyses 

Biodegradable organics BOD, BMP (biochemical methane potential), COD, TOC (total organic 

carbon), toxicity tests, VS (volatile solids), VFA (volatile fatty acids) 

Persistent organics AOX (adsorbable organic halogens), PAH (polyaromatic hydrocarbons), 

PCB (polychlorinated biphenyls), pesticides, phtalates, toxicity test 

Inorganic matter Alkalinity, chloride, elemental analysis (e.g. S, Si and metals such as Cr, Cu, 

Hg, Ni, Pb, Zn), nitrogen, pH, redox potential, toxicity test, carbonate content

Solids TS, VS 

Nutrients Kjeldahl-N, Ntot, NH4-N, NO3-N, organic-P, orthophosphate, polyphosphate, 

TOC, toxicity test 

Pathogens Indicator organisms (e.g. E. coli), toxicity test 

Gases Olfactometry, H2S, CH4, CO2, O2, N2 
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treatment, groundwater monitoring and mineral processing. The uncritical application of 
these methods often causes severe analytical errors. This calls for adapted or even 
specialised analyses in waste characterisation. For instance, many analyses can only be 
performed on liquid phases, i.e. the contaminants under investigation have to be 
mobilised first (confer chapter 2.4.3 Leaching tests). Other waste properties that 
frequently require the adaptation of analytical procedures are extreme pH, high buffer 
capacity, complex formers, biodegradable organics and high concentrations of inorganic 
matter such as salts and metals. 
 
An example of a chemical and a biological assay especially developed for solid wastes 
are the biochemical methane potential (BMP) and the carbonate precipitation potential 
(CPP). Both are not standardised and therefore outlined below. 
 
Biochemical methane potential (BMP) 
 
Rapidly determined analyses such as BOD and COD may sometimes give misleading 
results with regard to the degradability of landfilled waste. Alternatively, 
biodegradability can be estimated using a BMP assay. This test may be seen as an 
‘anaerobic BOD’ test. It was developed first by Owen and co-workers (1979) to assess 
the anaerobic biodegradability of liquid wastes. Later, the method was used to estimate 
the methane potential of solid wastes (Bogner, Rose et al. 1989, Owens & Chynoweth 
1993). 
 
The basic idea is to put a solid sample in a gas tight bottle in which anaerobic 
degradation (see chapter 6 Landfill microbiology) is promoted through the provision of 
ideal conditions such as 
 

• No moisture limitation 
• Neutral pH value 
• Good nutrient availability 
• Addition of anaerobic inoculum 
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In figure 2.4, two examples of BMP set-ups are shown. The syringe is used to sample 
the generated biogas, which is analysed on its methane content. Illustrating the 
cumulative methane generation per unit dry waste over time (see example in figure 2.5), 
the function corresponds with the growth pattern of microorganisms in a batch culture: 
A lag phase of acclimatisation is followed by a log phase and a stationary phase 
(Tchobanoglous & Burton 1991). The disadvantage of BMP assays on solid waste 
samples is the long time required, often hundreds of days.  
 

Batch test at LTU
(+ 30°C)

Batch test at KTH
(+ 31.5°C)

Gas tight stopper

Glass bottle, 5 l

Anaerobic sludge, 2 l

Water, 2 kg

Waste sample, 142
g TS & 163 g water

Glass bottle, 120 ml

Inocculum, 5 g

Water, 45 g

Waste sample,
5 g TS  

Gas tight stopper

Syringe

 
Figure 2.4 Two examples of BMP set-ups (Hagelberg, Chen et al. 1995). 
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Figure 2.5 Example of BMP of treated kitchen waste (Lundeberg, Ecke et al. 1998). 

The diagram presents the average values (Ο) with 90% confidence 
intervals (─) (n = 3). 
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Carbonate precipitation potential (CPP) 
 
Many wastes from thermal processes are alkaline, e.g. MSW incineration residues and 
spent furnace linings. Landfilling of such wastes may cause problems due to the 
formation of carbonate precipitations causing clogging of drains and pipes (Ernst & 
Lhotzky 1995). The precipitates are formed as soon as the alkaline components come 
into contact with atmospheric carbon dioxide. To estimate the risk of clogging, the 
carbonate precipitation potential (CPP) is developed (Bergman 1996, Bergman & 
Lagerkvist 1996).  
 
The waste under investigation is comminuted to a particle size less than 2 mm. About 1 
g of waste (dry weight) is filled into a 125 ml glass serum bottle. De-ionised water is 
added until the water covers the waste. The bottle is sealed and equipped with a syringe, 
a valve and a pressure transducer connected with a data logger. After the system is 
checked for leaks, known volumes of carbon dioxide are added with the syringe into the 
serum bottle. The decrease of the pressure in the headspace is a measure of the 
precipitation of carbonates. As the overpressure reaches zero, another batch of carbon 
dioxide is added until a residual overpressure remains. The equilibrium is reached for 
Δp Δt-1 = 0 and the assay is terminated. Temperature affects the carbonation and is 
therefore kept at a constant level of 30ºC.  
 
2.4.4   Leaching tests 
 
Leaching is the transport of waste contaminants from the solid to a liquid phase 
(synonym: wet chemical extraction). Leaching tests measure the potential of a waste to 
release contaminants. The waste is exposed to a leachant and the amount of contaminant 
in the leachate is measured and compared with reference values such as (regulatory) 
standards or natural background levels. Leaching data obtained in short-term tests are 
often used (and sometimes also misused) to assess the long-term in-situ mobilisation of 
waste contaminants.  
 
The degree of contaminant mobilisation is governed by both surface accessibility and 
surface solubility. The first depends on the extent of surface enrichment and is increased 
by particle size reduction. The latter is influenced by surface speciation and leaching 
conditions such as 
 

• pH 
• Redox potential 
• Complexing agents 
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• Ionic strength 
• Agitation, e.g. stirring and shaking 
• Liquid to solid (L:S) ratio 
• Temperature 

 
Another important factor controlling leaching is the contact time between the waste and 
the leachant. The process of dissolution may follow different kinetics for different 
compounds resulting in a state of chemical equilibrium at different times. However, not 
all leaching tests are designed to achieve equilibrium before the termination of the test. 
 
The factors above especially influence the mobility of metals, which form a major group 
of contaminants that are frequently investigated by leaching tests. Metal mobilisation is 
mainly due to three mechanisms (figure 2.6) 
 

• Acid desorption 
• Complexing extraction 
• Dissolution of the metal bearing phase 

 
Desorption is influenced by both proton activity and metal solubility. Protons compete 
with the metals bound at the particle surfaces, and the driving force for the exchange 
increases with decreasing pH. Complexing extraction is due to complexing agents 
causing a shift in the heterogenic solid/liquid equilibrium state by increasing the 
solubility of the metals in the liquid phase. Phase dissolution is mainly controlled by the 
pH and the redox potential. The lower the pH and the higher the redox potential, the 
higher the mobility of most environmentally relevant metals (Ecke 1997). As an 
example, this is illustrated for lead in a predominance area diagram (figure 2.7). 
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Figure 2.6 Metal leaching mechanisms: desorption, complexing extraction and 
phase dissolution. 
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Figure 2.7 Example of a predominance area diagram for a system consisting of Pb2+, 

HS¯ and HCO3
¯ at 298 K and 1.013×105 Pa (Ecke 1997). The dashed line 

delimits the stability domain of water. 
Because the design of a leaching test might influence the result extremely, the choice of 
an appropriate assay is critical. Relevant and usable responses are required that fit to the 
goal of the characterisation and to the purpose of the leaching. Such purposes are e.g. to 
 

• classify waste, e.g. according to regulatory standards 
• develop regulatory standards 
• evaluate leaching under acid conditions 
• determine the diffusion coefficient of a contaminant 
• assess the maximum leachable amount of contaminants 
• assess the maximum concentration of contaminants in leachate 
• evaluate the buffering capacity 
• evaluate the bonding nature of metals and organics in waste 

 

In table 2.3, some leaching methods and their purposes are grouped according to the 
type of test. In the following paragraphs, each test type is roughly outlined. 
 
Diffusions tests 
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In diffusions tests, contaminants are allowed to diffuse from a waste sample to a solvent 
through a surface with a known area. To ensure that equilibrium is not reached, the 
leaching solution is renewed frequently. Diffusion tests are mostly used on solidified or 
granular wastes. Results from these tests are used to determine system constants such as 
diffusion constants. 
 
Agitation batch tests 
 
In an agitation batch test (figure 2.8), a waste sample and a leachant are stirred or 
shaken at a defined L:S ratio for a defined period of time (usually between 1 and 48 
hours). The gas phase consists of air, the gas added and/or the gas generated during 
leaching. Reactions towards chemical equilibrium take place. After termination of the 
leaching, centrifuging and/or filtration is used for solid/liquid phase separation. Usually, 
contaminants are only analysed in the liquid phase. For further readings the report of 
Löwenbach (1978) is recommended. 
 

Table 2.3 Leaching test types with examples and purposes. 

Test type Method Purpose 

Diffusion test Dynamic leach test (DLT) 1 To estimate diffusion coefficients  

Agitation batch test DIN S4 2 To identify leachable contaminants 
 Toxicity characteristics 

leaching procedure (TCLP) 3 
To determine whether or not a waste is subject to 
regulation as a hazardous waste 

Sequential test ENA with change of waste 4 To assess the maximum concentration of 
contaminants in leachate 

 ENA with change of leachant 4 To assess the maximum leachable amount of 
contaminants 

 Redox sequential leaching test 5 To evaluate the bonding nature of metals and 
organics 

Column test Nordtest NT ENVIR 002 6 To estimate short- and medium-term 
contaminant concentrations to be expected in 
landfill leachates 

1(Means, Smith et al. 1995), 2(DIN 1984), 3(EPA 1997), 4(Fällman & Hartlén 1993), 5(Calmano & 

Förstner 1983), 6(Nordtest 1995a) 
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Gas phase

Leachant

Waste

 
Figure 2.8 Arrangement of an agitation batch test. 
 
 
Sequential leaching tests 
 
Sequential leaching means leaching in several steps. After each step, the solid and the 
liquid phase are separated. Sequential leaching tests have different objectives, e.g. to 
assess the waste buffering capacity, the nature and bonding strength of metals and 
organics, the maximum concentration of contaminants in leachate and the maximum 
leachable amount of contaminants. According to their purpose, the tests follow two 
principally different procedures (figure 2.9): Either, (A) several waste samples are 
leached one after another with the same leachant or (B) a waste sample is leached 
sequentially with fresh leachant. In the latter case, the leaching conditions (e.g. leachant, 
pH and redox) may increase in strength from step to step. Such a leaching scheme 
partitions the sample into as many element fractions as leaching steps. The distribution 
of an element over the fractions indicates its availability.  
 
The leaching test developed by Ham and co-workers (Ham, Anderson et al. 1979) and 
the ENA test (Fällman & Hartlén 1993) are very similar. Both apply both kinds of 
sequential leaching procedures (figure 2.9). Procedure (A) is designed as an equilibrium 
concentration test, i.e. leachate analyses allow the assessment of the maximum 
concentration of contaminants. Procedure (B) is designed as a maximum release test. 
Analyses of the leachates obtained at different L:S ratios allow assessing the maximum 
leachable amount of contaminants. The leachates also provide information about the 
long-term in-situ leaching behaviour of the waste in question, because the L:S ratio may 
be converted into a time scale.  
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Column tests 
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Figure 2.9 Leaching procedures of the ENA test (Fällman & Hartlén 1993). 

Procedure (A) and (B) are performed with a change of waste and 
leachant, respectively. (A) is an equilibrium concentration test generating 
a leachate with a L:S ratio of 1:1 while (B) is a maximum release test 
generating four leachates with decreasing strengths (L:S ratios from 4:1 
to 16:1). 
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Column tests are performed by placing the waste to be leached in a column. Leachant 
flows through the column, either up-or down-stream. Leachate recirculation is possible. 
Discrete columns (figure 2.10), i.e. columns that allow sampling at several levels, are 
designed especially to allow a monitoring of fronts, e.g. pH, redox potential and ions, 
through the waste. The rate of flow through the column is proportional to the head 
(height of water in the column) and the permeability of the waste. Column tests yield 
data that are more accurate for the estimation of in-situ leaching kinetics than data from 
agitation tests. However, the length of time required to yield meaningful results is 
usually one to three orders of magnitude higher than for other leaching tests. 
 
 

Discrete
column 1 2 3 4

Fresh or recycled
leachant

Increasing concentration of contaminants
 

Figure 2.10 Column leaching layout with four discrete columns. The first column is 
fed with fresh or recycled leachant. Leachant that has passed a column is 
collected and poured into the next column. 

 

2.5   Landfill simulations 
 

Landfill simulations are methods where a landfill environment is simulated and the 
effect on the waste is studied. Different kinds of physical landfill simulators have been 
used over the years as described by e.g. Merz (1954), Farquhar & Rovers (1973), 
Halmø and co-workers (1978), Stegmann (1981), and Lagerkvist (1995). Both sealed 
and open columns (lysimeters) with volumes ranging from about 100 litres to a few 
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cubic meters were applied. Landfill environments can be simulated but interpretations 
like temporal predictions of field developments tend to be difficult. 
 
Sealed columns have the greatest flexibility for varying environmental factors. In these 
columns, the atmosphere can be controlled and the gas production monitored. Mass 
balance calculations are possible. 
 
Long time leaching predictions were made on the basis of batch leaching tests. Since 
environmental conditions are not considered in such tests, those predictions lack a 
sound basis. The NVN 2508, made up of three different tests that simulate different 
phases of a leaching scenario may be an exception to that statement. The combined 
results of the tests give information that is used for long time prognosis of some 
inorganic wastes. de Groot & van der Sloot (1992) give a detailed discussion on long-
time leaching predictions using this method. In table 2.4 some procedures that were 
used to simulate environmental conditions are presented. 
 
Table 2.4 Landfill environment simulations. 

Type of test Purpose Simulated environment Reference

Batch and tank leaching Inorganic wastes, assess effects of 
leaching during and long time/risk 
assessments 

None 1 

Sealed column Simulate natural and/or enhanced 
landfill conditions and/or 
stabilisation processes 

Aerobic, acidogenic- & 
methanogenic environment 

2 - 5 

Open column Simulate natural landfill conditions Depend on the waste and 
the lysimeter configuration 

6 - 9 

1(de Groot & van der Sloot 1992), 2(Farquhar & Rovers 1973), 3(Halmø, Bøckman et al. 1978), 
4(Stegmann 1981), 5(Kinman, Rickabaugh et al. 1986), 6(Merz 1954), 7(Collins & Spillmann 1982), 
8(Gandolla, Dugnani et al. 1986), 9(Lagerkvist, Bergman et al. 1989) 
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It is hard to find procedures suitable for study and/or to explain and predict the effects 
of a planned waste disposal and at the same time meet demands on model simplicity in 
carrying through, model understanding (inter subjectivity) and possibilities for 
application of the results. Another concern is that the processes that are to be simulated 
may be very slow. Sometimes, hundred of years must be simulated.  
 

Landfill conditions can be simulated in different kinds of physical landfill simulators. 
Figure 2.11 is an example of a 100 l lysimeter (Stegmann 1981). It is made out of 
stainless steel and can be run in the up- as well as down-flow mode. Fittings for feeding, 
gas venting, leachate abstraction, sampling at different heights etc. are required to 
guarantee flexibility.  
 
2.6   Evaluation and presentation 
 
An important step in waste characterisation is the evaluation of the experimental data 
collected. It aims at answering the leading questions of the investigation. The next 
critical step is to make the new knowledge known to others. Here, a simple and clear 
presentation of the results is advantageous. 
 
Usually, we evaluate samples from populations; i.e. we analyse a set of n observations 
actually obtained from the entire aggregate of N observations. Statistical methods are 
applied to draw objective conclusions about this group of measurements of the variable 

∅ 395

76
0

Off-gas exhaust
Sampling septum

Seal

Leachate outlet

100 l reactor, stainless steel

Screen

Recycled leachate feed

 
Figure 2.11 Example of a 100 litre closed lysimeter for landfill simulations. 
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studied. Statistical procedures typically assume that the samples are obtained in a 
random fashion. To avoid experimental designs, for which the random sampling 
hypothesis is not appropriate, we strongly recommend further readings, e.g. (Box, 
Hunter et al. 1978).  
 

Following, we outline some methods important for the evaluation and presentation of 
waste characterisation data, including the identification and treatment of conspicuous 
data, graphs and control charts, major statistical methods as well as variable quotients. 
 
2.6.1   Data check 
 
An example of a dataset is taken from a characterisation of kitchen waste in Borås, 
Sweden (Lundeberg, Ecke et al. 1998). The following total Zn concentrations in mg (kg 
TS)-1 were analysed: 80.2, 33.2, 32.7, 87.0, 57.7, 62.3, 97.5, 77.4, 53.0, 52.5, 57.8, 
107.0, 50.3, 39.0, 105.0, 286.0, 39.5, 44.1, 66.9, 70.4, 103.0, 71.1, 73.6, 45.0. Are there 
any conspicuous values in this dataset? 
 
Datasets from waste characterisation have to be inspected critically due to  
 

• Noise 
• Data below the detection limit 
• Missing values 
• Outliers 

 
What do these terms mean and what do they involve? 
 
The fluctuation that occurs from one analysis to another is called noise, experimental 
error or simply error. It must be distinguished from mistakes such as misplacing a 
decimal point when recording an observation or using the wrong chemical reagent when 
doing an experiment. I.e., the experimental error is not something imposed, but 
immanent. It is the domain of statistical data evaluation to estimate the noise. 
 
A value below the detection limit of an analysis or measurement has to be identified and 
recorded as such. For statistical treatment, it is often useful to set the datum either at the 
value of the detection limit or half the detection limit. The investigator has to choose 
one of these alternatives according to the aim of the investigation and the mathematical 
procedures used. It is at least very important that this kind of data is not treated as 
missing values. 
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Missing values are values that are not considered as valid responses. They are not 
calculated in statistical procedures. There are two kinds of missing values: system-
missing values and user-defined missing values.  
 
System-missing values occur when a respondent does not answer a question.  
 
User-defined missing values are values that the investigator declares missing if they 
shall not be included as valid responses in the result file. Such values are often 
identified because they are far from the others. These outliers may result, e.g., from 
measurement errors or typing errors made while inserting the statistics into a database. 
In such cases it is desirable that the outliers do not affect the result of the analysis. 
However it is also possible that the outlier is due to chance, i.e. it belongs to the same 
population as the other values and should therefore be included. Sometimes, an outlier 
bears even more valuable information than the bulk of the data because it reveals useful 
characteristics of the waste investigated. 
 
No mathematical calculation will tell for sure whether the outlier comes from the same 
or different population than the others. But statistical calculations can answer the 
question:  
 

• If the values really were all sampled from a normally distributed population, 
what is the chance to find one value as far from the others as the observed? 

 
If this probability is small, then it may be concluded that the outlier is likely to be an 
erroneous value, and there is justification to exclude it from the analyses.  
 
All methods for detecting outliers first quantify how far the outlier is from the other 
values. This can be the difference between the outlier and the sample average x  (see 
chapter 2.6.3) of all points, the difference between the outlier and the x  of the 
remaining values or the difference between the outlier and the next closest value. 
Second, this value is standardised, i.e. divided by some measure of scatter, such as the 
standard deviation s (see chapter 2.6.3) of all values, the standard deviation of the 
remaining values or the range of the data.  
 
If this standardised value is small, it may be concluded that the deviation of the outlier 
from the other values is statistically significant. Today, a number of computer programs 
assist the investigator to perform these statistical calculations (Manugistics 1997, 
Umetri 1997, StatSoft 1999). 
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Following, we present some common methods to check datasets and to present them. 
Such are time sequence plots, Box-and-Whisker plots, histograms and some statistical 
tests. For each method in the following two chapters, an example is presented based on 
the Zn dataset given at the beginning of this chapter. 
 
2.6.2   Graphs and control charts 
 
Illustrating data variation with graphs and control charts is often useful for  
 

• detecting outliers 
• detecting skewness 
• data presentation 

 
Three kinds of such plots are presented, viz. the time sequence plot, the Box-and-
Whisker plot and the histogram. 
 
The time sequence plot 
 
Time sequence plots show the sample values in the variable versus their order of 
collection. They are useful in detecting trends that occur over time and they assure that 
data are displayed and not buried. The example in figure 2.12 illustrates that observation 
number 16 is conspicuously high. 
 
The so-called Shewhart Chart is a time sequence plot with superimposed upper and 
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Figure 2.12 Time sequence plot of zinc analyses (n = 24) made on kitchen waste

(Lundeberg, Ecke et al. 1998). 
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lower control limits, which can be the population standard deviation σ around a target 
value T (Box, Hunter et al. 1978). 
 
The Box-and-Whisker plot 
 
The Box-and-Whisker plot divides the dataset into four areas of equal frequency 
(quartiles). A box encloses the middle 50 percent, where the median (see chapter 2.6.3) 
is drawn as a vertical line inside the box. Horizontal lines (whiskers) extend from each 
end of the box. The left whisker is drawn from the lower quartile to the smallest point 
within 1.5 interquartile ranges from the lower quartile. The other whisker is drawn from 
the upper quartile to the largest point within 1.5 interquartile ranges from the upper 
quartile. Outliers are located outside the 1.5 interquartile ranges. 
 
The Box-and-Whisker plot illustrates the data range, the mean as well as the presence of 
outliers and data skewness. It also gives a rough approximation of the data distribution. 
Figure 2.13 is an example showing a first data checking of zinc analyses made on 
kitchen waste (Lundeberg, Ecke et al. 1998). This example shows also the sample 
average (see chapter 2.6.3) displayed as a cross. If the average deviates much from the 
median, the data distribution might be skew. In the plot, one outlier is identified. As 
seen in the time sequence plot, it is observation 16. 
 

Figure 2.13 Box-and-Whisker plot of zinc analyses (n = 24) made on kitchen waste 
(adopted from (Lundeberg, Ecke et al. 1998)). 

 
 
Histogram 
 
A histogram presents the frequency distribution of the observations. In a histogram the 
area of each block is proportional to the frequency. Most often, as in figure 2.14, 
histograms have intervals of equal length. However, sometimes it is convenient to 
aggregate the frequency classes, especially those in the tails of the distribution, i.e. the 
grouping intervals are of different length.  
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Figure 2.14 shows that the frequency distribution of the data from the example is 
somewhat skew with a higher frequency at lower Zn values. One count is made at a 
conspicuously high Zn concentration, which coincides, with the observations from both 
the time sequence plot and the Box-and-Whisker plot.  
 
2.6.3   Major statistics 
 
A statistic is a quantity calculated from a set of data often thought of as some kind of 
sample from a population. Statistics indicating the location and variability of the data 
are called measures of central tendency and measures of spread respectively.  
 
The two most frequently used measures of central tendency are the sample average x  
and the sample median M. The first is calculated by: 
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where n is the number of observations and xi are the single observed values. 
 
The median M is the middle value in the dataset. To calculate it, the data are arranged in 
increasing numerical order. Then, we define M as 
 
 M = x(n+1)/2 (E2.3) 
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Figure 2.14 Frequency distribution of zinc analyses (n = 24) made on kitchen waste 
(Lundeberg, Ecke et al. 1998). 
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If data are plotted as a frequency histogram (confer chapter 2.6.2), M is the value of x 
that divides the area of the histogram into two equal parts, while x  is the centre of 
gravity. 
 
The sample variance s2 and the sample standard deviation s supply a measure of spread. 
The sample variance is calculated as 
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The standard deviation is the positive square root of s2  
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Assuming a normal distribution, 68.3% of the sample values are within a range of x ±s. 
For x ±3s, 99.7% of the sample spread is covered. 
 
As an example, the statistics above are calculated for the zinc analyses given in chapter 
2.6.1. The results are presented in table 2.5. 
 
Table 2.5 Statistics for the Zn data given in chapter 2.6.1.  

Statistic Unit Value 

Average x  mg (kg TS)-1 74.7 
Median M mg (kg TS)-1 64.6 
Variance s2 (mg (kg TS)-1)2 2536 
Standard deviation s mg (kg TS)-1 50.4 

 
2.6.4   Comparing averages 
 
We often wish to know if two populations are different from each other regarding the 
variable investigated. Therefore, we have to compare the average values of the variable 
in question. The problem typically resolves into two steps: 
 

• Is the observed difference between the average of two samples significant, or 
is it due to the sampling error? 

• If a difference between the average of two or more samples is indeed 
significant, what is the extent of the difference? 
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There are a number of methods to test the significance of a difference between the 
average of two samples. They are divided into two classes, viz. parametric and non-
parametric tests. The first are most often used, however they may not always be the 
most appropriate for analysing data. Parametric methods make strict assumptions, such 
as they require that the data are normally distributed and have homogeneous variances. 
Two common parametric tests are the z-test and the t-test (see example below). 
 
The extent of the difference between the averages of two samples is calculated by 
standard methods depending on the sample sizes. The calculations result in the 
difference between the sample averages and its confidence interval of typically 95 or 
99%. 
 
Comparing averages is treated in many statistical textbooks. One excellent example is 
given by Fowler et al. (1998). A decision chart on choosing the appropriate technique is 
appended to this compendium (Appendix 2) (Chalmers & Parker 1989). 
 
Example: The t-test 
 
Is it likely at 5% significance level that two kitchen waste samples (table 2.6) are taken 
from populations with equal Zn averages? 
 
Using the t-test, the populations have to fulfil the following conditions: 
 

• normally distributed 
• homogeneous variances 

 
The t-test is useful for sample sizes of up to about 30 observations. For larger samples, 
the z-test is recommended.  
 
The sample sizes in the example above are 6 and 8, i.e. less than 30.  
 
Normal distribution can be checked by e.g. a Box-and-Whisker plot or a histogram. If 

Table 2.6 Sample data for Zn measurements of two kitchen wastes. 

Statistic Unit Sample 1 Sample 2 

Number of observations, ni - 8 6 
Average, x i mg Zn (kg TS)-1 72.99 74.8 
Standard deviation, si mg Zn (kg TS)-1 1.48 1.04 
Variance, si

2 (mg Zn (kg TS)-1)2 2.20 1.08 
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the populations are not normally distributed, data transformation can be useful, e.g. 
logarithmic, square root, reciprocal square root, reciprocal etc. (Box, Hunter et al. 
1978).  
 
If the populations have identical variances is usually decided by the two-tailed F-test: 
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Values are tabulated in appendix 2 where the degrees of freedom are 
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for samples 1 and 2, respectively. Note that ν1 is for the numerator and ν2 for the 
denominator. 
 
At 5% significance level, the critical value at ν1 = 7 and ν1 = 5 is 6.85. The calculated 
value of the example is F = 2.04, i.e. below the tabulated value of 6.85. At 95% 
confidence, the samples have been drawn from populations with equal or very similar 
variances and we may proceed with the t-test. 
 
The rationale of the t-test is that the difference between two samples is divided by the 
standard error of the difference: 
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with the degree of freedom  
 
 2nn 21 −+=ν  (E2.10) 
 
For this example, t = 2.55 and ν = 12. Using the table of the t distribution (appendix 2) 
at a significance level of 5%, the tabulated value of 2.179 is lower than the calculated 
value. We may conclude that at a confidence of 95% there is a statistically significant 
difference between the averages of sample 1 and 2.  
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2.6.5   Linear regression analysis 
 
Linear regression analysis fits a model that relates one dependent variable y to one or 
several independent variables x by minimising the sum of the squares of the residuals 
for the line of best fit. The method is to estimate one variable from the measurement of 
the other. 
 
Before applying this method, it is necessary to check if the following conditions are 
fulfilled: 
 

• There is a linear relationship between a dependent variable y and an 
independent variable x, which is implied to be functional or causal. 

• The variable x is fully controlled by the observer and must not be a random 
variable. 

• For any single defined observation of a variable x there is a theoretical 
population of y values. The population is normally distributed and the 
variances of different populations of y values corresponding to different 
individual x values are similar. 

 
If these prerequisites are not given, linear regression analysis as described below is not 
appropriate. 
 
Here, the simple linear regression analysis using a rectilinear equation (y = a + b x) is 
described. The regression coefficients intercept a and slope b defining the regression 
line are calculated as follows: 
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The proportion of the total variation in y that is explained or accounted for by the fitted 
regression is termed the coefficient of determination (r2): 
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The accuracy of a regression is also expressed by confidence intervals. When predicting 
x from y, the calculation of a prediction interval is recommended. Both kinds of 
intervals are described in detail by Zar (1996). 
 
Multiple linear regression is an extension of the simple linear regression analysis 
outlined above. It is useful when investigating simultaneously the effect of two or more 
factors xi on a response variable y. This kind of investigation requires a sound 
experimental design, because the number of observations necessary to draw reliable 
conclusions increases more than proportional to the number of factors. To reduce the 
total experimental effort, factorial designs are often suitable. An introduction to this 
topic is given by Hendrix (1979). Modelling with experimental designs is described in 
detail by Box et al. (1978).  
 
As an example of a simple linear regression analysis, we use the calculation of a 
calibration curve for the spectrophotometric determination of hexacyanoferrate(III) 
(HCF(III)) (Hendrickson & Daignault 1973). Working solutions with different HCF(III) 
concentrations are prepared and their absorbance is determined in the spectrophotometer 
at λ = 417 nm. The results are presented in table 2.7. 
 
Assuming that the absorbance is a linear function of the HCF(III) concentration, the 
regression coefficients are calculated according to equation (E2.12) and (E2.11): a = 
0.09 and b = 0.0048 ppm-1. The r2 statistic indicates that the model as fitted explains 
98.2% of the variability in absorbance. Besides the regression line, figure 2.15 
illustrates the 95% confidence interval as well as the 95% prediction interval. 
 
 
Table 2.7 Absorbance of working solutions with different concentrations of 

HCF(III). 

HCF(III) Absorbance 
ppm  

0 0.093 
10 0.145 
25 0.199 
50 0.340 

100 0.600 
150 0.705 
200 1.101 
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Figure 2.15 Calibration curve for the spectrophotometric determination of HCF(III) 
in solution. Illustrated is the regression line with 95% confidence and 
95% prediction bands. 

 
2.6.6   Comparing variables 
 
Regression analysis requires a dependency between the predictor and the response 
variable. If such a relationship is not given, other measures of dependence must be used 
when comparing variables. One of such is to calculate the correlation between two 
variables y1 and y2. This method is treated in detail elsewhere (Box, Hunter et al. 1978, 
Zar 1996).  
 
Here, we want to emphasise a similar approach: Dividing one variable by another often 
increases the expressiveness of the data. This is especially true for some quotients 
established in the field of waste characterisation. One such example is the 
CODVFA/CODtot ratio, describing the percentage of VFA contributing to the total COD 
of a leachate. It is e.g. useful when analysing leachates to characterise landfill phases. 
Landfills in the acidogenic state typically have leachates with high CODVFA/CODtot 
ratios. Without relating VFA values to COD, their evaluation is extremely susceptible to 
a number of factors, e.g. dilution by infiltration. 
 
Another aspect which make different quotients useful is checking for errors in the data, 
for example, the BOD/COD should never get much above 0.6, since one can expect 
close to 40% substrate utilisation at aerobic degradation. A simple check is also to 
compare the total solids (TS) with the sum of quantified substances in a sample. If it is 
only a low fraction of the TS that is explained, one may need to be cautious with regard 
to classifying the material, when the fraction is high, one also should be cautious if it is 
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only a short list of compounds analysed. If it is higher than 100%, the data is obviously 
flawed. 
 
If concentrations of specific compounds are available, one can calculate various 
properties of the compounds, e.g. the oxygen demand (COD) and the content of organic 
carbon (TOC) which can be used in various comparisons. It is not uncommon to find 
errors for example that the CODcalc is larger than the measured COD of a leachate. It 
may also be helpful to compare fluxes as TOC or COD. For instance, when comparing 
fluxes of organic material in gas and leachate, it is easy to do so when both fluxes have 
been calculated as COD. 
 
Following, further examples of useful variable ratios are compiled and explained: 
 
BOD/COD (–) indicates the percentage of organic matter that is biologically degradable. 
In chapter 9 Leachate treatment, a compilation of BOD/COD ratios is presented. 
 
BOD/TS (g-O2 (kg-TS)-1) is a useful standardisation of the BOD when comparing wastes 
and leachates with varying TS. The quotient changes much with the degradation state. 
 
CH4/(CH4 + CO2) (–) expresses the methane content of the biogas. This indicates what 
types of substrate the gas is generated from, or may indicate the type of biological 
process in which the gas has been generated or converted (see also the landfill gas 
chapter 8). 
 
COD/Ptot (–) changes with degradation state, since the mobilisation of phosphorous is 
much lower under methanogenic conditions than at acidogenic. The COD also changes 
between these degradation states, but not quite as much as the phosphorous. For 
example in experiments where the biodegradable fraction of MSW was treated 
acidogenically and methanogenically, the ratios were 0.70 and 0.02 respectively 
(Lagerkvist 1995). 
 
COD/TOC (–) describes the degree of oxidation of an organic waste or leachate. Gujer 
& Zehnder (1983) present an equation to calculate the average oxidation state of carbon 
(OS). As modified by Lagerkvist (1987) it reads: 
 

 
TOC
COD

5.14OS ×−=  (E2.14) 

 
where COD and TOC are converted to mass units, e.g. g l-1. Since the oxidation number 
of carbon can only range between –4 to +4, the quotient of COD over TOC can only 
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assume values lower than 5.3 and usually higher than 2. In extreme cases the quotient 
can reach lower values, e.g. for formic acid it is 0.67. However, formic acid is rarely the 
sole organic constituent of a leachate, so more likely, there is a measurement error when 
the ratio of COD/TOC is lower than 2. 
 
CODVFA/CODtot (–) describes the percentage of VFA contributing to the total COD of a 
leachate. Typically this will be 0.5 to 1 in a leachate from a young (and to a fair extent 
acidogenic) landfill and lower for a methanogenic one. 
 
CODVFA/TOCVFA (–) describes the degree of oxidation of the VFA in a leachate (confer 
COD/TOC). The longer the chains, the lower the oxidation degree (and the higher this 
ratio will be). For example acetic acid has a ratio of 2.67 whereas the ratio for butyric 
acid is 3.33. In a well working methanogenic process, the ratio should be slightly higher 
than that for acetic acid, if it is close to or over that of butyric acid it could indicate that 
there is some process disturbance. 
 
Conductivity/COD ((mS l) (m g-O2)-1) expresses the change in conductivity that is 
caused by organic matter such as VFA. Practical only for leachates or other solutions. 
 
Conductivity/TS ((mS l) (m g)-1) expresses the change in conductivity that is caused by 
TS, e.g. salts. Practical only for leachates or other solutions. 
 
NH4-N/Ntot (–) describes the percentage of nitrogen that is bound as ammonium. 
 
Ntot/Ptot (–) changes with degradation state, since the mobilisation of phosphorous is 
much lower under methanogenic conditions than at acidogenic. E.g. in experiments 
where the biodegradable fraction of MSW was treated acidogenically and 
methanogenically, the ratios were 5 and 0.14, respectively (Lagerkvist 1995). 
 
TOC/Ntot (C/N) (–) is frequently applied as a quality criteria for compost. It is aimed at a 
C/N ratio of 10 to 20 when using the mature compost as soil conditioner. 
 
TOC/TS (g-C (kg-TS)-1) is a useful standardisation of the TOC when comparing wastes 
and leachates with varying TS. 
 
TOC/VS (–) approximates the percentage of elemental and combined carbon in the total 
fraction of volatile solids present in organic matter. 
 
TOCVFA/TOCtot (–) describes the percentage of VFA contributing to the total TOC. This 
quotient can be used to check the TOCtot analysis for a leachate. 
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Though the usefulness of the statistical methods describes so far, in waste 
characterisation, we are sometimes faced with complex systems for which classical 
methods of statistics cannot be applied. These systems are characterised by a multitude 
of variable interactions taking place. Tools are needed that account for interdependence 
between many factors and responses and that are tolerant for incomplete datasets. In 
many cases, mathematical methods called multivariate data analysis (MVDA) can offer 
a solution. 
 
2.6.7   Multivariate data analysis (MVDA) 
 
MVDA is a discipline of statistics. It may be seen as an extension of univariate and 
bivariate analyses. When multiple measurements are performed on one or several 
samples, individuals, objects etc. under investigation (hereafter observations), MVDA 
considers multiple variables in combination. The relationships are formalised in a set of 
structural equations, the so-called model. Observations that are substantially different 
from the values estimated by the model are called outliers and can be identified. Three 
MVDA techniques, which were applied and tested in the field of anaerobic waste 
research, are outlined in the following paragraphs (Chen, Ecke et al. 1995, Ecke, 
Bergman et al. 1998, Lundeberg, Ecke et al. 1998). 
 
PCA is an interdependence model, i.e. simultaneously all variables are analysed as a 
single set in a data matrix X (figure 2.16). The technique is used to analyse 
interrelationships among a large number of variables. The aim is to reduce the 
information in the original X space to the minimum number of dimensions, i.e. of 
principal components, needed to describe the relevant information contained in the 
original observations (Wold, Esbensen et al. 1987, Wold 1989). 
 
PLS is a dependence model distinguishing between multiple predictor variables X and 
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Figure 2.16 Matrix design for three different MVDA techniques, viz. PCA, PLS and 
PLS-DA. Each observation (in rows) is formed by the variables (in 
columns). 
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multiple responses Y (figure 2.16). The calculated model approximates the X space and 
predicts the Y space. Interrelationships among both datasets can be detected. Similar to 
PCA it is aimed at a low dimensional model.  
 
When observations can be assigned to di- or multichotomous groups (e.g. MSW, 
organic waste, industrial waste) investigations are often aimed at understanding group 
differences or predicting the group to which an observation in case will belong. Here 
multiple discriminant analysis (DA) is applicable (Hair, Anderson et al. 1992). PLS-DA 
is based on the principles of PLS outlined above. The X space consists of predictor 
variables. As response variables matrix Y a table of dummy variables is used. The 
number of dummy variables is equal to the number of groups. The variables are set to 
one for observations of the corresponding group and zero for all others (figure 2.16). 
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Review questions 
 
2:1 What is meant with pollution potential of a waste? 
 
2:2  Give a definition of the term stabilised waste. 
 
2:3 Name categories of contaminants which might be important when assessing the 

pollution potential of a waste.  
 
2:4 Why might it be necessary to determine the BMP of an organic waste prior to 

landfilling? Confer also other chapters, e.g. chapter 8 Landfill gas. 
 
2:5 What factors affect the leaching of contaminants? 
 
2.6 Describe three types of leaching tests and compare them. What advantages and 

disadvantages can be found? 
 
2:7 What investigation scheme do you recommend to find out if a waste generates 

leachate that must be treated? 
 
2:8 You have to characterise de-inking sludge from the recycling of paper. The waste 

is generated when paper is washed to separate printing-ink and paper pulp. The 
sludge is separated through precipitation and centrifuging. It is supposed to be 
landfilled in a separate landfill cell. 

 
• What investigation scheme do you use to characterise the waste? Explain. 
• Which physical/geotechnical investigations do you choose with respect to the 

design of the landfill cell? 
 
2:9 You want to assess the binding strength and the total content of iron in a solid 

waste. What kind of leaching test do you recommend? What leachant(s) do you 
suggest? Describe the leaching procedure. 

 
2:10 The ENA leaching test outlined in figure 2.9B is used to predict the long-term 

leaching behaviour of ashes. Assume that there is an ash landfill operated under 
the following conditions: 

 

• the dry density of the landfilled ash is equal to 1.2 t m-3, 
• the ash is landfilled in 10 m height, 
• the precipitation equals 660 mm a-1, 
• one third of the precipitation percolates through the waste. 
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a) What period of landfilling time does each ENA leaching step corresponds to? 
b) Is there any risk that the ENA leaching gives misleading results? Take into 

account your knowledge about in-situ waste conversion processes. 
 
2:11 Two pretreatment methods, A and B, were tested to remove hexavalent chromium 

(Cr(VI)) from a solid waste prior to landfilling. 10 analyses were made to 
determine the residual Cr(VI) content (table R2.1)). Is any of the two methods 
superior with 95% confidence? 

 
Table R2.1 Residual content of Cr(VI) in μg (kg TS)-1. 

Method A Method B 

897 847 
814 861 
845 832 
848 919 
873 863 
797 793 
851 826 
817 891 
837 837 
845 885 

 
2:12 Give an example related to the field of waste characterisation where it is both 

useful and appropriate to apply a linear regression. What conditions must be 
fulfilled? 
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