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Summary 

When waste is deposited, the biodegradable organic content of the waste is 
converted into landfill gas: a mixture of mainly methane and carbon dioxide. The 
methane in the landfill gas contributes significantly to the greenhouse effect. On a 
global scale every year about 20 to 100 Mtonne of methane is emitted from landfills, 
which is about 4 to 20% of the total methane emissions. In the Netherlands landfills 

contribute to about 30% of all methane emissions. 

The methane emission is the result of landfill gas formation, landfill gas recovery and 
oxidation of methane in the top-layer: 

emission = formation - recovery - oxidation 

In this study attempts have been made to quantify formation, recovery and oxidation 
in order to improve the existing emission estimate. This emission estimate has been 
validated by emission measurements at several landfills. Besides that possibilities for 
emission reduction are investigated. 

Formation of landfill gas 

Models for landfill gas formation were validated and the model parameters 
were estimated. This was done by a correlation of waste-data and landfill gas 
formation on nine Dutch landfills, using the mathematical tool SAS. The waste-data 
(the amounts of waste, waste age and composition) were obtained from the landfill 
exploitant. Landfill gas formation was calculated from the amounts of landfill gas 
recovered and the recovery efficiency. The recovery efficiency was estimated from the 
lay-out of the recovery system, geometry of the landfill, the composition of the top- 
layer and other site-specific factors. 
The majority of observed landfill gas formation could be described with a relative 
error of less than 30%, using the landfill gas formation models and model parameters 
as presented in table S1. The description of landfill gas formation improves, going 
from the zero-order model, to the first-order and the second order model, to the 
multi-phase model. 
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Table S1 Landfill gas formation models 

- Zero order model cct = Ç1.87xk0A Ç k0 = 2.4 kg tonne-1 y-1 

- First order model 
-V 

at = Ç1.87AC0k1 xe i; = 0.58 
k, = 0.094 y-1 

- Multi-phase model “t = 1'87AC0,iki,ixe 

i = 1 

; = 0.58 
kn = 0.185 y-1; k, 2 = 0.100 y"1 

k1(3 = 0.0^3 y-1 

- Second order model 
f 

at = Çl.87Ak2 
V ^2^0^ + 1 

Ç = 0.64 
k2 = 0.0012 tonne kg-1 y-1 

In this table a,, is the landfill gas formation in m3 per year, L is the generation factor, 
kn are model parameters, A is the amotmt of waste in place in tonnes; C0 and C0ji are 
the amount of organic carbon in the waste and the amotmt of organic carbon of the 
fast, moderate and slow degrading fractions in kg per tonne, respectively; t is the time 
in years, elapsed since the depositing of the waste; the factor 1.87 has the dimension 
m3 per kg. 

The models in table SI can be used for estimating landfill gas formation in The 
Netherlands. The results of this estimation should be regarded with some care, since 
relative errors, larger than the 30% mentioned before remain possible. The 
applicability of these models in other countries may be limited as a result of 
differences in waste composition, treatment and regional climate conditions. 

Although the multi-phase model describes landfill gas formation best for the nine 
landfills, this does not mean that in general use of the multi-phase model results in 
bener estimates for landfill gas formation. 

Recovery of landfill gas 

In 1993 almost 123.7 million m3 landfill gas were recovered in the 
Netherlands. Of this amount, almost 85.4 million m3 landfill gas were utilized, the 
remainder was flared. As a result of this an emission reduction of 48.1 kilotonnes of 
methane was achieved. 
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Oxidation of landfill gas 

Although much attention has been paid to oxidation by various research 
groups, is the extent to which methane is oxidised in the top-layer still unknown. 
Estimates range from 10 to 50%. Ratio’s of emissions of CH2 and C02 measured in 
this study suggest that oxidation is in the order of magnitude of 10 to 20%. 

Emission of landfill gas 

With formation, recovery and oxidation as described above, the methane 
emissions from Dutch landfills are quantified in table S2 

Table S2 Quantification of Dutch methane emissions from landfills 
(in ktonne) 

1990 1993 

Formation 
Recovery 
Oxidation 
Emission 
(range) 

353 
-26 
-33 
294 

(190 to 415) 

364 
-51 
-31 
282 

(170 to 405) 

Validation by emission measurements 

The formation models as described in table SI are validated by emission 
measurements at 20 landfills. Some of these landfills were still in exploitation, others 
were already closed. At several landfills gas was recovered. Most closed landfills were 
covered with sand; two landfill were capped. The age of the waste varied between 
freshly deposited to about 30 years old. 

For these emission measurements two methods were tested: sampling of a small area 
with boxes (closed chamber method) and measuring emissions from a larger area by 
measuring concentration profiles and wind-velocity profiles. Emissions were 
determined by interpretation of these profiles (micrometeorological method). The 
micrometeorological method was preferred, and was subsequently used to measure 
emissions from about 20 Dutch landfills. 

The results of the emission measurements confirm the landfill gas formation models 
as given in table SI. But measurements also indicate, that in some cases landfill gas 
formation and emission is significantly lower than expected. This is in agreement with 
experiences of landfill gas recovery projects, where in some cases amotmts of gas 
recovered are far less than expected. The reason for this is unknown, but the reduced 
formation may be the result of a relative dry waste. 
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Emission measurements indicate also that the oxidation in the top-layer is about 10 
to 20%. 

Options for emission reduction 

Options for emission reduction are: 
— reduced landfilling of the organic fraction. This may be done by increased 

combustion or separate collection and treatment of vegetable, fruit and garden 
waste (VFG), paper and textiles. All these options are at this moment Dutch waste 
policy. As a result this, landfill gas formation will be reduced in the future. But the 
remaining waste will still contain significant amotmts of degradable organic 
components. So landfill gas émissions will not be phased out as a result of this 
policy. Emissions in future depend upon the success of landfill gas recovery 
projects. 

— increase of the oxidising capacity of the top-layer. The feasibility of this option 
however, is unknown. 

— landfill gas recovery and utilisation, which proved to be very cost-effective. The 
effectiveness towards emission reduction is related to the integral efficiency of 
landfill gas recovery. Optimisation of this integral efficiency implies that landfill 
gas recovery should be started as soon as possible. 
High efficiency landfill gas recovery is possible and will be cheap, if one takes 
landfill gas formation and recovery into consideration when the landfill is 
designed. Recovery is best done in a combination of compartmentwise landfilling 
and construction of the well-system. 
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Symbols 

A 
A 
c 
C 
C0 
CUC2 

Ct 
d 
D 
E 
H 
J 
Jcalc 
Ks 
ko 
ki 
ki, 
k2 
n 
n 
nif 
Q 
Qrec 
t 
T 
U* 
uz 
V 
X 

z 

amount of waste in place 
sample area 
constant in reaction equation 
concentration 
original amount of organic carbon in the waste 
constants 
organic carbon content of the waste at a certain time 
the zero displacement 
diffusion coefficient 
latent heat flux 
sensible heat flux 
flux through the surface 
calculated emission 
transfer coefficient 
model parameter zero-order model 
model parameter first-order model 
model parameter multi-phase model 
model parameter second-order model 
power in reaction equation 
gas filled porosity 
number of landfills 
a factor, which describes the accuracy of a model 
amount recovered 
time elapsed since depositing 
tortuosity 
friction velocity 
wind velocity 
volume 
fetch 
height or depth 

tonne 
m2 or ha (10 000 m2) 

g nr3 

kg tonne'1 

kg tonne'1 

m 
m2 s"1 

W m~2 s"1 

W m'2 s"1 

g m"2 s'1 or 1 m'2 hr'1 

1 m"2 hr" 

kg tonne"1 y 
m2 s'1 

tonne kg'1 y"1 

m3 y"1 

m3 hr'1 

m2 s"1 

m s 
m s 

nr 
m 
m 

ac calculated landfill gas formation 
a0 observed landfill gas formation 
cq landfill gas formation at a certain time 
ps concentration 
(J)air air flow 
Ç generation factor 

m3 y"1 

m3 y"1 

m3 y'1 

gm'3 

m3 s"1 
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1 Introduction 

1.1 Methane and global warming 

Due to antropogenic activities, atmospheric concentrations of greenhouse 
gases such as carbon dioxide, methane and nitrous oxide are rapidly increasing. The 
risk of a global climate change caused by this increase, is nowadays generally 
accepted. 
Methane is, after carbon dioxide, the most important greenhouse gas. On a weight 
basis, its global warming potential is about 22 times the effect of carbon dioxide 
(considered over a hundred year time period). The total contribution of methane to 
global warming is estimated to be about 18%. 

The main contributors of methane are identified, although the individual source 
strengths remain still uncertain. Worldwide a range of sources play a role, e.g. rice 
cultivation, termites and coal mining. In the Netherlands cattle is one of the main 
sources, along with the relative large natural gas industry. 

Landfills are also an important source of methane, both on a global scale as in the 
Netherlands. Methane is generated in landfills, when the degradable organic 
compounds in the waste are converted into landfill gas through a series of 
bacteriological processes. This landfill gas consists mainly of methane and carbon 
dioxide. Landfills are responsible for about 20 to 100 Mtonne of total global methane 
emissions of about 515 ktonne. Methane emissions from landfills in the Netherlands 
are estimated to be 180 to 580 ktonnes of a total methane emission of about 1200 
ktonne. 

The contribution of landfills to global wanning has been recognised many years 
before and is in the meantime generally accepted. Partially as a result of this, and 
partially for other reasons, landfill gas projects are initiated in order to recover the gas 
and utilise its energy content. In 1993, in 22 landfill gas projects about the emission 
of 48 ktonne of methane was mitigated. In these projects most of the energy content 
of the gas was used, contributing significantly to the reduction of use of fossil fuels 
and to carbon dioxide emission reduction. 
In this way landfill gas recovery and utilisation has proven to be the most successful 
measure for methane emission reduction and one of the most successful measures for 
carbon dioxide emission reduction in the Netherlands. 

Both in the estimation of national methane emissions and in the design of landfill gas 
projects, there is need for a better insight in the generation of landfill gas. In national 
emission estimates this is of importance, because the national methane budget is not 
completed yet, and to assess the effectiveness of emission reducing policy. In the 
design of landfill gas projects this is of importance in order to make a better design of 
size and capacity of equipment, to avoid excess investments and to improve the 
economic feasibility of landfill gas projects. 

The aim of this study is improve current insight in landfill gas formation, to validate 
existing landfill gas formation models and to estimate the model parameters. Besides 
that, attention will be paid to measures to reduce emissions in general and in 
particular to the improvement of the efficiency of landfill gas recovery. 

R95-203/112326-24783 11 
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The validation of landfill gas formation models is done in two ways: 
— the models are compared with the results of landfill gas projects; 
— the models are compared with results of emission measurements. 

1.2 Embedding in Dutch Research 

This study was performed in the framework of the Dutch National 
Research Programme on Global Air Pollution and Climate Change (NOP-MLK) 
and the Novem programme ‘Energy generation from Waste and Biomass (Novem- 
EWAB)\ 

The NOP-MLK was funded in order to improve the knowledge about the greenhouse 
effect. Within the NOP-MLK a large number of studies was conducted, for example 
on the topic of the way in which the earths climate system works; on the source 
strenghts of greenhouse gas emitters; on the effects of global warming on various 
ecosystems and on the identification of possibilities for emission reduction. An 
overview of studies that are performed within the NOP-MLK is presented in NOP- 
MLK [1993], 

The Dutch Novem-EWAB-programme was funded to promote the application of 
biomass and waste as an energy source. In this programme research for and 
implementation of new or improved techniques for the conversion of waste or 
biomass to energy are financially supported. Research comprises a.o. energy from 
large scale waste incineration and new thermal technologies for waste treatment; 
other conversion techniques, such as landfill gas recovery, but also fermentation of 
waste, waste water or manure; the availability of biomass, energy-farming. An 
overview of the studies that are performed within the Novem-EWAB-programme is 
given in EWAB [1995]. 

Concerning landfills, the main interest of the NOP-MLK is the quantification of 
methane emissions from landfills, the trends in emissions in the near future and the 
identification of options for control. The main interest of EWAB is the assessment of 
the amount of energy that can be extracted from an individual landfill, and the 
identification of methods to optimise the recovery and utilisation of landill gas 
projects. 
Both interest were integrated in this study. 

1.3 Structure of the report 

This report consists of three parts: 
In the first general part (chapters 2 to 5), some backgrounds of landfill gas formation 
are described. After this the results of the validation are used in order to obtain an 
improved estimate of Dutch methane emissions. Besides this the effects of changing 
Dutch waste policy are inventarised. Finally the options for emission reduction are 
introduced. 
In the second part (chapters 5 and 6) landfill gas recovery and utilisation is described 
in more detail, starting from an overview of Dutch landfill gas projects. Special 
attention is paid to possibilities for optimising the recovery efficiency. 
In the third part (chapters 8 and 9) is described in what way models of landfill gas 
formation and emission are further validated and improved. This is done both by 
interpreting results of landfill gas projects and by performing emission measurements. 
Finally conclusions will be drawn. 
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2 Landfill gas formation 

2.1 Formation 

When waste, containing degradable organic components (DOC), is 
deposited, these organic components are converted into landfill gas throughout the 
years. 
This conversion proceeds in three phases: 
— in the hydrolysis phase the solid organic materials are converted into a mixture of 

soluble organic compounds. 
— these soluble compounds are subsequently converted in a acidifying phase into a 

mixture of fatty acids, amino acids, carbohydrates and other low-molecular 
components; 

— ultimately in the methanogenic phase landfill gas is formed from these low- 
molecular components. 

Because of the inhomogenity of the waste it can last for years, until in all parts of the 
waste the hydrolysis is started. Parts of the organic materials may remain unconverted 
for over at least a century. There are examples known of excavations at landfills, 
where newspapers were dug up from forty years ago, that could still be read. 
So a landfill may be considered as a collection of small packages of waste, each 
degrading at his own speed. Parts of the waste may be totally converted into landfill 
gas, while at the same time, only one meter away is still unaffected. 

Most likely hydrolysis of the solid organic materials is the rate-depending step in the 
process; once the organic material is hydrolysed and solved in water, landfill gas is 
formed rather quickly. 

The composition of landfill gas changes in the three phases. In the hydrolysis phase 
carbon dioxide is the main constituent of landfill gas. In the acidifying phase methane 
generation starts, In the methanogenic phase the methane and carbon dioxide 
content in the landfill gas ultimately becomes constant. The methane and carbon 
dioxide contents of landfill gas are comparable for different landfills, while 
concentrations of trace gases may vary widely, depending upon the composition of 
the waste deposited. Table 2.1 gives a mean composition of landfill gas, based on 
analyses of recovered landfill gas in the Netherlands [Coops et al., 1995]. 
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Table 2.1 Mean composition of landfill gas in the Netherlands 

vol% mg/m3 

Methane 
Carbon dioxide 
NMVOC1> 
Benzene 
Toluene 
CFC’s 
Organic halocarbons 
Hydrogen sulphide 
Mercaptanes 

57 
43 

700 
7 

120 
130 
50 

100 
10 

1) Non-methane volatile organic compounds. 

Traces of organic esters and fatty acids from the acidifying phase are the main cause 
of odour nuisance. As a consequence of this most odour nuisance exists in a relative 
short period after depositing waste, and diminishes when in most parts of the landfill 
methanogenesis has started. Another consequence of this is that the absence of odour 
nuisance is no indication of absence of landfill gas emission. 

Landfill gas formation on a single landfill is depicted in figure 2.1. During the 
exploitation period (about 10 to 20 years) landfill gas formation increases as amounts 
of waste in place increase. After closure of the landfill gas formation reaches its peak 
and from then on it gradually decreases. 

exploitation closed capped 

landfill gas 

landfill gas fcrmation 

landfill gas recovery 

time 

Figure 2.1 Landfill gas formation and recovery on a typical landfill 
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2.2 Variability of landfill gas formation 

There are various factors, that influence either the amount of landfill gas 
ultimately formed, the speed at which it is formed or the decrease in landfill gas 
formation. An overview of these factors is given in figure 2.2. In general these factors 
are all connected to: 
— waste composition, which determines the amount of degradable organic carbon in 

the waste, which is the raw material for landfill gas. Besides that waste 
composition determines numerous other factors, such as the presence of nutrients 
or inhibitors and the humidity of the waste; 

— waste treatment. Mechanical pretreatment, homogenisation, particle size reduction 
and baling, the extent of compactation, the dumping method, the addition of 
water have significant effects on landfill gas formation; 

— site characteristics, such as site geometry, landfill gas recovery, percolate water 
management, top-liner system; 

— local or regional climate conditions, such as ambient temperature, precipitation. 

waste composition 
amount of DOC<- 

formation factor 

rate of biodegradation 

degradability 
accessability; 

particle size 
homogeneity 
density 
humidity 
water circulation 

nutrients 
inhibitors 
pH 
buffer capacity 

anaerobic waste 
temperature 

waste mechanical pretreatment 
waste homogenisation 

waste compactation 

addition of water 
percolate water recirculation 
precipitation 
top liner system 

landfill gas recovery 

surrounding temperature 
landfill geometry 

Figure 2.2 Influences on landfill gas formation 

All these aspects differ significantly from site to site. As a result of this, the amount of 
landfill gas produced per tonne waste and the speed at which the landfill gas is 
formed, differs also from site to site. As a result of this landfill gas production per 
tonne of waste becomes less predictable. 
Since waste composition and treatment, site management and local climate 
conditions vary widely throughout the world, it is not possible to extrapolate Dutch 
experiences with regards to landfill gas to other countries, without proviso. 
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3 Modelling landfill gas formation 

3.1 Formation 

There are several methods described for modelling landfill gas formation. 
Extensive overviews are given elsewhere [e.g., Augenstein and Pacey, 1991; 
Scheepers and Van Zanten, 1994], so this chapter will restrict itself to a short overview 
of models and an indication for their applications. In general, landfill gas formation 
models are not based on microbiological or biochemical principles, but more on a 
practical description of formation, as observed in laboratory experiments or in full 
scale recovery projects. 

Landfill gas is formed as a result of the biodegradation of the organic carbon in the 
waste: per kg of organic carbon that dégradâtes, about 1.87 m3 of landfill gas is 
formed. The landfill gas formation on a landfill at some moment in time, otj, is 
proportional to the decay of organic material at that time: 

OL = -1.87A^ [3.1] 1 dt 

The degradation of organic material can be described as a n* order reaction equation: 

^ = cxCn [3.2] dt 

Assuming that ultimately a certain fraction, Ç (= the generation factor), of the waste 
is converted in to landfill gas and subsequently solving this differential equation, 
results in a description of C as a function of C0 and time, for the different values of 
the power n. Substitution of these solutions of relation [3.2] in [3.1], results in the 
formation models as described in table 3.1. The various models are further discussed 
below. 
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Table 3.1 Models for landfill gas formation 

- Zero order model at = Ç1.87 X k0A 

First order model (Xj = Ç1.87AC0k1 xe 

3 -k Multi-phase model at = CX1-87AC0,iki,ixe 1,1 

i= 1 

- Second order model 2 
at = ;i.87Ak. 

In this table oc,. is the landfill gas formation in m3 per year, Ç is the generation factor, 
kn are the model parameters, A is the amount of waste in place in tonnes; C0 and C0, 
are the amount of organic carbon in the waste and the amount of organic carbon of a 
specific fraction in kg per tonne, respectively; t is the time in years, elapsed since the 
depositing of the waste; the factor 1.87 has the dimension m3 per kg. 

— Zero-order model 
In a zero order model, landfill gas formation in a certain amount of waste is 
assumed to be constant in time. So the effect of age is not incorporated. Such a 
model is applicable for estimating national and global emissions, provided that 
there are no large changes in waste composition and amounts of waste landfilled. 
Examples of zero-order approaches are described by Bingemer and Crutzen 
[1987] and US-EPA [1993]. 

— First-order model 
The effect of age is accounted for in a first-order degradation model. Landfill gas 
formation in a certain amount of waste is assumed to decay exponentially in time. 
This first-order equation is described in numerous cases; e.g. Tabasaran [1987]. 
Verschut et al. [1991] correlates measurements on three landfills in terms of a first- 
order model, the model parameters thus obtained, being the basis of the Dutch 
estimate of methane emissions in The Netherlands [van Amstel et al., 1993], 
The first order model has been adjusted for several reasons. Ehrig [1987] 
expanded the model with a term expressing the building-up of the methanogenic 
phase and Hoins [1986] introduced a temperature dependency. Hoeks [1981] 
described methanogenesis, assuming several fractions in the waste, all following 
their own first order degradation. This multi-phase model is so important, that it 
is described separately below. 

— Multi-phase model 
In the multi-phase model, a number of fractions are distinguished, in which 
landfill gas formation is described separately. Hoeks [1981] distinguished three 
phases: slow, moderate and fast degradable materials, but other subdivisions are 
possible, including the introduction of an inert fraction. The multi-phase model 
has the advantage, that waste composition can be reckoned with, since all types of 
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waste contain typical fractions of slow, moderate and fast degradables. This results 
in a higher landfill gas production in the first years, and a prolonged formation at 
the end. In the intermediate years landfill gas formation is less than in the first- 
order model. 
In the sizing of Dutch landfill gas projects, normally this multi-phase model is 
used. Scheepers and Van Zanten [1994] gives a description of this use of the multi- 
phase model. 

— Second-order model 
In chemistry complex reactions are sometimes described, using a second order 
reaction equation. An example of this is the catalytic cracking of oil. This process, 
which consists a large number of reactions, all of a first order but with differing 
reaction rates, is normally described using second-order kinetics [Weekman and 
Nace, 1970]. Since landfill gas formation is also a complex system of different 
reactions, second-order kinetics might be appropriate. Such a second order model 
has the same characteristics as a multi-phase model. 

3.2 Estimating waste composition 

A very important factor in these models for landfill gas formation is the 
waste composition: the amounts of organic carbon in the waste and the degradability 
of the waste. The mean composition of the various fraction of Dutch municipal waste 
is given in table 3.2. 

In this table oCj is the landfill gas formation in m3 per year, Ç is the generation factor, 
kn are the model parameters, A is the amount of waste in place in tonnes; C0 and C0 ¡ 
are the amount of organic carbon in the waste and the amount of organic carbon of a 
specific fraction in kg per tonne, respectively; t is the time in years, elapsed since the 
depositing of the waste; the factor 1.87 has the dimension m3 per kg. 
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Table 3.2 Carbon contents of Dutch municipal waste 
[Scheepers and Van Zanten, 1994, van Zanten, 1994, Grontmij, 1994] 

Fraction 

Degradability 

■•0,1 

Fast 

CQ.2 

Moderate 

'0,3 

Slow 

(in kg tonne1} 

'O,tot 

Household waste 
(organic fraction1^ 
(grey fraction 

Industrial waste 
Office, shop and services waste 
Sweeping waste 
Demolition waste 
Agricultural waste 
Sludge 
Composting residues 

51 
106 
20 

9 
29 

3 

61 
45 
12 

66 

113 
51 
92 
93 

61 
45 
63 

19 

33 
51 
19 
33 
11 
13 

50 

136 
106) 
166) 
111 
140 
129 

11 
135 

90 
125 

In The Netherlands organic waste (GFT) is separately collected. The green fraction refers to this 
separately collected GFT, the grey fraction refers to the rest fraction. In this calculation an 
efficiency of separate collection of 90% is assumed. 
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4 Emissions of landfill gas 

4.1 Global emissions 

Global emissions of methane from landfills are estimated by different 
investigators in the last decade. Emission estimates range from 10 to 100 Mtonnes 
per year, as indicated in table 4.1. 

Table 4.1 Global estimates of methane emissions from landfills 

Reference Average 

Bingemer, 1987 
OECD, 1991 
Richards, 1989 
Thorneloe, 1993 
IUPAC, 1994 

50 
62 
15 
39 
60 

30- 70 
na 

10- 20 
25- 52 
20 -100 

For a quantification of global emissions, several aspects have to estimated: 
— global waste production; 
— fraction of the waste landfilled; 

amount of methane generated per tonne waste. 

As described in chapter 2.2, landfill gas formation is very dependent on local waste 
treatment, consumption patterns and climate conditions. As a result of this, 
extrapolation of e.g., US or Dutch experiences with landfill gas results in a rather 
uncertain emission estimate. 

A more reliable estimate of global emissions is obtained, by distinguishing several 
regions, with similar consumption patterns and climate conditions, and estimating 
emissions for each region. Global emissions may be obtained as the sum of these 
regional emissions. 

Reckoning the uncertainties in extrapolation of local landfill gas formation to a global 
scale, uncertainty ranges as 20 to 100 Mtonne lies in the line of expectations. 

4.2 Dutch emissions 

National methane emissions may be quantified, starting from the methane 
material balance. Assuming no accumulation of methane in the landfill, this material 
balance goes: 

emission = formation - oxidation - recovery 
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All aspects are described in more detail below. 

4.2.1 Formation 

Landfill gas formation can be calculated, starting from some formation 
model, as described in chapter 3. In order to perform such a calculation, information 
is required about 
— the amounts of waste landfilled in the Netherlands; 
— the composition of the waste; 
— the amount of landfill gas formed from this waste, so the value of the model 

parameters in the landfill gas formation models; 
— the mean methane content in landfill gas. 

Amounts of waste 

The amount of waste landfilled in the Netherlands are not accurately 
known. Four different estimates exist (see appendix 2): 
a. the amounts as described by van der Bom [1991], and subsequendy used by 

Verschut [1991] and van Amstel [1993], This estimate is at the basis of previous 
estimates of methane emissions from Dutch landfills; 

b. the amounts as described by the Adviescentrum Stortgas [1991] and subsequently 
used by TAUW [1993], which are about 2/3rd of the amounts mentioned ad a); 

c. estimates, as used by the ‘Afval Overleg Orgaan’ (AOO, a deliberation platform of 
government, waste treatment companies, industry and consumers organisation), 
for planning of policy and waste treatment capacity; 

d. estimates as made by the RTVM for the most recent years. 

The amounts under a) seem to be the most unreliable. These amounts most likely 
refer to total amounts of waste end-treated in the Netherlands, so they also comprise 
the amotmts of waste incinerated; 
In the amounts under b) the demolition waste is neglected. This demolition waste 
consists notably of brick rubble. But it also contains waste wood, so some organic 
carbon. These data may be used in the quantification of Dutch methane emissions, 
when the demolition waste is also neglected in calculating the mean composition of 
the waste landfilled; 
The amounts under c) and d) are estimates of amounts of waste landfilled in recent 
years. They are based on extensive inventarisations of waste-treatment in the 
Netherlands. Since at most landfills nowadays weigh-bridges are used, and the origin 
of the waste is administered, a detailed estimate of waste amounts and origin could 
be expeaed. It is indicative for the difficulty of estimating the amotmts of waste 
landfilled, that despite the extensive inventarisation and despite the weigh-bridges, 
the amounts of c) and d) are over 20% apart. 

In the quantification of Dutch methane emissions from landfills, the estimates of 
amounts of waste will be used, made by ACS and AOO. 
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Waste composition 

The composition of Dutch waste is investigated, a.o. by RIVM [In 
Scheepers, 1994], and Heidemij [in AOO, 1994], In table 4.2 the organic carbon 
content of Dutch waste is calculated. 

Table 4.2 Carbon contents in Dutch waste in 1993 

Fraction 
(%) 

DOC1* 

Household waste 
Industrial waste 
Office, shop and services waste 
Sweeping waste 
Demolition waste 

52 
20 
10 
3 

15 

136 
111 
140 
129 

11 

Total 
Total without demolition waste 

112 
130 

1* Amounts of DOC are from table 3.2. 

Amounts of landfill gas formed 

The amount of landfill gas formed is calculated using the first-order model, 
as described in chapter 3, and using the model-parameters as derived in chapter 8. 

Methane content of the landfill gas 

The mean Dutch methane content of landfill gas is estimated to be 57%, 
see table 2.1 in this report. 

4.2.2 Oxidation 

The amount of methane that is oxidised in the top-layer is very uncertain. 
In chapter 8, some difficulties in estimating oxidation are described. Most likely the 
amount oxidised is somewhere between 0 and 20% of the methane produced. A 
degree of 10% is assumed in this inventory. 
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4.2.3 Recovery 

The amounts of landfill gas recovered throughout the years are well known, 
since they are well administered by the landfill gas project managers. The amounts of 
landfill gas recovered in the period 1983-1991 are inventarised by Oonk [1993]; for 
the subsequent years they are given by the Adviescentrum Stortgas [1993, 1994], 
These amounts are given in chapter 6, figure 6.1. 

4.2.4 Methane emission 

Starting from the methane material balance and the assumptions as 
described above, landfill gas emissions in 1990 and 1993 are estimated in table 4.3. 

Table 4.3 Quantification of Dutch methane emissions from landfills 
(in ktonne) 

1990 1993 

Formation 
Recovery 
Oxidation 
Emission 
(range) 

353 
-26 
-33 
294 

(190 to 415) 

364 
-51 
-31 
282 

(170 to 405) 

4.2.5 Discussion 

Uncertainties 

Major uncertainties in the estimation of the formation are about: 
— amounts of waste landfilled (uncertainty is about 10-15% for the recent years); 
— amount of methane formed per tonne waste (uncertainty of about 15%). 
These two aspects result in an inaccuracy in amount of landfill gas formation of about 
25%: 265 to 440 ktonne methane generated in 1990; 273 to 455 ktonnes in 1993. 

Besides that there is a significant uncertainty in the amount of methane oxidised in 
the top-layer. Between 0 and 20% of all methane will be oxidised: about 0-70 ktonnes 
in 1990; in 1993 about 0-73 ktonnes. 

Assuming these uncertainties results in a range in methane emissions, as indicated in 
table 4.3. 
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Comparison with an earlier estimate 

A previous estimate of methane emissions from landfills was given by van 
Amstel et al. [1993]: 380 ktonne per year (range 180 to 580). 
The difference between the estimate of van Amstel and the estimate in this report are 
a result of: 
— amounts of waste assumed to be landfilled (decreased with about 30% in this 

study); 
— assumed carbon content of the waste (increased with about 44%); 
— amount of landfill gas assumed to be formed per kg C (decreased with about 

40%); 
— methane content in the landfill gas (increased with about 12%); 
— the amount of methane assumed to oxidise in the top-layer (decreased with about 

50%). 

Overall this result in a decrease in the emission estimate of methane from landfills of 
about 25%. 

4.3 Future emissions 

Dutch waste policy 

Dutch policy aims at minimizing amounts of waste to be landfilled. This is 
achieved by waste prevention, and maximising reuse of waste. With regards to the 
organic carbon in the waste, the separate collection and reuse of the paper fraction 
and the separate collection and composting or fermentation of the organic waste are 
of importance. 
This policy of minimizing amounts of waste landfilled is not directed towards 
methane emission reduction, but more towards other aspects, and methane emission 
reduction is just a side-effect. The reason for reduced landfilling are: 
— decreased space attachment, which is very important is the densely populated 

Netherlands; 
— increased energy efficiency: waste combustion, gasification and fermentation lead 

to a higher energy yield from waste than landfilling and subsequently landfill gas 
recovery and utilization; 

— decreased bottom and ground water pollution and decreased odour nuisance. 
In the Netherlands prevention and reuse are preferred options to minimize amounts 
of waste, that have to be end-treated. On top of that municipal waste incineration 
preferred over landfilling, as a waste-treatment option. 

Waste end-treatment in the next decade 

Waste scenarios are recently developed by the ‘Afval Overleg Orgaan’, and 
are based on waste-policy as described above [AOO, 1994]. Amounts of waste that 
have to be treated (landfilled or incinerated) in 2005 are estimated, assuming: 
— increasing amounts of waste generated, due to economic growth; 

R95-203/112326-24783 25 



TNO-report 

— a certain development in waste prevention, reuse (including the separate 
collection and treatment of the VFG-fraction). 

Amounts of waste generated in future are estimated on the basis of the following 
scenario’s: 
— the policy scenario, in which amounts of waste in 2005 are estimated, assuming 

that current waste policy is successful and the targets as stated above are achieved. 
This scenario may be considered a best-case scenario; 

— the foul wind scenario, in which amounts of waste in 2005 are estimated assuming 
disappointing results of prevention and re-use. This scenario is considered a 
worst-case. 

In interpreting these scenarios it should be stressed, that development of waste- 
generation, and amounts of waste to be prevented and re-used is hard to predict. So 
the resulting scenarios of amounts of DOC landfilled and amounts of methane 
generated are merely indicative. 

The amounts of waste, prevented, re-used and treated in the year 2005 is tabulated 
in 4.4; the composition of the waste to be treated is given in table 4.5. 

Table 4.4 Waste streams in the Netherlands (in ktonnes) 

1993 2005- 

policy 
2005 

foul wind 

Prevention 
Re-use 
End-treatment 

16048 
10987 

3176 
21732 

6923 

2207 
19663 

9926 

Total 26945 31830 31796 

Table 4.5 Composition of waste for end-treatment 

1993 2005- 

pOlicy 
2005- 

foul wind 

Fruit, kitchen, garden waste 
Paper 
Wood 
Sweeping waste 
Other waste 
Inorganic fractions 

2197 
1768 
639 
791 

2010 
3492 

1533 
874 
474 
508 

1513 
2021 

2005 
1193 
685 
673 

1860 
2610 

A remarkable feature is in this scenario is, that the amount of vegetable, fruit and 
garden waste hardly decreases, despite the fact that separate collection and treatment 
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of vegetable, fruit and garden waste is assumed to be very successful. The decrease 
due to separate collection is counteracted by an increase in waste production. 

Development of the MSW-incineration capacity 

As described before, an increase in waste incineration capacity is pan of 
Dutch waste policy. The development of incineration capacity in the Netherlands 
until 2005 is depicted in figure 4.1. This capacity is that relatively good predictable, 
because it takes a relative long time to plan incineration capacity, to pass all 
procedures with regards to allowances, to build the incinerator and finally to start it 
up. As a result of this, all incinerators, that will start up until 2005, are at this moment 
already in some stage of preparation. 

5.2 

a—a—a—a 

4.8 

4.6 
30 

«4 4.4 

4.2 

3.8 

3.6 

- 3.4 

3.2 

2.8 

2.6 
1990 I 1992 I 1994 I 1996 I 1998 I 2000 I 2002 I 2004 I 2006 I 2008 1 2010 

1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 

Figure 4.1 Development of the incineration capacity 

Effects on landfill gas formation 

Combination of the development of the amounts of waste, the waste 
composition and the incineration capacity, and assuming specific fractions preferably 
being incinerated (e.g. household waste) or landfilled (e.g. demolition waste) results 
in a scenario for amounts and composition of waste that is landfilled. The amounts 
of organic carbon that are landfilled are depicted in figure 4.2. 
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Figure 4.2 Amounts of organic carbon landfilled 

The decrease in organic material landfilled results in a decrease of landfill gas 
formation. This effect is twofold: 
— the amount of DOC that is landfilled decreases, so there is less raw materials left 

for landfill gas formation; 
— several parameters that determine landfill gas formation alter. An example of this 

is the water content, that decreases due to the separate collection of the wet VFG- 
fraction. Most likely this results in a decrease in the rate of landfill gas formation 
(a decrease in the values of k in the models of table 3.1), but also in a decrease in 
the generation factor (the factor Ç in table 3.1). 

The first effect was already depicted in figure 4.2. The second aspect is much harder 
to address, since there is little experience with landfill gas formation from waste after 
separate collection of the VFG-ffaction. First experiences with recovery tests on such 
sites indicate, that still significant amounts of methane are formed [Grontmij, 1995]. 

A worst-case estimate for landfill gas formation in the near future is obtained by 
assuming the formation models as obtained for the waste, that is deposited in the last 
25 years, so for waste with the VFG-ffaction. The resulting estimate of landfill gas 
formation is depicted in figure 4.3. The amotmt of methane that is ultimately emitted, 
depends upon the success of the Dutch landfill gas recovery projects. 
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Figure 4.3 Maximum landfill gas formation in the Netherlands (1993-2005) 
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5 Options for emission reduction 

5.1 Reducing carbon content of the waste 

The best way for reducing landfill gas emissions is by preventing organic 
materials from being landfilled. 
This may be achieved by municipal waste incineration or gasification. This results in 
a reduction of landfill gas formation of almost 100%, since all organic carbon will be 
converted into carbon dioxide (originating from the short carbon-cycle, see § 2), 
when combustion is complete. 

Another way for reducing the organic content of the waste is by separate collection 
and treatment of fractions that contain degradable organic carbon, such as the 
vegetable, fruit and garden waste (VFG), paper and textiles. The separate collected 
paper and textiles fraction may be recycled; the organic fraction may be composted 
or fermented. The resulting compost can be used as a organic fermentizer or can be 
transformed to pigs food. 

Both increased municipal waste incineration and separate collection and treatment of 
the VFG-fraction are part of Dutch waste-policy, as described before in chapter 4.4. 

5.1.1 Impact of separate VFG-treatment on amount of organic carbon in 
the waste 

Table 5.1 gives the amount of organic compounds (which is something 
different than the amotmt of degradable organic carbon), the degradability and the 
water content of the various fractions in Dutch waste. This table refers to Dutch 
municipal waste, before separate collection of VFG was effective. Separate collection 
of paper and textiles is reckoned with in this table. 

Table 5.1 Composition of Dutch municipal waste 

Degradability Kind of waste Fraction 
in MSW 

<%) 

Organic 
compounds 

kg/ton 

Moisture 
content 

(%) 

Fast 

Moderate 
Slow 

VFG 
bread 
paper 
textiles 
wood 
others 

46.8 
2.5 

24.7 
2.4 
0.8 
4.1 

95 
288 
267 
350 
360 
190 

57 
32 
30 
17 
14 
30 
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From this table, the effect of separate collections calculated, assuming some 
collection efficiency. 

5.1.2 Impact of VFG-treatment on degradability of the remaining 
fraction 

Except for a decrease in amounts of organic carbon that is landfilled and a 
shift towards the moderate and slow degradable fractions, landfill gas formation is 
affected by decreasing humidity. 

Moisture in the waste, and especially the initial moisture content, has a large impact 
on landfill gas formation. Large pans of the moisture content in integral municipal 
waste originates from the relative wet VFG-fraction. Separate collection of the VFG- 
fraction results in a decrease of the moisture content in the waste. This will affect the 
degradability of the moderate and slow degradable fraction (a decrease in the values 
of klj2 and k1;3 in relation 3.1), and possibly also the amount of landfill gas ultimately 
formed (a decrease in the formation factor, Q 

5.2 Improving the oxidising capacity of the top-layer 

Bacteria in the top-layer are capable of transforming methane into carbon 
dioxide. As a result of this methane emissions are reduced with about 10 to 20%. 
Perhaps there are some options to increase the extent to which the methane is 
oxidised. Possibilities are: 
— addition of nutrients; 
— optimisation of the top-layers materials; 
— addition of a kind of biofilter; 
— homogenisation of the top-layer. 

The technological and economic feasibility of this option is unknown. 

5.3 Landfill recovery and utilization 

Once the organic waste is deposited, landfill gas recovery is the only way for 
reducing landfill gas emissions. Recovery proves to be very cost-effective, when 
energy content of the landfill gas is utilized. When the landfill gas is utilized, use of 
fossil fuel is mitigated, so landfill gas utilization means carbon dioxide emission 
reduction. At this moment about 22 landfill gas projects are operational in the 
Netherlands. In some projects landfill gas is utilized in industrial boilers, kilns or used 
for district heating; in several projects electricity is generated; in some other projects 
the landfill gas is upgraded to natural gas quality and injected in the natural gas 
distribution grid [Oonk, 1993]. In 1993 about 123,7 million m3 of landfill gas was 
extracted; 85.4 million m3 is utilized. Methane emission reduction in 1993 was 48.1 
ktonnes, carbon dioxide emission reduction was 79.6 ktonnes [Adviescentrum 
Stortgas, 1994]. Due to efforts of energy companies, waste treaters, NOVEM, and the 
‘Adviescentrum Stortgas’ [the landfill advisory board] the number of landfill gas 
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projects is increasing rapidly. About 30 landfill gas projects will be operational by the 
end of 1995. 
Landfill gas recovery and utilization is described in more detail in the chapters 6 and 
7. 

5.4 Cost-effectiveness 

The costs of measures for reducing landfill gas emissions are compared in 
table 5.3. The cost-effectiveness of landfill gas recovery and utilization is based upon 
the costs of landfill gas recovery in the Netherlands, as described in the next chapter. 
The cost-effectiveness of reducing carbon content is pure illustrative, since the aim of 
this policy is not to reduce methane emissions reduction, but is more connected to 
waste policy in general. 

Table 5.2 Cost effectiveness of greenhouse gas mitigation [de Jager, 1993] 

DfJ/ton CH, 

Landfill gas recovery and utilization 
Landfill gas recovery and flaring 
Reduced landfilling by composting 
Reduced landfilling by incineration 

-95 
16 

1300 
15700 
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6 Landfill gas recovery and utilisation 

6.1 Landfill gas projects in the Netherlands 

This chapter is partially based on an inventory of landfill gas projects in the 
Netherlands, by order of NOVEM, performed in 1992 and published previously by 
the Landfill gas Advisory Centre [Oonk, 1993]. 

A landfill gas project consists of a recovery system, which extracts the landfill gas from 
the waste and a utilisation unit, in which the energetic value of the landfill gas is 
utilised. Excess amounts of landfill gas, usually are flared. 

Landfill gas recovery results in a decrease of landfill gas emissions. This results in 
reduction of methane emissions, but it also reduces odour nuisance and vegetation 
damages. 

The first landfill gas projects usually were started, to reduce local problems due to 
emissions, or because utilisation of the energy content of the gas seemed to be 
attractive. In more recent years many landfill gas projects are initiated by energy 
companies, as a way for reducing their C02-emissions. Nowadays legal aspects also 
become important, since efficient recovery schemes are increasingly prescribed by 
local government. 

In the period 1983 - 1994 landfill gas recovery and utilisation projects were realized 
at 22 landfill sites in the Netherlands. Detailed information about the equipment 
installed, financial aspects and project results 14 of these landfills is provided in 
Appendix 1. The development of amotmts of landfill gas recovered and utilised is 
given in figure 6.1. The fraction of landfill gas that was collected but remained unused 
was usually flared. 
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Figure 6.1 Landfill gas recovery and utilization in the Netherlands (1983-1993) 

In 1993 almost 123.7 million m3 landfill gas were recovered in the Netherlands. Of 
this amount, almost 85.4 million m3 landfill gas were utilized, the remainder was 
flared. The local effects of landfill gas recovery are limitation of odour nuisance and 
reduction of damage to the vegetation. Besides that, an emission of 48.1 kilotonnes 
of methane was mitigated. 

The carbon in the methane and carbon dioxide of the landfill gas originates from a 
closed short carbon cycle: the carbon has been absorbed as carbon dioxide from the 
atmosphere by the vegetable plants. After being landfilled it is partially emitted again 
as carbon dioxide. Considered over a few years time, there has been no net carbon 
dioxide emission. For this reason the carbon dioxide in the landfill gas and the carbon 
dioxide from burnt landfill gas do not contribute to the greenhouse effect, and landfill 
gas may be considered a renewable energy source. 

Utilisation of landfill gas replaces the use of fossil fuels, and as a result of this 
utilisation reduces the carbon dioxide emissions. Table 6.1 shows the various 
utilisation possibilities along with the amount of energy produced and the reduction 
of carbon dioxide emissions. 
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Table 6.1 End-use of landfill gas, amount of energy produced and carbon dioxide 
emissions mitigated (in 1993) 

Direct combustion 
Electricity 
Substitute natural gas 
Total 

Landfill gas 

(* 1000 m3) 

8 960 
43 500 
32 890 
85 350 

Energy 

(*1000) 

5 600 m3 nge1) 
75 890 kWh 
13 050 m3 SNG 

Mitigation of 
C02-emission 
(kilotonnes) 

10.2 
43.1 
26.3 
79.6 

0 nge = Dutch natural gas equivalents (35,5 - 36 MJ/m3). 

The total mitigation of greenhouse gases in 1993 was almost 80 kilotonnes carbon 
dioxide and 48 kilotonnes of methane. Assuming a greenhouse warming potential for 
methane of 22 (100 year time horizon, direct and indirect effects considered) the total 
reduction of greenhouse gases is 1136 kilotonnes of C02-equivalents. 

6.2 Landfill gas recovery 

The recovery system consists of a well system, the collection pipes, a blower 
to supply the suction pressure on the wells, and equipment to flare excess amounts of 
landfill gas. 

The well system may be designed in various ways. The design of the well system, the 
way in which the system is realised, and the way of operation is of utmost importance 
of the amount of landfill gas recovered. And since the amount of landfill gas recovered 
corresponds with the amount of landfill gas emissions mitigated, it is these aspects 
that are of importance for abating methane emissions. Recovery and ways for 
optimizing its efficiency are described in more detail in chapter 7. 

Technological and financial aspects of landfill gas recovery at 14 projects in the 
Netherlands are given in Appendix 1. 

6.3 Utilisation of Landfill Gas 

Landfill gas can be utilised in various ways. Several end-use options are 
operational in the Netherlands. Options are: 
— direct combustion for heating boilers or in kilns; 
— use in stationary engines for generating electricity (with or without utilisation of 

heat); 
— upgrading of landfill gas to substitute natural gas (SNG). 
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Direct combustion 

Direct combustion is the major application of landfill gas in several projects: 
in Ambt-Delden landfill gas is used for heating an industrial boiler in a chemical plant 
and for district heating purposes in Almelo; in Bavel gas was burnt in a kiln baking 
bricks (unfortunately, the brick factory closed in December 1992); in Borssele landfill 
gas is burnt in a kiln baking anodes for the aluminium industry. In some other projects 
minor direct uses are realised: in Hengelo, for example, a small amount of landfill gas 
(< 130 m3/hr) is used in leachate treatment. 
In most projects the site of combustion is located away from the landfill site. To 
prevent the formation of condensate, landfill gas is dried before being transported 
over several kilometres. 
In all cases the industrial boiler or kiln had to be adapted to the changed composition 
in fuel gas. This is done in such a way that landfill gas, natural gas or a mixture of 
both can be used. 
Except for some problems associated with the high H2S content in the landfill gas in 
Borssele (> 100 ppm), this type of end-use runs without any serious problems. 

Electricity generation 

Electricity generation is the major utilisation in most landfill gas projects. 
In Ambt-Delden, Bavel and in Borssele electricity is generated and used to drive the 
blower. 
In all cases stationary engines are applied. In all projects no landfill gas treatment is 
utilized other than a demister for water vapor separation. 
Waste heat from the engine is also utilized in two projects. In Veendam an industrial 
process for the evaporation of a CaCl2-solution was relocated to the landfill site for 
this purpose. In Emmen landfill gas is transported to a home for the elderly, where it 
is used in a combined heat-power engine. 
Electricity generation in general faces very few technological problems. 

Upgrading to natural gas 

Upgrading of landfill gas implicates that most of the carbon dioxide and all 
trace components are separated from the methane. Subsequently the substitute 
natural gas is odorized and injected into the local gas distribution grid. 
The installation for upgrading the landfill gas is characterized by the way carbon 
dioxide is separated. In Nuenen and in Wijster this is done by pressure swing 
adsorption in a 4 and a 3-bed activated-carbon loaded PSA-unit respectively. In 
Tilburg carbon dioxide is removed by physical absorption in water. In several smaller 
landfill gas projects membranes can be used to remove carbon dioxide. This is the 
case in for example Vasse. 

Non-Dutch language literature about specific Dutch landfill gas projects is given by 
van Wezel [1988], Scheepers [1989, 1991ab], Tuning [1992], Rautenbach [1992] and 
Carbiogas [1993]. 
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7 High efficiency landfill gas recovery 

This chapter is based on a study ‘High efficiency landfill gas recovery’ 
performed in 1993 by order of NOVEM [Oonk, 1994]. 

7.1 Differential and integral recovery efficiency 

Landfill gas formation on a single landfill is depicted in figure 7.1. During 
the exploitation period (about 10 to 20 years) landfill gas formation increases as 
amotmts of waste in place increase. After closure of the landfill gas formation reaches 
its peak and from then on it gradually decreases. In most landfill gas projects, gas 
recovery is started after closure of the landfill. About five years after closure a top-liner 
system is installed. Because the top-liner system has a low permeability for gas (at new 
landfills it has to be impermeable), the recovery efficiency increases. 

landfill gas 

exploitation closed capped 

landfill gas formation 

landfill gas recovery 

t = t years 

time 

Figure 7.1 Landfill gas formation and recovery 

Considering the efficiency of recovery, an integral and a differential efficiency can be 
distinguished. The differential efficiency is the fraction of landfill gas formed that is 
recovered at a moment in time (e.g. the ratio of the lines AB and AC in figure 7.1), 
and the integral efficiency the fraction of landfill gas, that is recovered during the life- 
time of the landfill (the ratio of the areas below the formation-curve and the 
collection-curve). 

For the effectiveness emission reduction, the integral efficiency is of interest. This 
integral efficiency depends on the time at which the landfill gas recovery system is 
installed, the differential efficiency of the recovery system, and the time of installing 
and the impermeability of the top-liner system. 
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7.2 Systems for landfül gas recovery 

There are several ways in which the well-system for landfill gas recovery 
may be constructed. Four groups of systems may be distinguished: 
— vertical wells; 
— horizontal systems; 
— surface gas-recovery; 
— combined systems. 
Within each group several variations are possible, each differing in e.g., the 
combination of the method of landfilling and the realisation of landfill gas recovery. 

In the next paragraphs some examples of recovery schemes are described in further 
detail, and after that their pros and cons are discussed. 

7.2.1 Vertical wells 

Vertical wells 

The most well known and most often applied system for landfill gas 
recovery is the vertical well. Normally such a vertical well is constructed after the 
landfill is closed, and consists of a HDPE-tube, of which the lower part is perforated 
(the filter). This HDPE-tube is fit with a telescope construction in order to meet 
settlements of the waste. The well is completed at the upper part with a well-head, 
which contains the connection with the piping system, a landfill gas sample point, and 
a pilot valve for control of the suction-pressure in the well. The HDPE-tube is placed 
in a well-hole of about 1 meter diameter. This hole may be drilled or dug. The 
annular space around the well is filled with gravel or other rough materials. To avoid 
the entrance of surrounding air in the well, this column of gravel is sealed with e.g. a 
layer of concrete. 

The costs of a well are about ƒ 15.000,- for a 20 m deep well. 
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Figure 7.2 Vertical wells 

Table 7.1 Characteristics of vertical wells 

Well depth 
Filter length 
Well diameter 
Tube diameter 
Well spacing 

Wells/ha 

10 - 25 m 
2 - 15 m 

60 - 80 cm 
16 cm 
50 - 120 m 

1 - 3 
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Compartmenvwise installed vertical wells 

When a landfill is constructed compartmentwise, it is not necessary to wait 
with the realisation of landfill gas recovery, until the whole landfill is closed. 
Compartmentwise construction implies, that in a relative short period of time (about 
one year) a part of the landfill is filled. After closure of the compartment, gas recovery 
from this compartment can be started, while another compartment is filled. This is 
depicted in figure 7.3. The cost of such a well are as described above. 

a 

Figure 7.3 Compartmentwise installed wells 
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Vertical raised wells 

Large part of the costs of a vertical well are costs for drilling of the hole. 
These costs are saved when the wells are raised during exploitation. This is done 
using a metal cylinder of about 5 m high, in which the well is placed (see figure 7.4). 
Subsequently waste is deposited in the area around the cylinder. When the waste 
reaches the top of the cylinder, the cylinder is pulled up, the well is extended and 
waste depositing proceeds. When the final height is reached, a well-head is fixed and 
the well is connected to the landfill gas collecting system. In this way the costs of a 
single raised well are reduced to about ƒ 8.000,—. 

Figure 7.4 Vertical raised wells 
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Vertical wells, joined at the bottom 

The disadvantage of the system, described above, is that gas collection can 
not start until the landfill has reached it’s endheight. A possibility for the collection of 
gas, during the exploitation of a compartment is by collecting the gas at the bottom 
of the wells, as depicted in 7.5. 

Figure 7.5 Wells, joined at the bottom 

7.2.2 Horizontal systems 

A system of perforated horizontal tubes, which are entrenched during the 
filling period, may be used for recovery of landfill gas. When about 3 meters of waste 
is deposited on top of a horizontal layer landfill gas can be extracted. In a landfill 
several layers of horizontal tubes are entrenched; the vertical distance between two 
layers ranges from 6 to 10 m. A horizontal system is rather costly, because of the large 
amounts of HDPE-pipes required. A horizontal system costs about ƒ 48.000,-- per 
acre per layer. 

—ts/ 

Figure 7.6 Horizontal system 
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7.2.3 Surface gas recovery 

In order to avoid further formation of percolate water, at modem landfills 
a water-tight top-liner system is installed. Normally this is done when the risk of 
irregular settlements has diminished: about 5 years after closure of the landfill. Such 
a top-liner system is also gastight, so precautions have to be taken to avoid the build- 
up of gas pressure. This can be done by incorporating a system for landfill gas 
recovery in the top-liner system. There are several ways for incorporating the gas 
recovery in the top-liner system, for example. 

Tubular gasdrains 

Consist of a dense network of small perforated HDPE-tubes (see figure 
7.7), just below the top-liner system. At several places gas is collected and transported 
through the top-liner system. 

rj’nnn.u 

Figure 7.7 Tubular gasdrains 

Gasdrain mats 

Are mats of some synthetic material, which are permeable lenghtways. The 
gas can be transported through the mat to collection points, where it can be 
transported outside the landfill (see figure 7.8). 
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Figure 7.8 Gas drain mats 

7.2.4 Combined systems 

Combined systems may exist e.g., of a combination of a horizontal system 
and vertical wells or of a combination of vertical wells and surface gas recovery. Two 
examples of combined systems are given below. Both systems are operational in the 
Netherlands 

Gas trenches 

are used at the landfill in Wijster for the simultaneous recovery of landfill 
gas and discharge of percolate water. For this purpose slots are dug in the waste of 
about 4 meters deep, which subsequently are filled with pallets. Since these horizontal 
trenches have a significant depth, they have a vertical dimension and may be 
considered as a combination of a vertical and a horizontal system. Every 200 meters 
a vertical well is installed in order to collect the gas from the trenches. The distance 
between two trenches is about 50 m. A single trench can be used for gas recovery of 
a layer of about 20 m thickness. The costs for the trenches are about ƒ350 per meter, 
which is about ƒ 70.000 per acre. 
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Figure 7.9 Trenches as in Wijster 

A combination of horizontal trenches and vertical wells 

Is used at the landfill in Voorst. The vertical wells are interconnected by a 
system of horizontal trenches of 2 x 2 meters. The vertical wells are raised during 
exploitation (see chapter 7.2.1); the trenches are filled with old car tires, which are 
brought for landfilling. In this way in Voorst a very high well density is obtained, at 
low costs. 

fes 

m 

±80 m 
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O verticale bron 

gasgang 

Figure 7.10 Trenches as in Voorst 
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7.2.5 Comparison of the systems 

Table 7.2 gives an overview of the advantages and disadvantages of the 
several systems. 

Table 7.2 Comparison of the systems 

System During exploitation After exploitation Technology and economy Other aspects 

Effective- 
ness of 

recovery 

Control 
of gas 

Possibility 
for uti«. 
sation 

Effective- 
ness of 

gas 
recovery 

Control of 
gas 

quality 
for utili- 
sation 

Technical 
feasibility 

Costs 
of 

land- 
filling 

of waste 
heap 

Water 
manage- 

ment 

Number 
of 

top-layer 
transits 

Vertical wells 

Compartment- 
wise 

Botto 
collection 
Trenches 
(Wijster) 

Horizontal 
system 
Voorst 

Drains 

n.a. = not applicable. 

Effectivity of gas recovery ¡emission abatement 

The integral efficiency depends upon the possibilities for gas recovery 
during exploitation of the landfill. Ultimately, when properly designed, every system 
is capable of landfill gas recovery with a high differential efficiency. 

Control of landfill gas quality 

The landfill is not a very homogeneous reactor. So important factors for 
landfill gas recovery (landfill gas formation and waste permeability, differ a lot from 
place to place). Control of the gas quality is very important being able to optimise 
recovery from the various parts of the landfill by adjusting to suction pressure in each 
part. 

Possibilities for landfill gas recovery 

Is determined by the amount of quality landfill gas that can be recovered 
and the possibilities to collect this adequately. 
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Technical feasibility 

Depends upon, whether the technique has been demonstrated or not, and 
functions without significant problems for a period of time. 

Costs 

The costs of the several systems are presented before. The costs per acre as 
a function of the height of the landfill are presented in figure 7.11. 

1500001 

§ 125000 

E 
I 100000 

■s 75000- 

50000 

25000 

trenches 

vertical wells 

vertical raised wells 

horizontal system 

gas drains 

10 20 30 
height of the landfill (m) 

40 

Figure 7.11 Costs of the well systems per acre 

Other aspects 

are connected to the way in which the system for landfill gas recovery affects 
the exploitation and after-care of the landfill. 

7.3 Increasing recovery efiBciencies 

In order to increase the integral efficiency, the white parts below the 
formation curve in figure 7.1 have to be filled up. There are three methods of doing 
this (see figure 7.12): 
a. advance of the installation of the top-liner system (illustrated by arrow A); 
b. increase of the differential efficiency of recovery, when the top-liner is not present 

yet (illustrated by arrow B); 
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c. start of recovery of landfill gas as soon as possible, already during exploitation 
(illustrated by arrow C). 

closed capped exploitation 

landfill gas 

t = t years 

time 

Figure 7.72 Increasing integral efficiencies 

ad a) 
Normally the top-liner system is installed about five years after closure of the landfill. 
The installation of the top-liner system may be advanced for about two years. Because 
of the required advanced investment of several million guilders, this is a very costly 
operation, which also brings about technological risks: due to possible irregular 
settlements of the landfill that short after closure of the landfill, the top-liner system 
might be damaged. Repair of a top-liner system is in general very costly. 

ad b) 
A possibility for increasing the differential efficiency is increasing the well-density. 
This may be achieved, by simply increasing the number of wells per acre or by 
combining the vertical wells with permeable trenches (a described earlier in figure 
7.10. The latter option is very cheap, because materials required for the trenches (e.g. 
car-tires, rubble) are often present on the landfill. 

ad c) 
Advanced recovery of landfill gas means, that recovery has to start as soon as possible: 
before closure, during the filling period of the landfill. This simultaneous filling and 
recovery may be done by choosing an appropriate recovery system (e.g. a horizontal 
system) or by combining the installation of the recovery system with a 
compartmentwise filling practice. 
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7.4 Integral efficiency versus costs in a model calculation 

The costs and effects of the measures described in chapter 7.3 are 
quantified in a model calculation, assuming landfill gas formation for a single landfill 
in which yearly 250.000 tons of waste are deposited for a period of ten years. Five 
years after closure of the landfill the top-liner system is installed. 

In this model calculation four different systems are considered: 
— vertical wells, installed after closure of the landfill; 
— compartmentwise raised vertical wells, (each compartment is filled in one year); 
— a horizontal system; 
— a tubular gasdrain system. 

The basis systems 

In table 7. the integral efficiency, r^, the cost-effectiveness per tonne 
methane recovered, cem, and the costs per tonne waste, cew, are compared for these 
systems. The corresponding landfill gas recovery curves are depicted in figure 7.13. 
It is obvious that the sooner landfill gas recovery starts, the higher the integral 
efficiency is, so efficiencies increase from gasdrains, to wells, installed after closure, 
to the horizontal system to compartmentwise raised wells. 

Table 7.3 Comparison of the systems 

n¡ ce„ ce_ 

Vertical wells after closure1) 
Compartmentwise raised vertical wells1* 
Horizontal system 
Tubular gasdrains 

39 
55 
45 
30 

0.56 
0.25 
0.88 
0.55 

11 
6 

19 
8 

1* Assuming two wells per acre. 
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Figure 7.13 Landfill gas formation and recovery in the model systems 

Advanced installation of the top-liner system 

The effect of the top-liner system is illustrated in table 7.4. In this table it is 
assumed, that the top-liner system is not installed as a means for reducing gas 
emissions. So the costs of a top-liner system, installed after five years are not 
incorporated in the costs for gas recovery. When the installation of the top-liner 
system are advanced in order to increase landfill gas recovery, the extra costs 
connected to this early installation are incorporated in the costs of landfill gas 
recovery. These costs are related to the loss of income from interest, due to an earlier 
investment of several millions of guilders for this top-liner system. 

From table 7.4 it can be concluded, that earlier installation of the top-liner system has 
a significant effect on the integral efficiency. The costs associated to this early 
installation however are very high. 
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Table 7.4 Effect of the top-liner system 

n¡ ce, m cew 

Vertical wells, installed after closure1) 

no 
5 years 
2 years 

24 
39 
45 

0.91 
0.56 
2,11 

11 
11 
46 

Compartmentwise raised wells1' 

no 
5 years 
2 years 

39 
55 
60 

0.33 
0.25 
1.42 

6 
6 

41 

Horizontal wells 

no 
5 years 
2 years 

35 
45 
55 

1.12 
0.88 
2.04 

19 
19 
54 

Tubular gasdrains 

no 
2 years 
5 years 

30 
41 

0.54 
2.17 

8 
44 

1> Assuming two well per acre. 

Increasing the well density 

The differential efficiency can be increased by increasing the number of 
wells per acre. The costs and effects of this increased well density are given in table 
7.5. From this table can be concluded, that the well density also has a considerable 
effect on the integral efficiency. By comparing the costs with the costs in table 7.3 it 
is concluded, that a high integral efficiency is cheaper to obtain by increasing the well 
density than by advancing the installation of the top-liner system. 
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Table 7.5 Increase of well density 

TJl ce„ ce. 

Vertical wells, installed after closure 

1 well/ha 
2 wells/ha 
3 wells/ha 

33 
39 
46 

0.32 
0.56 
0.71 

5 
11 
16 

Compartmentwise raised wells 

1 well/ha 
2 wells/ha 
3 wells/ha 

40 
55 
70 

0.16 
0.25 
0.29 

3 
6 
9 

Conclusions 

So from this model calculation it can be concluded, that compartmentwise, 
raised vertical wells are the most effective way of recovering landfill gas: a high integral 
efficiency, accompanied by low-costs. When compartmentwise dumping is not 
possible, or not allowed, a horizontal recovery system is a high-efficiency alternative, 
although it is relative costly. Recovery systems, that are installed after closure of the 
landfill have an intrinsic low integral efficiency, because large parts of the landfill gas 
potential is formed and emitted during exploitation. The promising conclusion is, 
that high efficiency landfill gas recovery is possible and will be cheap, if one takes 
landfill gas formation and recovery into consideration when the landfill is designed. 

7.5 Economic versus environmental aspects 

At a first glance, landfill gas recovery seems a technique which is attractive 
from an economic point of view, and has a significant environmental impact. 
But when designing the landfill recovery system, a mismatch between economic and 
environmental aspects soon becomes visible. This mismatch is connected to three 
different things: 
a. the cost-effectiveness of recovery; 
b. the uncertainties in amounts of landfill gas formed; 
c. the decline of landfill gas formation in time. 

ad a) 
When increasing the well density, the amount of landfill gas per well remains constant 
until a certain well density is reached. After this the wells will start to influence each 
other, and amounts of landfill gas recovered per well will reduce. As a result of this, 
the costs per m3 landfill gas recovered will increase. So when one tries to reduce 
emissions by increasing the well-density, landfill gas recovery becomes less attractive 
from an economic point of view. 
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ad b) 
When one wants to size a landfill gas project, the amounts of landfill gas that can be 
expected are unknown. Normally a forecast is made of the minimum and maximum 
amotmt of landfill gas formed and the minimum and maximum amounts that can be 
recovered; the minimum estimate sometimes even being less than 50% of the 
maximum. 
In a landfill gas project, which is realised for it’s economic merits, the choice of the 
capacity of recovery and utilization is based on the minimum expected amounts. 
Choice of higher capacities brings about financial risks. When one tries to minimize 
emissions, the choice of capacity of the recovery should be based on the mean or 
maximum expected amounts of gas. 

ad c) 
The amount of landfill formed gradually decreases in time, where the capacity of the 
utilization unit remains constant. Such a utilization unit has it’s highest profits when 
it can operate at a maximum load for longer times. For this reason the capacity of 
utilization does not depend on the amounts of recoverable landfill gas, just after 
closure of the landfill. They depend more on the amounts of gas that are expected to 
be recovered after 7 to 10 years. In figure 7.14 formation, recovery and utilisation are 
represented: the grey shaded utilisation being only a small fraction of the amounts of 
gas formed. 
Since only a small part of the landfill gas can be utilized, there is no economic 
incentive for recovery of larger amounts. 

amount of 
landfill gas 

formation 

recovery 

utilization 

time 

Figure 7.14 Formation, recovery and utilisation 

Due to these three aspects, the amounts of landfill gas that are recovered for economic 
reasons are restricted to about 15 to 20% of the amounts that are formed. From this 
it becomes clear, that one can not rely on the economic feasibility of a landfill gas 
project to obtain a significant reduction of methane emissions from landfills. 
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It should be noted, that many Dutch landfill recovery projects in practice, do a lot 
better than the situation described above. This is because emission reduction is also 
a main objective in these landfill gas projects. This emission reduction is in most cases 
related to reduction of odour nuisance or vegetation damages. 

For a further reduction of methane emissions from landfills, recovery has to be 
maximised. Recovery has to be looked upon more as a means for reducing emissions, 
than as a way for exploiting an energy source. 
The policy should be to recover the maximum recoverable amount of landfill gas, 
utilize what is economically attractive to utilize and flare the surplus of landfill gas. 

It is obvious that there is no economic incentive for doing this, so other ways of 
promoting such a recovery strategy have to be defined: 
— one reason for optimum recovery is a significant reduction of odour nuisance and 

vegetation damages. This beneficial side-effect of landfill gas recovery could be 
more stressed, because landfill exploitants are well prepared to take measure to 
avoid local nuisance; 

— landfill gas projects in the Netherlands are in many cases initialised by the local 
energy companies. They regard utilisation of landfill gas as a means for carbon 
dioxide emission reduction. The mitigation of emissions of methane by recovery 
is often neglected, although this effect may be the ten-fold of the carbon dioxide 
emission reduction. Making it possible for them to add the methane emission 
reduction (in carbon dioxide equivalents) to their carbon dioxide emission 
reduction, might shift emphasis to a more optimal recovery; 

— legislation may play an important role. The obligation for optimum landfill gas 
recovery may be prescribed the permits of the landfill. Optimum recovery is 
recently incorporated in the Dutch Emission Guidelines, [NER, 1994], The NER 
represents a guideline for deliberation between local government and industry 
with regards to maximum emissions and actions for emission reduction. The 
compartmentwise installation of a well system (see § 7.2) is prescribed as the 
method for realization of landfill gas recovery. 
Optimal landfill gas recovery may be prescribed, when landfill legislation contains 
prescriptions for the compartmentwise landfilling, time of installation of the wells 
(as soon as possible), system of extraction (sufficient wells), choice of the blower 
capacity (chosen with respect to the maximum amount of gas that may be 
formed), operation of the landfill (extraction of the optimum amount of gas), and 
maintenance of the well-system. 

56 



TN O-report 

Landfill gas formation, recovery and emissions 

8 Estimating formation from landfill gas projects 

8.1 Method of validation 

8.1.1 General 

The aim of this chapter is the correlation of landfill gas formation to some 
fundamental waste properties: amounts, age and composition. The way in which 
these factors are retrieved for the various landfills is described in this chapter, along 
with the method in which they are correlated. This is done, without going in the 
details of the nine Dutch landfill gas projects, used in this validation. These results 
are described in chapter 8.2. 

8.1.2 Waste amounts, composition and age 

Information about amounts of waste deposited throughout the years can be 
retrieved, through inquiries at the various landfill sites. At some landfills weighbridges 
are used to measure these amounts, at other sites amounts of waste were estimated 
from volume of waste deposited. For these years, where information was lacking, 
amounts of waste were estimated from inter- or extrapolation. 

At some landfills, the origin of the waste is also administered, and distinction is made 
between domestic waste and industrial waste. For sites where this information was 
lacking it is assumed, that 70% of all waste is domestic waste and 30% is industrial 
waste. 

Amounts of carbon and the degradability of the carbon (slow, medium or fast 
degradable) is calculated, using the mean composition of landfilled waste, as it has 
been determined in The Netherlands [Scheepers and Van Zanten, 1994]. These 
amounts are given in table 3.2. 

8.1.3 Landfill gas formation 

Landfill gas formation is obtained from amounts of landfill gas recovered 
and an estimate of the recovery efficiency: 

formation = recovery/recovery efficiency 

A prerequisite for this method of calculating landfill gas formation is, that recovery is 
optimal. This means that the amount of landfill gas recovered is limited by the 
amount of landfill gas formed and not limited by other aspects, e.g. the capacity of 
the blower or the capacity of the utilization. 
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The amounts recovered were obtained from the landfill sites. The recovery efficiency 
was estimated using engineers expertise: Grontmij has over a decade of experience in 
landfill gas recovery design and exploitation at numerous landfill sites in The 
Netherlands and abroad. 
The recovery efficiency of the landfills is estimated from various site-specific 
parameters, such as the design of the recovery system, the waste body depth, slopes 
of the side of the landfill, the covering material, the ground level. 

Generally, when a landfill is properly designed, vertical wells or a horizontal system 
are used, the well spacing is less than about 70-100 meters, no clayey top-layer or 
impermeable top-liner system is applied, the recovery efficiency is about 55%. 
In every individual case this efficiency is be adapted, based on the site-specific factors 
described above. 

Some examples: 
— the presence of an impermeable top-liner system: recovery efficiency is 60 to 95%, 

depending on the possibilities for migration landfill gas migration through the soil; 
— the presence of a clayey top-layer: recovery efficiency is about 60-75%, depending 

on the thickness of the layer, the age of the landfill and the possibilities for 
migration; 

— distances between individual wells larger than 100 m: the recovery efficiency is 
assumed to be 5 to 10% lower; 

— steep slopes (> 40°): the recovery efficiency is expected to be about 5 to 10% 
lower, due to emissions sideways; 

— a waste layer, higher than about 20 meters: the recovery efficiency is increases with 
about 5 to 10% higher; 

— a thickness of the waste is smaller than 10 meters: the recovery efficiency decreases 
with about 5%. 

8.1.4 Correlation of amounts of waste and landfill gas 

As described in chapter 3, landfill gas formation can be modelled in various 
ways. In general, landfill gas formation, ccc, is calculated from waste amount, 
composition and age, using a model, assuming a formation factor (Q and the model 
parameters (kl3 k2, etc.). The calculation formation depends on the value of these 
parameters. So with a fixed set of waste-data, landfill gas formation on a single landfill 
can be considered as a function of the model parameters. 

ac = f(Ç, kp k2,...) 

When for this landfill a gas formation is observed, the difference between the 
observed and calculated formation is also a function of the model parameters: 

ac-a0 = f (Ç, k1;k2,...) 

When sets of waste-data and observed landfill gas formation are available for several 
landfills, a function Q2 can be defined, which is the summation of the squares of this 
difference for all these landfills: 
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n/f 

Q2 = I(«c-«o)2 

i = 1 

then Q is also a function of the assumed values of 'C and k]3 k23 

Q = FCÇ.kpk,,...) 

From a mathematical point of view, the function F has its minimum for the value of 
the formation factor (Q and the model parameters (kl3 k2) that describes the observed 
landfill gas formations at best. So this function F is a tool which can be used for 
determining this set of optimum values. 

The problem of determining the ‘best-fit’ model parameters is reduced to a 
minimization problem, which can be solved numerically. 
In this study the minimization is performed using SAS, commercially available 
software for statistical analysis. 

8.2 Results 

8.2.1 General 

In this chapter the results of the study are described. These results are based 
upon an interpretation of several landfill gas recovery projects in The Netherlands. 

For selection of the sites, the two following prerequisites were defined: 
— the landfill gas recovery has to be limited by landfill gas formation and not by other 

factors, e.g. the capacity of the blower; 
— the amotmts of waste in place have to be known accurately. 

Especially the optimum recovery is very important. Many Dutch landfill gas projects 
proved not to meet this prerequisite, because recovery was sub-optimal. Sub-optimal 
recovery is e.g., when a landfill produces 10 million m3 of gas per year and the lay- 
out of the recovery system makes an efficiency of 50% possible, but recovery is 
restricted to about 3 million m3 due to a limited capacity of the blower. In this case 
the amount of gas recovered and the recovery efficiency do not represent landfill gas 
formation. 
An indication for sub-optimal recovery is, that the amounts of gas recovered are close 
to the maximum capacity of the blower, or that the well pressure is controlled by 
amounts of gas recovered. In the case of optimum gas recovery the well-pressure is 
generally controlled by the gas-quality. 

Nine landfills in The Netherlands proved to meet both prerequisites. For several 
landfills, landfill gas formation was estimated for more than one year, so altogether 
seventeen data-sets were available for the correlation calculations. In the next two 
sections waste properties and landfill gas recovery and formation are described. 
In some landfills, the landfill gas recovery system was expanded throughout the years. 
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These increased landfill gas projects are separately described in the next section, as 
Bavell, 2 and 3. 

8.2.2 Amounts of waste in place 

Table 8.1 gives an overview of the amounts of waste in place. The amounts 
and exploitation period in table 8.1 refers to the waste, in which the recovery system 
is installed. A more detailed description of amounts of waste is given in Appendix 3. 

Table 8.1 Characteristics of landfills used in the calculations 

Landfill Exploitation period Amount of waste (tonnes) 

Ambt-Delden 
Bavell 
Bavel2 
Bavel3 
Hardenberg 
Hengelo 
Schijndel 
Schinnen 
Stainkoel’n 
Vasse 
Veendaml 
Veendam2 

1970- 
1968- 
1968- 
1968 
1974- 
1986- 
1977- 
1973- 
1986- 
1975- 
1976- 
1976- 

1986 
1990 
1991 
1992 
1988 
1988 
1992 
1993 
1987 
1984 
1992 
1993 

2.317.000 
4.936.000 
5.460.000 
6.000.000 

830.000 
846.000 

2.258.000 
3.145.000 

120.000 
629.000 

1.721.000 
1.953.000 

8.2.3 Landfill gas formation 

Landfill gas formation is calculated from the landfill gas recovery and an 
estimate of the recovery efficiency: 

formation = recovery/recovery efficiency 

The recovery efficiencies of the landfills are estimated, as described in § 4.3. In 
estimating the recovery efficiencies the following site-specific factors were regarded: 
— the Ambt-Delden landfill is covered with a clay layer, the slopes are not very steep. 

Emission measurements proved emissions at Ambt-Delden to be very small. 
Partially based on these measurements, the recovery efficiency at Ambt-Delden is 
estimated to be 70%; 

— the Bavel landfill site has moderate steep slopes, has a thickness of more than 20 m 
and is covered with a thick clay layer (beet soil). The recovery efficiency is 
estimated to be at least about 60%; 

— the Hardenberg-Collendoom site was covered with a bentonite liner in 1992. 
Since the bentonite is water saturated, landfill gas leakage can be assumed to be 
very low. This is affirmed by recently performed emission measurements, in which 
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emissions at Hardenberg-Collendoom were proved to be negligible. Although the 
top-liner is gas-impermeable, recovery efficiency is not 100%. This is due to the 
leaking possibilities for gas by migration via the underground. Therefore the 
recovery efficiency is estimated to be 90%; 

— the Hengelo-lob 1 site is a site on a rather small area. The cover material is clay. 
Landfill gas recovery however, is somewhat hampered by high water-levels in the 
waste. On top of that, the slopes are steep, so the efficiency is expected to be not 
very high: it is estimated about 45%; 

— in Schijndel part of the surface is covered with clay. When constructing the new 
compartments, parts of the older waste was covered with a impermeable liner. 
This means that locally a very high recovery efficiency can be expected. An average 
recovery efficiency is estimated to be of 75%. This efficiency may be somewhat 
underestimated, if the permeability of the cover material is lower than expected; 

— the Schinnen site consists of a former sand pit without a bottom or slope liner. In 
1993 part of the site was covered with a top liner-system of a combination HDPE 
and bentonite. As a result of this locally the recovery efficiency will be very high. 
The average efficiency is estimated to be about 65%. The waste, dumped in the 
years 1991 and 1993, was tipped in a separate compartment with bottom liner, but 
with limited gas recovery. For this waste a lower efficiency is expected: about 20%; 

— in Stainkoel’n a special compartment with an impermeable bottom liner system 
was built for tipping domestic refuse in the years 1986 and 1987. After this period 
the compartment was covered with an impermeable top liner. Because the waste 
is totally wrapped up in impermeable material, the recovery efficiency is expected 
to be very high: about 95%. This efficiency will be somewhat overrated if the 
permeability of the liner system is enlarged by leakages; 

— in Vasse waste is landfilled in a former sand pit. Years after the landfill was closed, 
an impermeable top liner was installed and the landfill gas was extracted. 
Although the emissions through the top cover can be considered negligible, the 
recovery efficiency is estimated to be only about 60%. A significant amount of 
methane is expected to migrate sideways. This is possible, because the slope of the 
pit is not covered with an impermeable liner and because the slopes of the pit is 
rather steep with a valley in the middle; 

— the Veendam site can be divided in two parts: the oldest part is an area with a 
limited depth. This part was covered with a liner on which new waste was tipped. 
The recovery efficiency in this older waste is estimated to be 90%. The depth of 
the upper waste layer is ca 10 m. Since the covering material is not very clayey, the 
efficiency is limited to about 55%, although this might be higher when the 
permeability of the top layer is worse than assumed. 

An overview of landfill gas formation is given in table 8.2. For older landfill gas 
projects, landfill gas formation could be estimated for more than one year. In order 
to avoid, that a few landfills become dominant in the data-set, a maximum was set at 
four years for a single landfill. 
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Table 8.2 Landfill gas recovery and formation 

Landfill Year Recovery 
(m3y-1) 

Efficiency Formation 
(mV1) 

Ambt-Delden 

Bavell1) 
Bavel2 
BavelS 

Hardenberg 
Hengelo lob 1 
Schljndel 
Schinnen 
Stainkoel’n 

Vasse 

Veendaml 
Veendam2 

1990 
1991 
1992 
1993 
1991 
1992 
1993 
1994 
1993 
1994 
1994 
1993 
1988 
1993 
1992 
1993 
1994 
1994 

6.600.000 
6.300000 
5.200.000 
5.100.000 

10.000.000 
12.300.000 
16.600.000 
14.900.000 
1.500.000 
2.600.000 

16.700.000 
13.100.000 

2.100.000 
520.000 

1.500.000 
1.200.000 
7.000.000 
9.600.000 

70% 
70% 
70% 
70% 
60% 
60% 
60% 
60% 
90% 
45% 
75% 

65/20% 
95% 
95% 
60% 
60% 
55% 

90/55% 

9.400.000 
9.000.000 
7.420.000 
7.300.000 

16.700.000 
20.400.000 
27.700.000 
24.800.000 

1.680.000 
5.800.000 

22.200.000 
20. 200.000 

2.200.000 
550.000 

2.500.000 
2.000.000 

12.700.000 
17.500.000 

1' Baveh, 2 and 3 and Veendam 1 and 2 refer to various expansions of the recovery systems, as 
described in § 8.2.2 of this report. 

8.2.4 Results of the calculations 

Landfill gas formation was correlated to amounts of waste and waste 
composition, as described in section 8.1.4. The statistical programme SAS had no 
difficulties, calculating the optimum values of the model parameters in the zero, first 
and second order model; in case of the multi-phase model, the programme calculated 
various sets of k1)2 and k1)3j depending on the starting value and often without 
a physical meaning (e.g., Ç = 0.60, k1;1 = 0.14 y"1, k1;2 = 0.06 y'1, k1)3 = 0.09 y'1; 
Q = 0.67). Most likely whole lines or squares of solutions exist in this multi-phase 
case. In order to urge the programme to a meaningful solution, the value of C was set 
to 0.58 (as calculated for the first order model), and the value of k13 was set to 0.030 
y'1. SAS calculated subsequently the other two model-parameters, resulting in a 
satisfactory accuracy. 

The results of the calculations are summarized in table 8.3. This table shows the 
optimum values of the model parameters, as calculated with SAS, along with the 
values of Q/ n,. Q is an indicator for the quality of the model, n, is the number of data- 
sets. Minimization of Q was the tool for calculating the optimum set of model 
parameters (see § 8.1.4). 
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Table 8.3 Results of the calculations 

Model Model parameters Q/n„ 
m3 yr1) 

zero order 
first order 

multi-phase 

second order 

Çk0 

; 
ki 
ç 
ki,i 
k1,2 

k1,3 

C 
k2 

2.4 kg tonne-1 y1 

0.58 
0.094 y1 

0.58 
0.185 y1 

0.100 y1 

0.030 y1 

0.65 
0.0012 tonne kg-1 y1 

2.0 
0.71 

0.68 

0.72 

Table 8.4 Comparison of observed and calculated formation 

Landfill Year Formation (in million m3 y1) 

Observed1^ Zero 
order 

First 
order 

Second 
order 

Ambt-Delden 

Bavel12) 

Bavel2 
Bavel3 

Hardenberg 
Hengelo lob 1 
Schijndel 
Schinnen 
Stainkoel’n 

Vasse 

Veendaml2) 
Veendam2 

1990 
1991 
1992 
1993 
1991 
1992 
1993 
1994 
1993 
1994 
1994 
1993 
1988 
1993 
1992 
1993 
1994 
1994 

9.4 
9.0 
7.4 
7.3 

16.7 
20.4 
27.7 
24.8 

1.68 
5.8 

22.2 
20.2 

2.2 
0.55 
2.5 
2.0 

12.7 
17.5 

10.3 
10.3 
10.3 
10.3 
21.9 
24.3 
26.7 
26.7 

3.7 
3.8 

10.1 
14.0 
0.5 
0.5 
2.8 
2.8 
7.7 
8.7 

10.8 
9.9 
9.0 
8.2 

23.1 
25.5 
26.4 
24.1 

4.1 
5.0 

14.4 
17.9 

1.4 
0.9 
2.6 
2.3 

13.1 
13.6 

9.5 
8.5 
7.6 
6.8 

22.8 
25.4 
23.1 
26.2 

3.6 
4.6 

14.4 
18.7 

1.7 
0.9 
2.1 
1.9 

11.9 
13.9 

8.6 
7.6 
6.8 
6.1 

22.4 
25.2 
26.6 
22.3 

3.1 
4.2 

13.5 
29.2 

1.9 
0.8 
1.9 
1.7 

11.6 
13.3 

1! The observed formation is derived from the amounts of landfill gas recovered, as described in 
§ 5.3 of this report. 

2! Bavell, 2 and 3 and Veendam 1 and 2 refer to various expansions of the recovery systems, as 
described in § 5.2 of this report. 
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The calculated landfill gas formation, using these models, are compared with the 
observed landfill gas formation in table 8.4, and in the figures 8.1 to 8.4. In these 
figures, the calculated value is compared with the observed values. 
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Figure 8.1 Observed and calculated landfill gas formation with the zero order model 
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Figure 8.2 Observed and calculated landfill gas formation with the first order model 
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Figure 8.3 Observed and calculated landfill gas formation with the multi-phase model 
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Figure 8.4 Observed and calculated landfill gas formation with the second order model 

R95-203/112326-24783 65 



TNO-report 

8.3 Discussion 

Predictability of landfill gas formation 

The errors in the observed landfill gas formation, relative to the calculated 
ones are depicted in figure 8.5. In this figure is presented how many predictions were 
within the error range of 1 to 10%, how many in the range 11-20% and so on. Mean 
relative errors are listed in table 8.5. 
In general, models are more accurate than previously expected (the 50%, as 
previously mentioned). This is even more remarkable when one considers, that the 
data-set contained landfills with relatively very low (e.g., Hardenberg) and 
surprisingly high gas recovery (e.g., Schijndel). 

Table 8.5 Mean relative errors 

Mean relative error Model 

447c Zero-order 
First-order 

Multi-phase 
Second-order 

22% 
18% 
22% 

Comparison of the models 

When the models are ranked for their ability to describe landfill gas 
formation, the result is not very surprising. The zero-order model being the most 
unreliable, the first order model and the second order model being almost 
comparable, and the multi-phase model yielding the best results. 
However, the difference between the latter three models is very small. 
The difference between the first-order and the multi-phase model is most likely not 
connected to the nature of the multi-phase model (in the first years rapid 
decomposition of the fast degradadles; a relative high gas production at the end, due 
to the high content of slow degradadles). 
Most likely the difference between the first-order model and the multi-phase model 
is due to the munber of model-parameters: a four-parameter fit will always outdo a 
two-parameter fit. 
As a result of this, although the multi-phase models provides a better description of 
observed formation, landfill gas formations, predicted with this model are not 
necessarily superior to predictions with the first order model. 

Sources of discrepancies between calculated and observed formation 

As stated before, there are four possible reasons for a difference between 
calculated and observed landfill gas formation: 
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— the estimates of the recovery efficiency are not accurately known; 
— the amount of waste and waste compositions are not accurately known; 
— there is an inherent variation in landfill gas formation, caused by the inhomogenity 

of the landfill, presence of inhibitors or nutrients and other more or less fortuitous 
factors; 

— the models give no good representation of landfill gas formation. 

The fact that hardly any distinction can be made between the models, and that 
numerous sets of model parameters are equivalent in the case of the multi-phase 
model, indicates that the models describe landfill gas formation rather well, and that 
deviations between observed and calculated formation are most likely caused by the 
other three errors. 

zero order 

1-10 11-50 21-30 31-40 41-60 61-40 «1-70 71-00 >60 

error (K) 

multi phase 

1-10 11-20 21-00 81-40 «1-60 6-1-60 61-70 71-80 >80 

ndatkra error 

first order 

1-10 11-20 21-30 81-40 41-60 61-60 61-70 71-80 >60 

r«laA*«nT>r(%) 

second order 

1-10 11-50 21-30 81M0 41-60 51-60 «1-70 71-80 >«0 

refanVe error (K) 

Figure 8.5 
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9 Emission measurements 

9.1 Field measurements of methane emissions 

In the last decade a number of attempts have been made, to obtain a better 
understanding of methane emissions from landfills through emission measurements. 
In an extensive literature survey, given by Bogner and Spokas [1994], several data 
from literature are summarised. These measurements suggest methane fluxes from 
landfills are in the overall range of 10'6 to 10"12 g cm'2 s'1, which is about 10 to 
10"5 1 m2 hr'1. 
There are several methods available for determining landfill gas emissions. The most 
important ones are described below. 

Closed chambers 

The most frequently described method for measuring emissions from 
landfills is the closed chamber method [e.g., Kunz, 1980; Balfour, 1987, Reinhart, 
1992; Verhage, 1992, Bogner, 1993; Borjesson, 1993], In this approach an enclosure 
device is used to sample gas emissions from a defined surface area. Surface areas used 
in literature range from 0.3 to 10 m2. 
Closed chambers can be operated statically and dynamically. In static closed 
chambers, the increase of methane concentration is monitored in time. The methane 
flux is subsequently calculated from: 

J = V/A dC/dt 

In which J is the methane flux through the surface area; V is the volume of the closed 
chamber; A is the sample area; dC/dt is the increase of the methane concentration in 
time. 

In dynamic closed chambers, air flows continuously through the chamber and the 
methane emission can be calculated from the air-flow through the chamber and the 
difference between methane concentration of the inlet and outlet air: 

J = ([lair AC/A 

In which J is the methane flux; (j)^ is the air flow through the dynamic chamber; AC 
is the difference between inlet and outlet concentrations; A is the sample area. 

Sub-surface gradient methods 

Sub-surface methane concentration gradients can be immediately 
correlated to methane fluxes, assuming diffusive transport [Bogner and Spokas, 1994] 
according to Pick’s first law: 
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J = (n/T) D (dC/dz) 

In which J is the methane flux; n is the gas filled porosity; T is the tortuosity; D is the 
diffusion coefficient; and dC/dz is the sub-surface concentration gradient. 

Besides the sub-surface gradient, the gas-filled porosity, the tortuosity and diffusion 
coefficient are factors that have to be estimated. Bogner and Spokas [1994], and 
reference sites herein, describe in what way these factors may be estimated. 
A sub-surface gradient method may be used as a check of other measurement 
methods, e.g. the closed chamber method. In some cases a negative methane flux 
(consumption of methane from ambient air) is obtained [Bogner and Spokas, 1994b]. 
Since the method assumes emission by diffusion, it is less reliable at higher emission 
rates where emission by convection (through cracks and holes in top layer) is more 
important. 

Micrometeorological method 

The super surface concentration gradients may be used for estimating 
methane emissions. The methane flux is calculated from the methane concentration 
gradient and the meteorological data. For this purpose various methods are available: 
— In the Eddy-correlation method, the vertical flux is calculated from the vertical wind 

velocity, the methane concentration, the sensible heat flux, and the latent heat 
flux: 

J = Uz Ps + q E + c2 H 

In which J is the methane flux through the surface; uz is the mean vertical wind 
velocity; ps is the mean concentration of the methane; H is the sensible heat flux 
and E is the latent heat flux; Cj and c2 are constants related to the physical 
properties of the air-methane mixture. 
The way in which the various factors in this equation can be determined is 
described in Fowler and Duyser [1989]. 

— In the flux-gradient method, fluxes are described assuming turbulent diffusion: 

J = - ps K, dC/dz 

In which J is the methane flux through the surface; K, is the transfer (diffusion) 
coefficient; ps is the concentration of the methane; dC/dz is the super-surface 
concentration gradient. 

Kj can be determined by 

K, = k U* (z-d) 

In which U* is the friction velocity; d is the zero displacement, as described in 
Fowler and Duyzer [1989]. 
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Figure 9.1 Closed chambers 

— In the moss-balance method the horizontal methane flow, along a vertical plane is 
calculated as the product of methane concentrations and horizontal wind 
velocities. In this way a flow profile as depicted in figure 9.2 is obtained. The flow 
along the vertical plane is correlated to the amount of waste upstream (m) and 
Methane emissions can be calculated from: 

Z 

J = 

Jupsdz 
o  

X 

In which J is the methane flux through the surface; v is the wind velocity at height 
z; ps is the concentration of the methane at height z; x is the fetch (the upstream 
length from the pole to the slopes of the landfill). 
This integral can be reconstructed by measuring concentrations and 
windvelocities at several heights on the landfill. 
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wind velocity 
methane concentration 

methane now 

methane flow, wind velocity 

Figure 9.2 Methane flux along a pole 

Transect method 

In the transect method an imaginary window is realised at the leeside of the 
landfill. This height and width of the window exceeds the dimensions of the landfill 
(see figure 9.3). At several points in this window the methane flow is measured from 
methane concentrations and wind velocities. The methane emission from the landfill 
is subsequently obtained from the methane flow, corrected for the background 
concentrations of methane. 

wind direction 

methane flow 

landfill 

virtual window 

Figure 9.3 The transect method 
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Tracer techniques 

Methane emissions may be measured, using a tracer techniques. In this 
technique a tracer (e.g. SF6) is released at a known rate near the landfill [Bogner and 
Spokas, 1994]. Methane and tracer concentrations are measured at numerous 
location down-wind and subsequently the concentration ratio is related to the ratio of 
the source strenghts. This technique is originally developed for the measurement of 
ethane emissions from compressor stations and other natural gas processing and 
transporting equipment. 

9.2 Comparison of closed chambers and micrometeorological 
methods 

In a introductionary study [Verschut, 1991], two of the methods described 
above were compared at three landfills: the closed-chamber method and the 
micrometeorological method. 

Closed-chamber 

The closed chamber method was performed, using dynamic chamber of the 
dimensions 20 m long, 0.5 m wide and 0.15 m high (see figure 9.4). So a single 
chamber sampled an area of 10 m2. On one landfill, emissions were measured at 
about 15 to 20 different places. 

R95-203/112326-24783 73 



Figure 9.4 The dynamic chamber 

Micrometeorobgical method 

The micrometeorological method was performed, using a 10 m high pole, 
which contained sample points at 0.5; 1.0; 2.0; 4.0 and 10 m high (see figure 9.5). 
Wind velocities were measured at 1, 3 and 10 m. Methane fluxes were calculated, 
using the mass-balance method, as described in § 9.1. 
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Figure 9.5 Preparation of a emission measurement 

Analysing equipment 

In both methods methane concentrations in the samples were analysed 
using a Ratfísch RS 55 Flame Ionisation Detector (FID). Use of a separative column 
for separation of methane from the other hydrocarbons in the landfill gas proved to 
be not necessary, since the concentration of non-methane hydrocarbons in Dutch 
landfill gas is well below 1%. This was checked using a Bruel & Kjaer type 1302 
methane-specific monitor, and maximum difference between the FID and methane- 
specific IR proved to be less than 3%. 
Carbon dioxide concentrations were measured, using a non-dispersive gasmonitor, 
type Maihak Unor 6N. 

Data-acquisition 

Measurement-data were transferred to a data-acquisition unit every 15 
seconds. Every 20 measurements concentrations were mediated and stored in a file. 
All measurements presented here are based upon these 20 observations mean values 
(20 observations is about 5 minutes). 
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Results 

Methane fluxes measured using both methods are summarised in table 9.1. 
Methane emission per tonne waste is presented and compared with the results of a 
model calculation in table 9.2. 

Table 9.1 Fluxes of landfill gas in the preliminary measurements (in I m'2 hr1) 

Closed chamber 

Mean Range 

Micrometeorologicaf method 

Landfill 4 
Landfill 7 
Landfill 8 

6.6 
48.2 
16.0 

0.2 - 50 
0.6 - 270 
0.23 - 90 

.1) 

31.2 
10.9 

9 Due to lack of wind, methane fluxes could not be determined. 

Table 9.2 Comparison of the results of the preliminary measurements (In I m'2 hr'1) 

Closed chamber1) Micrometeorological method Calculated2) 

Landfill 4 
Landfill 7 
Landfill 8 

6.6 
48.2 
16.0 

31.2 
10.9 

2.1 
14.9 
8.6 

9 Mean value of all closed camber measurements. 
2* Calculated using a first-order model, with parameters as obtained in chapter 8. 

Comparison of the methods 

The advantages and disadvantages of both methods are compared in table 
9.3. 
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Table 9.3 Advantages and disadvantages of the closed chamber and the 
micrometeorological method 

Advantages 

Closed chamber Easy interpretation 

Useful to assess spatial and 
temporal variations in 
emissions 

Small sampling area 
(max 10 m2) 
Difficult to measure C02- 
emissions 

Labour-intensive 
Measurements normally 
performed only for short time 
periods 

Micrometeorological method - Large sampling area 
(> 2000 m2) 

- Labour-extensive 
- Measurements can be 

prolonged for longer time 
periods 

- Useful to assess mean 
emissions 

- Model interpretation required, 
which is a source of errors 

The closed chamber method has the advantage, that measurements are easy to 
interprétate. The fluxes can easily be obtained from methane concentrations in the 
box, and the calculation is no sources of errors. 
In the micrometeorological method, fluxes are obtained from measurements, sunning 
a more complex dispersion or micrometeorological model, which brings about some 
inaccuracy. 

The micrometeorological method is able to measure emissions from a large sampling 
area. And when the sampling and analysing procedures are automised, the analysing 
equipment does not need frequent calibration and power generation is provided for, 
the measurements can prolong for longer times, without much attention. This means 
that the micrometeorological measurements are labour-extensive. 
The closed chamber method measures emissions from a small sampling area, and is 
normally used for shorter time intervals. When a closed chamber is used, the time 
interval is even restricted to about half an hour. When one tries to obtain a reliable 
indication of emissions, a large number of emission measurements have to be 
performed at different places. This means that the closed chamber method is very 
labour intensive. 

The closed chamber method is extremely fit to assess the spatial and temporal 
variation in emissions, whereas the micrometeorological method is better fit to 
measure mean emissions from larger areas for longer times. 

Carbon dioxide fluxes may be interesting, because they may indicate the relevance of 
methane oxidation in the top-layer. Carbon-dioxide fluxes from the landfill are 
masked by a day-night rhythm as a results of assimilation and dissimilation by the 
vegetation (see § 9.3). Because a closed chamber affects this assimilation- 
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dissimilation rhythm (the vegetation will experience the night in a chamber), carbon- 
dioxide emissions are hard to assess using a closed-chamber. 

Discussion 

The fluxes, as obtained the micrometeorological measurements seem to be 
more in line with the formation, as expected based on amounts of waste, waste age 
and composition, than the mean results of the closed chamber method. 

The spatial variation in landfill gas emissions as measured with the closed chamber is 
very high. Using the closed chambers, variations in fluxes are obtained that range over 
a factor 500 occur at all three landfills, as can be seen in table 9.1. Most likely most 
of the landfill gas is emitted through holes and cracks in the top-layer. 

The variation in time is also significant, as illustrated in figure 9.6. This example 
refers to a measurement, performed with closed chambers, but other measurements 
showed the same kind of variability. 
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Figure 9.6 Methane emissions (in I m'2 hr'1) as measured, using closed chambers 

Atmospheric pressure was monitored during the measurements, but no indication 
was obtained that atmospheric pressure influences landfill gas emissions. This is in 
contradiction with experiences of landfill gas projects, where increases in recovered 
amounts of landfill gas are observed, when the atmospheric pressure sharply 
increases. 
Concerning the closed chamber method, the pressure in the chamber compared to 
atmospheric pressure largely influenced the measurements. A slight overpressure 
(even a few mbars) resulted in a significant decrease of measured emissions; a slight 
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underpressure resulted in a significant increase. So much attention had to be paid to 
control of the pressure in the chamber. 
Rainfall did influence the measurements. At heavy rainfall, initially emissions 
dropped almost to zero, and subsequently increased again to normal levels. Most 
likely the water reduces the permeability of the top-layer. Due to reduced emissions, 
the internal pressure (which is the thriving force of emissions) of the landfill increases, 
and emissions return to normal levels: in a steady state situation all gas that is 
produced has to be emitted. 

The most important conclusion of the introductionary study is, that in order to obtain 
a reliable estimate of fluxes, emissions from larger parts of the landfill have to be 
monitored for longer times. 

9.3 Emission measurements of landfills 

9.3.1 Equipment used 

General 

Based on the experiences in the introductionary measurement, the 
micrometeorological method was preferred, in a sequential measurement campaign 
on a number of Dutch landfills. The equipment is described below, the landfills, 
where emissions were measured are described in chapter 9.3 .2; the results of the 
measurements are presented in chapter 9.3.3 and discussed in 9.3 .4 

Measuring equipment 

Figure 9. 7 to 9. 9 give an overview of the equipment used for the emission 
measurements. The measuring equipment existed of a 10 m high pole, in which the 
sample points and cup-anemometers were fixed. Near the pole, several equipment 
was installed to measure local meteorological data, such as temperature, 
precipitation, net irradiation. 
About 25 meters away, the sample analysing equipment, sampling control, sample 
pumps, and the data-acquisition unit were placed in a trailer. This trailer was 
provided with a heater-air-conditioner system, in order to keep the temperature in the 
trailer within the range of 10 to 20 ·c. 
Another 30 meters away a diesel generator was used to supply the electric power. A 
full load of diesel sufficed for about three weeks of measurements. 
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Figure 9. 7 Overview of the measurement location 

Sample heights 

One of the conclusions of the preliminary measurements was, that the 
accuracy is significantly improved when more sample points are present, notably near 
the ground, where concentration and wind-profiles are disturbed due to the 
inhomogenity of the surrounding area. 
For this reason, concentration were measured at 8 heights: spl (sampling point 1): 
0.65 m; sp2: 1.1 m; sp3: 1.5 m; sp4: 2.0 m; sp5: 2.8 m; sp6: 5.0 m; sp7: 7.0 m and 
sp8: 9.5 m . Wind velocities were measured at 5 different heights: wvl (wind velocity 
1): 0.65 m; wv2: 1.1 m; wv3: 1.5 m; wv4: 2.8 m and wv5: 10 m . 
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Figure 9.8 Close-up of the gas-sampling 

Sampling control 

The sampling system was automised, and consisted of two pumps and eight 
three-way solenoid valves. Every valve is connected to a sample point. At a certain 
moment one valve is switched in such a way, that the sampled air is fed to the IR- 
analyzer; the other sample points are flushed with the second pump. 

The data-acquisition equipment, works with a scan-interval of 15 seconds. This 
means that every 15 seconds, the output-signal of the measuring equipment (IR, cup- 
anemometers, net-irradiation meter, etc.) is processed and/or stored on disk. Every 
sampling point is sampled for 30 scans (which is 7.5 minutes, which means that all 
eight sampling points are addressed in one hour). The first fifteen scans are used for 
flushing the IR-analyzer; the next fifteen scans are mediated and stored on disk. 
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Figure 9.9 Trailer with automated sampling and analysing equipment 

Analysing equipment 

Carbon dioxide, methane, nitrous oxide and water concentrations were 
determined, using a Bruel & Kjaer 1302 multi-gas monitor. The measuring device is 
a infra-red analyzer, and by using optic filters it is possible to measure a range of 
components. The presence of water vapor interferes with the measurement of 
methane. 
Methane was determined, using the filter UA0987, with a detection limit of 0.1 ppm. 
Using this filter other hydrocarbons are measured as well, but since their 
concentration in landfill gas is well below 0.5%, this is no source of errors. 
Carbon dioxide was measured, using the filter UA0983, with a detection limit of 
3.0 ppm. 
Water was measured, using the filter SB0527, with a detection limit of 50 ppm. 

Wind velocity was determined, using 5 cup-anemometers, Lamsbrecht 1457552, 
with a minimum wind-velocity of 1.0 m s'1. 
Wind direction was measured, using a Windmaster, Mark III. 
Ambient temperature was measured, using a thermocouple. 
Precipitation was measured, using a Lamsbrecht, type 15188. 
Net irradiation was measured, using a Campbell-Q6 net-radiometer. 
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Execution of the measurements 

Representative results of the emission measurements could be obtained, 
unless wind velocities dropped below 1 m s'1, heavy rainfall occurred 
(> 25 mm day'1), when the landfill top-layer started to freeze. 
Landfill gas emissions proved to vary with about a factor 2.4 from time to time. The 
time-scale at which the mean emission on a landfill is about constant lies in the order 
of magnitude of about one to two weeks. For this reason, measurements on a single 
landfill were prolonged for a period of 2 weeks of fair weather conditions, which is 
about a period of about three weeks per landfill. 

Interpretation of the measurements 

Vertical fluxes were calculated from concentrations and wind-velocities, 
using the mass-balance method. In this method, the wind velocities at the sample 
points is estimated from interpolation of the wind-velocities as measured with the 
cup-anemometers. Subsequently the integral in § 9.1 is approximated by: 

8 

X UzPs.ZAz 

J =   
X 

where uz and ps z are the wind velocities and concentrations above background at the 
various sample points, and Az is the height of an element of the pole, connected to 
this sample point: spl: 88 cm; sp2: 42 cm; sp3: 45 cm; sp4: 65 cm; sp5: 150 cm; sp6: 
210 cm and sp7: 350 cm (total 950 cm). 

The concentration measured at sp8 was assumed to represent background levels. In 
some cases, the concentration at sp8 was above normal background concentrations 
(about 2 ppm), and there was a large difference between concentrations at sp7 and 
sp8. In these cases the background concentration was calculated by extrapolation of 
concentrations, assuming a logarithmic connection between concentration and 
height. In general the concentrations at the upper four sampling points proved to 
match this logarithmic profile rather well. 

9.3.2 Description of the measurement locations 

Measurements were performed on landfills, still in exploitation and on 
landfills, that are already closed. Most closed landfills were covered with sand; one 
landfill was capped with clay; one landfill was capped with a HDPE-liner system. The 
age of the waste varied between freshly deposited to about 30 years old. 

Details of the landfills, their exploitation periods, amounts of waste, and landfill gas 
recovery are presented in tables 9.4 and 9.5. More details of amounts of waste and 
waste composition is presented in appendix 4. 
Landfill 5 and 6 is the same landfill, but at landfill 5 no gas was recoverd. 
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Table 9.4 Waste age and amounts of waste 

Exploitation period Amount of waste 
(tonne) 

Area 
(ha) 

In exploitation 
Landfill 1 
Landfill 2 
Landfill 3 
Landfill 4 
Landfill 5 
Landfill 6 
Landfill 7 
Landfill 8 

Closed 
Landfill 9 
Landfill 10 
Landfill 11 
Landfill 12 
Landfill 13 
Landfill 14 
Landfill 15 
Landfill 16 
Landfill 17 
Landfill 18 
Landfill 19 

Capped 
Landfill 20 
Landfill 21 

1990-now 
1989-now 
1988-now 
1987-now 
1985-now 
1985-now 
1970-now 
1969-now 

1976- 
1987- 
1988- 
1986- 
1987- 
1981- 
1985- 
1965- 
1974- 
1978- 
1972- 

1988 
1993 
1993 
1991 
1990 
1989 
1988 
1988 
1988 
1984 
1980 

1970-1986 
1986-1991 

280 000 
1 000 000 

630 000 
166 000 

7 000 000 
7 000 000 
1 728 083 
7 875 000 

477 000 
480 000 

1 760 000 
1 000 000 

460 000 
390 000 
850 000 
450 000 
380 000 

1 50 000 
230 000 

2 320 000 
830 000 

4 
10.5 
4.8 
1.7 

20 
20 

8.7 
26 

9 
7 

27 
14 
2 
8 

12 
6 
3.9 

11 
6 

30 
8 
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Table 9.5 Gas recovery, top layer and bottom liners 

(in m3 hr1) 

In exploitation 
Landfill 1 
Landfill 2 
Landfill 3 
Landfill 4 
Landfill 5 
Landfill 6 
Landfill 7 
Landfill 8 

Closed 
Landfill 9 
Landfill 10 
Landfill 11 
Landfill 12 
Landfill 13 
Landfill 14 
Landfill 15 
Landfill 16 
Landfill 17 
Landfill 18 
Landfill 19 

Capped 
Landfill 20 
Landfill 21 

58 
441 

no 
no 
no 

1080 
no 
no 

100 
no 

150 
5 

125 
105 
300 

55 
no 
20 
17 

580 
170 

sand 
sand 
sand 
sand 
sand 
sand 
sand 
sand 

sand 
sand 
sand 
sand 
sand 
sand 
sand 
sand 
sand 
sand 
sand 

clay 
HOPE 

9.3.3 Results of the measurements 

Methane, carbon dioxide emissions, total landfill gas emissions and the 
methane to carbon dioxide ratio are described in table 9.6. 
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Table 9.6 Results of the measurements 

C Ha-flux 
(1 m5 hr'1) 

COp-flux 
(I hr1) 

Total flux 
(I m‘2 hr1) 

CHa-fraction 
(%) 

In exploitation 
Landfill 1 
Landfill 2 
Landfill 3 
Landfill 4 
Landfill 5 
Landfill 6 
Landfill 7 
Landfill 8 

Closed 
Landfill 9 
Landfill 10 
Landfill 11 
Landfill 12 
Landfill 13 
Landfill 14 
Landfill 15 
Landfill 16 
Landfill 17 
Landfill 18 
Landfill 19 

Capped 
Landfill 20 
Landfill 21 

5.03 
3.60 
3.35 

.1) 

5.69 
2.30 

15.52 
4.81 

1.04 
2.12 
0.79 
n.d. 

3.07 
1.96 
0.35 
0.68 
0.22 
0.42 
1.25 

0.07 
n.d.2^ 

6.73 
5.52 
4.78 

5.44 
2.64 

14.61 
6.81 

2.12 
2.11 
0.70 
n.d. 

3.38 
3.53 
0.49 
2.46 
0.59 
0.42 
1.26 

n.d. 
n.d. 

11.76 
9.12 
8.13 

11.13 
4.94 

30.13 
10.92 

3.16 
4.23 
1.49 

6.45 
5.49 
0.84 
3.14 
0.81 
0.84 
2.50 

42.77 
39.47 
41.21 

51.14 
46.56 
51.50 
44.05 

32.91 
50.12 
53.02 

47.60 
35.74 
41.67 
21.66 
27.16 
50.00 
49.79 

1) No emissions were measured, due to lack of wind. 
2) n.d. is not dectectable. 

9.3.4 Discussion 

Accuracy of the measurements 

Inaccuracies in emission measurements may be divided in measurement 
inaccuracies (does the result of the measurement actually represent the emission at 
that moment), and sample inaccuracies (does the emission measured at a specific 
time and from a specific place represent the mean emission of the whole landfill). 

The measurement inaccuracy is determined by: 
— measured concentrations compared to background concentrations', the measurement of 

methane and carbon dioxide concentrations is about 3% accurate. In the 
interpretation of measurements however, the difference of concentrations is of 
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importance. Since large parts of the inaccuracy in measurements are systematic 
inaccuracies, this difference may be determined with a higher accuracy as 
described above. 

— measurement of the wind-speed: is accurate to about 5 to 10%. 
— the extrapolation of the concentration profile. When it is necessary to extrapolate the 

concentration profile, this results in a less accurate background concentration, and 
in less accurate emission estimates. 

— the distance of the pole to the side of the landfill can not be easily determined. Because 
of the slope of the landfill, the side of the landfill is not easily defined. In these 
measurements, the distance between the pole and the point above the foot of the 
slope is considered. Besides that the distance varies with varying wind-directions 
(the pole is not positioned in the middle of a perfect circular landfill), so 
depending on the wind direction, the distance has to be determined. 

— the model calculation, which brings about some inaccuracies. 

The sample inaccuracies are: 
— the emission at a certain time. Emissions are highly variable in time, and to reduce 

this inaccuracy, prolonged measurements are performed; 
— the emission at a certain place. Emissions are highly variable in place. This 

inaccuracy is reduced by monitoring emissions from larger areas; 
— emissions through the slope. Due to the method in which landfills are compacted, the 

horizontal permeability exceeds the vertical permeability with about a factor 10. 
So emission take preferably place sideways. As a result of this, the fluxes through 
the slope exceed the fluxes through the top of the landfill. 

— prevailing wind-directions. When certain wind-directions prevail, emissions from 
certain parts of the landfill are more intensely monitored than other parts. In the 
interpretation of the measurements this should be taken into account. 

— other sources. Other sources ofmay disturb measurements. With regards to 
methane this is no such problem, but carbon dioxide emissions are masked by the 
assimilation and dissimilation of the vegetation. As a result of this, carbon dioxide 
emissions measurements more inaccurate than methane emission measurements. 
In some cases even negative fluxes were obtained. These cases are referred to as 
non detectable in table 9.6. 

The accuracy of a methane measurement, performed as described above, is estimated 
to be about 25%. The measurement of carbon dioxide emissions is somewhat more 
inaccurate. 

Comparison with model calculations 

In table 9.7 the results of the measurements are compared with the 
calculated emissions. The emissions are calculated from: 

T _ ^“calc Qrec 
Jcalc — ^ 

In figure 9.10 the calculated formation is compared to the measured formation, which 
is the sum of hte measured emission and the amotmt of gas recovered is depicted. 
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In which Jcalc is the calculated emission, ac is the formation as calculated using the 
multi-phase formation model, as described in chapter 8, Qrec is the amount of landfill 
gas recovered and A is the surface area of the landfill. 

(0 o 
<5 
CL 
co 
£ 
c o 

c o 
<5 
£ 

■a 

2 3 CO 
<o 
CD 
£ 

30 
28 

26 

24 

22 i 

20 
18 
16 
14 

12- 

10- 

2 

6 8 10 12 14 16 18 20 22 24 26 28 30 

calculated formation (million m3 per year) 

Figure 9.10 Measured and calculated formation 
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Table 9.7 Calculated landfill gas formation and emission 

Calculated formation 
(m3 yr'1) 

Calculated emission 
0 m'2 hr1) 

Measured emission 
{I nf2 hr1) 

In exploitation 
Landfill 1 
Landfill 2 
Landfill 3 
Landfill 4 
Landfill 5 
Landfill 6 
Landfill 7 
Landfill 8 

Closed 
Landfill 9 
Landfill 10 
Landfill 11 
Landfill 12 
Landfill 13 
Landfill 14 
Landfill 15 
Landfill 16 
Landfill 17 
Landfill 18 
Landfill 19 

Capped 
Landfill 20 
Landfill 21 

3 000 000 
12 800 000 

4 160 000 
320 000 

18 900 000 
18 900 000 
11 300 000 
19 600 000 

1 640 000 
3 240 000 

25 000 000 
6 880 000 
2 280 000 
1 880 000 
4 660 000 
1 030 000 
1 470 000 
3 030 000 

500 000 

6 170 000 
3 600 000 

7.2 
9.6 
6.8 
2.1 

10.8 
5.4 

14.9 
8.6 

1.0 
5.3 
5.0 
5.6 
6.8 
1.4 
1.9 
1.1 
4.3 
3.0 
0.7 

0.4 
0 

11.76 
9.12 
8.13 

.1) 

11.13 
4.94 

30.13 
10.94 

3.16 
4.23 
1.49 

n.d.2) 
6.45 
5.49 
0.84 
3.14 
0.81 
0.84 
2.50 

n.d. 
n.d. 

No emission measured due to lack of wind. 
2> Emissions are not detectable. 

As indicated in table 9.7, measured landfill gas emission match the expectation rather 
good, for about eight landfills. For several other landfills, the results seem to be less 
accurate. 
In some cases, this is most likely a result of a landfill gas formation, that is much less 

than expected. This confirmed by the results of landfill gas recovery, e.g. on landfill 
12 and 18. On these landfills, only small amounts of landfill gas are recovered. 
In other cases, a lot of gas is recovered, leaving a very uncertain calculation of landfill 
gas emissions. For example, when on landfill 11, formation is 20% smaller than 
expected, emissions are about 50% smaller than expected. 

No emissions could be detected from landfill 21. That is no surprise, since a gas-tight 
top-liner system is applied. Emissions from landfill 20, which is capped with clay, are 
also negligible. 
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As general conclusion may be drawn, that in measurements confirm the landfill gas 
formation models as described in chapter 8. But measurements also indicate, that in 
some cases landfill gas formation and emissions may be significantly lower than 
expected. 

Day-night rhythm of carbon dioxide 

In figure 9.11 the methane and carbon dioxide emission is depicted as a 
function of the time of the day. The methane emission is constant throughout the day, 
but the carbon dioxide emission shows a significant fluctuation. At night emissions 
are very high, while at noon emissions even become negative. This C02-cyde is a 
result of attributed to the assimilation and dissimilation of the vegetation. 
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Figure 9.11 Day-night rhythm of methane and carbon dioxide 

Oxidation of methane in the top-layer 

Due to the activity of methanotrophic bacteria in the top-layer, part of the 
methane may be oxidised to carbon dioxide. In this way methane emissions are 
reduced. 
The mechanisms and kinetics of oxidation has been subject of many studies [e.g., 
Whalen, 1990, Figueroa, 1993, Kightley, 1993] and on basis of these studies 10-50% 
oxidation of methane is assumed in national inventories [e.g., v. Amstel, 1993, 
Hogan, 1993]. 
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However, the studies mentioned above are in most cases laboratory experiments, 
which do not entirely represent the reality of a full-scale landfill. Some are based on 
batch experiments, in other cases a homogeneous diffusion through the top-layer is 
assumed. Both assumptions are false, and the consequences of this may be quite 
significant: 
— oxygen, necessary for oxidation of methane is not present in the landfill gas, but 

has to diffuse from the atmosphere into the top-layer. This diffusion is 
counteracted by the convective or diffusive emission of the landfill gas to the 
atmosphere. So it is well possible that mass-transfer of oxygen from the 
atmosphere to the landfill top-layer is limiting the speed of oxidation. 

— in a real landfill the gas is not emitted homogeneously trough the top-layer, but is 
released to the atmosphere through cracks and holes in the surface. This landfill 

gas has less time to oxidise in the top-layer. 

On the other hand, measurements of the bacteria activity shows, that in the top-layer 
of landfills large concentrations of methanotrophic bacteria exist. This indicates that 
oxidation of methane in the top-layer has to be of some importance [Bogner, 1994]. 

The results of the measurements might also give an indication of methane oxidation. 
Landfill gas, as it is formed in about 57% of methane and 43% of carbon dioxide. 
Emissions indicate carbon dioxide concentration to be about 55 to 60% and methane 
concentrations of 40 to 45%. As described above, the results of carbon dioxide 
emission measurements are rather uncertain. But the fact that in all measurements 
methane emissions are well below the carbon dioxide emissions, suggests that 
oxidation of an order of magnitude of about 10 to 20% does take place. 

Both oxygen mass-transfer as homogeneity of the landfill surface layer are affected by 
age: oxygen mass-transfer is counteracted by landfill gas emission, so it will increase 
with age; the homogeneity of the top-layer is increased with age due to biological 
activity as the rooting of plants, worms. So it might be expected the amount of 
methane oxidised increases with the age of the landfill or with the flux through the 
top-layer. Correlation of degrees of oxidation to both fluxes as age, does not indicate 
such an increase. 

Efficiency of landfill gas recovery 

At several landfills landfill gas was recovered. In table 9.8 the amotmts of 
landfill gas recovered are compared to the emissions, that are measured in this study. 
In some cases, the efficiency is verly low. This is related to the capacity of the 
utilisation. If this is limited, there is no need for the recovery of larger amounts of 
landfill gas. When gas recovery is optimal, differential efficiencies are up to 50-75%. 
When a top liner system is applied, or when a landfill is capped with clay, efficiencies 
are up to almost 100%. 
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Table 9.8 Differential recovery efficiencies 

Emission 
(m3 hr'1) 

Efficiency 
(%) 

468 
438 
988 
284 

405 
n.d. 

129 
439 
100 
188 
92.4 

150 
21 

n.d. 

11 
50 
52 
26 
79 

49 

19 
75 
22 
18 
10 
96 

100 

Landfill 1 
Landfill 2 
Landfill 6 
Landfill 9 
Landfill 11 
Landfill 12 
Landfill 13 
Landfill 14 
Landfill 15 
Landfill 16 
Landfill 18 
Landfill 19 
Landfill 20 
Landfill 21 

Recovery 
(m3 hr1) 

58 
441 

1080 
100 

1500 
5 

125 
105 

300 
55 
20 
17 

580 
150 

At landfill 6, emission measurements were started, when landfill gas recovery was 
already down for several weeks. Just after the beginning of the measurements, landfill 
gas recovery was started-up again. As a result of this emissions dropped from 
11.13 1 m"2 hr1 to 4,94 1 m-2 hr'1, as depicted in figure 9.12. This drop in emissions 
is confirmed by interpretation of the amounts of landfill gas that are recovered: 
1080 m3 per hour. Considering an surface area of about 20 ha, this equals to a 
reduction in emissions of about 5,4 1 m"2 hr'1. 
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Figure 9.12 Effect of landfill gas recovery, Initiated at day 1 
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10 Conclusions 

— In 1990 Dutch methane emissions from landfills are about 294 ktonne (ranges 
190 to 415); in 1993 landfill gas formation has slightly increased, but emissions 
decreased as a result of increased recovery to about 282 ktonne (ranges 170 to 
405) (chapter 4). 

— The main uncertainty in this estimate is the amount of waste, deposited in the last 
thirty years (chapter 4) 

— Reduction of the amount of degradable organic components that are landfilled is 
an option for reducing methane emissions from landfills. This may be done by 
increased combustion and separate collection and treatment of vegetable, fruit 
and garden waste (VFG), paper and textiles. All these options are at this moment 
Dutch waste policy (chapter 5). 

— As a result this Dutch waste policy, landfill gas formation will be reduced in the 
future. But the remaining waste will still contain significant amounts of degradable 
organic components. So landfill gas emissions will not be phased out as a result of 
this policy. Emissions in future depend upon the success of landfill gas recovery 
projects (chapter 4). 

— Another possibility for reducing methane emissions might be an increase of the 
oxidising capacity of the top-layer. The feasibility of this option however, is 
unknown (chapter 5). 

— Landfill gas recovery and utilisation is a very cost-effective option for reducing 
emissions. In 1993 landfill gas projects are realised at 22 Dutch landfills, and this 
number is rapidly growing.In 1993 about 123,7 million m3 of landfill gas was 
extracted; 85.4 million m3 is utilized. Methane emission reduction in 1993 was 
48.1 ktonnes, carbon dioxide emission reduction was 79.6 ktonnes (chapter 6). 

— The effectiveness towards emission reduction is related to the integral efficiency 
of landfill gas recovery. Optimisation of this integral efficiency implies that landfill 
gas recovery should be started as soon as possible (chapter 7). 

— High efficiency landfill gas recovery is possible and will be cheap, if one takes 
landfill gas formation and recovery into consideration when the landfill is 
designed. This is best done in a combination of compartmentwise landfilling and 
construction of the well-system (chapter 7). 

— Other possibilities for increasing the integral efficiency are advanced capping of 
the landfill and improvement of the well system. The first option proves to be very 
costly and is accompanied by technological risks; the latter option is much cheaper 
(chapter 7). 

— In a validation of landfill gas formation models in seventeen cases, distributed over 
nine Dutch landfills, landfill gas formation could be fairly well modelled using the 
models tabulated in table 3.1. The majority of results with a relative error of less 
than 30% (chapter 8). 
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— Optimum model parameters are: 

Table 10.1 Landfill gas formation models 

- Zero order model at = Ç1.87 X kQA Ç k0 = 2.4 kg tonne-1 y1 

- First order model 
-V 

a{ = Ç1.87AC0k1 xe Ç = 0.58 
k, = 0.094 y-1 

- Multi-phase model CXt = CX1-87AC0,ik1,iXe 

i = 1 

Ç = 0.58 
k,, = 0.185 y-1;^ 2 = 0.100 y-1 

k1i3 =0.0üf3y-1 

- Second order model 
( 

cct = Çl.87Ak2 

\ k2Cot+1 

'2 

/ 
Ç = 0.64 
k2 = 0.0012 tonne kg-1 y-1 

In this table ctj is the landfill gas formation in m3 per year, Ç is the generation 
factor, Än are model parameters, A is the amount of waste in place in tonnes; C0 

and C0;i are the amount of organic carbon in the waste and the amount of organic 
carbon of a specific fraction in kg per tonne, respectively; t is the time in years, 
elapsed since the depositing of the waste; the factor 1.87 has the dimension m3 per 
kg (chapter 8). 

— Description of landfill gas formation improves ongoing from the zero-order model 
to the first and second order model to the multi-phase model (chapter 8). 

— The predictive value of the multi-phase model and the first-order model are about 
equal (chapter 8). 

— Models describe landfill gas formation rather well. Deviations between observed 
and calculated landfill gas formation are more connected to other aspects like 
uncertainties in amounts of waste and recovery efficiencies (chapter 8). 

— These models are validated in a series of measurements of emissions from about 
20 Dutch landfills. Some of these landfills were still in exploitation, others were 
already closed. At several landfills gas was recovered. Most closed landfills were 
covered with sand; two landfill were capped. The age of the waste varied between 
freshly deposited to about 30 years old. For these emission measurements two 
methods were tested: sampling of a small area with boxes (closed chamber 
method) and by measuring concentration profiles and wind-velocity profiles. 
Emissions were determined by interpretation of these profiles 
(micrometeorological method) (chapter 9). 

— The micrometeorological method was preferred and was used to measure 
emissions from about 20 Dutch landfills (chapter 9). 
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— Results of the emission measurements confirm the landfill gas formation models 
in table 9.1. But measurements also indicate, that in some cases landfill gas 
formation and emissions may be significantly lower than expected. This is in 
agreement with experiences of landfill gas recovery projects, where in some cases 
amounts of gas recovered are far less than expected (chapter 9). 

— But the fact that in all measurements methane emissions are well below the carbon 
dioxide emissions, suggests that oxidation of an order of magnitude of about 10 to 
20% does take place (chapter 9). No correlation was observed of degree of 
oxidation with the age of the landfill or with the flux through the top-layer (chapter 
9). 

— Emissions at landfills where gas is recovered without limitations with respect to the 
utilisation capacity indicate that differential recovery efficiencies range from about 
50% for landfills with a top-layer of sand to 100% for landfills capped with clay or 
a HDPE-liner system (chapter 9). 
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Appendix 1 Landfill gas projects in the Netherlands 
(1983-1991) 

Table A1.1 Landfill gas exploitation in the Netherlands 

Year of Collection 
capacity 
(m3/hr) 

Utilization 
capacity 
(m3/hr) 

End-use 

Wijster 1 
Ambt-Delden 
Bavel 
Joure 
Maarsbergen 
Tilburg 
Winterswijk1) 
Veendam 
Wijster 2 
Borssele 
Hengelo 
Linne-Montfort 
Nuenen 
Emmen 
Vasse 

1983 
1984 
1985 
1985 
1987 
1987 
1987 
1989 
1989 
1990 
1990 
1990 
1990 
1991 
1991 

2400 
1400 
1900 
1000 
250 

2000 
100 

1600 
1200 
1200 
800 

1500 
2000 
250 
465 

700 
1350 
1000 
400 

95 
2000 

100 
1540 
1150 

870 
< 130 
1000 
1200 

120 
250 

Electricity 
Direct combustion 
Direct combustion 
Electricity 
Electricity 
Substitute natural gas 
Electricity 
Combined heat-power 
Substitute natural gas 
Direct combustion 
Direct combustion 
Electricity 
Substitute natural gas 
Combined heat power 
Substitute natural gas 

i) This project was dismantled in 1990 due to silted-up gas wells 

Table A1.2 Exploitation period, amounts of waste, surface area 

Exploitation 
period 

Present waste 
(m3) 

Future waste 
(m3) 

Capping 

Ambt-Delden 
Bavel 
Borssele 
Emmen 
Hengelo 
Joure 
Linne-Montfort 
Maarsbergen 
Nuenen 
Tilburg 
Vasse 
Veendam 
Wijster 
Winterswijk 

1969 
1968 
1974 
1986 
1985 
1970 
1971 
1969 
1980 
1969 
1976 
1976 
1930 
1981 

- 1985 
- 1992 

- 1991 

- 1990 

- 1985 

- 2015 
- 1984 

- 1991 

2,500,000 
4,900,000 
3,000,000 

3,000,000 
1,500,000 
2,900,000 
1,400,000 
7,500,000 
3,500,000 

800,000 
1,700,000 

16,000,000 
910,000 

7,000,000 
700,000 

10,000,000 

5,400,000 

10,000,000 
5,600,000 

2,300,000 
25,000,000 

Loam 
HOPE, bentonite1) 
Unknown2) 

Clay1» 
Hypofors/loam1) 
Clay1) 

HOPE1) 
Unknown2* 
HOPE 
HOPE1) 
Bentonite1) 

1) Not yet placed In position. 
2) In future a watertight cap will be applied. 
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Table A1.3 Landfill gas recovery and utilization in 1991 

Ambt-Delden 
Bavel 
Borssele 
Emmen2) 

Hengelo 
Joure 
Linne-Montfort 
Maarsbergen 
Nuenen 
Tilburg 
Vasse2) 
Veendam 
Wijster 1 
Wijster 2 
Winterswijk 

Recovery result 
(»1000 m3) 

5,640 
8,790 
2,600 

40 
3,600 
6,000 
8,000 

500 
8.000 
9,100 
1,020 
5,300 
5,500 
9,570 

0 

Working time1* 

> 90% 
> 95% 

95% 
30% 

> 95% 
> 95% 
> 95% 

90% 
> 95% 
> 90% 

90% 
90% 
75% 
95% 

> 90%3) 

Utilization result 
(»1000 m3) 

5,640 
6,390 
2,250 

40 
210 

1.500 
4,630 

500 
6,200 
7,100 

880 
2,750 
5.500 
8,060 

0 

Working time1* 

90% 
95% 
90% 
28% 
25% 

> 75% 
86% 
80% 
95% 
90% 
90% 

80% 
95% 
80%3> 

51,650 

1) Working time is defined as the fraction of time that equipment was in use in (parts of) 1991. 
2) The project started in 1991, so the results were realized over part of 1991. 
3* Working times of Winterswijk in the year 1988. 

Table A1.4 Landfill gas recovery systems 

Well 
system 

Number 
of wells 

Area 

(ha) 

Piping length 

(m) 

Blower type Pressure 

before 
(mbar) 

after 
(mbar) 

Ambt-Delden 

Bavel 
Borssele 

Emmen 

Hengelo 
Joure 

Linne-Montfort 

Maarsbergen 
Nuenen 

Tilburg 

Vasse 

Veendam 

Wijster 

Winterswijk 

V1* 

V 

H/V 
V 

V 
V 

V 

V 

V 

V 

V 

HA/ 
T 

V 

13 

66 
23 

8 

12 

26 

33 

13 
4 

60 

5 

40 

15 

4 

25 

30 
11 

680 

22.5 
28 

19 

9 

85 

6 
1600 

75 

5 

1500 

6500 

1500 

2500 

2000 

2500 

3000 

7500 

1000 

3000 

300 

Roots blower 

Screw-type 
Blade-type 
Fan 

Fan 

Fan 

Roots blower 

Fan 

Roots blower 

Roots blower 

Roots blower 
Fan 

Roots blower 

Roots blower 

-100 

-100 
-40 

-30 

-30 

-20 

-60 

-50 

-40 

-70 

-30 
-30 

-100 

-100 

630 

3000 
2300 

60 

20 

60 

120 
50 

130 

300 

1400 
50 

300 

1) V = Vertical wells, H = Horizontal system, T = Trenches. 
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Table A1.5 The end-use of landfill gas 

(m3/hr) 
Output I Remarks 

<kWe,m3/hr) 

Direct combustion of natural gas 

Ambt-Delden 

Bavel 
Borssele 

Hengelo 

1000 
250 
850 
800 
25 

< 130 

Industrial boiler, 3 km transport 
District heating, 10 km transport 
Kiln (bricks), 6 km transport 
Kiln (anodes), 2 km transport 
Leachate treatment 
Leachate treatment 

Generation of electricity 

Ambt-Delden 
Bavel 
Borssele 
Emmen 
Joure 
Linne-Montfort 
Maarsbergen 
Veendam 

Wijster 
Winterswijk 

100 
100 
45 

2*230 
400 

3*304 
95 

4*160 
2*450 
3*233 

100 

150 
160 
85 

2*380 
600 

3*466 
165 

4*300 
2 * 900 1> 
3*400 

165 

Heat utilization 

Heat utilization 

Upgrading to natural gas 

Nuenen 
Tilburg 
Vasse 
Wijster 

1200 
2000 
250 

1150 

735 
1300 

125 
600 

Pressure swing adsorption 
Physical absorption in water 
Membranes 
Pressure swing adsorption 
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Table A1.6 Investments, operating costs (in Dutch Guilders) 

Capital costs 

Recovery Utilization 

Operating costs 

Recovery Utilization Other 

Ambt-Delden 
Bavel 
Borssele 
Emmen 
Hengelo 
Joure 
Linne-Montfort 
Maarsbergen 
Nuenen 
Tilburg 
Vasse 
Veendam 
Wijster 1 
Wijster 2 
Winterswijk 

2,457,960 
5,300,000 
1,957,000 

810,000 
400,000 

1,500,000 4) 

650,000 
2,300,000 
1,600,000 

200,000 

4,500,000 

220,000 

518,016 1) 

450,000 2) 

800,000 
3,000,000 5> 

350,000 
5,100,000 7> 
4,500,000 
1,200,000 

600,000 
4,000,000 

280,000 

120,000 
140,000 
594,55 3) 

40,000 
41,000 

236,000 
26,800 

489,289 8) 

769,201 
41,892 

160,000 
280,000 
30,000 

40,985 
150,000 

8,000 

n.r. 6> 
270,425 8> 
173,256 

40,000 
70,000 

n.r. 6> 

34,178 
140,000 

341,040 
223,981 

250,000 
1,200,000 

6,000 

1) Costs for gas transport and adaptation of the industrial boiler. 
2) Excluding costs of gas engine. 
3> Including investments for the extension of the well system. 
4) Including costs of pumping test and feasibility studies. 
5* Including costs of energy transport and mains connection. 
6) Not registered. 
T Including costs of gas transport and mains connection. 
8> These costs will be considerably reduced in future. 
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Appendix 2 Amounts of waste landfilled 

Table A2.1 Amounts of waste, landfilled in the Netherlands 

Year Amounts of waste (in Mtonne) 

ref I1)-2 ** ref 21)-3> ref 31*’4) ref 41)’S) 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994s> 
1995s> 

5.9 
6.3 
6.7 
7.1 
7.5 
7.9 
8.4 
8.8 
9.2 
9.6 

10,0 
10.4 
10,8 
11.3 
11.7 
12,1 
12.5 
12,9 
13.3 
13.7 
14,2 
14.6 
14,5 

5,3 
5,3 
5.3 
5.1 
5.2 
5.5 
5,9 
6.2 
7.1 
7.2 
7.8 
8.2 
8.5 

9,1 
8.4 
8,3 
8.5 
8.8 
7.5 

7,4/3,5/2,7 

7,1/1,5/2,7 
6,3/1,8/2,8 
5,7/1,8/3,0 
5,1/1,7/3,4 

9,7/3,7/2,8 

1) ref 1: v.d Bom, 1991; 
ref 2: Adviescentrum Stortgas, private communication; 
ref 3: Afval Overleg Orgaan, 1992; 
ref 4: RIVM: 1991, Nationale milieuverkenningen 1990-2010. 

2) Most likely total amounts of waste for end-treatment (amounts of waste landfilled 
and incinerated). 

3> Refers to total waste landfilled, except demolition waste. 
4) Waste landfilled, except demolition waste/demolition waste landfilled/waste 

incinerated. 
5* According to policy-scenario Afval Overleg Orgaan. 
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Appendix 3 Amounts of waste (chapter 8) 

The amounts of waste presented in this appendix refer to the 
waste, in which gas was recovered in the years in which landfill gas formation was 
estimated. So these amounts do not necessarily match the total amounts of waste in 
place. 

Table A3.1 Amounts of waste in Ambt-Deiden (in tonne) 

Year Domestic1) 
waste 

Industrial2) 
waste 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 

98250 
98250 
98250 

111750 
102750 
122250 
46500 

100500 
119250 
134250 
107250 
105750 
105750 
105750 
112500 
112500 
56250 

32750 
32750 
32750 
37250 
34250 
40750 
15500 
33500 
39750 
44750 
35750 
35250 
35250 
35250 
37500 
37500 
18750 

1) Total waste is assumed to contain 75% of domestic waste. 
2) Total waste is assumed to contain 25% of industrial waste. 
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Table A3.2 Amounts of waste in Bave! (in tonne)1) 

Year 

1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

Domestic 
waste 

37689 
41374 
42086 
44565 
49870 
56058 
61806 
70297 
76470 
80420 
87160 

135520 
139620 
133790 
137425 
125125 
121350 
172660 
164500 
206400 
198530 
207575 
224838 
218554 
218554 

Industrial 
waste 

21380.7 
28096,2 
24901.8 
28066,5 
26301 
34115,4 
37837.8 
50612,1 
53270 
99330 

120080 
63310 
72770 
60450 
23050 
11800 
26125 
30590 
22600 
23600 
25900 
30100 
29377 
47050 
47050 

Demolition 
waste 

30731,3 
40295.8 
35746.2 
40253.5 
37739 
48868.6 
54170.2 
72363.9 
76720 
40840 
52550 
70700 
42720 
29580 
16175 
18150 
22150 
23275 
33500 
47400 
93300 
74000 
84914 

125444 
125444 

Sludge 

6479 
8514 
7546 
8505 
7970 

10338 
11466 
15337 
16350 
19810 
27460 
26630 
26950 
30540 
11350 
9925 

11300 
15790 
34600 
34700 
34495 
40900 
49006 
34811 
34811 

Agricultural 
waste 

1400 
1300 
850 

4740 
1300 
3100 
1800 
500 

8077 
9345 
9345 

1) Medio 1991 gas was recovered from the waste, dumped until June 1990 (in this report referred 
to as BaveM ); medio 1992 gas was recovered from the waste dumped until August 1991 (in this 
report referred to as Bavel2); After Februari 1993 gas was recovered from all the waste (in this 
reprt referred to as Bavel3). 
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Landfiü gas formation, recovery and emissions 

Table A3.3 Amounts of waste in Hardenberg-Collendoorn (in tonne) 

Year 

1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 

Domestic 

13320 
18000 
21240 
21000 
30000 
62640 
69900 
61260 
52500 
52740 
54000 
54000 
54000 
54000 
20000 

Industrial 
waste 

3996 
5400 
6372 
6300 
9000 

18792 
20970 
18378 
15750 
15822 
16200 
16200 
16200 
16200 
5000 

Table A3.4 Amounts of waste in Hengelo (in tonne) 

Year Domestic 
waste 

Industrial 
waste 

Demolition 
waste 

1985 
1986 
1987 
1988 

3152 
193587 
265386 
124968 

7632 
46461 
58932 
30692 

4652 
40792 
50814 
19144 
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Table A3.5 Amounts of waste in Schijndel (in tonne) 

Year Domestic 
waste 

industrial 
waste 

1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

87014 
105720 
111720 
120800 
125722 
120328 
120089 
119968 
122658 
122998 
131720 
133037 
140000 
139000 
152000 
158000 

70000 
73000 
51000 
53000 

Table A3.6 Amounts of waste in Schinnen (in tonne) 

Year Domestic 
waste 

Sludge Demolition 
waste 

Composting 
residues 

1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

75842 
78876 
82031 
85313 
88726 
92274 
95966 
99803 

105287 
107948 
112266 
111930 
106482 
111607 
127386 
144682 
168343 
177024 
316085 
284856 
186579 

1207 
1255 
1306 
1358 
1412 
1469 
1527 
1589 
1652 
1718 
1787 
2029 
8775 

17854 
14920 
26642 
39066 

7441 
7739 
8049 
8371 
8705 
9054 
9416 
9792 

10184 
10592 
11015 
10903 
10298 
10879 
10226 
42244 
41298 

4149 
4305 
4314 
2878 

9960 
8277 
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Landfill gas formation, recovery and emissions 

Table A3.7 Amounts of waste in Stalnkoel'n (in tonne) 

Year Domestic 
waste 

1986 
1987 

76000 
44000 

Table A3.8 Amounts of waste in Vasse (in tonne) 

Year 
waste 

1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 

11773 
25881 
42796 
47265 
56419 
43667 
52211 
53000 
33718 

9151 

1500 
15000 
30000 
30000 
31357 
47318 
39420 
39000 
19658 

273 
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Table A3.9 Amounts of waste in Veendam (in tonne) ^ 

Year Domestic industrial Agricultural Sludge 

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

20000 
30000 
36000 
37000 
38000 
39000 
40000 
60000 
65000 
73000 
74000 
86000 
83069 
83623 
85062 
86135 
62490 
61866 

30000 
50000 
55000 
58000 
74000 
70000 
70118 
68430 
63843 
60519 
75691 
74934 

3000 
5000 
5000 

11000 
9000 

14000 
13381 
12769 
14989 
11735 
15204 
15052 

2756 
2499 
1336 
1344 
2279 
2256 

1) February 1994 gas was recovered from the waste, dumped until June 1992 (in this report 
referred to as Veendaml); medio 1994 gas was recovered from all the waste (in this report 
referred to as Veendam2). 
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Landfill gas formation, recovery and emissions 

Appendix 4 Amounts of waste (chapter 9) 

Table A4.1 Amounts of waste of landfill 1 (in tonne) 

Year Waste 

1990 
1991 
1992 
1993 
1994 

53764 
59686 
57351 
58972 
54972 

Table A4.2 Amounts of waste of landfill 2 (in tonne) 

Year 

1989 
1990 
1991 
1992 
1993 
1994 

236665 
236665 
200025 
125000 
125000 
125000 

Table A4.3 Amounts of waste of landfill 3 (In tonne) 

Year Waste 

1988 
1989 
1990 
1991 
1992 
1993 

53712 
121618 
123929 
126667 
106343 
95000 

Table A4.4 Amounts of waste of landfill 4 (in tonne) 

Year 

1987 
1988 
1989 
1990 
1991 

Waste 

23000 
53000 
55000 
33000 
6655 
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Table A4.5 Amounts of waste of landfill 5 (in tonne) 

Year 

1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Domestic 

266000 
230000 
200000 
213000 
225000 
220000 
202000 
200000 
180000 
180000 

industrial 
waste 

140000 
135000 
155000 
201000 
190000 
185000 
185000 
190000 
180000 
180000 

Demoiition 
waste 

115000 
80000 
76000 
55000 
35000 
26000 
19000 
5500 
4000 
3000 

Siudge 

51000 
63000 
51000 
84000 
72000 
60000 
57000 
57000 
78000 
84000 

Table A4.6 Amounts of waste of landfill 6 (in tonne) 

Year 

1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Domestic 

266000 
230000 
200000 
213000 
225000 
220000 
202000 
200000 
180000 
180000 

Industrial 
waste 

140000 
135000 
155000 
201000 
190000 
185000 
185000 
190000 
180000 
180000 

Demoiition 
waste 

115000 
80000 
76000 
55000 
35000 
26000 
19000 
5500 
4000 
3000 

Sludge 

51000 
63000 
51000 
84000 
72000 
60000 
57000 
57000 
78000 
84000 
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Landfiü gas formation, recovery and emissions 

Table A4.7 Amounts of waste of landfill 7 (in tonne) 

Year Waste 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

20900 
20900 
20900 
20900 
20900 
20900 
20900 
20900 
20900 
20900 
88000 
67000 
67000 
67000 
67000 
67000 

158000 
211000 
211000 
107000 
257000 
150000 
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Table A4.8 Amounts of waste of landfill 8 (In tonne) 

Year Waste 

1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

730000 
19000 
53000 

110000 
174000 
243000 
266000 
376000 
167000 

0 
319000 
479000 
456000 
403000 
526000 
581000 
600000 
422000 
395000 
479000 
555000 
554000 
654000 

Table A4.9 Amounts of waste of landfill 9 (in tonne) 

Year Waste 

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 

36665 
36665 
36665 
36665 
36665 
36665 
36665 
36665 
36665 
36665 
36665 
36665 
36665 
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Landfill gas formation, recovery and emissions 

Table A4.10 Amounts of waste of landfill 10 (in tonne) 

Year 

1987 
1988 
1989 
1990 
1991 
1992 
1993 

Domestic waste 

15700 
18000 
22425 
20870 
21046 
22695 
19985 

Industrial waste Demolition waste 

56700 
32000 
37100 
34320 
36503 
44735 
35814 

12500 
11000 
5000 
5440 
5160 

10892 
11043 

Table A4.11 Amounts of waste of landfill 11 (in tonne) 

1988 
1989 
1990 
1991 
1992 
1993 

Domestic waste 

177410 
306671 
347494 
337954 
337954 
298138 

Industrial waste 

42968 
84088 

102730 
114213 
142805 
118394 

Demolition waste 

26801 
50041 
64211 
76744 
48935 
43123 

Table A4.12 Amounts of waste of landfill 12 (in tonne) 

Year 

1986 
1987 
1988 
1989 
1990 
1991 

Waste 

175000 
175000 
175000 
175000 
175000 
175000 

Table A4.13 Amounts of waste of landfill 13 (in tonne) 

Year 

1987 
1988 
1989 
1990 

Domestic waste 

19177 
36687 
27564 
52238 

Industrial waste Demolition waste 

11142 
27367 
40833 

102918 

9241 
6770 

27739 
102990 
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Table A4.14 Amounts of waste of landfill 14 (in tonne) 

Year 

1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 

10800 
10800 
24000 
24000 
20000 
23200 
33500 
37500 
44000 

Table A4.15 Amounts of waste of landfill 15 (in tonne) 

Year 

1985 
1986 
1987 
1988 

3152 
193587 
265386 
124968 

industrial waste 

7632 
46461 
58932 
30692 

Demoiitlon waste 

4652 
40792 
50814 
19144 
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Landfiü gas formation, recovery and emissions 

Table A4.16 Amounts of waste of landfill 16 (in tonne) 

1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 

Waste 

18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
18500 
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Table A4.17 Amounts of waste of landfill 17 (in tonne) 

Year Waste 

1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 

18800 
19600 
20400 
21200 
22000 
22900 
23800 
24800 
25800 
26800 
27900 
29000 
30200 
31400 
32700 

Table A4.18 Amounts of waste of landfill 18 (in tonne) 

Year Domestic 
waste 

Industrial 
waste 

Demolition 
waste 

Sludge 

1978 
1979 
1980 
1981 
1982 
1983 
1984 

92500 
92500 
92500 
92500 
92500 
92500 
92500 

49500 
49500 
49500 
49500 
49500 
49500 
49500 

41000 
41000 
41000 
41000 
41000 
41000 
41000 

18000 
18000 
18000 
18000 
18000 
18000 
18000 
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Landfill gas formation, recovery and emissions 

Table A4.19 Amounts of waste of landfill 19 (in tonne) 

Year Domestic waste ial waste 

1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 

37500 
28125 
28125 
28125 
28125 
28125 
28875 
32625 
52360,5 

12500 
9375 
9375 
9375 
9375 
9375 
9625 

10875 
17453,5 

Table A4.20 Amounts of waste of landfill 20 (in tonne) 

Year Domestic waste Industrial waste 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 

98250 
98250 
98250 

111750 
102750 
122250 
46500 

100500 
119250 
134250 
107250 
105750 
105750 
105750 
112500 
112500 
56250 

32750 
32750 
32750 
37250 
34250 
40750 
15500 
33500 
39750 
44750 
35750 
35250 
35250 
35250 
37500 
37500 
18750 
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Table A4.21 Amounts of waste of landfill 21 (In tonne) 

Year Domestic 
waste 

industrial 
waste 

1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 

13320 
18000 
21240 
21000 
30000 
62640 
69900 
61260 
52500 
52740 
54000 
54000 
54000 
54000 
20000 

3996 
5400 
6372 
6300 
9000 

18792 
20970 
18378 
15750 
15822 
16200 
16200 
16200 
16200 
5000 
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