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Summary
Landfills are full of contaminated material, which could be harmful for the environment. To reduce the
risks of pollutants entering the environment, a watertight base layer and an impermeable cover layer
isolate the waste. These layers have to be maintained eternally, which is very costly. To move towards
a more sustainable landfill aftercare, Dutch landfill operators have started three demonstration projects,
to reduce leachate concentration in 10 years. At one of the projects, this is attempted by recirculation
of leachate, which in the long term, reduces the concentrations of pollutants in the leachate. During the
project the reduction of emissions via leachate is measured, but in order to make this project successful,
it also has to be proofed that the emissions are reduced permanently. To proof that the emission via
leachate is permanently reduced a model is required which enables to predict how remaining mass in
the landfill will be emitted via leachate, based on time series of leachate quantity and quality.

This research focusses on adapting the prediction models, created for two demonstration projects,
to describe the water balance for the third demonstration field at De Kragge II in Bergen op Zoom.
Compared with the other two projects, the water balance for this field is a bit more complicated, since
it has a different layout of the drainage system and lateral flow to and from adjacent fields is possible.
The aim of this research is to model the water dynamics in the landfill with minimal uncertainty.

Available input and output data are: rainfall, evaporation potential, leachate levels and leachate outflow,
available for the pilot field and the adjacent compartment. The leachate outflow is controlled by valves,
level meters and pumps in the flow system, also the operator has influence on which compartment is
drained. Another complication with the outflow data is that the data from weighed trucks transporting
the leachate indicate that sometimes leachate was directly pumped from the landfill, herewith bypassing
the flowmeter.

The model consists of three layers, a recultivation-, waste- and drainage layer. In the recultivation
layer infiltration into the waste layer is calculated by balancing rainfall, evapotranspiration and storage.
The water volume infiltrating the waste layer is distributed stochastically, according to a travel time
distribution, that discretizes the infiltrated water to faster and slower moving regimes. In the drainage
layer model, the balance of water inflow, leachate outflow, sideflow and storage is calculated. Resulting
in a volume of water ex-filtrating the landfill. To evaluate model uncertainty, visual and quantative
criteria are used. The fits of modelled on measured data is used as a visual check. The quantitative
analysis consists of evaluating the Kullback-Leibler divergence and the marginalized likelihood. The
Kullback-leibler divergence estimates how much information is gained from the parameters, while the
marginalized likelihood determines the balance between information content and complexity.

In order to find a model that describes the water dynamics with minimal uncertainty, three different
model implementations were evaluated. In the first approach both leachate level and outflow were
used for calibration with measured data. Evaluation of the model performance showed that the outflow
could not be determined with acceptable error. This was indicated by large standard deviations of
the model and measurement error with respect to outflow measurements. Likely the reason for this
is the gap in the water balance and the erratic patterns in the outflow data. A second approach was
therefore modelled in which only the leachate levels were fitted with measured data and the outflow
data was given as input. This increased the leachate level fits slightly, also the quantitative criteria
showed that approach 2 is better than approach 1. Some of the parameters of approach 2 had large
uncertainty and the model is quite complex given the available measured data. Therefore a third,
simpler and faster model was implemented. In this model the waste layer calculations were simplified
using the circular convolution function of MATLAB. This function calculates the travel time distribution
continuously instead of discretizing the function over given retention times, which was done in the first
two approaches. Thismodel approach gave the best leachate level fits. The Kullback-leibler divergence
indicated higher information content compared to approach 2.
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vi Summary

In addition, each approach was evaluated with different model scenarios in which the waste compart-
ments where either coupled or uncoupled. For each approach the uncoupledmodels performed visually
and quantitatively better than the coupled models.

Approach 2 gave the best insight in the water dynamics given its complexity, shown by the higher values
for the marginalized likelihood. Approach 3 gave the best fits, of the leachate levels, the highest 𝐷ፊፋ
values and is the fastest model. From these results it would be advised to use approach 3 to analyse
the water dynamics of the landfill. Given the results of the different scenarios, it would be advised to
use the uncoupled models for the analysis of water dynamics inside the landfill, since these models
showed the best fits, highest 𝐷ፊፋ and marginalized likelihood values.

Based on the obtained results, the following insights could be drawn about the landfill dynamics. The
sideflow between the two compartments is about 5 to 25 m3/day. The model showed that water in the
landfill, flows fast from the cover layer to the drainage layer. The infiltration flux of the recultivation layer
model seemed to be dominated by rainfall and evaporation. Therefore this model could be simplified
by omitting water storage and flow through the layer.
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1
Introduction

Weall produce a lot of waste. This waste is thrown in a garbage bin and picked up by awaste processing
company. But what happens after that? Currently most of your waste is incinerated, but in the past
it was most likely to end up in a landfill (Werkgroep Afvalregistratie, 2016). In the Netherlands there
are hundreds of landfills of which some are still operating. These landfills are full of contaminated
material. The main pollutants inside landfills are chloride, methane, carbon dioxide and metals. These
pollutants are of greatest concern, because high concentrations are present in water ex-filtrating the
landfill. When this polluted water gets in contact with the environment it could be harmful. To reduce
environmental risks, landfills should be handled with care.

1.1. Recent developments
Before the 90’s, there were no laws or regulations on dumping waste. This changed with the publication
of four guidelines, between 1991 and 1997, containing requirements regarding landfill construction
(Ministerie van VROM, 1991; Heidemij Adviesbureau, 1993a,b; IWACO B.V., 1997). The aim of these
guidelines is to:

1. Keep pollutants inside the waste
2. Capture produced gas
3. Keep the leachate (polluted water) quantity from the landfill low
4. Make sure diffusion of solute transport from the landfill to the environment is low

A modern landfill design takes into account these aspects. A schematisation of such a landfill structure
is shown in Figure 1.1. Before dumping the waste, a watertight base layer and drainage system have
to be constructed at the site. When the landfill is full, the site has to be closed. This is done by placing
an impermeable cover layer. The watertight base layer and impermeable cover layer isolate the waste
from the environment and pollutants are kept inside. Produced leachate and gas is collected.

Figure 1.1: A schematisation of the structure of a modern landfill.
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2 1. Introduction

During construction and after closure the landfill needs to be controlled by the operator according to
an aftercare protocol (art. 8.49 Wet MB 2017). The aftercare consists of collection, purification and
transportation of the leachate, collecting the gas formed inside the landfill and check if pollutants end
up in the environment. The current setup of aftercare is not an ideal solution for taking care of our
waste. The main disadvantages of the aftercare protocol are:

1. Aftercare of landfills is very costly
2. The aftercare is a never ending process
3. Re-use of the landfill site after landfilling is restricted
4. In time the cover layer should be replaced (every 75 years)
5. There will always be a risk for the environment
6. Passing along the aftercare to future generations

The past few years different companies and universities came up with a new idea for the aftercare.
Landfills could be treated to reduce the concentrations of pollutants in the leachate, instead of keeping
our waste isolated form the environment (Introductie Duurzaam Stortbeheer, 2017). This treatment
would consist of air or leachate infiltration, reducing the emission potential of the landfill. Emission
potential is a term describing the possibility of mass of pollutants present inside the landfill to flow out.
It has been shown in lysimeter experiments that treatment reduces the concentrations of pollutants in
leachate (Valencia et al., 2011; Brandstätter et al., 2015). Concentrations in the leachate of the lysimeter
experiments are likely reduced by creating more optimal conditions inside for (bio)degradation such as
higher temperatures, increased moisture content and improved mixing of micro-organisms or other
substrates. Since, the emission potential was reduced in lysimeter experiments due to treatment, it is
expected that reduction is also possible with landfill treatment. A reduction of the emission potential of
a landfill will result in it being harmless for the environment and aftercare could be ended.

Before this new idea could be applied, it should be tested. As part of a feasibility study, full scale
experiments are performed at three different landfill sites for a period of ten years (Verengiging van Af-
valbedrijven, 2014; Vereniging Afvalbedrijven, 2015). The landfills of Braambergen and Wieringermeer
are treated with air, while De Kragge II (compartment 3) is treated with leachate infiltration followed by
aeration. The high amount of organic matter at De Kragge II requires a different treatment method
compared to the other locations. The goal is to reduce the emission potential at these pilot locations
such that after ten years it is permanently lower than the regulated values.

The government has already agreed that a cover layer will no longer be required if the feasibility study
proves its effectiveness (Rijksoverheid, 2011). If successful, treatment will be carried out at other land-
fills too. Fifteen landfills in the Netherlands have been qualified as potential locations, which means
that the treatment could be performed on these landfills without adjustments. For these fifteen landfills,
installation of a cover layer and aftercare might no longer be necessary, resulting in large financial
savings.

1.2. Research question
To convince the regulators that this new idea works, it must be proven that the emission potential of
the landfill is permanently low. Estimating emission potential from landfill samples is costly and very
difficult, because of the large heterogeneity of the landfill. Therefore, van Turnhout (2017) developed
a model which enables the estimation of the emission potential of a landfill based on time series of
leachate quantity and quality. The model couples hydrological and biochemical processes, in order to
estimate the internal state variables such as water content and storage. Measured data on leachate
quantity is used to calibrate the model. The modelling approach has been calibrated and tested for data
from the pilots at Braambergen and Wieringermeer. However, due to a different layout of the drainage
system at De Kragge II, the model needs to be modified for investigation of the emission potential at
De Kragge II. At De Kragge II leachate outflow is controlled, while at Braambergen and Wieringermeer
leachate is able to flow out at all times.

In order to proof the reduction of the emission potential after the experiment, estimated emission poten-
tial is compared with baseline measurement data. These measurements were performed over a period
of five years before infiltration started (June 2012 - June 2017). This research focusses on developing
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a description of the water balance at de Kragge II, using the baseline measurement data. Because
pollutants ex-filtrate the landfill via leachate, a good understanding of the water balance is needed to
estimate the emission potential.

For modelling the water balance of De Kragge II, the base model of Braambergen and Wieringermeer
will be adapted. Different adaptations are implemented to find the model description with minimal error
and uncertainty. Model error is evaluated based on inferred parameters. The model uses an algo-
rithm, called DREAM, to optimize parameters within a given range. The probabilities of the parameters
indicates model uncertainty. This research aims to answer the following research question:

Which modelling adaptation allows insight in the water dynamics of compartment 3 of De Kragge II,
with minimal uncertainty?

1.3. Report outline
Chapter 2 gives a detailed description of different landfill hydrology modelling methods. Chapter 3 gives
background information about the landfill site. In Chapter 4 the water balance model used to describe
the processes inside the landfill is explained. The data processing before implementation in the model
is described in Chapter 5. A check of the water balance error is given in Chapter 6. In Chapter 7, the
model results are interpreted. Chapter 8 concludes on the research and provides recommendations
for further improvements of the model.





2
Background information: Modelling

landfill hydrology
There are different approaches to model the hydrology of a landfill. In this chapter the main modelling
approaches found in literature will be discussed.

In 1994 Peyton and Schroeder developed the Hydrological Evaluation of Landfill Performance (HELP)
model for modelling the water balance of cover and bottom liner systems (Schroeder et al., 4526). This
is still a popular method in recent landfill modelling (Alslaibi et al., 2013; Berger, 2015). The HELPmodel
calculates leachate discharge from balancing precipitation, evapotranspiration, run-off and storage in
the waste layer. It uses empirical equations for the calculation of evapo-transpiration and run-off, and
it calculates storage based on the concept of field capacity (Fellner and Brunner, 2010). This method
assumes homogeneity of the waste, which makes it a good method for estimating water fluxes over a
long time period. However homogeneity is a shortcoming when analysing short time periods. In this
case peaks in flow data, coming from water flowing through preferential paths, can not be modelled.

More recent modelling approaches account for preferential flow paths in landfills (Fellner and Brunner,
2010; Tinet et al., 2011). A dual-porosity model assumes that the medium consists of two regions,
one associated with the macro pores and the other with fine pores. Different dual-porosity methods
are available. They mainly differ in implementation of water flow in and between the two pore regions
(Šimůnek et al., 2003). A dual-porosity model is a deterministic model based on fundamental equa-
tions. It uses the Richards equation to describe water flow and the convection-dispersion equation
for solute transport. The hydraulic properties of the macro and fine pore systems are described using
the analytical functions of van Genuchten. Both regions have different porosities and volumes. Dual-
porosity models account for the physical and biochemical complexity of landfill systems, but require
significant amount of data. The complexity of this modelling method results in large uncertainty. This
makes calibrating such models difficult and sometimes even impossible.

Also finite element programs are used to model landfill hydrology, for example HYDRUS. With HY-
DRUS, the water flow is modelled by Richards equation and solute transport is modelled with Fickian’s
Advection-Dispersion equation (Anwar and Thien, 2015). HYDRUS permits the user to choose be-
tween five different analytical models for the hydraulic properties which are: Brooks and Corey, van
Genuchten, Vogel and Císlerová, Kosugi, and Durnet. Finite element programs have the same disad-
vantages as dual-porosity models.

Besides deterministic modelling approaches, landfills can also bemodelled stochastically using transfer
functions (Zacharof and Butler, 2004; Rosqvist et al., 2005; Botter et al., 2011; Hrachowitz et al., 2016).
The retention time of water in the landfill is determined stochastically. In this way also preferential
flow paths are taken into account. Contrary to dual-porosity models, less landfill data is needed for
calibration. Unknown landfill parameters are determined within the model. The main disadvantage of
the existing stochastic models is that solute transport is not or to a lesser extent taken in to account.
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3
De Kragge: Landfill specifics

De Kragge is an area for the use of waste storage in Bergen op Zoom. It consists of two landfills that
have been constructed next to each other. Figure 3.1 shows the site of De Kragge. De Kragge I has
been constructed by the municipality of Bergen op Zoom and De Kragge II has been constructed by
waste processing company Attero. Currently both landfills are maintained by Attero.

Figure 3.1: Top view of De Kragge site, showing both landfills and the division of De Kragge II in different compartments.
Reprinted from Vereniging Afvalbedrijven (2015).

3.1. Landfill structure
This research focusses on landfill De Kragge II. This landfill was in operation from 1990 to 2009. Waste
has been deposited in four different compartments (Figure 3.1). Compartment 1, 2 and a small part of
compartment 3 are covered with an impermeable cover layer. Detailed information about the compart-
ments dimensions are shown in table 3.1.

A base layer has been installed below the waste of all compartments. The structure of the base layer is
shown schematically in Figure 3.2. The quality of the groundwater in the monitoring wells is measured
twice a year. If the HDPE membrane fails, and pollutants from the landfill leak through the membrane,
this will be noticed during the groundwater quality check and appropriate actions should be taken. The
drainage pipes, constructed 25 meter apart from each other, transport the leachate from the waste layer
to a collection pit. The landfill has been build on a slope with an inclination of around 0.4 degrees. The
different compartments are separated by 2 meter high dikes (Hernández et al., 2016).

7
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Table 3.1: Field data of De Kragge II per compartment. Data provided by Attero and adapted from Oonk (2014)

Compartment Landfilling period Waste Volume (m3) Base area (m2) Cover area (m2)
1 1990 - 1993 86,047 12,514 13,037
2 1990 - 1993 453,705 33,460 34,355
3 1993 - 1998 851,561 56,137 57,593 Of which is covered:

5,450
4 1998 - 2007 622,421 58,206 61,012

Figure 3.2: The structure of a watertight base layer from bottom to top: A layer of sand below the landfill with monitoring wells
inside, the watertight HDPE membrane, a layer of sand and a layer of gravel, with leachate drainage pipes in it.

The impermeable cover layer consists of 4 layers, visualised in Figure 3.3. The construction rules
are described in the guideline for cover systems (Ministerie van VROM, 1991). The profiling layer
directly on top of the waste corrects for differential settlements, prevents sharp parts of the waste being
able to cut through the impermeable layer and is the foundation layer for the impermeable layer. The
impermeable layer can be created in three ways: 1) using a synthetic material like a geo-membrane,
2) using a mineral, like a sand-bentonite mixture or a clay layer, or 3) a combination of both. Rainwater
runs off into ditches around the landfill. The ditches have been made impermeable using a 2 mm thick
HDPEmembrane. On compartment 3 and 4, where no cover layer is placed, there is only a recultivation
layer with a thickness of around 30 cm.

Figure 3.3: The structure of a water resistant cover layer from bottom to top: A sand layer being the foundation for the water
resistant layer above it, a sand layer with rain water drainage pipes, a recultivation layer.

3.2. Leachate collection system
During the baseline measurement period, the collected leachate of De Kragge II was transported by
truck to the leachate purification plant of Zevenbergen. In June 2017, Attero started to adapt the
leachate collection system in light of the pilot project. For this research the old leachate collection
system is relevant. The flow system of leachate from the landfill site to the truck is a complex system
with multiple pump pits shown in Figure 3.4. Each compartment has its own collection pit, located in
the landfill toe. The bottom of the collection pits are at the same level as the landfill liner. Because of
the inclination of the landfill the bottom of the collection pits differ in height relative to NAP.

Each compartment has its own drainage system (⌀150mm). A detailed drawing of the drainage system
can be found in Appendix A. The drains in the landfill come together at a collection drain (⌀160mm)
ending in the collection pit. Inside the collection pits of compartment 3 and 4, the leachate level and
the electrical conductivity (EC) have been monitored. The measurements started in 2012, as part of
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Figure 3.4: A map of the the leachate system at De Kragge II. Leachate flowing from the landfill to the truck passes multiple
pits, valves and a flowmeter. Water level measurements are placed in collection pits 3 and 4.

collecting baseline measurement data. Because leachate can flow freely to the collection pits, the
leachate level in the pits is a good representation of the leachate level inside the landfill. A section
drawing of the collection pit of compartment 3 is shown in Figure B.1 in Appendix B.

Next to the collection pit a leachate pit is located just outside the landfill. Compartment 3 and 4 have
a combined leachate pit consisting of three chambers. A separate chamber for both compartment 3
and 4 and a mixed chamber where the leachate of both compartments is gathered. A section- and
horizontal section drawing of the leachate pit of compartment 3 and 4 is shown in Figures B.2 and B.3
in Appendix B. The flow from the collection pit to the leachate pit is controlled by a butterfly valve and
a flowmeter, which registers the amount of leachate passing.

Water can flow to the mixed chamber due to an opening in the wall. Through a pipe (⌀200mm) the
leachate flows from the mixed chamber, via the leachate pit of compartment 2, to the third pit, the
influent pit. This pit in the system collects the leachate from all four compartments. From here the
leachate is pumped to the leachate buffer pit, where the tanker truck collects the leachate.

3.2.1. Outflow control
When the tanker truck collects the leachate, the level in the buffer pit drops. Two sensors located inside
the buffer pit register the level. If the first sensor reaches a predetermined value the first pump in the
influent pit turns on. The second sensor is assigned to a lower water level and turns on the second
pump. Both pumps have the same pumping rate of 2.78 L/s. A water level sensor is also located in the
influent pit. When the first pump is turned on, the water level in the influent pit drops, automatically the
valves to all compartments are opened. Depending on the water level inside the compartments, the
operator can also manually open and close specific valves. With this, the operator could give priority to
compartments with high levels. Depending on the water level in the landfill the pressure on the valve
can be very high. If this pressure is high, completely opening the valve would result in leachate spraying
out of the landfill. To prevent this, the valve itself can determine how far it should be opened.

In the past, the flow system has sometimes been bypassed. The leachate was then taken directly from
the collection pit. In this case the flowmeter did not register the water flow. There is no record of the
moments the system was bypassed. However, each truck leaving the landfill site has to be weighed.
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So comparing the data of the flowmeter with data from the weighed trucks could give better insight in
the amount of water that has been bypassing the flowmeter.

Taking the whole flow system into account it could be stated that the outflow (rate) of water from the
landfill depends on different factors in this system, being:

1. The water level in the landfill
2. The water level in the influent pit
3. The pump(s) being on or off
4. The opening area of the valve
5. The duration of opening the valve
6. The operator’s actions



4
Methodology

The water balance model takes into account the water fluxes present in the landfill. Figure 4.1 shows
the three layers of the landfill and the water fluxes. Because the outflow valves of a compartment can
be closed off for a longer period of time, the water levels inside the landfill could become higher than
the dike, resulting in overflow to adjacent compartments.

Figure 4.1: All water fluxes in landfill De Kragge II. On the cover layer rain falls and water evaporates. The black arrows indicate
the infiltration flux into the waste layer. In the waste layer water flows from top to bottom. Above the dikes water is able to flow
laterally from one compartment to the other (red arrows). The yellow arrows indicate water exfiltrating the waste layer into the
drainage layer. In the drainage layer water is collected in drainage pipes and transported out of the landfill (orange arrows).

4.1. The model
Themodel made for Braambergen andWieringermeer will be adapted in three ways. The first modelling
approach will be explained in detail. For approaches 2 and 3, the differences to approach 1 will be
explained.

4.1.1. Approach 1
The concept of the water balance model is given in Figure 4.2. Rain falls and water infiltrates into the
recultivation layer (𝑞፫ፚ።፧). The infiltration flux into the waste layer (𝑞።፧፟) is determined by balancing
rainfall, evapotranspiration, infiltration and storage. The water volume infiltrating the waste layer is
distributed stochastically according to a travel time distribution that follows a bimodal lognormal distri-
bution. The travel time distribution is discretized over given retention times. The value corresponding
to the second-last value of the retention time (𝑛), indicates the transition from the mobile to the immo-
bile water phase. The travel time indicates how fast water is flowing from the infiltration layer into the
drainage layer. The way that the retention times are discretized, would accumulate water in the immo-
bile phase, this is solved with a baseflow. From the immobile phase water is exchanged to the mobile

11
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phase via this baseflow. In the drainage layer model, the balance of water inflow, leachate outflow,
sideflow and storage is calculated. Resulting in a volume of water ex-filtrating the landfill.

Figure 4.2: The concept of the water balance model with three layers.

Recultivation layer
The rain falling on the landfill infiltrates into the recultivation layer and drains into the waste layer.
The infiltration flux into the waste layer is calculated by Equation 4.1. Where 𝐾።፧፟፬ፚ፭ is the saturated
hydraulic conductivity of the recultivation layer and𝑚።፧፟ is the empirical shape parameter. The effective
saturation (𝑆፞፟፟) of the recultivation layer is calculated according to Van Genuchten (Equation 4.2).
Where, 𝜃።፧, 𝜃፫፞፬,፫፞፜ and 𝜃፬ፚ፭,፫፞፜ are the initial-, residual- and saturated water content. The saturated
water content is calculated based on 𝜃፫፞፬,፫፞፜, according to Equation 4.3. In this Equation, 𝑐 is a factor
between 0 and 1.

𝑞።፧፟ = −𝐾።፧፟፬ፚ፭ ⋅ 𝑆፞፟፟፦ᑚᑟᑗ (4.1)

𝑆፞፟፟ = 𝑚𝑎𝑥 {
0
᎕ᑚᑟዅ᎕ᑣᑖᑤ,ᑣᑖᑔ

᎕ᑤᑒᑥ,ᑣᑖᑔዅ᎕ᑣᑖᑤ,ᑣᑖᑔ
(4.2)

𝜃፬ፚ፭,፫፞፜ = 𝑐 ⋅ (1 − 𝜃፫፞፬,፫፞፜) (4.3)

From the calculation of 𝑞።፧፟ the water content for the next day is estimated (Equation 4.4). For this
calculation the model needs the input values from rainfall and potential evaporation flux, respectively
𝑞፫ፚ።፧ and 𝐸፩፨፭. The evaporation flux, 𝑞፞፯ፚ፩, is estimated by multiplying 𝐸፩፨፭ with the crop factor (𝑓፜፫፨፩),
according to Equation 4.5. Δ𝑧፫፨፨፭ is the depth to which plants can take up water.

𝑑𝜃
𝑑𝑡 =

𝑞፫ፚ።፧ − 𝑞።፧፟ + 𝑞፞፯ፚ፩
Δ𝑧፫፨፨፭

(4.4)

𝑞፞፯ፚ፩ = 𝐸፩፨፭ ⋅ 𝑓፜፫፨፩ (4.5)

There are three cases for which the calculated values of 𝑞።፧፟ and/or 𝑞፞፯ፚ፩ are corrected:
1. If the estimated water content would become higher than the saturated water content, the layer

’flows over’. In this case the excess rainfall is directly shunted to the infiltration flux (Equation 4.6)

𝑞።፧፟ = −𝐾።፧፟፬ፚ፭ ⋅ 𝑆፞፟፟፦ᑚᑟᑗ + (𝜃 − 𝜃፬ፚ፭,፫፞፜) ⋅
Δ𝑧፫፨፨፭
𝑑𝑡 (4.6)



4.1. The model 13

2. If the estimated water content would be smaller than zero and the initial water content is larger
than the residual water content, the water drains to fast. The calculated infiltration flux is too large
and is reduced (Equation 4.7).

𝑞።፧፟ = (𝜃 − 𝜃፫፞፬,፫፞፜) ⋅
Δ𝑧፫፨፨፭
𝑑𝑡 (4.7)

3. If only the estimated water content would be smaller than zero, too much water evaporates. The
evaporation flux is too large and is reduced (Equation 4.8).

𝑞፞፯ፚ፩ = 𝐸፩፨፭ ⋅ 𝑓፜፫፨፩ + 𝜃 ⋅
Δ𝑧፫፨፨፭
𝑑𝑡 (4.8)

Waste layer
The infiltrated water (𝑞።፧፟) is distributed following a bimodal lognormal distribution. Using a bimodal
distribution allows fast and slow moving water, accounting for preferential flow paths in the landfill
(Tinet et al., 2011). The probability density function (pdf) depending on the residence time (𝜏) and the
stochastic parameters is given in Equation 4.9.

𝑓(𝜏) = 𝛽
𝜏𝜎፟ፚ፬፭√2𝜋

⋅ 𝑒
Ꮍ(ᑝᑟᒙᎽᒑᑗᑒᑤᑥ)Ꮄ

ᎴᒗᎴᑗᑒᑤᑥ + 1 − 𝛽
𝜏𝜎፬፥፨፰√2𝜋

⋅ 𝑒
Ꮍ(ᑝᑟᒙᎽᒑᑤᑝᑠᑨ)Ꮄ

ᎴᒗᎴᑤᑝᑠᑨ (4.9)

Where 𝛽 is the fraction between fast and slow moving water and 𝜇 and 𝜎 are the mean and standard
deviation of the fast and slow moving water residence times. In order to determine the amount of water
entering the drainage layer (𝑄፝፫ፚ።፧), the infiltration flux from the recultivation layer is multiplied with the
landfill area (𝐴፥፟) and the pdf (Equation 4.10):

𝑄፝፫ፚ።፧ = 𝐴፥፟ ⋅ ∫
፭

ኺ
𝑞።፧፟(𝑡 − 𝜏) ⋅ 𝑓(𝜏)𝑑𝜏 (4.10)

Because the travel time distribution is finite, a rest term is introduced. This is the immobile water part.
All water that is left after distribution is added to the immobile water part. Water is able to drain from
the immobile part to the mobile part. This baseflow is calculated according to Equation 4.11.

𝑞፛ፚ፬፞ = −𝐴፥፟ ⋅ 𝐾፛ፚ፬፞፬ፚ፭ ⋅ ( 𝜃።፦ − 𝜃፫፞፬,።፦
𝜃፬ፚ፭,።፦ − 𝜃፫፞፬,።፦

)
፦ᑓᑒᑤᑖ

(4.11)

Drainage layer
The first flux in the drainage layer is 𝑄፝፫ፚ።፧. The second flux comes from the flow between compart-
ments (𝑄፬።፝፞) and the last flux is the outflow of leachate out of the landfill (𝑄፨፮፭). Because the outflow
rate depends onmultiple factors that are unknown, such as the level in the influent pit and the operator’s
actions, the outflow is calculated based on the leachate level in the landfill and a factor D (Equation
4.12). All the unknown factors are merged into this one factor D.

𝑄፨፮፭ = 𝐷 ⋅ 𝐿 (4.12)
The flow between compartments depends on the leachate level in both compartments and a factor
𝑘፬።፝፞. 𝑘፬።፝፞ is a combined factor for the landfill hydraulic conductivity (m/d) and the flow distance (m).
As example the side flow from compartment 3 to 4 is given in Equation 4.13.

𝑄፬።፝፞ = 𝑘፬።፝፞ ⋅ (𝐿፜Ꮅ − 𝐿፜Ꮆ) (4.13)
The storage inside the drainage layer is calculated according to Equation 4.14. Where 𝜙፝፫ፚ።፧ is the
porosity of the drainage layer. Since the water levels can rise above the drainage layer, 𝜙፝፫ፚ።፧ is a
combination of the drainage layer and waste layer porosities. The new leachate level in the drainage
layer is calculated as shown in equation 4.15. The estimated leachate level is the sum of the leachate
level of the previous day and the change of the leachate level during the day.

𝑑𝐿
𝑑𝑡 =

𝑄፝፫ፚ።፧ + 𝑄፬።፝፞ − 𝑄ፎ፮፭
𝐴፥፟ ⋅ 𝜙፝፫ፚ።፧

(4.14)

𝐿፭ዄኻ = 𝐿፭ + 𝑑𝐿 (4.15)
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4.1.2. Approach 2
The idea behind modelling the outflow is to be able to predict future outflow. However, because of the
complexity of the leachate system predicting outflow is difficult. In addition, when modelling the outflow
is made too simplistic it could be too difficult to calculate the outflow. So it was concluded that the
outflow data is to erratic to be used as fitting data. Therefore, in approach 2 the outflow was given as
input value. Compared to the first approach, in this case only the leachate level is fitted with measured
data.

4.1.3. Approach 3
Discretizing Equation 4.10 is very complex and time consuming. Therefore, the third approach uses
a simpler method to calculate the drainage flux from the waste layer. It uses the circular convolution
function of MATLAB. This MATLAB function calculates the travel time distribution continuously. The
travel time is infinite and therefore no baseflow is needed. With this implementation, the amount of
unknown parameters is reduced and calculation speed is increased. The reduction of unknown pa-
rameters improves model certainty.

4.2. Parameter optimization
The different parameters given in the previous sections are optimized within the model. The model
uses Baye’s theorem to determine the posterior probability of the parameters (𝐻) based on the prior
probability (𝑝(𝐻)) and the likelihood function (𝐿(𝐻|�̃�)) according to Equation 4.16 (Vrugt, 2016).

𝑝(𝐻|�̃�) = 𝑝(𝐻) ⋅ 𝐿(𝐻|�̃�) (4.16)

The posterior probability is calculated using the DiffeRential Evolution Adaptive Metropolis (DREAM)
toolbox developed by Vrugt (2016). It uses the Markov Chain Monte Carlo (MCMC) simulation to
sample the prior distribution. The Metropolis hasting rule is used to determine the acceptance rate of
the proposed parameter set.

The likelihood function is used to describe the plausibility of a parameter set. In this model, the natural
logarithmic Gaussian likelihood function is used (Equation 4.17). The Gaussian likelihood function is a
good first approximation when nothing is known about the likelihood.

𝑙𝑛(𝐿(𝐻|�̃�)) = −𝑁2 ⋅ 𝑙𝑛(2𝜋) −∑𝑙𝑛(𝜎ፓፄ) −
1
2 ⋅∑(�̃� − 𝑦𝜎ፓፄ

)
ኼ

(4.17)

Where N is the length of the likelihood vector, 𝜎ፓፄ is the sum of the measurement and model error, 𝑦
is the measured data and �̃� is the modelled data.

4.3. Model scenarios
For each model approach four different scenarios were implemented. The main goal of this research
is to create a water balance for compartment 3 of De Kragge II. Therefore the first scenario is a model
for compartment 3. Information about the adjacent compartment was given as input. To get insight in
the differences between compartment 3 and 4, the same model was implemented for compartment 4.
This scenario is referred to as scenario 2.

Scenario 1 and 2 are not closed water balances, since the water flow to the adjacent compartment
can act as a sink term. To be able to model a closed water balance and get better insight in the flow
between compartments, also two coupled scenarios were made. In these models the recultivation
layers of both compartments have the same parameters, this was possible because in reality they
have similar thickness and are made of the same material. The first coupled scenario is referred to as
scenario 3. In this scenario the waste of both compartments are similar. This results in one formulation
of the travel time distribution. Since the volumes of both compartments are different, the parameters
to calculate the baseflow are optimized for both compartments separately. For the drainage layer, the
porosity of the compartments can differ. For the second coupled model, referred to as scenario 4,
the waste is assumed to be different. This scenario was implemented after analysing the results of
scenario 1 and 2, which gave different results for the waste layer parameters. The difference between
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scenario 3 and 4 is that for scenario 4 the travel time distribution parameters are optimized for both
compartments separately.

In this report the scenarios will be first named after the implemented approach. The second number
indicates the modelled scenario. For example, scenario 2.1 is the model for approach 2 and scenario
1.





5
Model input data

In this chapter the input data for the model will be shown and discussed.

5.1. Weather data
The weather data is taken from two KNMI weather stations. Weather station Westdorpe and Gilze-
Rije respectively 40 kilometre south west and 45 kilometre east of Bergen op Zoom. The data of both
weather stations is averaged. The average daily rainfall and evapotranspiration potential is given in
Figure 5.1.

Figure 5.1: The daily average rainfall and evapotranspiration potential from weather stations Gilze-Rije and Westdorpe.

5.2. Site measurements
At the site, the outflow and leachate level are measured every 10 minutes. Figure 5.2 shows the
leachate outflow and level for compartment 3 and 4. When water is ex-filtrating the landfill, the leachate
level drops immediately. This shows that there is no delay between level changes and outflow. The
figure also shows an irregular pattern of outflow. This irregularity is caused by the valves and pumps
in the system, controlling the outflow. When the valves are closed, the water levels rise, so the storage
increases.

Since the data on rainfall and evaporation is only logged daily, the model has to be based on daily data.
Therefore the outflow and leachate levels have to be transformed to daily values. As consequence,
the correlation between leachate level and outflow smooths out.

17
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Figure 5.2: The outflow and leachate level of compartment 3 and 4 for two specific days.

5.2.1. Outflow
The flowmeter measurements of compartment 3 and 4 are stored cumulatively in excel sheets. The
difference in cumulative outflow over a day is the daily outflow rate. The daily outflow for compartment
3 and 4 over the modelling period is given in Figure 5.3. The outflow shows a layered pattern. This
makes clear that the influence of the valves and pumps in the leachate system are significant.

Figure 5.3: The daily outflow of compartment 3 and 4.

Each truck leaving the landfill site filled with leachate has to be weighed. Figure 5.4 shows the cumula-
tive outflow of compartment 3 and 4 in total and the truck data. This data shows a difference of 4282,60
m3. It must be noted that leachate from compartment 1 and 2, although very little, is not included in
this data. With an average outflow of 56 m3/d for compartment 3 and 71 m3/d for compartment 4, this
error is equivalent to 60-76 days of outflow.

Figure 5.5 shows the difference between truck data and flowmeter data. There aremultiple explanations
for the differences between truck and flowmeter data. The points corresponding to June and July 2013



5.2. Site measurements 19

Figure 5.4: The cumulative outflow measured by flowmeter (bue) and truck weight (red).

have the same but opposite values. It seems that in this period water that has been flowing out of the
landfill in June is registered in the truck data in July. The larger difference in the winter of 2015-2016
may be explained by the installation of equipment for the pilot project. In this period the flow system of
compartment 3 and 4 was changed and leachate was not able to flow through the system. Therefore
leachate was collected directly from the collection pit. Aside from these extreme differences there is
always a small difference between truck and flowmeter data. This difference could be due to an error
in the pump. It is known that the pump has not been calibrated on a regular basis.

In the current model no corrections are made for the differences in leachate volume between truck and
flowmeter data.

Figure 5.5: The difference between truck and flowmeter data over time.

5.2.2. Leachate level
Input values for the leachate level calculation are the measurements at the beginning of the day. Figure
5.6 shows the measured leachate levels for compartment 3 and 4 and the dike level. There are three
periods where the water levels in the landfill are above the dike between compartment 3 and 4. In
these time periods water will be able to flow between compartments. Most of the time the water level
in compartment 4 is higher than in compartment 3. So the main flow will be expected to go towards
compartment 3. The dike between compartment 2 and 3 is 8.04 meter above N.A.P.. Because the level
in compartment 3 never reaches this height, water flow towards compartment 2 is not included in the
model. The water level in compartment 2 is always below the dike, therefore there is no flow possible
from compartment 2 to compartment 3.
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Figure 5.6: The leachate levels of compartment 3 (red) and 4 (yellow) and the dike level (green).

5.3. Model parameters
Input values for the model are the dry density, landfill area and landfill height. The dry density of the
waste at De Kragge II is estimated to be 1.3 ton/m3 (Oonk, 2014). The area of compartments 3 and
4 are respectively 57593 m2 and 61012 m2. The landfill height is estimated to be 16 meters for both
compartments. An overview of the parameters optimized within the model is given in Table 5.1.

Table 5.1: An overview of the parameters optimized by the model

Parameter unit Parameter unit Parameter unit
Recultivation layer
ጂ፳ᑣᑠᑠᑥ [m] ᑔ፟ᑣᑠᑡ [-] ᎕ᑣᑖᑤ,ᑣᑖᑔ [-]
፜ [-] ፊᑚᑟᑗᑤᑒᑥ [m2/d] ፦ᑚᑟᑗ [-]
Waste layer
᎙ᑤᑝᑠᑨ [d] ᎟ᑤᑝᑠᑨ [d] ᎙ᑗᑒᑤᑥ [d]
᎟ᑗᑒᑤᑥ [d] ᎏ [-] ፊᑓᑒᑤᑖᑤᑒᑥ [m/d]
፦ᑓᑒᑤᑖ [-] ᎕ᑣᑖᑤ,ᑚᑞ [-] ፟ᑚᑟᑚᑨᑒᑥᑖᑣ [ ᑜᑘᑨᑒᑥᑖᑣ

ᑜᑘᑕᑣᑪᑨᑖᑚᑘᑙᑥ ]

፧ [-]
Drainage layer
Ꭻᑕᑣᑒᑚᑟ [-] ፤ᑤᑚᑕᑖ [m/d]
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Water balance check

After themodelling approaches are implemented, the water balance is checked for errors. The balances
of all three layers and the total water balance are calculated for each day.

6.1. Recultivation layer
In the recultivation layer the storage is the difference between rainfall, evaporation and infiltration into
the waste layer for the total area, shown in Equation 6.1. The storage can also be calculated by the
difference in water content, multiplied with the area and the thickness, shown in Equation 6.2. The
difference between these two storage calculations gives the water balance error of the cover layer.

𝐴፥፟ ⋅ ((𝑞።፧፟ + 𝑞፫ፚ።፧ − 𝑞፞፯ፚ፩ ⋅ 𝑓፜፫፨፩)፭ዄኻ − (𝑞።፧፟ + 𝑞፫ፚ።፧ − 𝑞፞፯ፚ፩ ⋅ 𝑓፜፫፨፩)፭) − 𝑑𝑆፫፞፜ = 0 (6.1)

𝑑𝑆፫፞፜ = (𝜃፭ዄኻ − 𝜃፭) ⋅ Δ𝑧፫፨፨፭ ⋅ 𝐴፥፟ (6.2)

6.2. Waste layer
The storage in the waste layer is calculated by the difference between inflow and outflow, shown in
Equation 6.3. The second way to calculate the storage is by taking the sum of water volumes in all
mobile cells and the bulk volume (Equation 6.4). The difference between these two storage terms gives
the water balance error of the waste layer.

(𝐴፥፟ ⋅ 𝑞።፧፟ − 𝑄፝፫ፚ።፧)፭ዄኻ − (𝐴፥፟ ⋅ 𝑞።፧፟ − 𝑄፝፫ፚ።፧)፭ − 𝑑𝑆፰ፚ፬፭፞ = 0 (6.3)

𝑑𝑆፰ፚ፬፭፞ = 𝑉።፦,፭ዄኻ − 𝑉።፦,፭ + 𝑉፦፨፛,፭ዄኻ − 𝑉፦፨፛,፭ (6.4)

6.3. Drainage layer
Balancing the inflow and outflow fluxes in the drainage layer gives the first storage term (Equation 6.5).
The storage can also be calculated by the difference in water level multiplied with the landfill area and
porosity, shown in Equation 6.6. The water balance error of the drainage layer is the difference between
the two storage terms.

(𝑄፝፫ፚ።፧ + 𝑄፬።፝፞፬ − 𝑄፨፮፭)፭ዄኻ − (𝑄፝፫ፚ።፧ + 𝑄፬።፝፞፬ − 𝑄፨፮፭)፭ − 𝑑𝑆፝፫ፚ።፧ = 0 (6.5)

𝑑𝑆፝፫ፚ።፧ = (𝐿፭ዄኻ − 𝐿፭) ⋅ 𝐴፥፟ ⋅ 𝜙፝፫ፚ።፧ (6.6)
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6.4. Total error
The total error is the balance between rainfall, evaporation and outflow, calculated according to Equa-
tion 6.7. The errors for scenario 2.1 are visualised in Figure 6.1. Since the errors are so small (10ዅኻኻ),
the error can be neglected.

(𝐴፥፟ ⋅ (𝑞፫ፚ።፧ − 𝑞፞፯ፚ፩) − 𝑄፨፮፭)፭ዄኻ − (𝐴፥፟ ⋅ (𝑞፫ፚ።፧ − 𝑞፞፯ፚ፩) − 𝑄፨፮፭)፭ − 𝑑𝑆፭፨፭ = 0 (6.7)

Figure 6.1: The water balance error of the three layers and the total error for scenario 2.1



7
Results and discussion

In this chapter the modelling results will be presented and discussed. The results of each scenario
are given in order of approaches. To approximate model uncertainty the analysis is based on a visual
check and quantitative criteria.

The visual analysis is based on the fits of the modelled data on measured data. It is a first check to
see if the model output shows similar characteristics as the measured data. Because a visual analysis
of the data can be very subjective, the results will be analysed in more detail using objective criteria
(Bennett et al., 2013). This check on model errors starts with analysing residual plots. The difference
between measured and modelled data is plotted over time. The points should be distributed randomly.
Systematic changes in error over time indicate missing mechanisms in the model structure.

The model uncertainty can be determined from the parameter optimization results of the model sce-
narios. In this research there are two criteria used to give an idea of the model uncertainty. During
parameter optimization, the distribution of each parameter value goes to a converged probability dis-
tribution. The smaller the distribution, the more certain a parameter can be determined. This can be
visualised with plotting the histograms of each parameter or by presenting the 5% and 95% quantiles.
Comparing the information increase per parameter for the different model scenarios can be done using
the Kullbakc-Leibler divergence (𝐷ፊፋ) given in Equation 7.1 (Kullback and Leibler, 1951). Given the
fact that each scenario starts with the same prior range, the ratio between posterior (𝑝(𝐻።|�̃�)) and prior
(𝑝(𝐻።)) distribution indicates how much information is gained from parameter 𝑖. The higher the 𝐷ፊፋ,
the more information is gained about a parameter resulting in a smaller model uncertainty.

𝐷ፊፋ = ∫𝑝(𝐻።|�̃�) ⋅ 𝑙𝑛(
𝑝(𝐻።|�̃�)
𝑝(𝐻።)

) ⋅ 𝑑𝐻። (7.1)

Model uncertainty is also influenced by the model complexity. A fundamental complexer model, might
represent reality at its best but also has more unknown parameters, therefore increasing the model
uncertainty. The optimal model is the one that best balances between complexity and information
content. A good way to approximate the model complexity is by calculating the harmonic mean of
likelihoods (Equation 7.2) (Newton and Raftery, 1994). The model scenario with the highest marginal
likelihood has the best balance between information content and model complexity.

𝐿፦ = ( 1𝑁

ፍ

∑
።዆ኻ
𝐿(𝐻|�̃�)ዅኻ)

ዅኻ

(7.2)

Where 𝐿(𝐻|�̃�) is likelihood of the parameter set 𝐻 given the model and 𝑁 is the length of the likelihood
vector.
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7.1. Approach 1
This section describes the results from modelling approach 1. In this approach, both the outflow and
leachate level were modelled and fitted with measured data. The approach has been implemented on
the 4 scenarios described in Chapter 4. In scenario 1.1 and 1.2, made for compartment 3 and 4 respec-
tively, the leachate level and outflow of the modelled compartments were used for calibration, while the
leachate level of the adjacent compartment was given as input. In scenario 1.3 and 1.4, both compart-
ments were coupled, so the outflow and leachate levels of both compartments were used for calibration.
In scenario 1.3 the waste of both compartments were similar, while in scenario 1.4 the parameters for
the travel time distribution may differ. From the parameter estimation it followed that scenarios 1.1 and
1.2, differed in waste layer parameter values, therefore scenario 1.4 was implemented. An overview
of the four scenarios for approach 1 are given in Table 7.1

Table 7.1: An overview of the different modelling scenarios for approach 1

Scenario Compartment Modelling waste layer Leachate level information of
adjacent compartment

Outflow information of modelled
compartment(s)

Discretized
travel time

Circular
convolution
function

Input Calculated Calculated Input

1.1 3 x x x
1.2 4 x x x
1.3 3&4 x x x
1.4 3&4 x x x

7.1.1. Visual evaluation
Figure 7.1 shows the cumulative leachate outflow of scenarios 1.1 to 1.4. All scenarios show similar
results. The outflow of compartment 3 is fitted better than compartment 4. The leachate level fits are
shown in Figure 7.2. Scenarios 1.1 and 1.2 show reasonable fits, but scenarios 1.3 and 1.4 are fitted
less good. A consequence of the leachate level not well described, is that the storage behaviour is
modelled with large error. This leads to a misinterpretation of the storage dynamics, influencing for
instance sideflow.

7.1.2. Quantitative evaluation
The outflow residuals are shown in Figure 7.3. For all scenarios the data points are uniformly spread,
so this indicates that there is no structural model error. However the residuals are very large. On
average the leachate production of the landfill is around 60 m3 per day, while the outflow residuals can
reach values of 100 m3. The outflow error is large compared to the average outflow. With such a large
error it is impossible to get reliable information about the storage dynamics of the landfill.

Another way to get insight in the error is by analysing the standard deviation (𝜎) values from the like-
lihood function (Equation 4.17 in Chapter 4). The likelihood function searches for a minimum value,
therefore the last term of the function needs to be minimized. The model tries to reduce the error be-
tween measured and modelled data, but if this is not possible it will increase the 𝜎 value. A large value
for 𝜎 indicates that the model has problems fitting the data. It also means that most information about
comparing the measurements and the model is lost. In Table 7.2 the 𝜎 values of outflow and level
are shown. The 𝜎 values of the outflow are very large, indicating that the model has trouble fitting the
results.
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Figure 7.1: The cumulative outflow of measured data (blue) and modelled data (red) for approach 1.

Table 7.2: The ᎟ values from the likelihood functions of approach 1

Scenario Compartment ᎟ᑠᑦᑥ (m3) ᎟ᑝᑖᑧᑖᑝ (m)
1.1 3 740 0.16
1.2 4 2691 0.15
1.3 3 711 0.27

4 2526 0.20
1.4 3 807 0.36

4 2884 0.17

There are two explanations for the large errors in the modelled outflow. The first one being the cor-
relation between leachate level and outflow. Data of the outflow regulation, such as the opening area
of the valve, are unknown. This makes it difficult to estimate the correlation. The error in the model
shows, that indeed, the correlation is implemented too simplistic. The other explanation comes from
the error in the water balance discussed in Chapter 5. In this chapter it was discussed that there is
a water balance error of around 4000 m3. Summing the outflow errors of each scenario individually
gives values ranging from 1826 to 3955 m3. Because the modelled errors are in the same order of
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Figure 7.2: The leachate level of measured data (blue) and modelled data (red) for approach 1 and the dike level (green).

magnitude, the main reason for the error must be the water balance error.

The level residuals, shown in Figure 7.4, are not spread uniformly. This indicates structural error. The
structural error is likely caused by the incorrect correlation between level and outflow. In an attempt to
remove the structural error, a second approach, where the correlation was taken out, was implemented.
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Figure 7.3: The Outflow residual plot for approach 1.
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Figure 7.4: The level residual plot for approach 1.
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7.2. Approach 2
This section describes the analysis of the results of approach 2. Compared to the first modelling ap-
proach, in this case the leachate outflow was given as input. In scenario 2.1, compartment 3 was
modelled, where the leachate level of compartment 3 was used for calibration and the outflow of com-
partment 3 and the leachate level of compartment 4 were given as input. Scenario 2.4 is the same
model, but then made for compartment 4. In scenario 2.3, both compartments were coupled. In this
case the leachate levels of both compartments were used for calibration and the outflow of both com-
partments was given as input. The same input and calibration data was used for scenario 2.4. The
difference between scenario 2.3 and 2.4 is the waste layer calculation. In scenario 2.3, the waste layer
parameters are the same and therefore this model uses only one travel time distribution. However, the
results of scenario 2.1 and 2.2 showed a difference in the waste layer parameters for the compartments.
Therefore, in scenario 2.4 the waste layers were assumed different and two travel time distributions
were calculated. An overview of the modelled scenarios for approach 2 is given in Table 7.3.

Table 7.3: An overview of the different modelling scenarios for approach 2

Scenario Compartment Modelling waste layer Leachate level information of
adjacent compartment

Outflow information of modelled
compartment(s)

Discretized
travel time

Circular
convolution
function

Input Calculated Calculated Input

2.1 3 x x x
2.2 4 x x x
2.3 3&4 x x x
2.4 3&4 x x x

7.2.1. Visual evaluation
Figure 7.5 shows the fits of scenarios 2.1 to 2.4. The leachate levels for scenario 2.1 and 2.2 are
modelled well, being themodelled data following the same pattern as themeasured data. Themodelled
level for compartment 4 of scenario 2.3 and 2.4 is averaging over the measured data and does not
capture the peak values.

7.2.2. Quantitative evaluation
The standard deviations of the leachate levels of each scenario are given in Table 7.4. The results are
a bit lower than the results for scenario 1.1 to 1.4 (Table 7.2). Because both approaches show similar
fits it can be concluded that the incorrect correlation between leachate level and outflow did not have
a large impact on the leachate level fits in approach 1. Although, using the leachate outflow as input
data did not reduce the structural error, it is still better to use the outflow data as input, because of the
large 𝜎፨፮፭ values in approach 1.

The level residuals are shown in Figure 7.6. The results for compartment 3 show similar errors. The
error for compartment 4 of scenarios 2.3 and 2.4 are larger than the errors of scenario 2.2 for compart-
ment 4. This was also seen in the fits. Compared to model approach 1, the residuals of scenario 2.3
and 2.4 have been reduced. Not all errors show white noise, indicating a structural error remains in all
the models. Analysing the dynamics in the different layers in the model should give more information
on where the structural error comes from.

Table 7.4: The ᎟ values from the likelihood functions of approach 2

Scenario Compartment ᎟ᑝᑖᑧᑖᑝ (m)
2.1 3 0.17
2.2 4 0.11
2.3 3 0.17

4 0.25
2.4 3 0.24

4 0.22
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Figure 7.5: The leachate level of measured data (blue) and modelled data (red) for approach 2 and the dike level (green).

Recultivation layer
From the results of the recultivation layer, shown in Figure 7.7, it can be concluded that there are two
ways to calibrate the system. In the first system, the recultivation layer is dry most of the time and water
infiltrates into the waste layer when the effective saturation is higher than zero (Scenario 2.1 to 2.3). In
this case the infiltration flux is the result of water flowing through the layer and is mainly depended on the
saturated hydraulic conductivity (𝐾።፧፟፬ፚ፭ ) and the empirical shape parameter (𝑚።፧፟). In the second system
the layer is completely saturated all days. In the model a restriction was implemented that, when the
water content is estimated higher than the saturated water content, excess rainfall can directly infiltrate
in the waste layer (Equation 4.6 in Chapter 4). So in this scenario the infiltration flux is determined by
the result of balancing evaporation and rainfall. Water flow through the layer is so small that it can be
neglected.

The two different systems can be seen clearly in Figure 7.7. Where in scenario 2.1, 2.2 and 2.3,
infiltration is dominated by water flow and in scenario 2.4, infiltration is determined by the results of
rainfall minus evaporation. For all scenarios it also shows that infiltration into the waste layer is only
occurring in winter periods, when evaporation is small. So the evaporation flux has a large impact on
the infiltration.

The parameter values determined for each scenario are shown in Table 7.5. The value for the sat-
urated hydraulic conductivity for scenario 2.4 is much lower than for scenario 2.1, 2.2 and 2.3. This
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Figure 7.6: The leachate level residual plot for approach 2.

is logical since water flow does not influence 𝑞።፧፟ at all in this scenario. Comparing the 𝐷ፊፋ values
of the recultivation layer, shows that the parameters of the uncoupled models are better identified, so
more information is gained. In all models the 𝑓፜፫፨፩ factor is determined higher than would be expected
based on the recultivation layer structure. This large crop factor can be caused by the gap in the mea-
sured water balance discussed in Chapter 5. In order to compensate for the water balance error the
evaporation is increased.

In scenario 2.2, a problem with the initial conditions was detected. The first value of the infiltration
flux is very large (0.14 m). The rest of the calibration period the infiltration flux is significantly lower
than values form the other scenarios. For this approach, the initial water content value resulting from
scenario 3.1, which was already converged, was implemented. The reason for this was to increase
calculation speed. However, it seems to be a too rough assumption. For further analysis of the model
it is advised to start the calculation time a bit earlier than the calibration time.

In scenario 2.4 the recultivation layer is completely saturated for the whole calibration period. This is
caused by how the effective saturation calculation is implemented in MATLAB. The effective saturation
is calculated according to Equation 4.2 from Chapter 4. Where 𝜃፫፞፬,፫፞፜ and 𝜃፬ፚ፭,፫፞፜ are optimized by
the model and 𝜃።፧ is calculated according to Equation 4.4 from Chapter 4. The values of all three
parameters are somewhere between zero and one. Physically 𝜃።፧ can not be smaller than 𝜃፫፞፬,፫፞፜
and 𝜃፫፞፬,፫፞፜ can not be larger than 𝜃፬ፚ፭,፫፞፜. However, when optimizing these parameters the model
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Figure 7.7: Infiltration into the waste layer and the effective saturation of the recultivation layer over time for approach 2. The
first value of the infiltration flux for scenario 2.2 was -0.14 m, but was omitted for improved visualisation.

can indeed calculate a value for 𝜃፫፞፬,፫፞፜ larger than 𝜃፬ፚ፭,፫፞፜ and 𝜃።፧ smaller than 𝜃፫፞፬,፫፞፜. When this
happens, the effective saturation will be larger than 1. A restriction is implemented that this is not
possible (𝜃፬ፚ፭,፫፞፜ is forced to be 1). If 𝜃፬ፚ፭,፫፞፜ is calculated according to Equation 7.4, this correction is
not necessary any more.

𝜃፬ፚ፭,፫፞፜ = 𝑐 ⋅ (1 − 𝜃፫፞፬,፫፞፜) (7.3)

𝜃፬ፚ፭,፫፞፜ = 𝜃፫፞፬,፫፞፜ + 𝑐 ⋅ (1 − 𝜃፫፞፬,፫፞፜) (7.4)

Although the model scenarios show different mechanisms in the cover layer, they show similar results
for 𝑞።፧፟. In Figure 7.8, the cumulative infiltration flux is given for each scenario. Except for scenario
2.2, where a problem with the initial condition was discovered, the results are the same. Therefore it
is concluded that the complex calculation of the cover layer mechanism is not necessary to determine
the infiltration flux. The aim of this research is to get insight in the water dynamics inside the waste
layer and with this in mind it would be better to simplify the cover layer. So the system as calibrated in
scenario 2.4 is preferred.

Calculating the infiltration flux, according to Equation 7.5, would reduce the cover layer parameters
from 6 to 2. This reduction in parameters reduces the models uncertainty. So simplifying the cover
layer would reduce the model uncertainty, while the result stays the same. Therefore simplification
according to Equation 7.5 is advised.



7.2. Approach 2 33

𝑞።፧፟ = 𝑞፫ፚ።፧ − 𝐸፩፨፭ ⋅ 𝑓፜፫፨፩ (7.5)

Figure 7.8: The cumulative infiltration into the waste layer for approach 2.
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Table 7.5: Quantiles 0.05 - 0.95 and ፃᑂᑃ values for each parameter of approach 2

ጂ፳ᑣᑠᑠᑥ [m] ᑔ፟ᑣᑠᑡ [-] ᎕ᑣ,ᑔᑠᑧᑖᑣ [-] ፜ [-]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 0.10 - 1.50 0.10 - 1.50 0.00 - 0.40 0.0 - 1.00
Scenario 2.1 c3 0.3517 - 0.3638 4.16 1.4696 - 1.4995 3.55 0.2790 - 0.2838 3.78 0.3932 - 0.4046 3.84
Scenario 2.2 c4 1.0346 - 1.0551 3.61 1.1122 - 1.1222 3.14 0.0313 - 0.0360 4.19 0.1095 - 0.1226 4.54
Scenario 2.3 c3&4 0.3757 - 0.4187 1.09 1.4860 - 1.4908 2.37 0.1887 - 0.2395 0.83 0.3093 - 0.3268 1.03
Scenario 2.4 0.5580 - 1.1894 0.39 0.9183 - 1.0787 1.13 0.0940 - 0.3494 0.52 0.3613 - 0.3856 0.69

ፊᑚᑟᑗᑤᑒᑥ [m/d] ፦ᑚᑟᑗ [-] ᎙ᑗᑒᑤᑥ [d] ᎟ᑗᑒᑤᑥ [d]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 10-15.00 - 100.00 0.00 - 5.00 1 - 148 1 - 20
Scenario 2.1 c3 10-0.86 - 10-0.31 2.81 3.3591 - 3.3808 4.81 1.1 - 1.3 1.32 1.9 - 2.8 0.67
Scenario 2.2 c4 10-2.59 - 10-2.53 5.52 0.6290 - 0.8920 3.02 14.2 - 14.8 3.17 1.6 - 1.7 2.59
Scenario 2.3 c3&4 10-5.06 - 10-4.69 1.65 1.1866 - 1.3859 1.11 3.1 - 4.2 1.14 5.0 - 5.1 1.49
Scenario 2.4 c3&4 10-9.40 - 10-5.91 0.39 0.2066 - 3.2515 0.61 c3: 4.4- 20.0 0.82 c3: 1.1 - 19.2 0.20

c4: 2.3 - 15.9 0.49 c4: 1.2 - 5.0 0.36

᎙ᑤᑝᑠᑨ [d] ᎟ᑤᑝᑠᑨ [d] ᎏ [-] ፊᑓᑒᑤᑖᑤᑒᑥ [m/d]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 2 - 22026 1 - 20 0.01 - 0.99 -4.00 - 0.00
Scenario 2.1 c3 4.4 - 26.3 0.87 1.2 - 2.1 1.44 0.1537 - 0.6446 0.68 10-3.14 - 10-0.13 0.08
Scenario 2.2 c4 480.4 - 520.4 3.20 1.05 - 1.06 5.21 0.6438 - 0.6456 4.17 10-2.54 - 10-2.23 1.79
Scenario 2.3 c3&4 21.3 - 38.7 1.27 1.0 - 1.8 1.29 0.7575 - 0.8118 1.08 c3: 10-0.96 - 10-0.93 1.16

c4: 10-1.45 - 10-1.41 0.94
Scenario 2.4 c3 5.8 - 1125 0.11 3.5 - 10.6 0.79 0.1692 - 0.8611 0.48 10-3.12 - 10-0.01 0.13
Scenario 2.4 c4 2.8 - 80.5 0.40 2.0 - 6.6 0.45 0.1337 - 0.7186 0.38 10-1.67 - 10-0.67 0.40

፦ᑓᑒᑤᑖ [-] ᎕ᑣᑖᑤ,ᑚᑞ [-] ፧ [-] ፟ᑚᑟᑚᑨᑒᑥᑖᑣ [
ᑜᑘᑨᑒᑥᑖᑣ

ᑜᑘᑕᑣᑪᑨᑖᑚᑘᑙᑥ ]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 0.10 - 4.00 0.01 - 0.99 1 - 1461 0.1 - 0.99
Scenario 2.1 c3 0.3979 - 3.5508 0.08 0.3369 - 0.7283 0.08 764 - 2992 0.12 0.0104 - 0.0284 3.91
Scenario 2.2 c4 1.5690 - 2.7266 1.09 0.0241 - 0.0264 4.84 798 - 811 4.34 0.0271 - 0.0291 5.24
Scenario 2.3 c3&4 c3: 1.5064 -

3.2137
0.18 c3: 0.4635 -

0.5379
0.34 1398 - 1474 1.82 c3: 0.0766 -

0.0912
1.72

c4: 1.9617 -
3.1010

0.31 c4: 0.3929 -
0.4613

1.05 c4: 0.7011 -
0.7406

1.61

Scenario 2.4 c3 1.1674 - 2.0166 0.25 0.3203 - 0.6545 0.50 523 - 907 0.47 0.0360 - 0.1323 1.84
Scenario 2.4 c4 0.8019 - 2.2728 0.18 0.7109 - 0.7442 0.58 1044 - 1268 1.12 0.5109 -0.6513 0.56

Ꭻᑕᑣᑒᑚᑟ [-] ፤ᑤᑚᑕᑖ [m2/d] ᎟ᑝᑖᑧᑖᑝ [m] ፋ(ፇ|፲̃) [-]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles

prior 0.10 - 1.00 1.0 - 100 0.02 - 2.0
Scenario 2.1 c3 0.1985 - 0.2082 3.74 1.3688 - 7.9991 2.56 0.1702 - 0.1747 3.33 482.31 - 0.509.10
Scenario 2.2 c4 0.1309 - 0.1362 4.74 42.16 - 48.21 1.78 0.1067 - 0.1089 4.95 1189 - 1193
Scenario 2.3 c3&4 c3: 0.1282 -

0.1387
1.56 99.5844 - 99.9788 1.45 c3: 0.1618 -

0.1789
2.00 472.4783 -

478.6082
c4: 0.6660 -
0.6822

1.69 c4: 0.2346 -
0.2568

2.04

Scenario 2.4 c3&4 c3: 0.2156 -
0.2735

0.78 31.1375 - 78.8879 0.44 c3: 0.2296 -
0.2823

2.13 -445.9578 -
151.3495

c4: 0.4028 -
0.8654

0.32 c4: 0.2212 -
0.3816

2.15

Waste layer
Water in the waste layer is divided in mobile and immobile water. Figure 7.9 shows the mobile and
immobile water volumes for each scenario over time. The mobile and immobile water volumes follow
the same peaks as the infiltration flux. The mobile water volume in compartment 4 is much larger than
in compartment 3. This is mainly caused by the area difference, which leads to more water infiltration.

In most scenarios the mobile water decreases over time, so water is flushed out to the drainage layer.
It indicates a quick response of rainfall to water being drained. The low values for 𝜇፟ፚ፬፭ shown in Table
7.5 confirm this. The amount of days it takes for water to flow through the preferential flow paths is
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low for scenario 2.1 and 2.2. For scenario 2.1, 2.3 and 2.4 also the parameters for 𝜇፬፥፨፰ are quite low.
Clearly scenario 2.2 gains most information from the model parameters, since the 𝐷ፊፋ values are high
compared to the other scenarios.

Figure 7.9: Mobile water (red) and total water (blue) stored in the drainage layer for approach 2.

Figure 7.9 shows that only in scenario 2.2 water is flowing from the immobile to the mobile zone. In all
other scenarios the baseflow is zero. This can also be seen in the parameter distributions. The model
scenarios 2.1, 2.3 and 2.4 find small values for 𝐾፛ፚ፬፞፬ፚ፭ and have no preferred values for the parame-
ters 𝑚።፧፟ and 𝜃፫,።፦. The 𝐷ፊፋ values are low. This indicates that the parameters are not optimized,
because all combinations lead to zero baseflow. For scenario 2.2 where there is baseflow, these three
parameters are determined with much more certainty.

The lacking baseflow in scenarios 2.1, 2.3 and 2.4 is caused by the large values estimated for the
travel time. Figure 7.10 shows the probability density function of scenarios 2.1 to 2.4. The amount
of water corresponding to large travel times is very low. Therefore, it would be advised to adjust the
estimated travel time just after the pdf was estimated. This can be done by reducing the value of 𝑛,
the second-last value of the travel time, indicating the transition from the mobile to the immobile water
phase. A large value of 𝑛, also means that the baseflow does not have impact on 𝑄፨፮፭ at all, because
baseflow only affects the largest value of the travel time.
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To reduce 𝑛 a cut-off value could be set, that removes all travel times receiving less water than the
cut-off value. All the water left in the water balance is then added to the immobile water volume. For
example the value of 𝑛 for scenario 2.1 could be reduced to around 50. The sum of volume with a travel
time between 50 to 4000 days can then be added to the immobile water volume. This would also allow
to improve the optimization of the baseflow parameters. Because for large travel times the baseflow
parameters can not be optimized.

Figure 7.10: The travel time distributions for approach 2. The horizontal axes have been cut-off for improved visualisation.

Drainage layer
In the drainage layer, water can flow from one compartment to another. In Figure 7.11 this water flow is
shown for each scenario of approach 2, where positive flow indicates water moving into compartment
3. The differences between the scenarios can be explained in two ways. The water flow between
compartments depends on the leachate level in the landfill. So an error in the leachate level estimation
directly influences the sideflow. Another reason could be the gap in the water balance determined in
Chapter 5. In the uncoupled models (scenario 2.1 and 2.2) the sideflow can compensate for this gap.
In these cases the sideflow is a combination of the actual sideflow and a sink term. This sink term is the
difference between the measured leachate outflow and the actual outflow. When the leachate levels
are correctly estimated this sink term could be estimated by taking the difference in sideflow between
scenario 2.1 and 2.2. The difference between water volume flowing sideways for scenario 2.1 and 2.2
is 4913.7 m3. This value is very close to the estimated leachate outflow error of 4200 m3. The water
flow for scenario 2.2 from compartment 4 into compartment 3 is larger than for scenario 2.1. From this
the conclusion can be drawn, that the moments that the flowmeter was bypassed and the tanker truck
collected the leachate directly from the collection pit, it must have taken most of the leachate from the
collection pit of compartment 4.
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For scenario 2.3 and 2.4 there is no sink term, therefore the outflow error can not be compensated. As
a result these scenarios show much larger values for sideflow than scenarios 2.1 and 2.2. Because in
this case the model is unable to compensate for the water balance leak these scenarios show worse fits
for the leachate level compared to the uncoupled models. Without compensation for the water balance
error a coupled model is therefore not preferred.

The sideflow influences the water balance of compartment 3 when the levels are higher than the dike.
The sideflow calculated in scenarios 2.3 and 2.4 are not reliable, because of the poor fits of the leachate
level. The sideflows are lilkely overestimated due to the error in the measured water balance. These
results show that in order to accurately model the water dynamics in compartment 3, the error in mea-
sured water balance must be minimized and the water level in both compartments should never exceed
the dike level.

The first two years of the calibration period the measured leachate levels of both compartments do not
rise above the dike. Reducing the calibration period to 2013 and 2014 would reduce uncertainty in
the model, since sideflow can than be excluded from the model. Another advantage of reducing the
calibration period is the error in the water balance. The errors are the largest in 2015 and 2016, so
this will also increase model certainty. A disadvantage of reducing the calibration period is that it will
reduce the amount of data used. Using less data for calibration increases the probability of missing
periodic patterns.

Figure 7.11: Water flow between compartments 3 and 4 for approach 2. Where positive flow is water flowing into compartment
3.

Total Storage
The cumulative total storage in the landfill is shown in Figure 7.12. Only in scenario 2.1 an increase in
water storage, comparable with the increase in leachate level in the drainage layer over time, is noticed.
As was shown earlier, the mobile water volume in the waste layer decreases over time. However in the
total storage, this decrease is not noticed. So the decrease in mobile water volume does not mean that
more water is flowing out of the landfill. It shows that the distribution of water in the landfill is shifted
from the waste layer to the drainage layer, indicating a quick response between rainfall events and
level drainage. This shows the presence of very fast preferential flow paths. The difference between
upward or downward trend can be caused by the magnitude of the evaporation fluxes.
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Figure 7.12: The cumulative total storage in the landfill for approach 2.

7.3. Approach 3
The results of approach 3 will be discussed in this section. In this approach the drainage flux from
the waste layer is calculated by using the circular convolution function of MATLAB. Approach 2 did not
show converged parameters fast enough, therefore approach 3, which has a much faster calculation
speed, was implemented. Gaining information of the influence of simplifying the waste layer on the
leachate level fits was the second reason for implementing approach 3.

The third approach has been applied on three scenarios. Scenario 3.1 and 3.2 are the models for
compartment 3 and 4 respectively. In scenario 3.1 the leachate level of compartment 3 was used for
calibration and the leachate level of compartment 4 and the outflow of compartment 3 were given as
input. In scenario 3.4 both compartments were modelled. The leachate levels were used for calibration
and the outflow of both compartments was given as input. In this scenario water flow through the waste
layer was assumed to be different for both compartments. An overview of the implemented scenarios
is given in Table 7.6

Table 7.6: An overview of the different modelling scenarios for approach 3

Scenario Compartment Modelling waste layer Leachate level information of
adjacent compartment

Outflow information of modelled
compartment(s)

Discretized
travel time

Circular
convolution
function

Input Calculated Calculated Input

3.1 3 x x x
3.2 4 x x x
3.4 3&4 x x x
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7.3.1. Visual evaluation
In approach 3, the measured leachate levels were used to fit the modelled data. In Figure 7.13 the
fitting results are shown. Scenario 3.1 and 3.2 show good results. Scenario 3.4 has trouble fitting both
leachate levels at the same time. The leachate level in compartment 3 is sometimes overestimated,
while the leachate level in compartment 4 has trouble with the extreme values. The coupled model
seems to be able to fit both levels reasonably, compared to the other approaches.

Figure 7.13: The leachate level of measured data (blue) and modelled data (red) for approach 3 and the dike level (green).

7.3.2. Quantitative evaluation
The standard deviations of the three scenarios for approach 3 are given in Table 7.7. Only the standard
deviation of scenario 3.1 is higher than for scenario 2.1. The biggest difference is between scenario
3.4 and 2.4. This was also confirmed by the improved leachate level fits.

The model errors are visualised in the residual plots, shown in Figure 7.14. It does not show a uniform
spread of the residuals. Although the other graphs aremuch better, there is still not a uniform distribution
of the points, which indicate structural model errors. Comparing these results with approach 2, the
residuals did not decrease. The structural error is not solved with approach 3, but the fits did improve.

Table 7.7: The ᎟ values from the likelihood functions of approach 3

Scenario Compartment ᎟ᑝᑖᑧᑖᑝ (m)
3.1 3 0.21
3.2 4 0.10
3.4 3 0.19

4 0.18
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Figure 7.14: The leachate level residual plot for approach 3.

Table 7.8: Quantiles 0.05 - 0.95 and ፃᑂᑃ values for each parameter of approach 3

ጂ፳ᑣᑠᑠᑥ [m] ᑔ፟ᑣᑠᑡ [-] ᎕ᑣ,ᑔᑠᑧᑖᑣ [-] ፜ [-]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 0.10 - 1.50 0.10 - 1.50 0.00 - 0.40 0.40 - 1.00
Scenario 3.1 c3 0.2979 - 0.4493 1.25 1.0356 - 1.0426 4.90 3.11⋅ 10-5 - 0.0014 5.29 0.6268 - 0.9477 0.44
Scenario 3.2 c4 0.3789 - 0.3792 8.00 1.0326 - 1.0326 10.77 0.2315 - 0.2317 7.27 0.6087 - 0.6124 5.51
Scenario 3.4 0.2398 - 0.2471 4.33 1.4351 - 1.4712 3.02 0.0094 - 0.0101 5.83 0.1990 - 0.2015 5.19

ፊᑚᑟᑗᑤᑒᑥ [m/d] ፦ᑚᑟᑗ [-] ᎙ᑗᑒᑤᑥ [d] ᎟ᑗᑒᑤᑥ [d]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 10-15.00 - 100.00 0.00 - 4.00 1 - 148 1 - 20
Scenario 3.1 c3 10-3.6061 - 10-3.5785 4.80 0.0012 - 0.0465 5.08 1.6 - 49.7 0.23 1.2 - 14.8 0.07
Scenario 3.2 c4 10-0.5978 - 10-0.5976 10.17 0.1488 - 0.1489 10.39 50.6 - 52.0 4.72 1.4 - 1.5 3.77
Scenario 3.4 c3&4 10-13.0315 - 10-6.0090 0.38 3.0482 - 3.7070 0.21 c3: 13.7 - 16.1 3.16 c3: 3.6 - 4.1 1.67

c4: 3.1 - 3.3 4.19 c4: 11.0 - 17.1 1.12

᎙ᑤᑝᑠᑨ [d] ᎟ᑤᑝᑠᑨ [d] ᎏ [-] Ꭻᑕᑣᑒᑚᑟ [-]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles ፃᑂᑃ

prior 2 - 22026 1 - 20 0.01 - 0.99 0.10 - 1.00
Scenario 3.1 c3 11.7 - 1.0175 ⋅ 104 0.77 1.05 - 1.07 4.80 0.0101 - 0.0198 4.31 0.1126 - 0.1239 4.36
Scenario 3.2 c4 1617.1 - 1704.8 5.45 1.04 - 1.04 6.27 0.5417 - 0.5596 3.31 0.0908 - 0.0932 5.32
Scenario 3.4 c3 1241.2 - 1879.21 2.74 11.8 - 13.7 1.95 0.5969 - 0.6281 3.00 0.0840 - 0.0877 4.59
Scenario 3.4 c4 1508.7 - 1670.4 4.86 1.04 - 1.05 6.15 0.3506 - 0.3713 2.93 0.1572 - 0.1730 3.72

፤ᑤᑚᑕᑖ [m2/d] ᎟ᑝᑖᑧᑖᑝ [m] ፋ(ፇ|፲̃) [-]
quantiles ፃᑂᑃ quantiles ፃᑂᑃ quantiles

prior 1.00 - 120.00 0.02 - 2.00
Scenario 3.1 c3 8.7766 - 11.5917 2.63 0.2038 - 0.2146 4.84 214.8208 - 227.9798
Scenario 3.2 c4 55.1656 - 57.8921 2.52 0.1029 - 0.1087 5.49 1188.40 - 1196.90
Scenario 3.3 c3&c4 117.8941 - 119.9231 3.74 c3: 0.1835 - 0.2007 3.09 766.0636 - 774.9022

c4: 0.1748- 0.1853 3.06
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Recultivation layer
The corrected calculation of the saturated water content discussed in Section 7.2.2, has been imple-
mented for this case. The results of approach 3 are shown in Figure 7.15. In all three cases the effective
saturation is changing over time. This indicates that the error with the effective saturation being 1 all
the time has been solved. The parameter quantiles and 𝐷ፊፋ values are shown in Table 7.8. The 𝐷ፊፋ
values for the cover layer are higher than the values in approach 2. This means that the model gains
more information from the parameter values, resulting in more certainty.

Figure 7.15: Infiltration into the waste layer and effective saturation of the recultivation layer over time for approach 3.

Waste layer
The water storage in the waste layer is shown in Figure 7.16. The storage in scenario 3.1, 3.2 and
compartment 4 of scenario 3.4 follows the infiltration pattern. In summer periods, when the infiltration
flux is low, the waste drains, while in winter periods, water is stored.

From comparing the waste layer parameters with approach 2 a few differences can be found. Both
approaches give similar values for fast moving water, but the slow moving water has much larger travel
times for approach 3 than approach 2. Almost all 𝐷ፊፋ values for scenario 3.1 are smaller than the
values for scenario 2.1. Almost all 𝐷ፊፋ values for scenario 3.2 are larger than for scenario 2.2. The
𝐷ፊፋ values for scenario 3.4 are much larger than for scenario 2.4. These values indicate that from the
parameters of scenario 3.1 less information is gained compared to scenario 2.1, while for scenario 3.2
and 3.4 more information is gained from the parameters compared to the same scenarios of approach
2.

Drainage layer
The water flow between compartments 3 and 4 is shown in Figure 7.17. This figure shows similar
results as approach 2. The sideflow for scenario 3.1 is the smallest and the sideflow for scenario 3.4
is the largest. This is mainly caused by the determination of the parameter 𝑘፬።፝፞. The smallest value
for 𝑘፬።፝፞, shown in Table 7.8, corresponds with scenario 3.1, while the largest value corresponds with
scenario 3.4. Due to the poor fit of the leachate level the sideflow estimated in scenario 3.4 remains
unreliable.
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Figure 7.16: Water storage in the waste layer for approach 3.

Total Storage
The cumulative total storage for approach 3 is shown in Figure 7.18. All scenarios show the same
storage pattern. Although in scenario 3.1 a slight decrease in water storage can be seen. Compared
to approach 2 there is no upward or downward trend, which intuitively seems more correct. Overes-
timation of the crop factor is most likely balancing the gap in the water balance, resulting in a stable
storage pattern.
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Figure 7.17: Water flow between compartments 3 and 4 for approach 3. Where positive flow is water flowing into compartment
3.

Figure 7.18: Cumulative total storage in the landfill for approach 3.
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7.4. The optimal model
The log marginalized likelihood values for all scenarios are given in Table 7.9. Scenario 2.2 and 3.2
have the best balance between complexity and reality. All scenarios of Approach 1 give bad values.
This confirms the idea that approach 1 is not sufficient enough again. the best scenarios are scenarios
2.1, 2.2 and 3.4.

Table 7.9: The log marginalized likelihood for al scenarios

Scenario ፋᑞ

1.1 -1,1135.58
1.2 -1,2796.01
1.3 -2,5091.13
1.4 -2,5385.01
2.1 494.54
2.2 1191.20
2.3 513.70
2.4 -220.99
3.1 224.52
3.2 1184.37
3.4 702.21

From analysing the different models it can be concluded that approach 3 gives the best fits. The
recultivation layer is also best implemented in approach 3. The largest 𝐷ፊፋ values are obtained with
approach 3. The largest marginalized likelihood values are obtained with the uncoupled models of
approach 2 and the coupled scenario of approach 3. For modelling the water balance a combination
between approach 2 and 3 is the best option.



8
Conclusion and Recommendations

The aim of this research was to adapt the existing model, created for two demonstration projects,
to describe the water balance for the third demonstration field. The question to be answered in this
research is:

Which modelling adaptation allows insight in the water dynamics of compartment 3 of De Kragge II,
with minimal uncertainty?

In order to find amodel that describes the water dynamics withminimal uncertainty, three different model
implementations were evaluated. To evaluate the model uncertainty, visual and quantative criteria were
used. The fits of modelled on measured data were used as a visual check. The quantitative analysis
consists of evaluating the information content per parameter with the Kullback-Leibler divergence (𝐷ፊፋ)
and the information content versus complexity with the marginalized likelihood value.

For approach 1, the outflow fits of the modelling results on measured data gave large errors. This was
indicated by large standard deviations of the total error with respect to leachate outflow measurements.
The error in the outflow estimation is likely caused by: 1) a gap in the water balance of the measured
data 2) the implemented correlation between leachate level and outflow and 3) the fact that many
factors influencing the flow rate, such as the operator’s actions, were unknown. Because of the large
errors, approach 1 would not provide sufficient information to analyse the water dynamics in the landfill.
Therefore, approach 1 was rejected and a second approach was implemented. In the second approach
only the leachate levels were used for calibration with measured data and the outflow was given as
input.

For approach 2, the fits of the modelled leachate levels on the measured data, showed better results.
The leachate levels were fitted with reasonable error. However, still errors in leachate level fit were
present, because of the water balance error in the measured data. Approach 3, where the waste layer
was simplified to increase calculation speed and reduce model complexity, showed the best fits of the
modelled leachate levels and also more information was gained about the parameters, since the 𝐷ፊፋ
values for approach 3 were the highest.

At this point approach 2 and 3 both have advantages and disadvantages. Approach 2 gave the best
insight in the water dynamics given its complexity, shown by the higher values for the marginalized
likelihood. Approach 3 gave the best fits, the highest 𝐷ፊፋ values and is the fastest model. From these
results it would be advised to use approach 3 to improve the model. An improvement for approach 3,
would be a distinction between mobile and immobile water.

In addition, each approach was evaluated with different model scenarios in which the compartments
where either coupled or uncoupled. The coupled models for approach 2 and 3 showed larger errors in
the leachate level fits than the uncoupled models. The 𝐷ፊፋ values were also higher for the uncoupled
models.

45
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Given the results of the different scenarios, it would be advised to use the uncoupled models for the
analysis of water dynamics inside the landfill, since these models showed the best fits, highest 𝐷ፊፋ and
marginalized likelihood values. However, correcting for the water balance gap in the measured data,
might improve the results of the models. A coupled model is preferred above an uncoupled model,
since uncoupled models do not have a closed water balance.

From analysing the results of the modelled water dynamics a few conclusions could be drawn about
the model. The sideflow between the two compartments is about 5 to 25 m3/day. The model showed
that water in the landfill, flows fast from the cover layer to the drainage layer. The infiltration flux of the
recultivation layer model seemed to be dominated by rainfall and evaporation. Therefore this model
could be simplified by omitting water storage and flow through the layer.

8.1. Recommendations for model improvement
After analysing the results of the approaches three possible model improvements were discovered.

In the modelling approaches, no corrections are made for a gap in the measured water balance error.
This leachate was extracted directly from the collection pits, in this way bypassing the flowmeters. The
water balances indicated that this leachate was mainly extracted from compartment 4. To correct for
the measured water balance gap the outflow data of compartment 4 should be corrected. Since, it is
unknown on which days the trucks collected leachate form the landfill there are two options to correct
for the error. The first option is dividing the monthly difference in leachate collection over each day of the
month. This probably reduces the overall error, but might increase daily errors. Another option would
be analysing on which days the leachate outflow is low. The leachate level data of these days could
indicate that leachate was actually extracted. This method might reduce the overall error but increases
uncertainty in outflow because of interpretation mistakes. However it is expected that correcting for the
water balance error will improve the model fits, reduce the overall error, give better insight in water flow
between compartments and reduce the modelled crop factor.

The results of the recultivation layer showed that different storage dynamics in the recultivation layer
have the same impact on the infiltration dynamics into the waste layer. Therefore, the simplest method
for the recultivation layer could be used. Simplification of the recultivation layer could be implemented
by balancing rainfall and evaporation instead of calculating water flow and storage inside the layer.
This will reduce the amount of model parameters and therefore increases the model certainty. If it is
preferred to keep the recultivation layer calculation in the model two changes are necessary:

1. To prevent errors with the intial value it is advised to start the calculation period a bit earlier than
the calibration period. A month earlier should be sufficient.

2. The calculation of 𝜃፬ፚ፭,፫፞፜ should be corrected.

For approach 1 and 2, the water infiltrating the waste layer is calculated by discretizing the travel time
over given retention times. The value corresponding to the second-last value of the retention time (𝑛),
indicates the transition from the mobile to the immobile water phase. The value 𝑛 can become very
large, so that baseflow, water flow from the immobile to the mobile phase, has no impact any more.
Restricting 𝑛 by analysing the pdf will improve the division of water over the mobile and the immobile
parts and improve baseflow calculation. 𝑛 could be reduced by setting a cut-off value with respect to
a minimal probability value in the tail of the pdf. All water that has travel times larger than the cut-off
value can then be added to the immobile water part.

8.2. Recommendations for the operator
If more was known about the operating procedure, the model results could be improved significantly.
For instance, the leachate transported by truck is stored monthly instead of daily. Therefore, correcting
for the water balance error can not be done without errors. Data on when the flowmeters were by-
passed, how many trucks were filled and which compartment was drained are of great importance for
improving the model. The operators are advised to improve there data storage, by reporting this data
on a daily basis and keep track of everything that went differently in a logbook.
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Figure A.1: Drainage system of Landfill De Kragge II.
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Figure B.1: Section drawing of the collection pit of compartment 3.

51



52 B. Drawings of the collection and leachate pit

Figure B.2: Section drawing of the leachate pit of compartment 3 and 4.
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Figure B.3: Horizontal section drawing of the leachate pit of compartment 3 and 4.
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