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As part of a more circular economy, current attention on waste is shifting from landfilling towards the
prevention, re-use and recycling of waste materials. Although the need for landfills is decreasing, there
are many landfills around the world that are still operational or at the point of starting the aftercare per-
iod. With traditional aftercare management, these landfills require perpetual aftercare at considerable
cost due to monitoring and regular maintenance of liners. In an attempt to lower these aftercare costs,
and to prevent that future generations become responsible for finding a sustainable solution of present
day waste, the Dutch government takes action to explore the possibilities of sustainable landfill manage-
ment. A project was started to investigate whether the use of source-oriented treatment techniques
(so-called active treatment) of landfills can result in a sustainable emission reduction to soil and ground-
water. During the next decade, sustainable landfill management is tested at three selected pilot landfills
in the Netherlands. To enable this pilot testing and to determine its success after the experimental treat-
ment period, a new methodology and conceptual framework was developed. The aim of this paper is to
describe the development of the new methodology, and in particular the policy decisions, needed to
determine whether the pilot experiments will be successful. The pilot projects are considered successful
when the concentrations in the leachate of the pilot landfills have sufficiently been reduced and for
longer periods of time and comply with the derived site-specific Environmental Protection Criteria
(EPC). In that case, aftercare can be reduced, and it can be determined whether sustainable landfill man-
agement is economically feasible for further implementation.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The development of a circular economy is nowadays the focus
of attention in many legislative frameworks in Europe. In these leg-
islative frameworks, waste is increasingly less considered as an end
of pipe product that needs to be discarded of at a certain time. By
stimulating innovation to limit the production of waste by e.g.,
more efficient technologies, re-use or recycling of waste, the need
for landfilling is declining. Although developments towards a cir-
cular economy are to be preferred above landfilling, the need for
landfills including their maintenance remains.

The fabrication of products will generate waste materials that at
some point can no longer be re-used, for example due to loss of
quality, or high recovery costs of the secondary material. Further-
more, currently operational landfills require proper management
and future aftercare, as do landfills that are already in the process
of aftercare. The management of current and future landfills should
preferably be in line with the concept of environmental sustain-
ability, and the environmental impact of a landfill on soil and
groundwater should be minimized as much as possible. In the tra-
ditional aftercare of landfills, it is mandatory to seal the landfill
completely with bottom, top and side liners to prevent any water
from entering the landfill. This approach is generally adequate with
regard to environmental protection, but is not considered sustain-
able. Under these conditions, the composition of the waste inside
the landfill remains largely unchanged over time, as natural degra-
dation processes are minimized. Furthermore, this containment is
very costly due to everlasting monitoring and liner maintenance
(i.e. the replacement of the liners at regular intervals because of
their limited lifespan). Landfills that are completely sealed, present
a continuing threat to the environment if not properly managed.
The traditional way of landfill management thus transfers the
responsibility of present day waste to future generations at high
costs.
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In order to overcome the afore mentioned problems a project
entitled ‘Introduction of Sustainable Landfill management’ (ISL)
was launched in The Netherlands in 2010. This project has recently
lead to a so called ‘Green Deal’, a unique cooperation between the
National government, competent authorities, research institutes
and the landfill operators. In October 2015 the ‘Green Deal’ was
signed by the Ministry of Infrastructure and Environment of the
Dutch national government, the Dutch Sustainable Landfill Foun-
dation and landfill operators. The aim of this deal is to test at three
selected existing landfills (hereafter ‘pilot landfills’) whether the
use of source-oriented treatment techniques (so-called active
treatment) can result in a sustainable emission reduction to soil
and groundwater. National policy frameworks were not considered
adequate to enable the rather ‘‘unconventional” pilot experiments,
therefore current national legislation was extended. The aim of this
manuscript is to describe the development of a new methodology,
and in particular the policy decisions, needed to determine
whether the pilot experiments will be successful after the period
of active treatment has ended.

In the methodology that is developed and explained in this
manuscript, the pilot projects are considered successful when the
concentrations in the leachate of the pilot landfills have sufficiently
been reduced to protect (ground) water quality. In that case, the
use of protective top liners and their costly replacement may no
longer be necessary, while monitoring can be reduced. When suc-
cessful, the landfill operators determine whether sustainable land-
fill management is economically feasible for further
implementation. The active treatment at the three pilot landfills
will start from 2016 onwards, and is expected to take 10–12 years.

In short, the purpose of active treatment is to stimulate natural
attenuation processes in the pilot landfills by controlled aeration,
irrigation and the recirculation of water through the waste pack-
age, in order to wash out soluble substances (e.g. chloride and
ammonium), degrade organic substances (e.g. PAH’s and VOX)
and immobilize metal contaminants. This treatment is contrary
to conventional landfills that are completely sealed, where anaer-
obic processes dominate and attenuation processes proceed much
slower. Research on active treatment has been performed previ-
ously by Reinhart (1996), Ritzkowski et al. (2006), Rich et al.
(2008).

For the experiments only those landfills are selected that con-
tain waste that has sufficient potential for stabilization. Landfills
with certain types of hazardous waste (as indicated in interna-
tional and national acceptance criteria for landfilling of waste
(Min VROM, 1997; EC, 2003)) were excluded from the selection
of pilot landfills. The presence of a bottom liner with a sufficient
life span (liners have to be functional for the duration of the exper-
iment), expected limited emissions to the air (landfill gases) and
the economic feasibility were further important criteria when
selecting suitable landfills for the pilot experiments. The landfills
that were selected for the pilot study were: Site 1: Braambergen
in Almere, Site 2: Kragge II in Bergen op Zoom, and Site 3:
Wieringermeer in Middenmeer. The selected compartments at
these landfills contain waste dominated by inorganic materials
such as contaminated soil and soil purification residue (Site 1),
domestic waste (Site 2), and industrial-, building- and
demolition-waste (Site 3), respectively The selected landfills have
been operational for 2–3 decades and are now closed for further
waste acceptance (Kattenberg and Heimovaara, 2011; Kattenberg
et al. 2013; Van Vossen and Heyer, 2009). For site-specific charac-
teristics on the selected pilot landfills is referred to Brand et al.
(2014), provided in the supplementary information.

Emissions suh as landfill gas (existing of mostly methane (CH4)
and carbon dioxide (CO2)) are excluded from the Green Deal
(Kattenberg and Heimovaara, 2011) and are not part of the
methodology. Also, in the long term, emissions of landfill gas are
expected to become insignificant relative to leachate emissions
(Laner 2011; Laner et al., 2012a,b), in particular after introduction
of active aeration.
2. Establishing reference framework and Environmental
Protection Criteria (EPC)

Below will be explained how the methodology was developed
to calculate site-specific Environmental Protection Criteria (EPC),
with the focus on the necessary policy decisions. The EPC are
expressed as maximum concentrations (lg/l) of designated con-
taminants in the landfill leachate, in such a way that groundwater
quality is protected for a certain assessment period (500 years, see
Section 2.2.3) after the period of active treatment has ended. Previ-
ous studies to determine completion criteria were performed by
amongst others Stegmann et al. (2006), Morris and Barlaz (2010),
Laner (2011) and Laner et al. (2012a,b). Unique aspects of the
methodology described in this paper is that the EPC are site specific
(versus generic criteria in existing policies such as the EU Landfill
Directive), the role of state-of-the-art geochemical models in the
establishment of the site-specific EPC (as further explained in
Dijkstra et al., 2016) versus the conventional approach based on
generic linear Kd values (Hjelmar et al., 2001), and that it is the
first time that aftercare completion criteria are implemented in
national policy. Therefore, the methodology and criteria had to
be accepted by the National government, politicians, the compe-
tent authorities and the general public.

In particular, the ‘‘competent authorities” (which are the pro-
vinces that have the legal authority to approve or disprove the out-
comes, and which carry the costs of the after-care of landfills) had
to be convinced that the potential positive results outweigh the
potential environmental and financial risks of this experiment,
and that sufficient precautionary measures are taken. For this rea-
son, a careful balance was maintained between generic (policy
based) criteria and the use of site-specific factors to develop the
methodology for derivation of the EPC. The generic criteria mostly
apply to the conceptual model of the landfill, and are conservative
by nature. These criteria are motivated by current policy and reg-
ulatory frameworks, and the general acceptance of these frame-
works in practice. The site-specific factors are of a more technical
nature and of relevance for modelling and evaluation purposes.
Previous studies have stressed the importance of a site-specific
approach in the evaluation of the required aftercare of landfills
(e.g., Morris and Barlaz 2010; Laner 2011). This paper will address
specifically the policy related aspects of the derived methodology
and the results, whilst the paper of Dijkstra et al. (2016) will elab-
orate on the scientific and technical aspects of the geochemical
modelling.

2.1. Choices based on policy context

The EU and national regulatory frameworks set the boundary
requirements regarding the derivation of EPC, acceptance criteria
for waste, as well as the allowed impact on soil and groundwater
quality. In Fig. 1, an overview of the relevant European and
national frameworks is presented.

2.1.1. Conceptual model to derive EPC
The conceptual model that was adopted to derive the EPC is

schematically shown in Fig. 2. This model is based on the frame-
work of the European Groundwater Directive (GWD) (EC, 2006,
2009), European Landfill Directive (ELD) (EC, 1999) and the pro-
posed acceptance criteria for landfilling of the DHI in Denmark
(Miljøstyrelsen, 2003). A similar conceptual model was previously
developed in the leaching studies of the reuse of building materials



Fig. 1. Relevant European and national frameworks that play a role in the landfilling of waste.

Fig. 2. Schematic representation of the iterative modelling process to derive the EPC. The input at t = 0 is transported, vertically through the vadose zone (1 m) and the upper
1 m of the phreatic zone beneath the landfill. In these 2 m of soil, the input is subjected to sorption processes calculated with a geochemical model. At POC1 the vertical
transport is followed by horizontal transport and dilution in groundwater towards POC2. In an iterative procedure, the concentrations at POC0 are adjusted until the
concentrations at POC2 comply with the protection targets.
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in the Netherlands (Verschoor et al., 2006, 2008; Susset and
Grathwohl 2010; Dijkstra et al., 2013b) and the studies of Laner
(2011) and Laner et al. (2012a,b).

The conceptual model consists of several Points Of Compliance
(POC) within a ‘source-pathway-receptor’ approach in which the
landfill is the designated ‘source’ (Brand et al., 2014; Dijkstra
et al., 2013a). In total three POC’s are considered:

POC0 is located in the leachate drains within the landfills and
functions as the control point during the period of active treatment,
because it allows for easy access to the leachate. Monitoring at this
point implies that, in case the existing bottom liner would deterio-
rate, adequate action can be taken before the leachate can disperse
in groundwater. POC0 will also serve as the final assessment point
at the end of the period of active treatment. However, POC0 cannot
directly be related to the effects of substances in groundwater. In
agreement with the European Landfill Directive (EC, 1999) and
the proposed acceptance criteria for landfilling of the DHI in Den-
mark (Miljøstyrelsen, 2003), a second POC was located at 20 m
downstream from the landfill in the groundwater, the so-called
POC2. POC2 represents the ‘Receptor’ and therefore represents the
protection target. It is at this point that future concentrations in
groundwater have to comply with legislation. Because monitoring
of the leachate concentrations takes place at POC0, the protection
target at POC2 is transferred into a concentration at POC0 via back-
wards modelling. This was done using a state-of-the-art geochem-
ical transport model which is further described in Brand et al.
(2014) and Dijkstra et al. (2016). The 20 m distance between
POC0 and POC2 is the ‘pathway’ that the leachate will travel. The
leachate is assumed to leach vertically from the landfill directly into
the vadose zone (thickness 1 m) before entering the phreatic zone.
In the vadose zone and the upper meter of the phreatic zone (i.e., in
total 2 m), sorption processes are assumed to take place (see Sec-
tion 2.2.2 and for details in Dijkstra et al., 2016). Thereafter, the lea-
chate will travel horizontally in the groundwater towards POC2 and
will be subjected to dilution (see Section 2.2.3 and for details in
Dijkstra et al., 2016). This pathway is applied to all pilot landfills
disregarding the fact that local groundwater depth might be differ-
ent. This choice was made to be consistent with the defined path-
way in previous regulatory frameworks regarding emission
criteria for the reuse of building materials in the Netherlands
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(Verschoor et al., 2006, 2008). Another POC (POC1) is situated in the
pathway between POC0 and POC2, and is located 2 m below the
landfill in the upper meter of the phreatic zone (as shown in
Fig. 2). The location of POC 1 originates from the Dutch soil quality
decree (Verschoor et al., 2006), and has no function other than it
marks the transition point between the vertical transport of lea-
chate from the landfill and the horizontal transport in the ground-
water in the modelling of the EPC.

2.1.2. Environmental objective
Because emissions of landfill gas are expected to become

insignificant relative to leachate emissions, the main risk during
and after the experiment consists of soil and groundwater pollu-
tion due to leachate release from the landfills. Although modern
landfills are generally fitted with a bottom liner, this liner will
deteriorate over time and ultimately fail. As such, the groundwater
system next to the landfill became the protection target and regu-
lation on groundwater protection was adapted (Ministry of I&E,
2011, 2013). The EPC takes into account the groundwater quality
criteria for the production of drinking water as well as possible
negative effects on ecosystems. For each designated contaminant,
the most stringent of both targets (drinking water or ecosystems)
leads to the final protection target.

The protection targets used at POC2 correspond with the Dutch
drinking water standards or the HC5 (Hazardous concentration).
The HC5 stands for the concentration at which 95% of the aquatic
species experience no adverse effects. These HC5 are derived by
means of laboratory toxicity data and are widely accepted and
used in the Netherlands for the risk assessment of soil and ground-
water contamination (Verbruggen et al., 2001). For inorganic com-
pounds (such as metals), natural background concentrations are
added to this HC5, i.e. the local background concentrations in
groundwater at the landfill site. Inorganic compounds occur natu-
rally in the environment and, in correspondence with the Dutch
regulatory framework on soil contamination, the effect of these
naturally occurring concentrations on the ecosystem is not taken
into account in the risk assessment.

Macro-parameters (such as chloride and ammonium) are also
compared against the HC5 value. However, in the case that the
locally occurring background concentrations exceed the HC5, the
protection target becomes equal to this background concentration.
In that case, the acceptable leachate concentrations can be equal to
the natural background concentration at the site. This is especially
relevant for landfills that are located close to brackish or saline
areas, where chloride concentrations are naturally higher.

Organic contaminants are generally of anthropogenic origin and
therefore a background concentration is not included in their pro-
tection target. Furthermore, elevated concentrations of organic
compounds are principally not desired by Dutch law, therefore
the HC5 value is divided by a factor of 100 (HC5/100) to ensure a
negligible risk (Verbruggen et al., 2001; Verschoor and Swartjes
2008). This means that the protection target for organic com-
pounds is much stricter than for inorganic compounds and
macro-parameters.

2.1.3. Relevant contaminants
Based on the legislative framework (Min VROM 1993) a number

of ‘‘generic” compounds were identified, while additional contam-
inants were determined for each selected landfill separately by
consulting the landfill permit. In total 43 contaminants were
deemed relevant to determine the EPC (see also Table 1).

� Metals (As, Cd, Cr, Cu, Pb, Hg, Ni and Zn);
� Macroparameters (NHþ

4 , Cl
�, and SO2�

4 );
� Organic contaminants (PAH, VOX and Sum mineral oils EC10-
EC40).
The additional compounds selected based on the landfill per-
mits included:

� bicarbonate;
� BTEX;
� phenols;
� cyanide.

The site-specific approach in which the EPC are derived enables
expansion of this list so that it becomes suitable to other landfills if
necessary. However, the availability of environmental protection
targets and chemical properties of the (additional) contaminants
are a prerequisite for making this method of deriving EPC applica-
ble to all types of landfills.
2.2. Choices in the approach to derive EPC

The actual modelling of EPC involves many assumptions and
site- specific input and was performed with a state-of-the-art geo-
chemical transport model (Dijkstra et al., 2004, 2009) imple-
mented in the model framework Orchestra (Meeussen 2003).
This model was also used previously to derive the emission limit
values for the re-use of building materials in the Netherlands
(Verschoor et al., 2006, 2008). Because the model approach to
derive EPC is of a rather technical nature we refer to our separate
paper for details Dijkstra et al. (2016) and Brand et al., 2014. In
short, the EPC are maximum concentrations (lg/l) in the source
(landfill leachate) that are calculated in such a way that concentra-
tions in the groundwater at POC2 do not exceed the groundwater
quality criteria during the assessment period between 0 (directly
after the active treatment period) and 500 years. EPC are site-
specific, due to the implementation of site-specific soil properties
influencing the transport velocity of the contaminants, and due
to site-specific dilution factors. When such information is avail-
able, the approach can also be used for other landfills. Because
the sorption of contaminants in non-linear, the procedure to calcu-
late EPC is an iterative process (Dijkstra et al., 2016). Next to these
site-specific characteristics, some generic assumptions and choices
were necessary, as further outlined below. Fig. 2 presents a sche-
matic overview of the process to calculate the EPC.
2.2.1. Source term
With respect to the amount of leachate entering the vadose

zone directly below the landfill, a constant net infiltration of
300 mm/year over the full surface of the landfill (compartment)
is assumed. The 300 mm/year corresponds to the average net pre-
cipitation in The Netherlands, and implies that once the active
treatment period ends (T = 0) the protective bottom liners com-
pletely fail. In reality, this infiltration will be much lower, because
bottom liners are still functional during the period of active treat-
ment. However, the assessment period is 500 years (see Sec-
tion 2.2.3) and starts after the active treatment phase. It seems
plausible that during this long period the liner functionality will
gradually decrease, in such a way that the duration of failure might
dominate the duration of functioning. Field data on the rate of liner
deterioration are still lacking and for this reason Laner et al.
(2012b) studied three different scenarios (intact, slow degradation
and complete degradation) to highlight the differences in modelled
leachate emissions. These authors concluded that any assumptions
regarding the deterioration rates of liners are highly speculative.
Therefore, assuming complete failure of the liners and a constant
infiltration rate of 300 mm/y is considered an acceptable worst-
case assumption to derive EPC.

Concentrations are assumed to be constant as a function of time
for the assessment period of 500 years (see Section 2.2.3), based on
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the worst-case assumption that a generally large waste body will
lead to small temporal changes in leachate concentration (see
Dijkstra et al., 2016 for the sensitivity of the calculated EPC for this
assumption).
2.2.2. Sorption, retardation and natural attenuation processes
Sorption or retardation of contaminants to soil particles is con-

sidered only in the vadose zone and in the upper meter of the
phreatic zone directly underneath the landfill (at POC1). Between
POC1 and POC2 sorption and retardation of contaminants to soil
particles is not accounted for, and only site-specific dilution of
the contaminants in groundwater is included in the modelling. This
assumption is conservative by nature, as it is likely that sorption
and retardation do take place over the full 20 m of the pathway.
In reality, the transport of contaminants in the direction of POC2
will therefore be slower. The modelling of sorption and retardation
processes requires site-specific geochemical properties, particu-
larly pH and the type and capacity of reactive organic and mineral
surfaces that can bind the contaminants (Dijkstra et al., 2016).
Below a depth of 2 m this information is generally not sufficiently
available and difficult to estimate due to the heterogeneity of the
soil and the local hydrology (Brand et al., 2014). In addition, insight
in, and modellingof, anaerobic geochemical processes that control
the retardation of the (full range of) designated contaminants in
the saturated zone was considered to be insufficiently developed
to include in the modelling approach. Under anaerobic conditions,
transport of a range of metals may be further slowed down due to
the precipitation of metal sulphides. The transport of certain
oxyanions such as arsenic may be accelerated under these condi-
tions, due to the dissolution of iron phases to which these com-
pounds may bind (see also Dijkstra et al., 2016).

For similar reasons the natural degradation of organic contam-
inants is not considered in the modelling. Studies of Christensen
et al. (1994, 2000) support the fact that natural degradation takes
place in the leachate plume of landfills. However, Christensen et al.
(2000) conclude that specific knowledge on the conditions under
the landfill that are required to allow natural degradation to take
place, and quantitative evidence that natural degradation plays a
substantial role in the leachate plume, are still limited and difficult
to obtain due to high research costs. These limitations make it dif-
ficult to quantitatively predict natural degradation at a specific site
(Christensen et al., 2000). Furthermore, it is expected that the
degradation of organic contaminants will take place largely in
the landfill during the period of active treatment. After completion
of the treatment phase, high concentrations of organic contami-
nants are no longer expected in the leachate and the contribution
of degradation to the natural attenuation of the remaining organic
contaminants is expected to be small. Together with the fact that
the EPC have to comply with current regulations on soil and
groundwater protection in the Netherlands, and be accepted by
the competent authorities and the general public, consideration
of non-validated processes to predict the natural attention, sorp-
tion and retardation of contaminants was not desired. Therefore,
the worst-case assumptions described above were made instead.
2.2.3. Dilution in the phreatic zone and assessment period
To determine the dilution between POC1 and POC2, a site-

specific dilution factor is estimated for each landfill. The dilution
factor is estimated based on the hydrological properties such as
the geometry of the landfill, the thickness and porosity of the aqui-
fer, and the difference in hydrostatic potential in the phreatic zone
(Brand et al., 2014 (also in supplementary information); Dijkstra
et al., 2016). In this site-specific dilution factor, the naturally occur-
ring background concentrations in the local groundwater are taken
into account.
A generic assumption is that dilution is assumed to be at sta-
tionary state, and full mixing takes place over the entire thickness
of the (landfill specific) phreatic zone. In other words, the leachate
disperses uniformly and instantly over the first aquifer towards
POC2. In the short term, this assumption overestimates the dilu-
tion of leachate in groundwater, however in the long term, and
as the bottom liner fails, this assumption becomes more realistic.
This assumption is further supported by the fact that the phreatic
zones of the pilot landfills are relatively shallow with a maximum
of 10 m and that the assessment period was set at 500 years after
completion of the active treatment. Within this period, full mixing
of leachate over the first aquifer can be achieved.

The assessment period of 500 years, starting after the treatment
phase, was selected primarily because (1) landfills have a long life
span and are in general not removed and (2) landfills have a rela-
tively thick waste layer (around 10–30 m) that can cause emissions
over long periods of time. Studies of Verschoor et al. (2006) and
Laner et al. (2012b) support the need for such a long assessment
period in similar modelling scenarios.

The sensitivity of the modelled output (i.e. the calculated EPC
values) to these choices is presented in Dijkstra et al. (2016).
3. Results and discussion

The final output of the modelling resulted in a list of EPC for
each of the individual pilot landfills (Table 1). Each landfill thus
has its own site-specific list based on the local soil and landfill
properties. The modelled EPC are not the final values formalized
in legislation, but were subject to further adjustment depending
on public acceptability and technical feasibility. The most relevant
adjustments are further discussed below.

For lead, the modelled output resulted in a very high EPC, due to
predicted strong binding and retardation of this metal in the soil.
Although concentrations in the leachate would not reach POC2
according to the modelling, and therefore would not pose a prob-
lem to comply with regulatory frameworks, the effects that these
values can have on public perception of the experiment were rea-
son for policy makers to lower the final EPC (to 130 lg/L) for both
landfills. The choice to lower the EPC to 130 lg/L was based on the
results for the pilot 1 landfill, for which it a more acceptable value
was derived.

Some of the proposed EPC are expected to be unachievable
according to the landfill operators, as was the case for ammonium.
Reported concentrations for ammonium in the landfill leachates of
the selected pilot landfills range currently between 500 and
1500 mg/L. For two of the landfills the modelled EPC values were
relatively low with 1.1 and 1.8 mg/l respectively (Table 1). Even
with elaborated measures taken by the landfill operators to reduce
the concentrations of ammonium in the leachate, the possible
reduction might not be enough to reach concentrations as low as
the modelled values. Because the potential overall environmental
gains of sustainable landfill management can outweigh the possi-
ble negative effects of elevated levels of ammonium in groundwa-
ter, it was decided by policy makers that an elevated emission for
ammonium up to 50 mg/L is tolerated (Table 1). The values are,
however, only tolerated under specific requirements that ensure
the protection of vulnerable receptors such as surface waters, infil-
tration areas for drinking water and protected nature areas. For an
elaborate description of these considerations and requirements, we
refer to Brand et al. (2014). To increase public acceptance, the gen-
eral approach to the development of the EPC and the policy-based
adjustments and requirements were approved by the Dutch Soil
Protection Technical Committee (TCB) an independent scientific
committee providing recommendations on technical and scientific
aspects of soil policy.



Table 1
Modelling results (EPC values) for metals, macroparameters and organic compounds
for three pilot landfills. Compounds marked with an ‘⁄’ required special attention and
between brackets policy-based adjusted values are presented. For the underlying
modelling details, see also Dijkstra et al. (2016).

Compounds EPC Pilot 1
Braambergen

EPC Pilot 2
Kragge

EPC Pilot 3
Wieringermeer

Inorganic parameters (lg/L)
Arsenic 190 100 190
Cadmium 6.4 3.6 1.3
Chromium 210 140 37
Copper 50 64 19
Mercury 5.8 4.1 1
Lead 60,000⁄/

(130)
130 25,000⁄/(130)

Nickel 21 47 21
Zinc 160 120 39
Free cyanides 61 6.8 35

Macroparameters (mg/L)
Ammonium 1.8⁄/(50) 1.1⁄ (50) 50
Chloride 450 160 2400
Sulphate 700 200 1400

Organic contaminants (lg/L)
Mineral oil

sum EC10-EC40
470 270 100

VOX
Vinyl chloride 0.047⁄/(0.2) 0.014⁄/(0.2) 0.01⁄/(0.2)
Dichloromethane 0.047⁄/(0.2) 0.014⁄/(0.2) 0.01⁄/(0.2)
1,1 dichloroethane 4.7 1.4 1
1,2 dichloroethane 14 4.1 3
1,1 dichloroethene 0.047⁄/(0.1) 0.014/(0.1) 0.01/(0.1)
1,2 dichloroethene

(cis,trans)
0.047⁄/(0.1) 0.014/(0.1) 0.01/(0.1)

Dichloropropane (1,2) 3.8 1.1 0.8
Dichloropropane (1,3) 3.8 1.1 0.8
Trichloromethane

(chloroform)
4.7 1.4 1

1,1,1 trichloroethane 0.047⁄/(0.1) 0.014⁄/(0.1) 0.01⁄/(0.1)
1,1,2 trichloroethane 0.047⁄/(0.1) 0.014⁄/(0.1) 0.01⁄/(0.1)
Trichloroethene (tri) 47 14 10
Tetrachloromethane (tetra) 0.047⁄/(0.1) 0.014⁄/(0.1) 0.01⁄/(0.1)
Tetrachloroethene (per) 0.047⁄/(0.1) 0.014⁄/(0.1) 0.01⁄/(0.1)

PAH
Naftalene 0.047⁄/(0.05) 0.014⁄/

(0.05)
0.01⁄/(0.05)

Phenanthrene 0.028 0.016 0.006⁄/(0.01)
Anthracene 0.0066⁄/

(0.01)
0.0038⁄/
(0.01)

0.0014⁄/(0.01)

Fluoranthene 0.056 0.033⁄/
(0.01)

0.006⁄/(0.01)

Chrysene 0.056 0.033⁄/
(0.01)

0.006⁄/(0.01)

Benzo(a)anthracene 0.0019⁄/
(0.01)

0.0011⁄/
(0.01)

0.0002⁄/(0.01)

Benzo(a)pyrene 0.0094⁄/
(0.01)

0.0054⁄/
(0.01)

0.001⁄/(0.01)

Benzo(k)-fluoranthene 0.0075⁄/
(0.01)

0.0044⁄/
(0.01)

0.0008⁄/(0.01)

Indeno(1,2,3 cd)-pyrene 0.0075⁄/
(0.01)

0.0044⁄/
(0.01)

0.0008⁄/(0.01)

Benzo(ghi)perylene 0.0056⁄/
(0.01)

0.0033⁄/
(0.01)

0.0006⁄/(0.01)

PAH (sum10) 1.9 1.1 0.2⁄/(0.5)

BTEX
Benzene 0.94 0.27 0.2
Xylene 0.94 0.27 0.2
Toluene 4.7 1.4 1
Ethylbenzene 4.7 1.4 1

Others
Phenols 0.94 0.27 0.2
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Finally, some of the calculated EPC are below representative
Limits of Quantifications (LOQ) for waste water at analytical labo-
ratories. Particularly organic contaminants (PAH and VOX) were
prone to this limitation, which would make it impossible to assess
the concentrations in the landfill leachate. In order to overcome
this problem, the derived emission criteria below the LOQ were
replaced by policy decision by the representative LOQs (given
between brackets in Table 1) in line with other regulatory frame-
works on groundwater protection (Verschoor and Swartjes, 2008;
Ministry of I&E, 2013).
4. Conclusions and outlook

In order to prevent that future generations carry the responsi-
bility for present day waste and to protect soil and groundwater
quality sufficiently, a methodology was developed to derive site
specific Environmental Protection Criteria (EPC) for three pilot
landfills in the Netherlands in order to determine whether sustain-
able landfill management can be successful and achievable in due
time.

These EPC are site-specific emission criteria that are expressed
as maximum concentrations (lg/L) of designated contaminants
in the landfill leachate. To derive the EPC several generic choices
were made with respect to the conceptual model, environmental
objectives and policy-related requirements that have been dis-
cussed in this paper. These choices are based on scientific knowl-
edge, regulatory frameworks and their general acceptance, the
current understanding of the selected pilot landfills and state-of-
the-art techniques for the modelling of leachate emissions to soil
and groundwater. Site-specific information was preferred as much
as possible, but to accommodate full acceptance of the methodol-
ogy by the national government, the competent authorities and the
general public, generic and often conservative policy-based
assumptions were necessary.

During and at the end of the period of active treatment, moni-
toring of the concentrations in the landfill leachate takes place to
monitor trends in leachate concentrations. This is done for the pur-
pose of process evaluation and assessment of the final results. After
the period of active treatment an evaluation period of at least
1 year is planned to determine the success of the experiment. A
guideline is written which explains and determines how the final
concentrations are assessed against the EPC. In this guideline, spe-
cial attention is given to aspects such as monitoring frequencies,
how to handle limiting detection limits during analysis, establish-
ing average leachate concentrations and correction of the concen-
trations in accordance with the net infiltration during the
evaluation period (Van der Gun, 2014).

Currently, actions are taken to start the period of active treat-
ment of the three pilot landfills, which will take place for approx-
imately 10–12 years. If after the experimental treatment period
concentrations in the leachate of the landfills comply with the
EPC, the experiments are considered to be successful. In that case,
national policy on landfills will then be amended to enable the use
of sustainable landfill management at other eligible landfills in the
Netherlands. It is than up to the landfill operators determine
whether sustainable landfill management is economically feasible
for further implementation.

The concepts used and knowledge gained in this experiment
can be applied internationally. Similar landfills with similar after-
care problems are also in operation outside the Netherlands, and
may benefit from the approach outlined in this paper. Caution
should however be taken in using the modelled EPC presented in
this paper directly for other landfills. Due to the site-specific
model-input in the presented methodology, the modelled output
(i.e. the EPC) might not be sufficiently protective or overprotective
at other landfill sites. This applies especially for the case of ammo-
nium, because of its relatively weak binding to soil and the (eutro-
phying) effects it can have when groundwater comes in direct
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contact with surface water. It is therefore recommended to derive
dedicated EPC values for other sites using the described
methodology.

Insights and assumptions may change over time as a result of
increasing knowledge and changed perceptions of risks. Due to
the ten-year experiment that will now take place at the pilot land-
fills it can be concluded that, shortly before the final success of the
pilots is determined, the situation at the landfills should be com-
pared with the assumptions and principles used to derive the
EPC. If the conditions at the pilot landfills vary greatly from the
assumptions and principles described in this paper, the methodol-
ogy and as a result the EPC need to be reconsidered.

For a more detailed technical description of the geochemical
modelling approach, modelling results and sensitivity analysis is
referred to the paper of Dijkstra et al. (2016).
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