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ABSTRACT
Within the framework of the Dutch sustainable landfill project iDS, four compartments 
of the Dutch landfill Braambergen have been treated by in-situ aeration since 2017. 
The aeration infrastructure comprises 230 wells with a spacing of 15 to 20 m, distrib-
uted over an area of around 10 ha, intercepting a waste body of 1.2 × 106 t of contam-
inated soils, soil treatment residues, bottom ashes and construction and demolition 
waste. The wells, used in an alternating fashion for air injection and gas extraction, 
can also be used to monitor water tables within the waste body. In order to describe 
the spatial variability of waste hydraulics, design a larger scale leachate pumping test 
and, eventually, support model predictions of the site’s water balance and emission 
potential, analyses of leachate composition and pumping tests on individual wells 
have been conducted. The spatial variability of leachate quality and water tables is 
very high with no geospatial relationship between the sampling points. Each sam-
pling point is representative of itself only. Large differences prevail not only between 
and across the compartments, but also between directly neighbouring wells. Both 
the small scale differences in leachate tables as well as in leachate quality indicate 
a spatial pattern of zones with low horizontal connectivity within the waste body. 
Recovery rates of drawdown in the wells yielded preliminary estimates of horizontal 
waste hydraulic conductivity in the order of 1×10-7 to 6×10-4 m/s.

1. INTRODUCTION
A novel approach to landfill after-care has seen a focus 

on the accelerated stabilization of wastes under controlled 
conditions within in the time frame of current liability using 
in-situ techniques such as aeration and/or (re-)infiltration 
of water or leachate. Both techniques aim to decrease a 
landfill’s emission potential by accelerating the decay of re-
active organic matter to expedite the attainment of stable 
conditions in the waste (Kosson et al., 2002; Scharff et al., 
2011; van der Sloot et al. 2017) and environmentally ac-
ceptable residual emissions (Brandstätter et al., 2015a,b, 
Heyer et al., 2005; Oonk et al., 2013; Reinhart et al., 1996, 
2002; Ritzkowkski et al., 2006). These are reached when 
the water leaving the landfill complies with soil and ground-
water quality criteria and can therefore be safely received 
by soil, ground- and surface waters. Heterogeneity and 
anisotropy of waste properties challenge the desired ho-

mogeneity of aeration (Ritzkowksi & Stegmann, 2012). The 
extent of the (preferably homogeneous) spatial outreach of 
air flow depends on well spacing, aeration/extraction pres-
sure, waste permeability (Xu et al., 2020) and the amount of 
water in the waste, obstructing air and gas flow (Hrad et al., 
2013). The typical, construction-related layered structure in 
waste bodies, the differential response of the heterogene-
ous waste inventory to vertical overburden, impermeable 
waste constituents such as plastic sheets, and entrapped 
landfill gas (Woodman et al., 2014) can lead to the develop-
ment of perched water tables and preferential flow paths 
for water and gas. In such a system, significant volumes of 
the contaminated material are isolated from water flow, so 
that transport of contaminants can only take place through 
(slow) diffusion rather than (fast) advection (Bendz et al., 
1998; Rosqvist & Bendz, 1999; Rosqvist et al., 2005). Pref-
erential flow paths therefore pose a major rate-limiting con-
straint on both in-situ treatment and emissions.
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Within the framework of the Dutch sustainable landfill 
project iDS (https://duurzaamstortbeheer.nl), two landfills 
have been treated by in-situ aeration since 2017 (Lammen 
et al., 2019, 2021; Cruz Osorio et al., 2021). In some of the 
four aerated compartments of the landfill Braambergen, 
high leachate tables are observed. It is hypothesized that 
these are responsible for reducing the efficacy of in-situ 
stabilization. The aeration infrastructure can also be used 
to monitor and sample leachate tables and provided a 
unique opportunity to study the variability in hydraulic be-
havior and leachate properties within the waste body. In 
order to design a larger scale leachate pumping test and, 
eventually, support model predictions of the site’s water 
balance and emission potential, analyses of leachate lev-
els, composition and pumping tests on individual wells 
were conducted.

2. DESCRIPTION OF SITE AND AERATION 
SYSTEM

Braambergen landfill is located near the city of Almere in 
the northern part of the Netherlands, with four pilot compart-
ments 11N/Z and 12O/W in operation from 1999 to 2008 
with a surface area of approximately 10 ha. The pilot com-
partments contain around 1,200,000 tons of waste, mainly 
composed of contaminated soils, soil residues, bottom 
ashes, and construction and demolition waste (Lammen et 
al., 2019) and are covered with at least one meter of soil of 
varying origin. In-situ aeration is carried out since September 
2017. A network of 230 wells spaced at 15 to 20 m distance 
over the four compartments can be operated in an over-ex-
traction (until October 2019) or low-pressure aeration mode 
(combi-aeration, since November 2019) (Figure 1). All wells 
are deep filtered with the filter screen over a height of 1.8 

m from the bottom of the well, which have been inserted 
to a total depth of approximately 2 m below Amsterdam 
ordnance datum (NAP, Normal Amsterdams Peil) into the 
waste body, equivalent to a depth of 10 to 12 m from the sur-
face, depending on the specific location. The total extracted 
flow from the four compartments since three months after 
the beginning of aeration in 2017 varies between 200 and 
400 Nm3/h, with CH4 concentrations between 5 and 15% and 
CO2 concentrations between 15 and 22% (Cruz-Osorio et al., 
2021).

3. METHODS
3.1 Leachate tables and leachate composition

Water levels in the 230 wells of the complete aeration/
injection network of all four compartments were meas-
ured in March 2020 with a dip meter and, in the 132 wells 
of compartment 11Z, additionally with CTD Divers (Mod-
el DI271) in combination with a Baro Diver (Model DI500, 
both van Essen instruments). The CTD divers also deliv-
ered data on electrical conductivity (EC) of the leachate. In 
compartment 11Z (132 wells), leachate was also sampled 
for standard parameters in December 2020 using manually 
operated inertial pumps (Type SKU, In-Situ). These included 
pH, EC, redox potential, concentration of NH4

+ (LCK303 am-
monia cuvette test kit, Hach-Lange DR6000 UV-VIS spec-
trophotometer), dissolved organic carbon (DOC), meas-
ured as absorbance at 254 nm on a Hach-Lange DR6000 
UV-VIS spectrophotometer and translation to DOC using a 
calibration function established for landfill leachate. 

3.2 Pumping tests
Pumping tests were carried out in compartment 11Z 

using inertial pumps in combination with the CTD and Baro 

FIGURE 1: Network of aeration wells, systematics of well labeling and a schematic representation of combi-aeration and over-extraction.
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divers, where the water head in the well was lowered and 
the recovery of the head was monitored using high-fre-
quency logging by the CTD divers (Figure 2). Some of the 
132 wells were too dry or broken and could not be inves-
tigated. In addition to the rate at which the water level re-
covers, indicative of the permeability of the surrounding 
waste, the electrical conductivity data informs whether the 
water present in the well at the start corresponds to the 
leachate in the waste body or is, for example, influenced 
by ‘short-circuited’ precipitation, reaching the wells through 
preferential flow channels less or not affected by contact 
with the waste. Equation 1 was used to estimate the vol-
ume of water influenced by one well:

 (1)

where V is the total volume of the water body [L3], Q is the 
pumping rate [L3T-1], tIII is the duration of phase III [T, Figure 
2], WCII is the water column during phase II [L], WCV is the 
water column in phase V [L] and d the distance between the 
bottom of the well and the bottom of the water body.

As the distance d is not known, the radius of the wa-
ter body was chosen to describe the water body that sur-
rounds the well rather than volume. If it is assumed that the 
water body has a cylindrical shape, then the radius of the 
water body is obtained by Equation 2:

 (2)

where r is the radius of the cylindrical water body [L] and φ 
the porosity of the waste [-].

4. RESULTS AND DISCUSSION
4.1 Variability of leachate levels and response to 
pumping

Significant levels of stagnant water tables were found 
at Braambergen landfill (Figure 3 left), with particularly high 
levels exceeding the height of the screened part of the aer-
ation wells found for 83 out of 132 wells in compartment 
11Z (Figure 3, right). Compartment 11Z also showed low 

gas flow rates, and higher ratios of CH4 to CO2 (Meza et 
al., this issue), suggesting a higher share of anaerobic pro-
cesses and hence reduced aeration efficiency. Brandstät-
ter et al. (2020) also reported impeded aeration and higher 
CH4 concentrations after water-blockage of aeration pipes. 
For all compartments, the envelope of the scatter plot relat-
ing well flow rates to height of water column described the 
expected inverse relationship (Meza et al., this issue). How-
ever, water tables alone could not explain the variability in 
the detected flow rate. This was especially pronounced for 
compartment 11Z in which a high number of ‘no flow’ wells 
were detected.

Spatial variability of leachate levels, investigated in 
more detail for compartment 11Z, also varied in time 
(Figure 4), with differences mostly in the order of a few 
meters between March and November 2020, but also a 
change of 8 m was observed. Geospatial analysis of the 
leachate levels indicated that there is little or no connec-

 

 

FIGURE 2: Representation of water level change during pumping 
test . Phase I: Diver not lowered into well yet, Phase II: Diver in-
serted in well, measuring full water column, Phase III: Draw-down 
due to pumping, Phase IV: Recovery of water level after pumping, 
Phase V: Recovery of water column completed.

FIGURE 3: Water levels in compartments 11N, 11Z, 12O and 12W normalized to m +NAP (Normaal Amsterdams Peil, Amsterdam Ord-
nance Datum) March 2020 (left), levels exceeding the height of the filter screen (right). The size of the symbol is indicative of water level. 
Coordinates given in EPSG:28992 (Amersfoort datum).
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tion between the water bodies surrounding neighbouring 
wells (as seen also from Figure 5 left), supported by the 
small apparent radii of the water body surrounding indi-
vidual wells as estimated from Equation 2 (Figure 5, mid-
dle). While it has been acknowledged that the hydraulic 
conductivity within the waste body is heterogeneous in 
the vertical dimension, thus creating prefential vertical 
leachate pathways (Fellner & Bruner 2010), models de-
scribing leachate flow through landfills ignore heteroge-
neity in the horizontal plane (e.g., Slimani et al., 2017). It 
appears, however, that in the investigated landfill the wa-
ter bodies surrounding the individual wells are stagnant 
zones that are hydraulically separated from each other in 
the horizontal plane, as a result of which differences of 
several meters can be sustained in stagnant zones that 
are less than 15 m apart. The water within the waste can 
be viewed as a series of disconnected ponded zones of 
variable vertical and horizontal permeability, overflowing 
when specific leachate levels are exceeded.

The hydraulic response to pumping differed significant-
ly between wells. For 13 wells it was possible to calculate 
k values from the recovery of the head (Figure 5, right). 
Values spanned almost four orders of magnitude, 1×10-7 to 
6×10-4 m/s, and are typical for the range that can be expect-
ed for silty soils to coarser sands. Given that compartment 
11Z mainly harbours soils and soil treatment residues, the 
range appears plausible and may represent the range of 
horizontal hydraulic conductivities to be expected in landfill 
Braambergen.

Recovery behavior was grouped into the six classes (Fig-
ure 6), including a class for dry wells and for broken wells. 
‘Instant recovery’ relates to a behavior where the recovery 
rate equalled the pumping rate. Wells were classified as ‘no 
recovery’ wells when the water level did not show any signs 
of recovery within 10 minutes after being pumped empty, 
intermediate behavior was classified as ‘slow recovery’. In 
comparison to leachate properties (section 4.2), a higher 
level of spatial clustering could be found for the response 

FIGURE 4: Water levels normalized to m NAP (Normaal Amsterdams Peil, Amsterdam Ordnance Datum) in compartment 11Z in March and 
November 2020 (left), frequency distribution of the difference between the two dates (right). Box = 25th/75th percentile, whiskers = 10th/90th 
percentile, line = median, closed symbols = data points.

FIGURE 5: Spatial variability of water levels normalized to m NAP (Normaal Amsterdams Peil, Amsterdam Ordnance Datum) in compart-
ment 11Z in November 2020 (left) and variability of water body radii around wells as calculated by Eq. 2 (middle) and hydraulic conductiv-
ity (right). Box = 25th/75th percentile, whiskers = 10th/90th percentile, line = median, closed symbols = data points.
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to pumping. However, also here wells showing instant re-
covery were directly neighbouring wells that were too dry 
to carry out the pumping test, corroborating the concept of 
discrete zones of hydraulically disconnected water bodies. 
All response classes were approximately equally present, 
with the class of ‘no recovery’ assuming the largest share 
of the wells where pumping tests could be carried out.

4.2 Variability of leachate quality
Leachate quality within compartment 11Z varied sig-

nificantly, particularly with respect to electrical conductiv-
ity (EC), dissolved organic carbon (DOC) and ammonium 
(Figure 7). The variability can be caused by both the heter-
ogeneity of the deposited waste, and the heterogeneity of 

waste permeability, leading to variable mixtures of original 
waste water and percolating precipitation. Rainwater EC is 
generally lower than 10 μS/cm (Zdeb et al., 2018), while EC 
of landfill leachate frequently ranges between 2,500 and 
35,000 μS/cm (Christensen et al., 2001). The data cluster 
within the range that was measured in the winter months 
2020-2021 in the bulk leachate, indicated by dashed lines. 
However, redox potential, DOC and ammonium concentra-
tions were in the lower range of values observed for the bulk 
leachate, reflecting the fact that the properties of the bulk 
leachate are also determined by waste volumes in the un-
saturated, better aerated and therefore more stabilized part 
of the landfill body, yielding leachate with lower ammonium 
and lower DOC concentrations and a lower redox potential.

FIGURE 6: Spatial variability of response to pumping (left) in compartment 11Z, share of response classes (right).

FIGURE 7: Variability of selected leachate parameters in compartment 11Z m December 2020 (top) and correlation between selected pa-
rameters (bottom). EC = electrical conductivity, DOC = dissolved organic carbon. Box = 25th/75th percentile, whiskers = 10th/90th percentile, 
line = median, open square = mean, closed symbols = data points. Dashed lines = maximum, minimum and average value in bulk leachate 
from compartment 11Z in months November, December and January from 2013-2019.
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The high variability of leachate properties did not clus-
ter spatially. Directly neighbouring wells showed large vari-
ations, as seen in Figure 8 for the concentration of solutes 
(EC) and ammonium. The absence of any geospatial rela-
tion of leachate properties in neighbouring wells was con-
firmed by a semivariogram analysis, plotting the difference 
in a given leachate parameter (Figure 8, lower panel). As to 
be expected, concentrations of dissolved organic carbon, 
ammonium, and electrical conductivity correlated posi-
tively (Figure 7, lower panel), highlighting the relationship 
between organic matter (OM) degradation, producing DOC, 
ammonium as the terminal nitrogeneous compound of an-
aerobic OM degradation and the concomitant increase in 
total solute concentration benchmarked by the bulk param-
eter of electrical conductivity. The latter is also determined 
by non-degradable waste components, explaining the low-
er level of correlation to the parameters related to biolog-
ical degradation of waste organic matter. No correlation 
could be found for water levels or the response to pumping 
and leachate composition, indicating that waste hydraulics 
and waste biogeochemical processes.

5. CONCLUSIONS AND OUTLOOK
The aeration system on landfill Braambergen with 

230 wells in four compartments and 132 wells in the fo-
cus compartment 11Z alone, at a 15 m spacing, provided 
a unique opportunity to study spatial variability of waste 
hydraulics and leachate properties. The data allow for the 
following conclusions:

Large hydraulic gradients persist within the waste body 
in compartment 11Z, which are also stable over time. This 
suggests zones of very low hydraulic conductivity in the 

horizontal plane, effectively isolating zones of ponded wa-
ter from each other. Under these conditions, the spatial out-
reach and hence efficiency of aeration are low.

For the investigated compartment 11Z and waste bod-
ies exhibiting similar hydraulic properties, water storage 
within the waste is a significant term in water balance 
modeling.

The well spacing of 15 m is larger than the extent of 
similarity of the measured properties within the waste, 
both with respect to hydraulic properties and leachate 
composition.

The radius of the saturated zone (‘free’ water) within the 
sphere of influence of each well is very small, often less 
than one meter. The estimates for the horizontal hydrau-
lic conductivities found with the pumping test range from 
1×10-7 to 6×10-4 m/s, however, these estimates only hold in 
the close proximity of the aeration wells in which they were 
measured.

Given the horizontal no-flow zones, pumping from one 
or several wells may not be effective to reduce the water 
table within compartment 11Z.

Solute composition and concentrations varied greatly, 
indicating variable extent of aeration and/or a high level 
of waste heterogeneity as well as the share of precipita-
tion and original leachate in the final aqueous mixture. The 
properties of the bulk leachate from the entire compart-
ment covers the range of properties found for the individ-
ual wells.

The absence of any relation between water levels or 
response to pumping, and leachate composition suggests 
that waste hydraulics and waste biogeochemistry in com-
partment 11Z are either not coupled or that any relation is 

FIGURE 8: Top: Spatial variability of EC (left) and NH4-N concentration (right), measured in aeration wells in compartment 11Z of Braam-
bergen landfill. Bottom: Semivariogram of EC (left) and NH4-N (right) with the concentration of each well plotted against the concentration 
of all other wells.
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masked by high variability in both sets of parameters. 
All results combined support the concept of a ‘bucket 

model’ within the landfill, with the individual buckets de-
marcated by zones of low vertical and horizontal perme-
ability. Once a bucket is full, adding more water will not 
increase the water level further as the bucket will overflow. 
The relatively low permeability zones do not have to be fully 
impermeable; therefore in some zones a decrease in water 
table is observed when the fresh accumulation of leachate 
is low, for example under conditions of reduced precipita-
tion and/or high evapotranspiration from the soil cover.

Future infiltration tests as well as gas tracer tests shall 
further elucidate the permeability of the waste to water and 
gas flow and provide more insight into the wells’ radius of 
influence. Further, it shall be investigated how DOC frac-
tions can be used to characterize the waste organic matter, 
the dynamics of its degradation and the impact of anaero-
bic and aerobic conditions on DOC patterns.

ACKNOWLEDGEMENTS
This research is part of the CURE project supported by 

the Dutch National Science Foundation (NWO) under pro-
ject no. OCENW.GROOT.2O19.O92. The research is also 
supported by the Dutch Sustainable Landfill Foundation 
via the iDS project: https://duurzaamstortbeheer.nl/eng-
lish-page/.

REFERENCES
Bendz, D., Singh, V.P., Rosqvist, H., Bengtsson, L., 1998. Kinematic wave 

model for water movement in municipal solid waste. Water Re-
sour. Res. 34, 2963-2970.

Brandstätter, C., Laner, D., Fellner, J., 2015a. Carbon pools and flows 
during lab-scale degradation of old landfilled waste under different 
oxygen and water regimes. Waste Manage. 40, 100-111.

Brandstätter, C., Laner, D., Fellner, J., 2015b. Nitrogen pools and flows 
during lab-scale degradation of old landfilled waste under different 
oxygen and water regimes. Biodegradation 26: 399-414.

Brandstätter, C., Prantl, R., Fellner, J., 2020. Performance assessment 
of landfill in-situ aeration – A case study. Waste Manage,.101, 231-
240. https://doi.org/10.1016/j.wasman.2019.10.022

Christensen, T.H., Kjeldsen, P., Bjerg, P.L., Jensen, D.L., Christensen, 
J.B., Baun, A., Albrechtsen, H.J., Heron, G., 2001. Biogeochemistry 
of landfill leachate plumes. Appl. Geochem. 16, 659-718.

Cruz-Osorio, C.R., Lammen, H., Oonk, H., 2021. Sustainable landfill 
management: Carbon removal in two aerated landfills. Proceed-
ings Sardinia 2021, 18th International Waste Management and 
Landfill Symposium.

Fellner, J., Brunner, P.H., 2010. Modeling of leachate generation from 
MSW landfills by a 2-dimensional 2-domain approach. Waste Man-
age., 30, 2084-2095.

Heyer, K.-U., Hupe, K., Ritzkowski, M., Stegmann, R., 2005. Pollutant re-
lease and pollutant reduction-impact of the aeration of landfills. 
Waste Manage. 25, 353-9.

Hrad, M., Gamperling, O., Huber-Humer, M., 2013. Comparison between 
lab- and full-scale applications of in-situ aeration of an old landfill 
and assessment of long-term emission development after com-
pletion. Waste Manage. 33, 2061-2073. https://doi.org/10.1016/j.
wasman.2019.10.039

Kosson, D.S., van der Sloot, H.A., Sanchez, F., Garrabrants, A.C. (2002): 
An integadted framework for evaluating leaching in waste man-
agement and utilization ofs econdary materials. Env. Sci. Eng. 19, 
159-204.

Lammen, H., Cruz Osorio, C.R., Scharff, H., Comans, R.N.J., 2021. Sus-
tainable landfill management: Leachate development in two aer-
ated landfills. Proceedings Sardinia 2021, 18th International Waste 
Management and Landfill Symposium.

Lammen, H., Van Zomeren, A., Dijkstra, J.J., Comans, R.N.J., 2019. Sus-
tainable landfill management: solid waste sampling and geochem-
ical characterization prior to (an)aerobic stabilization of three old 
landfills. Proceedings Sardinia 2019, 17th International Waste Man-
agement and Landfill Symposium.

Meza, N., Lammen, H., Cruz, C., Heimovaara, T.J., Gebert, J., 2021. Spa-
tial variability of gas composition and flow in a landfill under in-situ 
aeration. This issue.

Oonk, H., van Zomeren, A., Rees-White, T.C., Beaven, R.P., Hoekstra, N., 
Luning, L., Hannen, M., Hermkes, H., Woelders, H., 2013. Enhanced 
biodegradation at the Landgraaf bioreactor test-cell. Waste Man-
age. 33, 2048-2060.

Reinhart, D.R., Basel Al-Yousfi, a., Al-Yousfi, A.B., 1996. The Impact of 
Leachate Recirculation On Municipal Solid Waste Landfill Operat-
ing Characteristics. Waste Management & Research 14, 337-346.

Reinhart, D.R., McCreanor, P.T., Townsend, T, 2002. The bioreactor land-
fill: its status and future. Waste Manage. Res. 20, 172-186.

Ritzkowski, M., Heyer, K.U., Stegmann, R., 2006. Fundamental process-
es and implications during in-situ aeration of old landfills. Waste 
Manage. 26, 356-372. 

Ritzkowski, M., Stegmann, R., 2012. Landfill aeration worldwide: Con-
cepts, indications and findings. Waste Manage. 32, 1411-1419. 
https://doi.org/10.1016/j.wasman.2012.02.020

Rosqvist, H., Bendz, D., 1999). An experimental evaluation of the solute 
transport volume in biodegraded municipal solid waste. Hydrology 
and Earth System Sciences 3, 429-438.

Rosqvist, H.N., Dollar, H.L., Fourie, B.A., 2005. Preferential flow in mu-
nicipal solid waste and implications for long-term leachate quality: 
Valuation of laboratory-scale experiments. Waste Manage. Res. 
23, 367-380.

Scharff, H., Van Zomeren, A., Van Der Sloot, H.A., 2011. Landfill sus-
tainability and aftercare completion criteria. Waste Manage. Res. 
29, 30-40.

Slimani, R., Oxarango, L., Sbartai, B., Tinet, A. J., Olivier, F., Dias, D., 2017. 
Leachate flow around a well in MSW landfill: Analysis of field tests 
using Richards model. Waste Manage. 63, 122-130.

Sustainable Landfill Foundation. (n.d.). Introducing Sustainable Land-
fill programme (iDS). Retrieved February 24, 2021, from https://
duurzaamstorten.nl/en/

van der Sloot, H.A., Kosson, D.S., van Zomeren, A., 2017. Leaching, 
geochemical modelling and field verification of a municipal solid 
waste and a predominantly non-degradable waste landfill. Waste 
Manage. 63, 74-95.

Vereniging Afvalbedrijven, 2015. Project plan Sustainable Landfill Man-
agement Braambergen (Issue November).

Woodman, N.D., Rees-White, T.C., Stringfellow, A.M., Beaven, R.P., Hud-
son, A.P., 2014. Quantifying the effect of compression on solute 
transport through degrading municipal solid waste. Waste Man-
age. 34, 2196-2208.

Xu, X. B., Powrie, W., Zhang, W. J., Holmes, D. S., Xu, H., Beaven, R., 
2020. Experimental study of the intrinsic permeability of municipal 
solid waste. Waste Manage. 102, 304-311.

Zdeb, M., Papciak, D., Zamorska, J., 2018. An assessment of the quality 
and use of rainwater as the basis for sustainable water manage-
ment in suburban areas. In E3S Web of conferences (Vol. 45, p. 
00111). EDP Sciences.


